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SECTION 1.0 

INTRODUCTION 

This Technical Resource Document provides information that can be used by 

environmental regulatory aRencies and others as a source of technical 

information for waste management options for hazardous liquid wastes 

containing heavy metals and/or cyanide compounds. These options include waste 

minimization, recycling, and treatment of waste streams. Emphasis has been 

placed on the collection and interpretation of performance data for proven 

technologies, These include: 

Metals: 

precipitation 
coagulation/flocculation 
chemical reduction 
membrane separation technologies 
activated carbon adsorption 
ion exchange 
electrolytic recovery 
thermal recovery 

Cyanides: 

alkaline chlorination 
ozonation 
biological treatment 
thermal destruction 

These, and other potentially viable technologies, are described in terms 

of their actual performance in removing constituents of concern, their 

associated process residuals and emissions, and those restrictive waste 

characteristics which impact their ability to effectively treat the 

metal/cyanide wastes under consideration. Although emphasis is placed on 

performance data, cost and capacity data are also provided to assist the user 
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of this document in assessing the applicability of technologies to specific 

wastes streams. References are cited throughout to identify additional 

sources of background information for the user. 

This document provides a review of regulatory background (Section 2.0), a 

summary of the current hazardous waste management data base regarding waste 

sources and characteristics (Section 3.0) as well as waste quantities, 

existing management prac.tices, and EPA estimates of available waste treatment 

capacity (Section 4.0). This is followed by information concerning waste 

minimization techniques (Section 5.0) and an evaluation of a wide range of 

treatment/recovery processes for metal (Sections 6.0 through 12.0) and cyanide 

(Sections 13.0 through 15.0) containing wastes. Tn order of their 

presentation, these include: 

Metals Treatment/Recovery Technologies: 
6.0 Membrane Separation Processes 
7.0 Extraction 
8.0 Adsorption 
9.0 Electrolytic Processes 

10.0 Chemical Treatment/Removal Processes 
11.0 Biological Treatment/Removal 
12.0 Thermal Treatment/Recovery of Metal Wastes 

Cyanide Treatment/Destruction Technologies 
13.0 Physical Removal Processes 
14.0 Chemical Destruction 
15.0 Miscellaneous Destruction Technologies 

These technologies are examined with emphasis placed on identifying 

process design and operating factors and waste characteristics which affect 

treatment of metal/cyanide wastes. Cost data are also presented to assist the 

user in evaluating and selecting options. Approaches to the selection of 

treatment and recovery options are reviewed in the final section of this 

document (Section 16.0). 
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SECTION 2.0 

BACKGROUND 

Section 3004 of the Resource Conservation and Recovery Act (RCRA), as 

amended by the Hazardous and Solid Waste Amendments .of 1984 (HSWA), prohibits 

the continued placement of RCRA-regulated hazardous wastes in or on the land, 

including placement in l~ridfills, land treatment areas, waste piles, and 

surface impoundments (with certain exceptions for surface impoundments used 

for the treatment of hazardous wastes). The amendments specify dates by which 

these prohibitions are to take effect for specific hazardous wastes. After 

the effective date of a prohibition, wastes may only be land disposed if: 

ll)they comply with treatment standards promulgated by the Agency that 

minimize short-term and long-term threats arising from land disposal or (2)the 

Agency·has approved a site-specific petition demonstrating, to a reasonable 

degree of certainty, that there will be no migration from the disposal unit 

for as long as the waste remains hazardous. In addition, the statute 

authorizes the Agency to extend the effective dates of prohibitions for up to 

2 years nationwide if it is determined that there is insufficient alternative 

treatment, recovery or disposal capacity. 

2.1 I.AND DISPOSAL PROHIBITION FOR METAL/CYANIDES 

Effective July 8, 1987, the amendments call for banning the land disposal 

of hazardous wastes which have "free" liquid fractions containing metals 

and/or cyanides in excess of the concentrations specified in Table 2.1.1. 1 

Restrictions for disposal of hazardous wastes with lower metal/cyanide 

concentrations follow varying timetables depending on the presence and 

concentrations of other hazardous constituents. 
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TABLE 2.1.1. SCHEDULING FOR PROMULGATION OF REGULATIONS BANNING 
LAND DISPOSAL OF SPECIFIED HAZARDOUS WASTES 

Waste category 

Dioxin containing waste 

Solvent containing hazardous wastes 
numbered FOOl, F002, F003, F004, F005 

California List: 

Liquid hazardous wastes, including free 
liQuids associated with any solid or slud2e 
containing: 

Free and complex cyanides at ~1,000 mg/L 
As >500 mg/L 
Cd >10o mg/L 
Cr6-;;:- ~500 mg/L 
Pb >500 mg/L 
Hg ~20 mg/L 
Ni >134 mg/L 
Se )100 mg/L 
Tl ~130 mg/L 

LiQuid hazardous wastes with: 

pH <2.0 
PCBs >50 ppm 

Hazardous wastes containing halogenated organic 
compounds in total concentration ~1,000 mg/kg 

Other listed hazardous wastes (Sections 261.31 
and 261.32), for which a determination of 
land disposal prohibition must be made: 

One-third of wastes 
Two-thirds of wastes 
All wastes 

Hazardous wastes identified on the basis of 
characteristics under Section 3001 

Hazardous wastes identified or listed after 
enactment 

*Not including underground injection. 
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Effective date* 

11/8/86 

11/8/86 

7/8/87 

7/8/87 

718187 

8/8/88 
6/8/89 
5/8/90 

5/8/90 

Within 6 months 



The Paint Filter Test Method (50 FR 18370, April 30, 1985) classifies a 

waste as containing free liquids if any liquid passes through a paint filter 

in a period of five minutes.
2 

If wastes are determined to contain free 

liquids, use of the Toxicity Characteristic Leaching Procedure (TCLP) is 

required to determine if leachate from the waste contains metals or cyanides 

in excess of the restricted concentrations. 3 However, since determination 

of these characteristics is to be made at the point of disposal, these wastes 

may be rendered non-liquid le~g., via solidification) and, thus, be exempted 

from the disposal restrictions. Conversely, dilution as a means of attaining 

sufficiently low concentration levels is expressly prohibited. 

The specified metals concentrations apply to both individual constituents 

as well as the metal portion of any metal-containing compounds. Cyanides are 

defined as any substance that can be shown to exhibit the resonance structure 

associated with a carbon-nitrogen triple bond. Although not all such 

compounds exhibit the same level of toxicity as free cyanides, some complexes 

are capable of being converted to free cyanides under conditions which may 

exist in disposal environments. Hence, the EPA has proposed a broad 

interpretation of cyanides which are subject to the requirements of Section 

3004(d)(2). 4 Total cyanide determination is to be made using Method 9010. 4 

At this writing, the EPA has yet to define treatment standards for heavy 

metal and cyanide containing wastes. In general, treatment standards can be 

defined in terms of either treatment technology (BDAT) requirements or 

concentration based thresholds. Although the aaency has recognized several 

effective and readily available treatment technologies (e.g., alkaline 

chlorination of cyanides, chemical precipitation of metals, solidification), 

it did not.have adequate waste characterization data to determine whether 

application of these techniques would be sufficient in all cases to result in 

sufficiently low residual concentrations. Similarly, the agency did not have 

data to suggest that leachate concentrations below those specified in 

Table 2.1.1 were necessary to protect human health and the environment. Thus, 

the EPA proposed to codify the levels stated in Table 2.1.1 and adopt these as 
. . 4 

the statutory concentrat1on requ1rements. 
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2.2 METAL/CYANIDE WASTE CODES AFFECTED BY THE OIS0 0SAL RESTRICTIONS 

The metal/cyanide waste disposal restrictions applv to any liquid 

containing wastes which exceed the specified concentrations of total metals or 

cyanides in their leachate. Table 2.2.1 summarizes the EPA hazardous waste 

codes (40 CFR Part 261) which are expected to exceed the disposal restrictions 

for certain waste streams. These include streams which posses the 

characteristics of EP toxicity (0004 through DOlO), corrosivity (0002), or 

reactivity (0003), industrial process wastes (Fxxx, Kxxx codes), and 

off-specification or discarded commercial products, manufacturing 

intermediates, or spill residues (Uxxx, Pxxx codes). 
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Code 

D002 
DOOJ 
D004 
DOOS 
D006 
D007 
DOOS 
0009 
DOlO 
DOll 
F006 
F007 
FOOS 
F009 

FOlO 
FOll 

F012 

F019 
K002 
KOOJ 

K004 
KOOS 
K006 

K007 
KOOS 

KOll 
K013 
K014 
K021 

K027 
K031 

K044 
K046 

TABLE 2.2.1. METAL/CYANIDE RCRA WASTES 

Waste description 

Corrosive waste not listed in subpart D 
Reactive solid waste not listed subpart D 
Arsenic (5 mg/L) 
Barium ( 100 mg/L) 
Cadmium (1 mg/L) 
Chromium (5 mg/L) 
Lead (5 mg/L) 
Mercury (0.2 mg/L) 
Selenium (1 mg/L) 
Silver (5 mg/L) 
Wastewater sludges, electroplating operat~ons 
Spent cyanide solutions, electroplating 
Plating sludges (bottoms), electroplating 
Spent stripping/cleaning solutions, 
electroplating 
Quench bath, metal heat treating operations 
Spent cyanide solutions, metal heat 
treating operations 
Quench wastewaters, metal heat treating 
operations 
Wastewater treatment sludges, aluminum coating 
WWT* sludge from pigment production 
WWT sludge, molybdate orange pigment 
production 
WWT sludge from zinc yellow pigment production 
WWT sludge from chrome green pigment production 
WWT sludge from chrome oxide green 
pigment production 
WWT sludge from iron blue pigment production 
Oven residue from Cr oxide green pigment 
production 
Bottom stream from acrylonitrile production 
Column bottom stream, acrylonitrile production 
Purification column bottoms, acrylonitrile mfg. 
Antimony catalyst waste, fluoromethanes 
production 
Distillation residue from TDI production 
By-product salts, MSMA and cacodylic acid 
production 
WWT sludge from explosives manufacture 
WWT sludges, lead based initiating compounds 

(continued) 
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Toxic constituent 

Heavy 
metal 

y 

N 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 
y 

y 
y 

y 

y 
y 
y 

y 
y 
y 

y 
y 

y 

N 
N 
N 

y 

N 

y 
y 
y 

Cyanide 

N 
y 
N 
N 
N 
N 
N 
N 
N 
N 
y 
y 
y 

y 

'! 

y 

y 
y 

N 

N 
N 
N 

N 
y 

N 
y 
y 
y 

N 
y 

N 
N 
N 



Code 

K048 
K049 

K050 
K051 
K052 
K060 
KObl 
K062 
K069 
K07l 
K084 
K086 
K087 

KlOO 
KlOl 

Kl02 

Kl06 
Kll6 
P006 
POlO 
POll 
P012 
P013 
P015 
P021 
P027 
P029 
P030 
P03l 
P033 
P036 
P038 
P0 55 
P063 
P064 
P065 
P069 

TABLE 2.2.1 (continued) 

Toxic constituent 

Heavy 
Waste description metal 

DAF float from the petroleum refining industry Y 
Slop oil, emulsion solids from petroleum 
refining Y 
Heat exchanger sludge from petroleum refining Y 
API separator sludge from petroleum refining Y 
Tank bottoms from petroleum refining Y 
Ammonia lime sludge from coking operations N 
Dust/sludge, electric furnace steel production Y 
Spent pickle liquor, steel finishing Y 
Dust/sludge from secondary lead smelting Y 
Brine purification muds, chlorine production Y 
Ar WWT sludges, veterinary pharmaceuticals mfg. Y 
Ink washes and sludges containing Cr and Pb Y 
Decanter tank tar sludges from coking 
operations N 
Leaching solution from secondary lead smelting Y 
Distillation residues (Ar), veterinary 
pharmaceuticals mfg. Y 
Activated carbon residue {Ar), veterinary 
pharmaceuticals mfg. Y 
Wastewater sludge from chlorine production Y 
Organic condensate from TDl production N 
Aluminum phosphide Y 
Arsenic acid Y 
Arsenic (V) oxide Y 
Arsenic trioxide Y 
Barium cyanide Y 
Beryllium dust Y 
Calcium cyanide N 
Propanenitriie, 3-chloro- N 
Copper cyanides N 
Cyanides (soluble cyanide salts), miscellaneous N 
Cyanogen N 
Cyanogen chloride N 
Dichlorophenylarsine Y 
Diethylarsine Y 
Ferric cyanide N 
Hydrogen cyanide N 
Methyl isocyanate N 
Mercury fulminate Y 
2-Methylacetonitrile N 

(continued) 
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Cyanide 

N 

N 
N 
N 
N 
y 

N 
N 
N 

N 
N 
N 

y 

N 

N 

N 
N 

\ y 

N 
N 
N 
N 
y 
N 
y 
y 
y 
y 
y 
y 

N 
N 
y 
y 
y 

N 
y 



· TABLE 2.2.1 (continued) 

Code 

P073 
P074 
P087 
P091 
P092 
P098 
P099 
PlOl 
Pl03 
Pl04 
Pl06 
Pl07 
PllO 
Pll3 
Pll4 
Pll5 
Pll9 
Pl20 
Pl21 
Pl22 
U003 
U009 
U032 
Ul36 
Ul39 
Ul44 
Ul45 
Ul46 
Ul49 
Ul51 
Ul52 
U204 
U205 
U214 
U215 
U216 
U217 
U223 
U246 
U249 

Waste description 

Nickel tetracarbonyl 
Nickel cyanide 
Osmium tetroxide 
Phenyl dichloro arsine 
Phenylmercuric acetate 
Potassium cyanide 
Potassium silver cyanide 
Ethyl cyanide 
Selenourea 
Silver cyanide 
Sodium cyanide 
Strontium sulfide 
Tetraethyl lead 
Thallium(III) oxide 
Thallium(!) selenite 
Thallium(!} sulfate 
Ammonium vanadate 
Vanadium pentoxide 
Zinc cyanide 
Zinc phosphide, at concentrations 
Acetonitrile {l,T) 
Acrylonitrile 
Calcium chromate 
Cacodylic acid 
Ferric dextran 
Lead acetate 
Lead phosphate 
Lead subacetate 
Propanedinitrile 
Mercury 
Methacrylonitrile (l,T) 
Selenium dioxide 
Selenium disulfide {R,T) 
Thallium(!) acetate 
Thallium(!) carbonate 
Thallium(!) chloride 
Thallium{!) nitrate 
Touene diisocya~ate (R,T) 
Bromine cyanide 
Zinc phosphate, at concentrations 

Y = Yes; N = No 

*WWT = Wastewater Treatment 

Source: Reference 5. 
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10% 

10% 

Toxic constituent 

-----------------------
Heavy 
metal Cyanide 

y N 
y y 
y N 
y N 
y N 
N y 
y y 

N y 
y N 
y y 

N y 
y N 
y N 
y N 
y N 
y N 
y N 
y N 
N y 
y N 
N y 

N y 
y N 
y N 
y N 
y N 
y N 
y N 
N y 
y N 
N y 
y N 
y N 
y N 
y N 
y N 
y N 
N y 
N y 
y N 
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SECTION 3.0 

METAL/CYANIDE WASTE SOURCES AND CHARACTERISTICS 

3.1 BACKGROUND 

Metals and cyanides are used in_a broad ran~e of industrial processes and 

products; from metal platin~ to paint additives, ore benefication to 

photographic films. Only some of these uses result in the generation of RCRA 

wastes, and only a fraction of these are sufficiently high in metal/cyanide 

concentration to be affected by the land disposal ban. Quantifying these 

wastes is a particularly difficult task, primarily due to the inadeQuacy of 

current data regarding waste stream characteristics. 

Over the last 10 years, the EPA has devoted si~nificant resources to 

determining the extent and nature of hazardous waste generation. Durin~ the 

late seventies and into the eighties, the EPA conducted studies of waste 

generation by major industrial categories {e.g., Effluent Guidelines 

Limitations and similar documents). These formed the basis for the original 

identification and quantification of hazardous wastes. 

The subsequent promulgation of RCRA regulations in 1980 had a profound 

effect on the generation and management of hazardous wastes, thus rendering 

earlier data obsolete. The first national estimate of RCRA waste generation 

was obtained through a compilation of Part A applications. Unfortunately, 

these data were limited in usefulness because the agency did not have data on 

waste characteristics. (e.g., hazardous constituent concentrations) with which 

to interpret the reported waste Quantities. Recognizina these limitations, 

the EPA conducted .a comprehensive national survey (see Section 4.0), desi2ned 
1 to characterize RCRA wastes ~eneration and management. 
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Additional surveys were undertaken to supplement this national survey by 

improving the existing data on waste characteristics. Data collection efforts 

began with a camp ilat ion of in format ion obtained through the earlier Effluent 

Guidelines studies. This was then updated with new, post-RCRA data to 

generate the Industries Studies Data Base (ISDB).2 The ISDB represents a 

significant improvement over previous characterization efforts, primarily 

because it provides a precise correlation between individual waste stream 

quantities, characteristics, and management practices. 

Analysis of the ISDB are being performed by the EPA Office of Solid 

Waste, Waste Characterization Branch, to support development and 

implementation of the land disposal restrictions. However, these data are 

still in the process of being collected and few industries have thus far been 

adequately characterized. Specifically, data from the Chemical and Allied 

Products Industries Standard Industrial Classification (SIC) 28 has been 

compiled and processed and data on petroleum refining, inorganic chemical 

production, coke making, and wood preserving should be available in 1987.3 

The ISDB data suggest that the majority of SIC 28 metal wastes are 

sufficiently dilute to be discharged under NPDES regulations.4 Although the 

industries covered in the ISDB account for a majority of total hazardous waste 

generation, they represent only a small fraction of metal/cyanide wastes that 

may be affected by the land disposal ban.S Since existing data 

characteri~iog concentrated metal/cyanide waste generation are incomplete, a 

comprehensive compilation of waste characteristics was not considered to be 

appropriate for this report. Instead, a discussion is provided summarizing 

industrial uses of metals and cyanides (Section 3.2) and types af wastes 

produced by high volume generators (Section 3.3).. Some waste characteristic 

data are also presented to give an indication of the variability which can be 

expected in metal/cyanide wastes. 

3.2 INDUSTRIAL USES OF METALS AND CYANIDES 

This section describes major industrial uses of California List metals 

and cyanides. Major uses are summarized in Table 3.2.1.1,6 Except where 

otherwise indicated, information was taken from Kirk-Othmer Encyclopedia 

of Chemical Technology.7 
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3.2.1 Cyanides 

Hydrogen cyanide is the single largest cyanide compound in use by 

industry. It is used as a chemical intermediate ln the production of methyl 

methacrylate (60 percent), cyanuric chloride (15 percent), sodium cyanide (10 

percent), chelators such as NTA and EDTA (10 percent), and other chemical 

compounds (5 percent). Sodium cyanide is used for electroplating of zinc, 

copper, brass, cadmium, and to a lesser extent, gold and silver. It is also 

used in the following applications: heat treating small metal parts when case 

hardening is required; cyanidation recovery of gold and silver and froth 

flotation of metals; as a chemical intermediate in production of dyes, optics~ 

brighteners, cnelators, pharmaceuticals,· and agricultural chemicals. 

Miscellaneous compounds produced using HCN include cyanogen, potassium 

cyanide (used for silver plating), ferrocyanides, acrylates, lactic acid, 

pharmaceuticals, and specialty chemicals. Acrylonitrile used to be produced 

with HCN as a raw material but is now produced using Sohio's process or 

similar technology, generating HCN as a by-product. 

Other significant volume cyanide compounds include cyanuric acid, calcium 

cyanamide, and toluene diisocyanate. Most cyanuric acid is chlorinated to 

produce various chemical intermediates which are used as ingredients in 

swimming pool disinfectants, cleansers, and bieaches. Calcium cyanamide is 

used for steel nitration, desulferization, pesticides, and as a chemical 

intermediate. Toluene diisocyanate is used in the production of flexible 

urethane foams, and to a lesser extent, in protective coatings and castable 

urethane elastomers. 

3.2.2 Lead 

Of the California List metals, lead is consumed in the largest 

quantities, with over half of domestic production resulting from secondary 

lead. Consumption in 1979 was 1.08 million metric tons, nearly two-thirds of 

which was consumed in the production of storage batteries. Storage batteries 

represent the largest single waste source from small quantity generators 
8 (90 percent of metal/cyanide wastes) and are largely recvcled. 
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Other significant uses include production of tetraethyl and tetramethyl 

lead anti-knock additives for gasoline (17 percent), pigments (7.7 percent), 

ammunition (4.9 percent), solder (3.7 percent}, and brass, bronze, bearings, 

casting metal, sheet lead, and other uses. Cadmium and lead salts of 

long-chain organic acids are used as stabilizers for nearly all plastic 

materials, except those used for food processing. 9 

3.2.3 Chromium 

Sodium dichromate is the primary raw material for the production of other 

chromium chemicals, both trivalent and hexavalent. These compounds and their 

uses include chromic acid (41 percent), chrome pigments (27 percent), leather 

tanning (14 percent), drilling fluids (8 percent), water treatment chemicals 

(5 percent), and others. Chromic acid is used for decorative plating, 

primarily over undercoats of copper and nickel for automobiles, plumbing, 

appliances, and other metal parts. However, rela~ive to functional chrome 

plating, decorative use has declined in recent years. Functional chrome 

plating (60% of total chrome plating consumption} is used to build up worn 

surfaces and improve abrasion resistance on printing plates, machine parts, 

bearings and other steel part coatings. 

Pigment production is the second highest use for sodium dichromate. 

These are primarily lead chromates including chrome oranges, yellow, and oxide 

green. These pigments are used in paints, inks, paper and floor coverings and 

are known for being highly stable, having good hiding power, and providing 

bright colors. 

Chromic acid is also used in the production of chromated copper arsenate 

preservatives for wood products intended for interior use. Since this 

compound is water soluble, disposal options may reQuire some form of 

solidification or encapsulation to ensure minimal leachate generation. 

Relative to other consumptive uses of chromic acid, this use has been 

increasing steadily. 

Other industrial uses for chromium (e.g., leather tanning) primarily use 

compounds that contain chromium in its less toxic, trivalent oxidation state. 

In some cases, these wastes are exempt from RCRA provisions and, in all cases, 

are not affected by the land disposal ban which pertains solely to hexavalent 

chromium. 
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3.2.4 Nickel 

The most important industrial use of nickel is as a hydrogenation 

catalyst, such as Raney nickel. Nickel catalysts are used for methanation, 

steam-hydrocarbon reformin~. petrochemical hydrogenation, and fat hardening. 

The second largest application is as an electrolyte in nickel electroplating, 

often as an underplate for decorative chrome. Commonly plated products 

include automobile bumpers and trim, appliances, wire products, jewelry, and 

other consumer items. Nickel oxides are widely used in the ceramic industry, 

as plastic additives, and in the production of organic dyes and .pigments. 

3.2.5 Cadmium 

U.S. consumption of cadmium was approximately 4,226 tons in 1977, over 

half of which was imported. The principal use of elemental cadmium is as an 

electroplated coating on fabricated steel and cast iron parts for corrosion 

protection. It is usually plated from a cyanide bath but can also be applied 

in powdered form through vacuum deposition and other means. Other significant 

uses are in pigment manufacture (e.g., cadmium sulfide and sulfoselenide 

pigments), and as the negative electrode in nickel-cadmium and silver-cadmium 

batteries. Cadmium pigments are inherently insoluble and often encapsulated 

in a plastic or ~lass matrix. 10 Therefore, leachate levels from pigment 

containing wastes would be minimal, and thus, would not result in restriction 

of these wastes from land disposal. 

Cadmium is used to a lesser extent as heat and light stabilizers in poly 

vinyl chlorides, as a silver alloy for producing electrical contacts, with 

Group,-VI elements in semiconductor applications and as catalysts in organic 

1 
. . . ll po ymer1zat1on reactLons. 

3.2.6 Arsenic 

The major uses of arsenic which result in the generation of hazardous 

wastes are in the production of various chemical intermediates (63 percent) 

and wood preservatives (20 percent). The former include orthoarsenic ~cid, 
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monosodium methylarsonate,.disodium methlyarsonate, cacodylic acid, calcium 

arsenate, lead arsenate and sodium arsenate. Roughly 90 percent of the 

arsenic containin~ wood preservatives use chrome copper arsenate with the 

remainder accounted for by ammoniacal copper arsenite.
12 

3.2. 7 Silver 

Estimated consumption of silver in the U.S. was J, 726 tons in 1981. 

Silver is primarily consumed in the form of silver nitrite and silver halides 

for photographic materials (41 percent), and silver cyanide .complexes, for 

electronic product contacts and conductors (22 percent). Other uses include 

production of brazing alloys and solders (7 percent), .sterling ware 

(7 percent), silver oxide batteries (5 percent), jewelry, electroplated 

esthetic ware, catalysts, coins, and other products. Due to its expense, 

silver is widely recovered for reuse through processes such as ion exchange 

and electrolysis. 

3.2.8 Mercury 

Mercury consumption in the U.S. was approximately 1,853 metric tons in 

1978, the bulk of which was imported. The primary use of mercury is in 

electrical applications (37 percent). These include batteries, fluorescent 

and high pressure mercury lamps, and wiring and switching devices. The second 

major use is in the electrolytic preparation of chlorine and caustic soda 

(23 percent), in which mercury is used as a flowing cathode and is largely 

recycled. However, mercury use in this application has declined since 

chlor-alkali production has shifted in favor of more cost-effective processing 

methods (see Section 5.3.8). 13 

Other uses of mercury include mildew proofing in paints (18 percent), 

industrial and control instruments (7 percent), and as catalysts in production 

of vinyl chloride monomer, urethane foam, pharmaceuticals, and other 

miscellaneous end products. Use in paints and pharmaceuticals has declined 

sharply due to growing awareness of mercury's toxicity and difficulties in 

handling and disposal. 
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3.2.9 Selenium 

Fifty percent of selenium is consumed in the decolorization and 

production of colored glass and in the production of cadmium sulfide selenide 

pigments which are primarily used in plastics. Another 25 to 30 percent is 

consumed in xerography and 5 percent in metallurgical applications. The 

latter includes use in ferrous metals, and copper, lead, and nickel alloys. 

Selenium decreases porosity, and enhances impact resistance, machinability, 

and other material properties. The remainder (15-20 percent) consists of 

miscellaneous uses including chromium plating for corrosion protection, and 

production of catalysts (e.g., selenium dioxide in the synthesis of organic 

chemical and drug products), feed additives, anti-dandruff preparations and 

others. 

Selenium exhibits fairly unique properties and thus has been difficult to 

replace in many uses. As semiconduttors, selenium and its compounds posses 

asymmetric conduction. They also exhibit increasing electrical conductivity 

upon exposure to light and thus find use in photovoltaic cells and 

rectifiers. However, silicon and germanium have displaced selenium usage in 

rectifier applications. Attempts have also been reported to replace the 

selenium used in xerography with organoselenium compounds in a polymeric 

matrix and other semiconductor materials. 

3.2.10 Thallium 

Thallium is obtained as a flue-gas by-product during the production of 

sulfuric acid. Annual production is very small; roughly 5 to 15 metric tons 

per year. Thallium and mercury alloys have been substituted for mercury in 

equipment (e.g., switches and seals) used in the polar region and the 

stratosphere. Silver-thallium alloys are used in contact points and an alloy 

of. thallium, tin and lead is used in the production of anodes. Thallium (III) 

derivatives have been used as oxidants in organic synthesis in research 

laboratories. 

Overall, thallium has not enjoyed wide use in commercial applications 

because of its toxic nature and resulting environmental problems associated 

with its disposal. 
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3.3 WASTE SOURCES AND CHARACTERISTICS 

Many of the industrial uses of metals and cyanides identified above 

result in the generation of off-spec products, spills, processing wastes, and 

hazardous by-products. Metal/cyanide waste sources and characteristics have 

been documented for individual industries (e.g., EPA's Effluent Limitations 

and Guidelines series), by many state environmental agencies (e.g., Illinois, 

California, Massachusetts, etc.), and on a national basis (e.g., 1981 RLA 

National Survey 1 and the 1983 Small Quantity Generator Survey8 ). These 

and other data sources have been used in this s·ection to provide an overview 

of metal/cyanide waste sources and characteristics. 

Table 3.3.1 identifies key industries that reported the generation of 

metal and cyanide RCRA wastes in the RIA survey. These are listed in 

decreasing order of number of facilities ~enerating metal/cyanides. 

Unfortunately, the data did not permit a similar ranking by waste auantity. 

Nevertheless, it can be seen that metal and cyanide wastes are generated in 

large part b'\1 metal fabrication facilities, which perform forming, plating, 

polishing, and coating operations (SIC 33 and 34), and manufacturers of 

met·allic parts and eauipment (SIC 35 through 37). These facilities also have 

a high tendency to generate concentrated solutions (e.g., spent baths) which 

are likely to be affected by the land d·isposal ban. Companies within the 

Chemicals and Allied Products industries (SIC 28) generate spent metal 

catalysts and wastewaters containing metals and or~anometallics. 

Small quantity generators (SQG), although numerous, generate only a small 

fraction of the nation's hazardous waste (see Section 4.1). However, these 

facilities may suffer significant adverse impacts as a result of the land 

disposal ban because they are generally less capable of implementing 

alternative waste management techniaues. Table 3.3.2 summarizes data on SQG 

waste quantities and number of facilities generating metal/cyanide wastes for 

high volume fscility categories.
8 

As shown, vehicle maintenance facilities 

generate metal wastes (e.g., lead-acid batteries) in the lar~est numbers and 

volume. Other large categories of waste generators indi~de printing and 

photography facilities, which primarily generate silver wastes, and metal 

manufacturing facilities which generate metal plating and cyanide streams. 
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TABLE 3.3.1, NUMBER OF METAL/CYANIDE WASTE GENERATORS BY SIC CODE 

Wei~hted 1 Facilities 
SIC Description SIC CN Meta 1 s lle~a lo; ~ CN 

4,287 Plating and Polishing 3471 750 2&3 1,013 
2,145 Paints and Allied Products 2851 20 212 232 
2,902 Plet.al Coating and Allied Products 3479 40 149 195 
4, 151 ~tor Vehicle Parts and Accessories 3714 62 107 169 
2,183 Industrial Inorganic Chemicals 2819 3 131 134 

876 Metals, Nonferi"OUS, Secondar-y 3341 37 93 130 
55,380 Fabricated Ketal Products 3400 51 73 124 

393 National Security 9711 16 84 100 
96& ~tors and Generators 3721 40 61 100 

32,867 Misc. Manufacturing Industries 3900 23 68 91 
384 Ketal,Nonferrous, Rolling, Drawing 3356 30 60 90 
609 Printing lnlc 2893 0 B9 B9 

1,229 Blast Furnaces, Steel Hills 3312 11 78 89 
1,229 Foundries, Gray Iron 3321 0 82 82 
2,614 Electric Services 4911 0 Bl 81 
1, 160 Industrial Organic Chemicals 2859 5 80 85 
1,529 Plastics l'>ateria.l 2821 7 76 83 
4,656 Radio & TV Communication Equipment 3662 30 49 79 
5,392 Electronic Components 3679 35 Q 17 
1,040 Motor Vehicle Bodies 3711 41 34 75 
3,432 1\achine Tool Accessories 3545 40 0 4() 

Source: Reference No. 5. 
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TABLE 3.3.2. METAL/CYANIDE WASTE GENERATION FOR SMALL QUANTITY GENERATORS 

Chemicd Wood Vehiele He tal Motor freisht Priatins Other 
•nufaet.ur-lnR p'l'eo•ervins Formulator• Photography IMint~nanee unufaer:uring rerminala induotry .. nufactul'ina 
------- ------- -------- -------- --------- ------- ------- --------:- ------
I of Waete I of WAite I of Waate I of Waete I of Waite I of wa.te I of Weete I of Waate I of Waete 
Gen. Qut. Gen. Qut. Gen. Qut. Cen. Qnt. Gen. Qnt. Ceo. Qnt. Gen. Qat. Ge:n. Qat. Gen. Qnt. 

Cyonide -•teo 3 <1 2 2 1,208 1,572 51 63 

Heavy 111t!to1 duot 5 61 30 85 

Beovy metal oolutiono 30 52 

Heavy ~tal waate 
Kateriala 21 121 93 411 

lnk eludgeo eontainins 
c hrom.ium or lead 32 71 51 56 

Paint "aatel cont•iniag 
t'l@!avy metal• 156 

Phot.osrafhic vaatee 2,307. 7,885 2,578 6,071 

..., Spent platiaa vaate• 1,034 4,H8 
I .... Aru~nie vaetea 19 104 .... 

Solution• or eludM,efll 
containing ailver 2,496 7, 749 

lised lead-acid batteries 77,608 302' 576 33 53 

Waate ink!' eonta in ing 
fla~~m~able eolvent• 
nT heavy metc~ll 705 1,337 

"&11tew11ter cont~ining 
wood preservatives 107 688 

WaFtevatf'[" sludge!! 
c.ontaining hea....-y metall 700 2, !,16 

-
5cc.rce: Mat~te:d fn:m: ke.ferE>nce ~o- 8 .. 





Table 3.3.3 shows the number of facilities and quantity of waste generated by 

small and very small waste quantity generators. The latter generate less than 

100 kg/month and are therefore .exempt from RCRA regulations and the land 

disposal ban provisions. 

Waste characteristics, including the relative quantities of metal/cyanide 

constituents in land disposed RCRA wastes, are difficult to determine. 

However, available data provide a rough ranking and further suggest that the 

distribution between constituents differs between all RCRA wastes and those 

wastes which exceed restricted land disposal concentrations. 

The RIA data did not specify metal contaminants or concentrations in Fxxx 

and Kxxx code wastes making it difficult to rank constituents in order of 

volume. However, an approximate ranking, in decreasing volume of combined 

waste, appears to be as follows: chromium, cyanides, lead, cadmium, and 

nickel, with lesser amounts of mercury and arsenic, and small quantities of 

selenium and thallium. 6 

This ranking is in general agreement with industrial usage patterns 

(Section 3.2), publically owned treatment works (POTWs) discharges, and other 

hazardous materials surveys. For example, a waste generation study for New 

England showed F006 (contains cyanide, chromium, nickel, cadmium) as the 

metal/cyanide waste generated in the highest volume followed by F007 {cyanide 

electroplating baths), D007 (chromium), DOOB (lead), and D006 (cadmium>.
14 

Similarly, data describing raw waste loadings to the nations POTWs, in 

decreasing order, are estimated to be: cyanide (15 Mkg/yr), chromium 

(5 Mkg/yr), lead (4 Mkg/yr), nickel (3 Mkg/yr), cadmium (0.6 Mkg/yr), silver 

(0.4 Mkg/yr), and arsenic (0.1 Mkg/yr). Mercury and selenium are only 

discharged in small quantities (e.g., 20,000 kg/yr). 4 

Only one study, performed by the State of California, was identified 

which specifically quantified wastes·that exceeded the land disposal 
. 15 16 concentration limits for metals and cyan~des. ' In decreasing order of 

waste volume, the constituents were ranked as follows: chromium (61 percent), 

nickel (26 percent), arsenic (23 percent), lead (11 percent), cyanide 

(6 percent), cadmium (3 percent), and &mall quantities of mercury. No 

thallium or seleniu~ wastes were identified. Nearly 50 percent of the heavy 

metal wastes in the state had a pH of less ~han 2.0 and, therefore, were also 

cate~orized as RCRA corrosive wastes. However, this study may be limited 

somewhat since it only included wastes which were land disposed offsite. 

3-12 





TABLE 3. 3. 3. NUMBER OF SMALL QUANTITY GENERA TORS AND WASTE QUANTITY 
GENERATED BY WASTE STREAM 

VSQCs: 
Generato~s of <100 ~g of 

ws.ste/mon:.h ------·---
No. of 

generators 

Arsenic waa~es 21 

Cyanide wastes 587 

Beavy metal dust 48 

Beavy metal solutions lS 

Heavy metal waste 
materials 121 

luk sludges containing 
chromium or lead 1,093 

Mercury wastes 19 

Paint wastes containing 
heavy metals 381 

Photographic wastes 21,287 

Spent plating wastes 3,960 

Solutions or sludges 
eontaining silver 4,482 

Used lead-acid batteries 119,747 

Waste inks containing 
flammable solvents or 
heavy metals 3,642 

Wastewater eon~aining 
wood preaervatives 88 

Waatewater eludgea 
containing heavy metale 894 

rotal: 

Source: ~eference Ro. 8 

Waste 
quantity 
(M'!:(yr) 

7 

17 

10 

6 

31 

90 

1 

12 

4,408 

493 

938 

64,903 

263 

26 

188 

71,39Z 
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SQGs: 
Generators of >100 kg to 
l,OOG ~g ~f vaSce/monch 

No. of 
generato-rs 

1,364 

40 

30 

117 

B3 

0 

156 

4,949 

1,422 

2,648 

77,880 

716 

108 

790 

Waste 
quantity 
(HT/yr) 

104 

2,1Z9 

163 

52 

537 

127 

0 

7 

14,023 

.5,275 

7,981 

304,194 

1,359 

693 

2.,216 

338,860 

Total 

No. of 
seneratoTs 

40 

1,972 

88 

45 

238 

1,17& 

19 

537 

26,236 

5,362 

7,130 

197,627 

4,360 

196 

1,684 

Was:e 
~il..ant"ty 
(HT/~r) 

lll 

2,146 

173 

58 

568 

217 

1 

19 

18,431 

5,768 

369,097 

1,622 

719 

2,404 

410,252 





The high proportion of arsenic waste in the California study resulted 

from a relatively high tendency for wood preservin~ facilities to ship these 

wastes offsite for treatment. Also, metal containin~ wood preservatives 

(i.e., chrome copper arsenate and ammoniacal copper arsenite) are soluble and, 

therefore, would be expected to result in hi~h leachate concentrations. 12 

Although the RCRA surveys identified above indicate that cyanides are disposed 

in high volume reiative to heavy metals, the California study su~~ests that 

these rarely exceeded the 1,000 mg/L concentration limit which would prohibit 

them from being land disposed. Concentrated cyanide wastes tended to be spent 

processing baths since rinses and combined wastes typically had concentrations 
16 under 100 mg/L. 

Due to a lack of detailed data on metal/cyanide waste stream 

compositions, minimal effort was made to characterize these w.astes beyond 

providing a relative ranking of constituents. The lSDB, which represents the 

most comprehensive and accurate source of RCRA waste characteristics, did not 

cover most of the key industries which generate these wastes. Other data 

sources are dated and/or restricted to specific industries or 2eo~raphical 

locations. Compilation of these diverse data sources was both beyond the 

scope of this report and likely to result in an inaccurate representation of 

currently disposed wastes. Nevertheless, some composition data has been 

provided in the following discussion fo.r metal/cyanide wastes which exceed 

disposal ban concentrations. It should be remembered that these data are not 

necessarily representative of their waste codes due to the wide variability in 

industrial.wastes which is found in practice. 

A summary of RCRA waste compositions, compiled in an earlier EPA study, 

is provided in Table 3.3.4. 5 The remainder of this section is devoted to a 

discussion of metal/cyanide waste generation and characteristics for several 

major industrial sectors, Unless otherwise indicated, this information was 

taken from a recent study performed for the EPA Office of Solid Waste to 

identify waste minimization practices employed by industry. 13 

3.3.1 Acrylonitrile Production 

Acrylonitrile is produced by the Sohio ammoxidation process throu~h the 

exothermic reaction of propylene, ammonia and air in a fluidized-bed catalytic 
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TABLE 3.3.4. METAL/CYANIDE WASTE STREAM COMPOSITION DATA (in ppm) 

List of 
waste 
streams CN As Cd Cr Pb Hg Ni Se 

F006 s.al 6.24 1, 320 3 9' 730 408 0.32 14,760 23 
1312 25.45 
0.13 

F007 14,547 

F009 350,000 21.6 525.9 25.39 2,954 

FO!O 9.23% 

FOll 12% 
35% 

F012 26,800 

F019 597 <0.5 0.62 
5393 

11, 361 < 17 
2.25 

0.34 1,275 0.5 

11,3616 

K002-K008 b5 40 2,300 22,000 28,000 10 350 

KOll n4 

K013 2254 

K0ll,K013 25%4 Trace Trace Trace 
K014 solids 5% 

K03l <1% 4.6 26 

K046 0.41 0.45% 0.1% 

K048 <SO 33 <50 3,003 1,250 0.27 4.9 4.0 

K049 26 7.4 1.0 7,764 3,960 0.59 50 4.0 

KOSO 1.7 10.6 3.4 4. 185 l, 200 1.9 116 27.2 

KOSI 0.29 6.2 1.7 10,800 6,200 1.0 260 140 

K052 0.001 2,940 6.3 9 73 5,800 5.0 314 6.95 

(continued) 
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TABLE 3.3.4 (continued) 

List of 
waste 
streams CN As Cd Cr Pb Hg Ni 

K060 7,400 1,086 

K061 750 17,900 2,1901 38,100 5,900 
4,6oo5 
20,6006 

K062 4.6 5.8 0.43 12,4001 
195 

1,550 <0.005 10,450 

6,6906 

K069 900 150 12% 

K071 17.0 6.4 10.0 81.0 1,000 153 

K084 7% 
<0.35% 
<20% 

K086 <0.05 4.3 200 900 < o. 01 2.4 

K101 15% 

K102 14% 
2. 8% 

K106 15% 

K071 & K106 -- 0.7% 

Source: Adapted from Reference No. 5, See Reference for RCRA code 
descriptions or refer to Table 2.2.1. 

1 Total 
2 Complexed 
3· Free 
4As HCN 
5As Cr(VI) 
6As Cr( III) 
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Se 

2,850 

<0. 2 

0.05 



reactor at approximately 7?0 to 950 °F and 5 to 30 psig. The reaction product 

is quenched ~enerating an absorber wastewater effluent and an acrylonitrile/ 

acetonitrile product stream. These are separated and purified, generating 

product streams, heavy ends (K013, K014) and crude HCN. The HCN stream is 

typically incinerated. Acrylonitrile bottoms are usually combined with the 

aqueous effluent from the Quench/adsorption section and then steam stripped. 

The resulting aqueous effluent (KOll) is combined with the acetonitrile 

purification bottoms and typically disposed via under~round injection. As 

shown previous! y 

limits for total 

in Table 3.3.1, these RCRA wastes may exceed land disposal 
. . 5 cyan1de concentrat1on. 

3.3.2 Metal Surface Treatment 

The metal surface treatment industry is dominated by small job shops and 

captive operations in lar~er manufacturing industries. Chemical surface 

treatment results in significant quantities of hazardous wastes from a wide 

variety of unit operations including electroplatin~ (see Section 3.3.3), 

electroless plating, conversion coating, anodizing, cleaning, etching, and 

milling. All these chemical surface treatments essentially involve dipping 

metal objects in a bath to achieve the desired surface modifications. Primary 

sources of hazardous waste include: 1) wastewater treatment slud~es from rinse 

bath treatment; 2) filter residues from in-line filtration of process baths 

(FOlD, F012); and 3) spent baths (FOll). The latter, to~ether with sludges 

and solids (e.g., contaminated bath filters) are freQuently sent offsite for 

recycle or disposal. 

Commonly used toxic metals and metal-containing reagents include 

chromium, cadmium, nickel, silver, vanadium, metal phosphates, sodium 

dichromate, sodium cyanate, and chromic acid. Common acids found in metal 

surface treatment wastes include hydrochloric, sulfuric, phosphoric, 

hydrofluoric, and boric acid. The primary alkalis in use are sodium hydroxide 

and sodium carbonate. Metals are also freQuently discharged in streams that 

contain complexing agents including cyanides, amines, ammonia and its 

derivatives, EDTA, NTA, citrate, tartrate, oxalate, and gluconate. Finally, 

combined waste streams will also freQuencly contain smaller Quantities of 

organics such as oils and grease, solvents (e.g., l,l,l-trichloroethane, 
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toluene, xylene), and bath additives (e.g., phenols, aldehydes, ketones, 

alcohols), A summary of metal finishing bath constituents is provided in 

Table 3.3.5 for baths which contain California List metals and/or cyanides. 17 

Nickel is widely applied to metal surfaces via electroless plating, 

These baths contain complexing agents to maintain ions in solution 

(e.g., lactic acid, dicarboxylates) as well as stabilizers, reducing agents 

and other additives. Highly complexed baths complicate subsequent metals 

precipitation in the plant's treatment'unit and sre therefore often segregated 

for batch treatment. Filtration is used to extend bath life and minimize 

dumping frequency but the eventual build-up of impurities and equipment 

fouling (plate-out of the metal ions) necessitate periodic dumping. 

Chemical conversion coatings are applied to metal surfaces to inhibit 

corrosion or to improve surface adhesion properties. Chromic acid rinses are 

used as a rust-inhibiting treatment for phosphatized substrates. Chromate 

coatings are applied directly on zinc, cadmium, aluminum, magnesium, copper, 

brass, bronze, and silver to minimize rust and promote paint adhesion. 5 

Sodium dichromate is used for passivation of stainless steels. Chromic acid _ 

is also used as a chemical etchant. 

Cyanide baths are used to provide surface hardening of carbon and alloy 

steels. Baths normally contain from 30 to 97 percent sodium cyanide and are 

replenished to make up for losses through drag-out. Quench solutions 

(e.g., water or oil) following the bath are potentially hazardous as a result 

of the drag-out and are thus treated for cyanide destruction (e.g., 

chlorination for aqueous solutions, incineration for oils). 

Depending on the basis material and previous processing steps, aqueous 

and solvent based metal parts cleaning wastes can contain significant 

concentrations of California List metals. Example wastes include those 

resulting from the acid pickling of specialty steels containing chromium and 

nickel. 1 Spent solvent-based degreasers, cleaners, developers, and paints 

can exceed metal concentration limits and become further concentrated during 

recovery operations. Concentrations of nickel, lead, arid chromium in the 
18 10,000 mg/L range have been widely reported for raw wastes. 
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TABLE 3.3.5. METAL FINISHING SATHS CONTAINING CALIFORNIA LIST 
METALS AND/OR CYANIDES 

Process 

Electroplating 

Batn type 

Brass & Bronze 

Cadmium Cyanide 

Cadmium Fluoborate 

Copper Cyanide 

Fluoride Modified 
Copper Cyanide 

Chromium 

Chromium with 
Fluoride Catalyst 

Gold Cyanide 

(continued) 
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Constituents 

Copper cyanide 
Zinc cyanide 
Sodium cyanide 
Sodium carbonate 
Ammonia 
Rochelle salt 

Cadmium cyanide 
Cadmium oxide 
Sodium cyanide 
Sodium hydroxide 

Cadmium fluoborate 
Fluoboric acid 
Boric acid 
Ammonium fluoborate 
Licorice 

Copper cyanide 
Sodium cyanide 
Sodium carbonate 
Sodium hydroxide 
Rochelle salt 

Copper cyanide 
Potassium cyanide 
Potassium fluoride 

Chromic acid 
Sulfuric acid 

Chromic acid 
Sulfate 
Fluoride 

Metallic ~old 
Potassium cyanide 
Sodium phosphate 



TABLE 3,3,5 (continued) 

Process Bath type 

Electroplating Lead Fluoborate 

Lead-Tin 

Nickel (Watts) 

Nickel-Acid Fluoride 

Black Nickel 

Silver 

(continued) 
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Constituents 

Lead fluoborate· 
Fluoboric acid 
Boric acid 
Gelatin or glue 
Hydroquinone 

Lead fluobora te 
Tin fluoborate 
Boric acid 
Fluoboric acid 
Glue 
Hydroquinone 

Nickel sulfate 
Nickel chloride 
Nickel fluoborate 
Boric acid 
Nickel sulfate 
Nickel chloride 
Nickel sulfamate 
Boric acid 
Phosophoric acid 
Phosphorous acid 
"Stress-reducing agents 

Hydrofluoric acid 
Nickel carbonate 
Citric acid 
Sodium lauryl sulfate 
(wettin)!; agent) 

Nickel ammonium sulfate 
Nickel sulfate 
Zinc sulfate 
Ammonium sulfate 
Sodium thiocyanate 

Silver cyanide 
Potassium cyanide or 
Sodium cyanide 
Potassium carbonate or 
Sodium carbonate 
Potassium hydroxide 
Potassium nitrate 
Carbon disulfide 



TABLE 3.3.5 (continued) 

Process Bath type 

Electroplating Tin-Copper Alloy 

Tin-Nickel Alloy 

Tin-Zinc Alloy 

Zinc Cyanide 

Silver 

Nickel 

(continued) 
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Constituents 

Copper cyanide 
Potassium stannate 
Potassium cyanide 
Potassium hydroxide 
Rochelle salt 

Stannous chloride 
Nickel chloride 
Ammonium fluoride 
Ammonium bifluoride 
Sodium fluoride 
Hydrochloric acid 

Potassium stannate 
Zinc cyanide 
Potassium cyanide 
Potassium hydroxide 

Zinc oxide 
Sodium cyanide 
Sodium hydroxide 
Zinc cyanide 

Silver cyanide 
Sodium cyanide 
Sodium hydroxide 
Dimethylamine borane 
Thiourea 

Nickel chloride 
Sodium glycollate 
Sodium hypophosphite 

or 

Nickel carbonate 
Hydrofluoric acid 
Citric acid 
Ammonium acid fluoride 
Sodium hypophosphate 
Ammonium hydroxide 



TABLE 3.3.5 (continued) 

Process Bath type 

Electroless Plating Arsenic 

Chromium (acidic) 

Chromium (alkaline) 

Cobalt-Nickel 

Gold 

Gold over Cu, Ni, Kovar 

(continued) 
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Constituents 

Zinc sulfate 
Arsenic trioxide 
Sodium citrate 
Sodium cyanide 
Sodium hydroxide 
Ammonium hydroxide 
Sodium hypophosphite 

Chromic bromide 
Chromic chloride 
Potassium oxalate 
Sodium acetate 
Sodium hypophosphite 

Chromic bromide 
Chromic iodide 
Sodium oxalate 
Sodium citrate 
Sodium hypophosphite 

Cobalt chloride 
Nickel chloride 
Rochelle salt 
Ammonium chloride 
Sodium bypophosphite 

Potassium gold cyanide 
Ammonium chloride 
Sodium citrate 
Sodium hypophosohite 

Potassium gold cyanide 
Citric acid 
Monopotassium acid 

phthalate 
Tungstic acid 
Sodium hdyroxide 
N,N diethylglycine 

(Na salt) 



Process 

Immersion Plating 

- TABLE 3,3,5 (continued) 

Bath type 

Gold on Copper Alloys 

Gold on Iron & Steel 

Lead on Copper Alloys 
and on Zinc 

Lead on Steel 

Nickel on Aluminum 

Nickel on Copper Alloys 

Nickel on Steel 

Nickel on Zinc 

Arsenic on Aluminum 

Arsenic on Copper Alloys 

Arsenic on Steel 

Brass on Alluminum 

(continued) 

Constituents 

Potassium gold cyanide 
Sodium cyanide 
Sodium carbonate 

Denatured alcohol 
Gold chloride 

Lead monoxide 
Sodium cyanide 
Sodium hydroxide 

·Lead nitrate 
Sodium cyanide 
Sodium hyrdoxide 

Nickel sulfate 
Ammonium chloride 

Nickel sulfate 
Nickel ammonium sulfate 
Sodium thiosulfate 

Nickel chloride 
Boric acid 

Nickel sulfate 
Sodium chloride 
Sodium carbonate 

White arsenic 
Sodium carbonate 

White arsenic 
Ferric chloride 
Muriatic acid 

White arsenic 
Muriatic acid 

Zinc oxide 
Sodium hydroxide 
Copper cyanide 
Sodium cyanide 
Lead carbonate 



Process 

Immersion Plating 

Chemical Etching 

Chemical Milling 

Bright Dip 

TABLE 3.3.5 (continued) 

Bath type 

Cadmium on Aluminum 

Cadmium on Copper Alloys 

Copper on Aluminum 

Silver on Copper Alloys 

Silver on Zinc 

Tin on Copper Alloys 

Ammonium persulfate 
solutions: 

Chromic-sulfuric acid 
solutions: 

For various metals: 

For Zinc and Cadmium: 

For Silver: 

Source: Adapted from Reference No. 17. 
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Constituents 

Cadmium sulfate 
Hydrofluoric acid 

Cadmium oxide 
Sodium hydroxide 

Copper sulfate 
Ammonia 
Potassium cyanide 

Silver cyanide 
Sodium cyanide 

Silver cyanide 
Potassium 

Tin chloride 
Sodium cyanide 
Sodium hydroxide 

Ammonium persulfate 
Mercuric chloride 
Sulfuric acid 
Ammonium chloride 
Sodium chloride 
Copper 
Base material 

Chromic acid 
Sodium sulfate 
Sulfuric acid 
Copper 
Base material 

Nitric acid 
Chromic acid 
Hydrochloric acid 
Base metal 

Chromium acid 
Sulfuric acid 

Sodium cyanide 
Eydrogen peroxiCe 



Distillation bottoms ·from solvent reclaimers can be expected to increase 

substantially in volume as a result of the land disposal ban on solvent 

wastes. These bottoms may contain 25 percent or more organic solvent content, 

oil and grease, and high solids content in addition to lead, nickel, chromium 

and cadmium. These wastes are restricted to 2 ppm or less solvent content in 

their leachate and thus may require incineration to meet land disposal 
. . 19 

restr:a.ct:a.on5. 

3.3.3 Electroplating 

The electroplating industry is dominated by small, captive shops 

concentrated in the mid-west, California, and New York. Cadmium, chromium, 

lead, nickel and silver are toxic heavy metals which are commonly 

electroplated, and cyanides are used as components of plating and cleaning 

baths, as shown previously in Table 3.3.5. Additional data provided in 

Table 3.3.6 show that spent baths are likely to contain cyanides in 

concentrations which will make them subject to the land disposal prohibition. 

However, plating rinses will generally contain well under the 1,000 mg/L 
. 1" . 20 concentrat:a.on :a.m:a.t. 

Electroplating process wastes are summarized in Table 3.3.7. 13 
Rinse 

water, contaminated with bath drag-out and residue from work pieces, accounts 

for the large majority of waste produced. Spent cleaning and plating baths 

are another significant waste source. These may be acidic or alkaline and may 

also contain toxic organics. Spent plating solutions are typically disposed 

only when impurities from drag-in accumulate to levels which impair product 

quality. These concentrated wastes are either recovered, shipped offsite for 

disposal, or bled into onsite treatment systems. 

The largest volume hazardous waste which is ultimately land disposed is 

the toxic heavy metal sludge (F006) produced in onsite wastewater treatment 
l processes. Metals are most commonly precipitated as hydroxides or 

carbonates, with separate pretreatment for chromium reduction and cyanide 

oxidation. 
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TABLE 3.3.6. CONCENTRATIONS OF CYANIDE IN PLATING WASTEWATERS 

Process 

Plating rinse 

Bright dip 

General (separate cyanide) 

General (combined stream) 

Alkaline cleaning bath 

Plating bath 

Plating bath: 

Brass 

Bronze 

Cadmium 

Copper 

Silver 

Tin-zinc 

Zinc 

Source: JAPCA, May 1986. 
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Range { mg/L) 

14-256 (56 average) 

15-20 

9-115 {72 average) 

1-103 (28 average) 

4,000-8,000 

45,000-100,000 

16,000-48,000 

40,000-50,000 

20,000-67,000 

15,000-52,000 

12,000-60,000 

40,000-50,000 

4,000-64,000 



TABLE 3.3.7. ELECTROPLATING PROCESS WASTES 

' Woslc Description 

Spent elk a line cl"aning 
solution 

Spent Acid cleaning 
solutions 

Degreascr olutlgcs 

Solvelll recycle 
still bottorns 

Sp.,nt plating onlulirms 

Filter sludges 

Waste rinse water 

Wostewaler tre~trnent 
sluclgc 

Vent scrubber wm:;lcs 

Inn cxr.ltnlllj~ n~r.in 
rc<UJP-fll9 

Source: Reference No. 13. 

Proce., Origin ' 

Aqueous cleaning 

Acid pickling 

Solvent cleaning 

Solvent recycling 

Electroplating 

Electroplating 

Drag-out, eqtiipment 
cleaning, spills 

Wastewater lreolmenl 

Vent •r:ruhhing 

Ontniner:Jii7.nlifll1 or 
proces~ walnr 
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RCRI\ 
Cornpooition Codes 

NAOH,NaiCOJ,NazSiOJ, F009 
NaJP04,NaziiP04 
(N~P03)4, cyanide, 
soils, [QTA+ Mg/Ca, 
saponi lied rmd/or 
emulsified grease. 

HCI,H2S04,HNOJ, 
HzCr04,HJP04, 
HBI t11Mc•, oils, 
soils 

kerosene, naphtha, 
toluene,ketone!;:, 
elcohols,ethers, 
halogenated 
hydrocarhons, oils, 
soils, water 

sotne as above solvents. 
May contain HCI from 
solvent decomposition 

see Table 6-1 

SilicA, silicides, 
carbides, """· rh•ting 
bath constituents 

&Arne as No. l end 2, but 
In lower concentrelinns 

Melnl hytlro~l<lco, 
sulfides, cArbonates 

similar to No. 7 

FOOI,T002 
FOOJ, FUO~ 

roo I, rooz 
FOOJ, FOU~ 

F007 

rooo 

FOU6 





3.3.4 Prin~ed Circuit Board Manufacture 

Prin~ed circuit board manufacturers are represented by bo~h small captive 

firms and job shop, as well as lar~e manufacturers. Roughly ~we-thirds O·f 

these facilities are located in California and the Northeastern states. 5 

Toxic heavy metal and cyanide compounds of concern are used in elec~roplatin~ 

baths (e.g., tin/lead, nickel, silver, cyanide) and in lesser Quantities in 

etchants (e.g., chromic acid) and resist stripping solutions (e.g., sulfuric/ 

dichromate). The most prevalent metal contaminant in wastewater discharges is 

copper which can be removed. from spent baths containing California list . 

constituents to permit their reuse. The primary metal/cyanide ha~ardous waste 

streams from printed circuit board manufacture are contaminated rinses, 

sludges from onsite wastewater treatment operations (F006) and spent 

cyanide-containing baths from electroplating (F007, FOOS) and stripping (F009) 

operations. Similar to electroplating facilities, spent baths are either 

regenerated, shipped offsite for recovery or land disposal, or bled into 

onsite wastewater treatment systems. 

3.3.5 Inorganic Pigment Manufacture 

The inorganic pigments manufacturing industry is dominated by larger 

firms with the majority clustered in the industrial region between Illinois 

and New Jersey. Primary pigments which contain California list heavy metals 

include chrome yellow and orange, molybdate chrome orange, chrome oxide green, 

cadmium sulfide pigments, and white lead pigments. 5 

3.3.6 Petroleum Refining 

Ha~ardous .metal-containing wastes generated by the petroleum refinery 

industry include 1) spent conversion catalysts contaminated with nickel, 

vanadium and chromium; 2) leaded bottoms from crude oil storage tanks (R052); 

3) heat excban~er cleaning waste (KOSO); 4) cooling water blowdown and its 

resulting treatment sludge, which are contaminated with chromium; and 

5) wastewater treatment sludges which include API separator sludge (R051), 

dissolved air flotation waste (K048), and slop oil tank emulsion waste 
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(K049). Each of these treatment sludges contain lead, chromium and other 

contaminants in a waste matrix consisting of oil, water, and inert solids. 

!able 3.3.8 summarizes hazardous waste generation for the refining industry 

including projected total Quantities of toxic metals. 21 

3.3.7 Wood Preserving 

!be wood preserving industry is one of the largest generators of arsenic 
. . 16 . . 

c:onta1n1ng wastes. Un ltke other wood preservattves, chroma ted cop.per 

arsenate consumption has experienced rapid growth (800 percent over the last 

!5 years), primarily for use in the preservation of lumber and plvwood. 

Consumption in 1981 was estimated to be 46.4 million pounds, with another 

1.2 million pounds of arsenic containing preservatives consumed in the form of 

ammoniacal copper arsenate. 

The wood preservation process consists of batch soaking and steam/vacuum 

drying of wood in a retort followed by open-air curing and drying on drip 

pads. Steam condensate is commonly recycled in a closed loop with small 

amounts being bled off to avoid excessive accumulation of dissolved wood 

sugars. LiQuid wastes are filtered in a "work" tank, the filtrate is reused 

and the sludge is land disposed. !be latter consists primarily of wood fiber, 

dirt, silt and residual preservative. Runon, cooling water and other liQuid 

wastes are treated in onsite wastewater systems, generally through chromium 

reduction and precipitation with lime, hydrogen sulfide, or sodium sulfide. 

Sludge generated from this treatment (K001) contains chromium, copper, 

arsenic, lead and other contaminants and is generally landfilled. Finally, 

smaller facilities still receive preservative in bags or drums, thus 

generating waste in the form of contaminated containers. 

3.3.8 Miscellaneous Industries 

Photographic films contain high concentrations of silver and are used in 

the photography and printin~ industries. California List constituents of 

concern in film processing wastes include silver and ferrocyanide. 

Ferricyanide bleaches, used in photo processinll. solutions, contain from 10 to 
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100 g/L ferricyanide, and fixing baths contain from 1 to 10 g/L silver 

thiosulfate complex and ferrocyanide. Silver recovery is widely applied 1n 
. . 22 thl.S 1ndustry. 

Chromium salts are used in the production of or~anic dyes and pigments as 

is lead peroxide (catalyst). Lead and chrome account for nearly 100 million 

pounds of pigme.nts per year which are consumed primarily in the manufacture of 

red lead primer and chrome yellow. The latter is used as traffic paint due to 

its bright color and low cost. Inks containing chromium based pigments are 

also used in the printing industry. 

Vanadium and nickel are widely used as catalyst bases (e.g., vanadium 

tetrachloride, vanadium oxytrichloride, Raney nickel) in the synthetic rubber, 

chemical manufacturing, and organic dyes and pigments industries. 

Non-ferrous metals industries generate large volume wastewaters 

containing heavy metals. However, the majority of these streams are 

sufficiently dilute so as to be below the restricted concentrations specified 

by the land disposal ban. Exceptions include the following: (1) spent 

sulfuric acid electrolyte from electrolytic refining of primary copper, which 

can contain from 500 to 12,000 mg/L arsenic and 2,000 to 20,000 mg/L nickel; 

(2) arsenic plant wash down water which can contain 310 mg/L arsenic; and 

( 3) f . . d . . 1 d f b . 23 waste sui ur1c ac1 conta1n1ng ea rom attery recovery operat1ons, 

The steam-electric industry generates waste boiler cleaning solutions 

(e.g., ammoniated citric acid, EDTA, hydrochloric acid) which contain elevated 

nickel concentrations (e.g., 65 to 400 mg/L) in addition to high 

. f . 1 24 Th f 1 concentrat1ons o 1ron and other meta s. e presence o comp exers 

increases the difficulty of removing toxic metals from these solutions. 

A small quantity of explosive hazardous wastes are Renerated by 

explosive/ordinance sites which contain heavy metals. These wastes, includinR 

lead azide and mercuric fulminate, are typically disposed through detonation 

under controlled conditions to prevent explosion hazards. 13 

kany wastes containing metals/cyanides can result from metal forming and 

production industries. For example, cyanide concentration in ferromanganese 

blast furnace scrubber water can be 4,000 mg/L or more. 25 Wastes containing 

metals/cyanides resulting from iron and steel production include electric 

furnace emission control sludge lK061) and .rolling mill sludge. The latter 

consists of iron and iron oxide, 5 to 15 percent oil and grease, and trace 
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26 
metals includ~ng 250 ppm Ni and 300 ppm Cr. Electric furnace emission 

control sludge is principally iron and silica oxides and lime with reported 

chromium levels of 1,300 ppm and nickel concentrations of 300 ppm. Similarly, 

analysis of combined sludges from electrolytic zinc manufacture shows an 

average lead concentration of 15,300 ppm.
26 

However, these wastes often 

contain little liquid and leachate levels of toxic metals may not be high 

enough to exclude them from being land disposed under the new restrictions. 
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SECTION 4. 0 

WASTE QUANTITY, MANAGEMENT PRACTICES, AND TREATMENT CAPACITY 

This section summarizes waste management and available treatment capacity 

for metal/cyanide containing wastes. Metal/cyanide RCRA waste quantities and 

management practices are discussed in Section 4.1 and available treatment 

capacity is summarized in Section 4.2. 

The bulk of this data was obtained from the Background Document for 

California List Wastes, prepared by the EPA Office of Solid Waste to support 

the proposed rule for the 40 CFR Part 268 land disposal restrictions. 1 This 

information, in turn, relied heavily upon the 1981 EPA Regulatory Impact 

Analysis (RIA) national survey of Treatment, Storage, and Disposal Facilities 
2 (TSDFs) and hazardous waste generators. This represents the most 

comprehensive, available survey performed to date describing U.S. hazardous 

waste generation in terms of RCRA waste codes and management practices. 1 

Data on waste generation from small quantity generators was obtained from 

a 1984 survey performed by ABT Associates.
3 

This data was combined with the 

EPA analysis to develop a more complete description of metal/cyanide waste 

generation and available capacity. While this survey was less prone to errors 

than the RIA Survey, this class of generators only represent a small fraction 

of total metal/cyanide waste generation. Thus, the combined Quantities should 

still be regarded as approximations of existing industry conditions. 

Recognizing these data limitations, the EPA has recently initiated an 

effort to more accurately characterize current waste management practices and 
. 4 

treatment capac1ty. However, results 

not yet available at the time of this writing. 1 
available of this 1986 survey were 

As available, these will be 

incorporated into the final rule regarding California List waste disposal 

restrictions which will be published in the Federal Register prior to July 8, 

1987. 
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4.1 WASTE QUANTITY AND MA~AGEMENT PRACTICES 

4.1.1 Data Sources 

4.1.1.1 Large Quantity Generators-

As stated above, the EPA relied primarily on the results of the 1981 RIA 

Survey to generate its waste Quantity estimates. The RIA Survey data has 

undergone repeated refinement since it was initially compiled in 1983. 

However, it is still subject to significant uncertainty due to the widely 

skewed distribution of the waste quantity data. For example, for each 

category of landfilled waste, the sirigle largest waste stream accounts for 

over 50 percent of the total waste volume disposed. As another example, 

0.5 percent of the individual waste streams accounted for 90 percent of the 

total metal/cyanide waste volume with the three largest waste streams alone 

. f so f . 1 1 
account~ng or percent o the ent~re vo ume. Since the survey only 

included a fraction of the waste streams managed in the country, excluding or 

including a disproportionate number of large volume streams may have greatly 

skewed the results. 

These deficiencies· become increasingly evident when the waste quantity 

data are compared to that of a second national survey performed in 1983 by the 

Congressional Budget Office 5 or to surveys conducted by individual states or 

regions tsee References 6 and 7 for comparisons). For example, ~hile both the 

RIA and CBO surveys projected an annual metal/cyanide waste generation figure 

of roughly 13 to 14 billion gallons, the RIA survey attributes 41 percent of 

this to cyanide wastes whereas the CBO survey figure is a modest 16 percent. 

In addition, the RIA survey results show 15 percent of the waste to be 

non-liQuid whereas the CBO estimates that this quantity is approximately three 

times as high (45 percent). 1 •5 

Other ·factors also contribute to data uncertainties. For example, in 

response to regulatory changes and waste disposal cost increases since 1981, 

waste generating and management industries have instituted corresponding 

changes in waste management practices. Significant regulatory changes include 

revised waste listings, changes in small quantity generator status, changes in 

reporting ana otner requirements for certain recycled wastes, the ban on free 

liquid disposal in landfills, and perhaps most significantly, the regulatory 

changes occurring under the 1984 Hazardous and Solid Waste Amendments (HSWA). 
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Details of the impacts of these changes on projections of current waste 

management practices and other shortcomings of the RIA Survey can be found in 

the references. 
1

•
3 

In general, the results presented in this section 

probably err on the conservative side; i.e., overestimate waste Quantities. 

Thus, they should be interpreted with caution and viewed only as providing an 

approximate characterization of the current hazardous waste management 

industry. 

4.1.1.2 Small Quantity Generators--

The small Quantity generator (SQG) survey was conducted between 

January 1983 and October 1984 by ABT Associates for the U.S. EPA Office of 

Solid Waste. 3 This survey identified 378,000 generators of 598,000 metric 

tons/year of hazardous waste from which ABT projected a total population of 

600,000 to 660,000 generators of 940,000 metric tons of waste. The survey was 

designed to categorize waste generation by waste type, industry source, and 

regulatory status of the generator. However, no data were collected on waste 

characteristics. Thus, as a worst case scenario, it can be assumed that all 

metal/cyanide_ wastes will exceed the land disposal ban concentration limits. 

In the SQG survey, generators were categorized accordin~ to the total 

Quantity of hazardous waste generated by the facility. As of 1981, when the 

RIA survey was conducted, generators of less than 1,000 kg/month were 

considered to be SQGs and therefore were not included in the national survey. 

However, the SQG exclusion limit has since. been reduced to 100 kg/month. As a 

result, generators of waste exceeding this Quantity are now subject to RCRA 

waste management regulations similar to those pertaining to large quantity 

generators. This regulatory change was effective September 22, 1986 for 

wastes shipped offsite and March 24, 1987 for wastes managed onsite. 8 

4.1.2 Metal/Cyanide Waste Management Summary 

Data is provided in this section summarizing waste management practices 

by waste tipe and industrial source. Detailed data are presented separatelv 

for large and small quantity generators for wastes which are land disposed and 

potentially subject to the land disposal restrictions. Gross figures are 

provided for other management methods (i.e., incineration and deep well 

i nj ec t ion) . 
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4.1.2.1 Large Quantity Generators--

Of the waste streams reported in the RIA data, only liQuid-containing 

metal/cyanide wastes managed in land disposal units subject to regulation were 

considered for this analysis. Wastes which were disposed via underground 

injection were not included since they are subject to separate restrictions 

under the HSWAs. However, if by the statutory deadline (August 8. 1988), the 

EPA determines that this practice should be discontinued or subjected to 

similar concentration restrictions, potentially large additional Quantities of 

metal/cyanide wastes may reQuire alternative management practices 

\1,157 million gallons). 9 Similarly, unused underground injection capacity 

was not assumed to be a viable alternative waste management practice for the 

analysis presented in Section 4.2. 

~astes reported in the RIA Survey were identified by RCRA code and thus 

could be identified as containing metals or cyanides on the basis of the 

definitions of these wastes. Due to lack of data, all wastes known to contain 

at least one of these constituents were assumed to exceed the land disposal 

ban treatment standards. More than any other assumption, this would tend to 

overestimate the Quantity of waste subject to the disposal restrictions. For 

example, the. largest single volume st.ream reported was a DAF float waste 

discharged to a disposal impoundment by a small to medium size Wyoming-based 

refinery. This stream, which accounted for 28 percent of the metal/cyanide 

RCRA waste generated in the country, is clearly a dilute liouid. For example, 

in order to be characterized as a California List waste which would be 

prohibited from land disposal, it would have to have 1,000 times the estimated 

chromium concentration in all K048 refinery wastes generated in the 
10 country. 

Cyanide wastes were identified as any waste containing a carbon-nitrogen 

triple bond. Thus, free and complexed cyanides, cyanogens, cyanogen halides, 

cyanide salts, and organonitriles were included in this category. Although 

only some of the wastes reported as code D003 (exhibiting the characteristic 

of reactivity) a.ctually contain cyanides, the en.tire D003 volume reported was 

included in the Quantity estimates provided here. 

Metal wastes included in this analysis include those containing any of 

tne California List constituents; i.e., As, Cd, Cr, Pb, Hg, Ni, Se, and Tl. 
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Barium and silver were excluded since these are not subject to the land 

disposal restrictions. All wastes identified as containing chromium were 

conservatively assumed to contain hexavalent chromium. 

Metal and cyanide waste Quantities which are land disposed (excluding 

deep well injection) are presented by treatability group and current 

management method in Table 4.1.1. Treatability groups include wastes that 

could be treated via cyanide oxidation, chromium reduction, metals 

precipitation, or some combination of these processes. 

As shown, 91 percent (10,360,106 gal/yr) of metal-containing wastes may 

include chromium as a constituent and approximately 16 percent 

(2,007,106 gal/yr) may contain cyanides. Of the latter, roughly half of the 

wastes also contain metals, and may reQuire cyanide oxidation, chromium 

reduction and some form of metals removal; e.g., precipitation. 

However, due to the methodology employed in.the RIA survey, the EPA 

probably overstated the proportion of wastes which would reQuire treatment for 

either chromium or cyanide as a result of the land ban. As discussed in 

Section 3.3, a California state survey of offsite disposal found that only 

61 percent contained chromium in concentrations exceeding 500 mg/L and only 

6 percent contained cyanides above 1,000 mg/L. 11 

The EPA lacked similar data to Quantify constituent concentrations. 

However, it acknowledged that at a minimum, waste streams which were treated 

prior to disposal would be likely to contain cyanide concentrations at levels 

below 1,000 mg/L, thus rendering them exempt from the land disposal 

restrictions. If these wastes are eliminated from the totals presented 1n 

Table 4.1.1, Quantities of California List wastes currently land disposed 

which may include cyanides are reduced by 48.5 percent to 1,034.5 million 
1 gallons/year. 

Despite this adjustment, the projected waste Quantities are significantly 
11 

overstated. The California study concluded that the only significant 

source of cyanide wastes exceeding 1,000 mg/L was from spent process 

solutions. Contaminated rinse waters typically contained under 100 mg/L and 

thus would not be restricted. Of cyanide wastes received at offsite land 

disposal facilities, which are likely to be significantly more concentrated 

than wastes managed onsite, a minimum of two-thirds of liQuids and sludges 

contained less than 1,000 mg/L and another 5 percent of cyanides were solids. 
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TABLE 4.1.1. METAL/CYANIDE WASTE QUANTITIES BY MANAGEMENT METHOD AND TREATABILITY GROUP8 

Metal wastes Total 
------------------ metal/ 

Cyanide Without With Metals/ Chromium/ cyanide 
Waste management practice wastes cr6+ cr6+ cyanides cyanides waste 

Surface impoundments: 

Treatment only 450.7 559.2 1664.3 0 624 3,298.2 
Treatment and storage 213 263.0 524.3 0 163 1,163.3 
Storage only 363 111.7 2513.7 0 17.3 3,005~7 

Disposal 3.9 57.0 3708.3 0.6 76.9 3,846.7 

Waste pile storage 1.6 14.2 149.0 L3 19.2 185.3 

Land application <0.1 1.2 613.4 0 <0.1 614.6 
~ 
I Landfill 9.1 . 60.5 223.0 0 63.7 356.3 (]\ 

Total land disposal 1,041.3 1,066.8 9,396.0 1.9 964.1 12,470.1 

Source: Adapted from Reference No. 1. 

a1,000 gal/yr. 



Thus, maKimum liquid cyanide waste generation containing over · 000 m~/L total 

cyanides is roughly 1.5 million gallons for the state of Califo.nia. 11 

Since California generates a disproportionate share of the country's 

metal/cyanide waste, projected annual national estimates should be ~ell under 

50 million gallons as compared to the EPA's estimate of 1,554 million. 

Surface impoundments dominate the management practices used for 

metal/cyanide wastes in terms of both waste volume (91 percent) and fraction 

of total waste streams (48 percent). Waste codes handled in large volumes in 

impoundments include 0007, F006, K048, 0008, and ~astewater from acrylonitrile 

production. Nearly 85 percent of the waste streams which are disposed via 

land application are oil refinery wastes CK048 through K052) although one 

chromium containing stream (0007) accounted for 85 percent of the volume. 

Overall: the dominant waste codes in each category are as follo~s: 

Chromium/cyanides: 
Chromium wastes: 

F006; 
0007 with lesser quantities of K048 through KOSl and 
K061 and K062; and metal containing wastes: lead 
(D008, KOS2, and others). 

4.1.2.2 Small Quantity Generators (SQG)--

The SQG survey identified 410,252 MT/yr of metal/cyanide waste 

generation. 3 This data has been summarized previously in Table 3.3.3 by 

generator size and waste type. Roughly 83 percent of this waste ori~inates 

from facilities which generate between 100 and 1,000 kg/month and are 

therefore subject to RCRA waste management requirements similar to those of 

large quantity generators. The largest waste category is used lead-acid 

batteries which account for approKimately 90 percent of SQG wastes. Other 

significant volume categories include photographic, plating, and silver 

containing wastes. The majority of metal/cy~nide containing SQG wastes are 

generated by vehicle maintenance shops, metal manufacturers, printers, and 

equipment repair facilities. 

For the most part, ~aste management practices employed by SQGs were not 
3 detailed by waste category in the summary document. One exception was used 

lead-acid batteries, which accounts for the majority of metal/cyanide waste 

generation. For generators subject to the land disposal restrictions, 

98 percent of these wastes are managed offsite with 89 percent shipped to 
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recycling facilities. The. remainder is disposed in solid waste landfills 

(2 percent), reclaimed onsite (1.5 percent) or handled in an unknown manner. 

The photography industry also has a high tendency to recycle wastes (roughly 

one-third). Finally, approximately one-fourth of wood preserving wastes, many 

of which contain arsenic, are reused or reclaimed. Other industrial waste 

management processes were summarized by industry, but could not be segregated 

by waste stream using the data presented in the reference. 3 

As a result of recycling, total waste quantity which is ultimately land 

disposed is significantly less than that generated. A rough estimate of the 

quantity potentially affected by the land disposal ban is 60,000 MT/yr. 

Assuming this waste has a specific gravity equal to that of water results in 

an estimate of. less than 16 million gallons, or less than one-tenth of a 

percent of metal/cyanide wastes land disposed by large quantity generators. 

4.1.3 Metal/Cyanide Waste Quantities Affected by the Ban 

After calculating waste Quantities currently land disposed, the EPA 

determined the quantities of metal/cyanide wastes which would be potentially 
1 affected by the ban. This quantity· excludes solids and· all wastes managed 

in storage surface impoundments or landfills. Solids were excluded because 

the land disposal ban pertains only to wastes with free liquid fractions. 

Wastes stored in impoundments were not included since this does not constitute 

land disposal. Furthermore, at least a fraction of these wastes must be 

subsequently managed in other treatment or disposal processes. and thus would 

be double counted. Finally, since free liquids have been prohibited from 

being landfilled since May 1985, these wastes were also not expected to be 

affected by the ban. 

Of the 12,470 million metric tons of California List metal/cyanides 

reportedly generated in the RIA survey, the EPA estimates that 73 percent will 

potentially be affected by the land disposal ban. These data are summarized 

below: 
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Waste group 

Cyanide waste 
Metal waste with Cr+6 
Metal waste, _no Cr+6 

Total metal/cyanide 

Waste quantity 
(106 gal/yr) 

2,007.3 
10,360.1 
1,068.7 

12,470.1 

Waste quantity 
affected by ban 
(106 gal/yr) 

1,554.4 
7,542.0 

896.3 

9,108.1 

Note that tnere is overlap among waste categories so that these totals are not 

truly additive. Also note that if treated cyanide streams were assumed to be 

below the 1,000 ppm disposal limit, projected waste quantity and quantity 

affected by the ban would be reduced to 1,035 and 651 million gal/yr, 

respectfully. 

Wastes generated by SQGs which will not be subject to the land disposal 

ban include those which are currently recycled (e.g., most lead-acid batteries 

and silver containing solutions), non-liquids, and wastes currently disposed 

via landfilling. As discussed above, the resulting Quantity is expected to be 

approximately 16 million gallons; i.e., only a small fraction of large 

quantity generator wastes affected by the land disposal ban. Thus, ignoring 

these generators does not significantly affect the available capacity 

determination. 

4.2. AVAILABLE TREATMENT CAPACITY DETERMINATION 

In addition to data on waste generation and management practices, the EPA 

analysis prepared for the Background Document also included a determination of 

available treatment capacity, as required under the 1984 Ha&ardous and Solid 

Waste Amendments. Lack of available capacity to meet treatment objectives is 

to be the basis for granting extensions to the statutory deadline, of up to 

2 years, for affected waste types. 

Available capacity can originate from the following sources: 

Commercial facilities; 

Private capacity which can be used to process additional wastes 
generated by the owner; 
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Private capacity which may become available to other generators; and 

Planned capacity which will be available prior to implementation of 
the ban. 

Of these four sources, the EPA was only able to Quantify commercially 

available capacity. Data regarding available capacity at private firms and 

planned capacity were not available, and thus could not be included in the 

analysis. As discussed below, the all,ency estimated that Quantifiable, 

(i.e., commercial) available capacity falls far short of satisfying the demand 

for wastes reQuiring alternative treatment. However, the EPA made a 

qualitative determination that sufficient planned capacity would make up the 

difference between capacity demand and supply. The agency anticipated that 

firms would be able to install additional treatment units, as necessary, 

between the time the disposal ban rules were codified (December 11, 198bl 12 

and the effective date of the land disposal ban. Thus, all metal and cyanide 

containing wastes will be subject to the disposal ban effective July 8, 1987. 

4.2.1 Alternative Capacity Needs Assessment 

The EPA made certain assumptions in order to project available commercial 

capacity. SQGs were excluded from consideration due to their almost 

negligible contribution to total waste generation. In addition, demand for 

available capacity resulting from wastes generated through CERCLA remedial and 

removal actions, or RCRA corrective actions, were not included. These were 

anticipated to contain less than the statutory concentration limits for metals 

and cyanides and, therefore, would not be subject to the disposal ban 

regulations. 

Impoundments categorized as disposal units will require alternative 

treatment capacity whereas units used only for temporary storage are not 

regulated under the 1984 HS~As. The majority of impoundments currently used 

for treatment will probably be available for use following enactment of the 

disposal restrictions. However, these units must ~eet design and operating 

criteria such as double liners, leachate collection svstems, and ground water 
. . 13 . 

mon1tor1ng systems. The EPA d1d not have adeQuate data to determine which 
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wastes are currently treat.ed in exempt impoundments. Therefore, it 

conservatively assumed that all such wastes would require alternative capacity 

on an interim basis while facilities complied with the appropriate impoundment 

standards. 

Another requirement for impoundments is that they must be dredged on a 

periodic basis. Thus, the quantity of impoundment sludges requiring disposal 

will increase to an unknown extent. Since EPA included the entire impoundment 

waste volume in its capacity assessment, it did not include additional 

capacity for these wastes. However, it should be noted that sludges will 

impose increased requirements for. treatments such as sludge consolidation and 

solidification. 

Finally, the EPA recognized that the current ban on landfilling liquid 

wastes, imposed after the RIA data was collected, would have already resulted 

in adoption of alternative management methods. The EPA assumed that these 

wastes are currently being solidified or chemically stabilized prior to 

landfilling and, therefore, do not require additional alternative capacity. 

Based on the above assumptions, EPA estimated that 72.8 million gallons 

of cyanide waste, 286 million gallons of waste containing hexavalent chromium, 

and 60.5 million gallons of other metal containing wastes which are currently 

land disposed will not be affected by the land disposal restrictions. When 

these results are combined with the alternative capacity demand figures 

presented in the.previous section, the total additional annual treatment 

capacity required becomes: 

Waste type 

Cyanide waste 
Metal waste, with Cr+6 
Metal waste, no Cr+6 

Total metal/cyanides 

4-11 

Waste quantity 
(106 gal/yr) 

1,554 
7,542 

896 

9,927 



Note again that these categories are not mutually exclusive, thus the total is 

somewhat less then the summation of the individual Quantities. Of this total, 

all but 8 percent is currently managed in surface impoundments. 

EPA further characterized capacity requirements as being either an 

interim or a long-term need, as shown in Table 4.2.1. Interim requirements 

included all wastes requiring long-term disposal capacity, as well as those 

which are currently treated in surface impoundments. Impoundment capacity is 

considered interim because many of these will require upgrading to meet RCRA 

operating and design specifications. Interim requirements account for 

93 percent of cyanide capacity requirements, 39 percent for chromium 

containing wastes, and 92 percent for other California List ~etal wastes. 

In the above figures, EPA assumed that all wastes exceeded the 

concentration limits which would make them subject to the disposal ban. 

However, certain waste streams which were treated prior to disposal would be 

likely to contain cyanide concentrations at levels below 1,000 mg/L, thus 

rendering the waste exempt from land disposal restrictions. If these wastes 

are eliminated from the totals presented above, cyanides requiring alternative 

treatment capacity are reduced by 58 percent to 651 million gal/yr. Of this, 

644 million gallons requires interim capacity and 7 million gallons requires 
. 1 

long-term management alternat1ves. 

4.2.2 Available Capacity Determination 

EPA did not establish Best Developed Available Technology (BOAT) for 

metal/cyanide wastes. However, for the purposes of determining available 

treatment capacity, it assumed that all additional treatment (e.g., alkaline 

chlorination, chromium reduction, metals precipitation, and solidification) 

would be performed in tanks. As discussed above, the EPA conservatively 

assumed that only existing (as of 1981) commercial capacity would be certain 

of being available for general use. Thus, availability of unused commercial 

TSDF tank capacity, obtained from the RIA survey, was used as the determinant 

of available treatment capacity for metal/cyanide wastes. Data were presented 

such that tank capacity could be categorized according to function 

(e.g., neutralization, precipitation, reduction, oxidation, and others) and 

extrapolated to provide national estimates of available capacity. 
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TABLE 4.2.1. TOTAL VOL~ OF CALIFORNIA LIST WASTES REQUIRING ALTERNATIVE 
TREATMENT CAPACITY (MILLION GALLONS PER YEAR) 

Waste group 

Acidic corrosive waste (pH ~2) 

Cyanide wastes 

Metal wastes: 

Without chromium (+6) 
With chromium {+6) 

Halogenated organic wastes 

Mixed RCRA/PCB· wastes 

Total 

Source: Reference No. 1. 

Volumes requiring treatment capacity 

long-term 

357.5 

103.4 

74.3 
4,566 

398.8 

7.0 

5,507 
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interim 

6, 387 

1,451 

822 
2,976 

52.4 

0 

11,688.4 

total 

6, 745 

1,554.4 

896.3 
7,542 

451.2 

7.0 

17,195.4 





EPA recognized that competition for this capacity would result from 

treatment requirements for other wastes being banned from land disposal {see 

Table 2.1.1). Thus, with a similar methodology as that described in 

Section 4.1, waste Quantities and current management methods ,were determined 

for other California List wastes (e.g., liquid acids, PCB's, and halogenated 

organics), solvents, and dioxins. Resultin~ capacity needs have been 

previously summarized in Table 4.2.1. Waste quantities were then compared to 

BDAT capacities to determine whether extensions to the land disposal 

prohibitions were warranted. 

BOAT for solids and sludges which contain solvents, halogenated or~anics, 

dioxins, and PCBs was determined to be incineration. However, as a result of 

the solvent and dioxin ban effective November 8, 1986, incineration capacity 

is expected to be fully utilized, especially the relatively few available 

units which are capable of handlin~ sludges and solids. In addition, bringing 

new units on-line is expected to take approximately 2 years due to .the complex 

problems of siting, testing and permitting these units. These factors caused 

EPA to grant a 2-year variance for the management of these wastes. 14 A 

similar variance was granted for treatment of solvent containing wastewaters 

since capacity requirements (2,481,106 gal/yr) exceeded unused commercial 

capacity {2,103,106 gal/yr) which was further determined to be available at 
"1" . . . . 14 only four facL 1tLes nat1onw1de. 

These variances extend the effective date of the solvent and dioxin bans 

{excluding organic solvent liquids) to November 8, 1988, thus leaving some of 

this capacity available for the management of organometallic and organocyanide 

sludges and wastewa~ers. It is evident from ~he above discussion that wastes 

requiring ·incineration, particularly those which cannot be handled in liquid 

injection incinerators, will face the most highly restricted supply of 

disposal units and rapidly rising disposal costs. However, this volume should 

be relatively small since organic liquids/sludges account for less than 

10 percent of the total cyanide wastes and less than 1 percent of the total 

metal wastes generated·. In addition, nearly 40 percent of the organic cyanides 

generated are already disposed via incineration.~ 5 

Total available tank capacity for the management of aqueous metal/cyanide 

wastewaters was estimated on the basis of the anticipated type of treatment 

required; i.e., cyanide oxidation, chromium reduction, and metals 
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precipitation. RIA data specified the type of treatment performed in tanks 

and/or the type of waste handled. From this data, the EPA determined 

available capacity at commercial facilities. As shown in Table 4.2.2, a 

comparison of available commercial treatment capacity with demand shows a 

large shortfall. For each waste category, available capacity represents less 

than five percent of capacity required to manage metal/cyanide wastes which 

will require alternative treatment. 

Taken at face value, the EPA analysis suggests that over the short-term, 

the disposal restrictions could cause severe capacity shortfalls. In 

addition, the analysis did not take into account discrepancies between 

geographical demand and supply of available capacity which could exacerbate 

shortages on a local level, possibly requiring transport of wastes over long 

distances. However, despite the inability of commercial capacity to handle 

the volume of waste potentially affected by the ban, the conclusion that 

sufficient capacity will be available is probably sound. This results from 

two considerations: l) the EPA analysis was overly conservative, essentially 

assuming a worst case scenario; and 2) the vast majority of metal/cyanide 

wastes should be amenable to uncomplicated, well-established treatment 

techniques which can be brought on-line in a minimal time period. 

The realities of the hazardous waste industry which could not be 

quantified and, therefore, were not included in the EPA's analysis, resulted 

in an overly conservative estimate of excess available capacity. As described 

above, waste quantities requiring alternative capacity were probably 

overestimated and available capacity was underestimated. For example, onsite 

private treatment capacity was not included in this analysis. In all 

likelihood, this unused volume dwarfs 

management accounts for 96 percent of 

available offsite capacity (onsite 
2 total RCRA waste management). 

Secondly, demand for capacity and waste generation patterns can be 

expected to change significantly in response ~o the new regulations. 

Increased disposal costs will offset increases in demand through adoption of 

lower cost waste management alternatives; e.g., source red~ction or onsite 

treatment. For example, as discussed above, a very small percentage of the 

waste streams (0.5 percent) account for a large fraction (90 percent) of the 

total waste volume. The economics at waste management suggest that at best, 
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TABLE 4.2.2. COMPARISON OF AVAILABLE METAL/CYANIDE TREATMENT CAPACITY 
WITH CAPACITY NEEDS 

Annual waste Quantity {106 aal/yr) 

Metal/cyanide 
waste type 

Cyanide Oxidation 

Chromium Reduction 

Ketals Precipitation 

Capacity 
reQuirement 

1,554 

7. 542 

8,438 

Source: Adapted from Reference No. 1. 
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Commercially 
available 
capacity 

65 

35 

165 

Percentaae of 
waste reQuirina 

additional 
capacity 

95.8 

99.5 

9.8. 0 



only residuals from these huge wastewater streams are likely to compete for 

offsite capacity. Construction or upgrading of existing onsite facilities 

will prove to be much more cost-effective, primarily as a result of 

significant savings in transportation costs. 

Although the EPA lacks available information to quantify these effects, 

it based its final determination that sufficient capacity would be available 

prior to the deadline on two assumptions: (1) applicable treatment 

technologies are widely available, technically uncomplicated, and require 

minimal installation time; and (2) sufficient advance notice was provided by 

the agency to enable waste generators and TSDFs to install the required 

processing equipment. 

Liquids have been banned from disposal in landfills since 1984. Since 

that time, the agency believes that significant capacity for solidification of 

inorganic· sludges has been implemented at TSDFs.l2 The disposal 

restrictions apply only to liquid wastes, permitting disposal of containerized 

wastes-rendered non-liquid through addition of absorbants.l2 Thus, chemical 

stabilization is only required for wastes disposed in bulk. Cyanide 

oxidation, chromium reduction, and metals precipitation have also been widely 

applied.for liquid wastes. Therefore, treatment of these wastes is not likely 

to present insurmountable technical difficulties. Residuals generated from 

such treatment will consist primarily or organic sludge which will be 

amenable to solidification. 

Time constraints also do not warrant an extension of the effective 

disposal ban date. California List constituent concentration limits were 

first published in 1984 when the HSWA were passed. EPA took further steps to 

codify these levels in December, 1986.12 Although EPA has reserved the 

right to more strictly interpret the Congressional mandate to impose more 

stringent restrictions on constituent concentrations, it has thus far elected 

to maintain them at the. originally proposed levels. Thus, the industrial 

community has had sufficient time to meet these treatment standards through 

installation or upgrading of treatment systems, or implementation of source 

reduction programs. 

However, the ban is likely to impose hardship on some sectors of the 

economy. In particular, small quantity generators that cannot afford to 

install equipment will incur additional storage costs and will be 
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forced to utilize increasipgly expensive offsite disposal services. In 

addition, all firms generating metal/cyanide wastes with hi~h organic content 

will find available disposal options to be limited. Incineration facilities 

will be operating at peak capacities and therefore will be reluctant to accept 

wastes which create handling or residual disposal problems unless they are 

compensated by charging premium prices. Currently, incineration is used for 
9 

less than 4 million gallons of metal/cyanide wastes annually. Other waste 

mana·gement alternatives, such as chemical fixation and stabilization, have not 

yet proven ·ro be e.ffective on wastes with high organic content. 
6 

Metal types which may be more difficult to treat include liquid arsenic 

wastes, and wastes containing thallium or selenium. The literature does· not 

contain much information on the ability of commercially available processes 

for treating these wastes. However, these wastes can be rendered non-liquids 

or be granted case-by-case extensions on the ban effective date if it is 

determined that no treatment technology capacity is available. The number of 

such exemptions is expected to be small, particularly since available data 

suggest that little selenium and thallium waste generation occurs. 1• 11 
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SECTION 5.0 

WASTE MINIMIZATION PROCESSES AND PRACTICES 

Waste minimization ~onsists of two distin~t aspe~ts of hazardous waste 

management: source reduction and recyclin~/reuse. Source reduction refers to 

preventive measures taken to redu~e the volume or toxicity of hazardous waste 

generated at a facility. Recyclin~/reuse refers to procedures and processes 

aimed at the recovery of generated waste or its direct reuse. The two 

approaches will be described separately in this section, usin~ examples to 

illustrate the potential of these activities for the control of hazardous 

metal/cyanide waste. This will be followed by a summary of available waste 

minimization practices and options for each of the major waste producing 

industrial categories identified in Section 3.3. As will become apparent, 

both souFce reduction and recy~ling/reuse are practices that often are carried 

out concurrently by a facility as mana~ement implements multifaceted programs 

to achieve waste minimization. 

5.1 SOURCE REDUCTION 

Source reduction is defined as any onsite activity which reduces the 

volume and/or hazard of waste generated at a facility. Source reduction 

represents a preventive approach to hazardous waste management since the 

reduction of waste volume or hazard reduces problems associated with waste 

handling, treatment, disposal, or liability. Source reduction practices may 

impact all aspects of waste generating industrial processes, from raw material 

procurement,' to equipment requirements, to produ~t ~haracteristics. A primary 

motivation for plants to implement source reduction practices is the potential 

economic b~n~fit they may accrue. ~h~se economi~ benefits increase as 

restrictions on waste management practices become more stringent. 

5-1 



Source reduction involves a wide variety of practices, some of which may 

be applicable at virtually any plant generating metal/cyanide wastes. Because 

the potential application of these practices is so diverse, there are little 

documented data which indicate the significance of waste source reduction on 

nationwide industrial waste generation patterns. The EPA and State 

environmental agencies believe that some form of source reduction is 

applicable to most industrial plants generating hazardous wastes and will 

result in a significant reduction in waste generation as more companies 

implement . . . . 1 
waste m~n~mtzat~on programs. 

Waste source reduction practices vary widely from plant to plant, 

reflecting the variability of industrial processes and waste characteristics. 

However, in general, source reduction practices may be classified as follows: 

• raw material alteration; 

• product reformulation; 

• process redesign/modernization; and 

• improved operating practices. 

These options are summarized in Figure 5.1.1. A description of each type of 

practice is presented below. 

5.1.1 Raw Material Alteration 

Raw material alteration can take the form of purification of existing raw 

materials or substitution of a feedstock, catalyst, or other material involved 

in production for another. The substitute is either less hazardous or results 

in lower hazardous waste generation but must continue to satisfy end-product 

specifications. The ideal raw material substitution would be the replacement 

of a hazardous material with a nonhazardous material, without compromising 

product quality. However, case studies described in the literature indicate 

that frequently either product Quality is affected or some alteration in 

process equipment is required. An example of raw material alteration is the 

use of deionized water in plating baths and rinses to.extend bath life and 

improve product quality. An example of raw material substitution is use of 
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WASTE MINIMIZATION 

RECYCLING/REUSE SOURCE REDUCTION 

SOURCE CONTROL PRODUCT REFORMULATION 

RAW MATERIAL 
ALTERATION 

haterial purification 
Material substitution 

PROCESS REDESIGN 
OR MODERIZATlON 

Process changes 
Equipment, piping, 

or layout changes 
Process automation 
Changes to operational 

settings 
Water· conservation 

Alteration of composition 
Alteration of use 

IMPROVED OPERATING 
PRACTICES 

Improved housekeeping 
Waste stream segregation 
Procedural measures 
Loss prevention 
Personnel practices 

Figure ~.1~1 Source Reduction Options. 
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zinc in place of cadmium for certain plating operations (e.g., acidic 

environments or applications which do not require exceptionally thin coats).
2 

5.1.2 Product Reformulation 

Another method that is employed to reduce the volume or toxicity of 

wastes produced by a plant is to alter product specifications. Product 

reformulation is considered to be relatively 

f f '1 . l 3 
among manu acturers o spec~a ty chemtca s. 

common in industry, particularly 

However, competition from 

imported goods or client restrictions on product specifications (e.g., those 

imposed on manufacturers of military components) can severely restrict the 

ability of manufacturers to pursue this method of source reduction. 

Product reformulation can be accomplished by either alterin~ the 

composition of the product or altering its end use to permit more flexibility 

in its manu-facture. An example of product alteration is the current trend in 

manufacturing automobile bumpers out of urethane elastomers instead of 

chromium coated metal parts. Another example is the reconfiguration of 

printed circuit boards to permit surface mounting of components, reductions in 

overall board size, or use of injection-molded thermoplastics which can 

eliminate some plating steps and reduce waste generation from surface 

1 
. 4 

c ean~ng. 

5.1.3 Process Redesign/Equipment Modification 

Process redesign includes 1) the alteration of the existing process 

design to include new unit operations; 2) the implementation of new 

technologies to replace older operations; or 3) changes in operating 

conditions employed in processing. Process redesign can, therefore, vary 

widely in terms of the effect upon production, product quality, and operating 

expenses. Many processes which utilize metals and cyanides were designed in 

an era when pollution control was not a priority or when energy and raw 

material costs were low. Thus, many equipment redesign efforts have been 

undertaken to meet increasingly stringent environmental protection standards 

or to address 
. . . 5 

relattve changes tn tnput costs. 
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Equipment modification or modernization appears to be a prevalent method 

for achieving source reduction, despite the potentially hi~h initial costs 

involved. New or better equipment may achieve the ~oals of source reduction 

in three ways. First, it may allow for the elimination of, a hazardous 

material by performing mechanically an equivalent operation to a chemical 

process. As an example, mechanical· cleaning or stripping of metal-based 

coatings may replace chemical methods which generate a high volume liquid 

' waste. Second, new equipment may allow for the replacement of a hazardous 

material by a less hazardous one. For example, installation of high 

efficiency metal precleaning equipment can permit substitution of cyanide 

based plating baths with pyrophosphate copper solutions in certain 

applications. Third, new or better process eouipment may simply provide 

better environmental control. An example of this would be the installation of 

counter-flow and stagnant rinses to minimize water discharge and improve 

recovery opportunities by concentrating waste rinse solutions. 

Improving process controls is considered a particularly important aspect 

of equipment modification. Process controls may be less costly and more 

technically feasible to implement than replacement or modification of 

large-scale equipment. Process controls include manual, automatic, and 

computer-controlled systems. An example of the use of improved process 

controls to reduce waste generation is the increased usage of computerized 

controls for paint formulation which minimizes the potential for generatin~ 

off-specification products and excess formulations which may otherwise be 

disposed. In the printed circuit board industry, process control technioues 

are commonly employed to minimize drag-out by maximizing drip time and to 

regulate the flow of make-up water to minimize unnecessary dilution. 

The manner in which a process is operated may also be changed to effect 

waste reduction. This may be accomplished through the use of different 

temperatures, concentrations, or flow rates, by reducing the frequency of 

process startups or shutdowns, or by changing maintenance schedules. For 

example, reduction in plating bath metal concentration reduces water 

requirements for rinsing due to reduced drag-out. 
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5.1.4 Improved Operating Practices 

Operating practices which can result in source reduction include improved 

housekeeping, waste stream segregation, and chan~es in procedural methods and 

personnel practices. Improved housekeeping practices are the most commonly 

employed and often the most cost-effective method to achieve source 

reduction. 6 These practices include optimizing eQuipment cleaning and 

maintenance, shutting down ancillary equipment when not in use, replacing 

gaskets, tightening valves, and other measures.. Another manner in which 

source reduction can be achieved is through increased mana~ement attention to 

pollution control and waste ~eneration. For example, many companies offer 

employee incentive programs for identifying cost-cutting measures, some of 

which involve source reduction of wastes. 7 

Waste segregation entails special stora~e or handling procedures to avoid 

the mixing of different waste streams. The segregation of wastes allows for 

certain streams to be treated, recovered, reused, or disposed of in a more 

environmentally and perhaps economically sound manner. Segregation is 

particularly desirable in eliminating the mixing of toxic waste streams with 

nontoxic streams, which otherwise results in a larger volume of waste 

requiring treatment. Waste segregation most often will require implementation 

of new eQuipment to collect the separated streams. The technical and economic 

feasibility of waste segregation, therefore, may be somewhat limited. Waste 

segregation is widely practiced between wastes which are amenable to different 

forms of treatment. For example, commonly segregated streams include cyanide, 

chromium, and other heavy metal wastes; bath dumps and high volume, dilute 

rinse waters; and highl~ complexed versus noncomplexed metal waste streams. 

5.2 RECYCLING 

According to the EPA, "recycling" is defined as practices in which wastes 

are either reclaimed or reused. 7 A reclaimed waste is one which is 

processed or treated throu~h some means to purif~ it for subsequent reuse, or 

.to recover specific constituents for reuse. Reused wastes are those which 

serve directly as feedstocks, without any treatment. Recycling of wastes mav 

be done by either the original generator or other firms, although data 
0 • 0 0 0 8 
~nd1cate that the vast major1ty of recycling 1s performed onsLte. 
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This section summarizes the avail~ble technologies for spent 

metal/cyanide waste recycling. More detail on performance data, costs, and 

applicable waste types for specific technologies can be found in the 

corresponding chapters of this document. 

5.2.1 Recycling Practices 

Previous researchers have divided metal recycling technologies into the 

following unit operation categories: agglomeration, metal concentration, metal 

reduction, and metal substitution.9 Agglomeration includes ahy process 

which gathers small particles into larger particles, where the smaller 

particles can still be identified. Waste dusts and vapors from particulate 

amd vapor recovery equipment can be recovered through agglomeration 

technologies including low temperature bonding, hot briquetting, direct 

reduction, and green balling. These are used to create feedstocks which are 

high in metal content and of a physical size which facilitates material and 

process handling. One case study reported a one year payback agglomeration 

equipment and handle filters used to collect and recycle metal dusts from 

secondary metal smelters.lO 

Metal concentration techniques include various membrane separation processes 

(reverse osmosis, liquid membranes, Donnan Dialysis, coupled transport), 

precipitation, extraction/leaching, adsorption (activated carbon, resin 

adsorption, ion exchange), thermal (calcination, evaporation, crystallization, 

smelting), biological, and flotation processes. Metal reduction techniques 

include electrolytic recovery, sodium borohydride, and thermal processes. 

Characteristics and limitations of these technologies are summarized in 

Table 5.2.111-17 and covered in deta.il in Sections 6.0 through 12.0. 

Due to their low raw material price and relative ease of treatment, 

cyanides are not commonly recycled except in situations where the solution 

contains valuable metal or other components, For example, 'waste cyanide 

solutions in gold beneficiation and some cyanide plating baths are processed to 

recover the metal values which then permits reuse of the cyanide solution. As 

an example of the latter, the Department of Defense has patented a recovery 

process for plating baths which contain a sodium carbonate weight ratio in 
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TABLE 5.2.1. SUMMARY OF RECYCLING TECHNOLOGIES FOR METALS-BEARING WASTE STREAMS 

Typl! 11f proceas Den.: ription 

Metnl co~u::entrntion proc~esel!l 

llyd r-nnletn llurgi ~al 
proce~HJ ing ( leoching) 

Solvent (!Xtr~ction 

Jon ~ xciHmge 

l1 rec ipit,lt ion 

Chemical reduction 

Cry,:ztnll i:r.at ion 

H~talg c.;~n be le11chr.d out of ~olids 
and sludges by extended cont11ct vith 
specific ncids. 

Selective l'lolv~nt!l urted to e~~:trnct 
and concentrate rw.r.:tal cotiong (rom 
aqueous solutions. 

ton @:JI.ch;mp,e req:fng nrl! prndoc:ed 
which will selectively remove certain 
metnl ionf! but permit otht"ra to pass 
when we9tewater i!'l pumpPd through 
the pocked bed. 

H~tnla di~~nlved in waatew~ter are 
Jtrecipitated out o£ rtoluti_on by 
rea«';t ing then to form insoluble 
compounds. 

Add it ion of reducing Rgent.9 to vaste 
solution c.ontni1\ing toxic metnls 
caul!l~9 rreripitAtion of ele:mental 
silv~r And mercury. or the reduction 
of cr+6 to cr+J. 

Sol i(l m~tnl compa.,ndl'l remov~rJ from 
enlut ion hy cooling it to lover 
solubility of metal aalta. 

Applicntiona 

Extraction of metalg f~om hazardous 
g ludges • brine muds. 

Economically fp:uiihl~ for recovery of 
vanndium pentoxi•le. Evaporation of the 
amine solvent teJtdB ·to recovery of 
-reaaonably pure nmmonium vanada.te. 

Sam~ ag above. Good for sulfuric 
ncid a nod i.Jdng, rhosphoric acid brlaht 
dip; and chromic acid anodizing •nd 
chromating b11th rinse recovery. 

Frequently used. 

Recovery of t9ilv~r or mercury in 
u8ettble form from wa8tt~s. Converts 
hazdrdou8 cr+6 to nonhaz.ardou8 cr+J .. 

Use o~ly in' 1 imited caaea in which 
coneentrated recoverable material ie 

·aaleable; e.s., copper aulfate cTyetala 
from hydrogen peroxide solutions; aodlu. 
aluminate from caautic etch in aluminu. 
f iniehiog; ferroua aut fate fr0111 piekling 
liquoirs. 

(continued) 

Limitation~ of use 

Concentration of deei~able met11l11 muRt 
be reneonably high (over S,OOO ppm) to 
make leaching attrRctiv~. Hoderate cost 
of acids ur~ed is an economic conr~traint 
imposing lowf""r limits on contf!ntR of 
waote to be hAndled. 

Solvent lo9Re!!l con be a problem with 
volatile or Bolublc solvents. High coat 
is not fea .. ible for many metal-b~aring 
v~:utee unlesa offset by metal recovery 
value .. _. __ . ______ __......_·~·~--·-~-~ 
Expected life of resina is a concern in 
that frequent resin replacement uill 
make the process more coatly. Poison
ing of Tesin with nonremovable impuritie• 
ia also a major concern. For many 
applications the process is costly. Rot 
capable of generating highly e.oncentTated 
streams i exceaa regenerant required 
which become• •••u• .. · "--. 
Rec.overed rdudfte!!l ne-ed [urth .. r rrocel'l!'linr;; 
to recover metal valueg rmch ao de
v;ttering, leaching and recovery of 
met&la .. 

Useful only for waRtE's cont11inin,:: ennily 
reducible toxic constituentl'l. 

PrBctlc~d only ft":lr cnncentratPd 
iolut ion a (i.e., above ZO percent 
concentration). 
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Ty1>e of process 

Calcination 

1-:vnporntion 

Membrane ~eparatlon 

AdYorpt ion 

Retorting 

Foam ( lotation 

TABLE 5.2.1 (continued) 

lle!lcription 

Consists of reacting metal-bearing 
aludgca o.t high temperature& to d['ive 
off water nnd other volatile&, in~in

erate reAidual organics, nnd oxidi~P. 
rcm~ining inorganic compounrls including 
metolR. 

Concentration for recovery by evapol'"
ation. 

Solids lnr~er than pore op~nings in 
th~ (ilter m~dia are removed. The 
openings mu~t be smaller to achieve 
metal separBtionB than those used [or 
organic separationg. Driving force is 
preaRure (reverBe oAmoais), liquid head 
(ultrnfiltration). Liquid membranea 
mAk~ 11Re of differential solubility 
and diffusion ca~fficients. 

Similnr to ion eKchi1nge in selectively 
removing materials when wastewater ia 
pas~ed through a column of adflorptive 
media. Va~ioua natu~al materialu 
including r-edwood bBrk and sphagnum 
moos nre in commercial uae for removal 
of variouB mctala. 

ProceoB used to recover mercury from 
oludges; woBte is heated in nn oxidb~.ing 
environm~nt. Hercury ig recovered by 
condensation. 

lnvolveo air flotation of foam~ after 
addition of poly~l~ctrolyte and adjusting 
piL Relatively new proces9 - no 
commercial installations to date. 

ApplicAtions 

ConvertR wa!llte to oxide that is eaoily 
handled oR feedstock by a omelter. 
Used only in limited cases. 

Allows for recovery of concentrated 
solutions. Used for chromic acid etch 
and chromium plating aolutions. 

Allows for recovery of dilute solutiong. 
Reverse osmosis widely used for nickel 
plating rinse&a L~as ~nergy intensive 
than evaporation~ 

Remove9 metals from ~astewater9, 
e~g •• mercury remqval in chloroalkali 
plants. Not frequently used due to 
higher costa. -

Recovery of mercury. Jf retorting is 
done proper-ly, residue may be 
nonhnzardous. 

Effectively removeR copper. zinc. 
chromium, and lead. Rarely used due to 
higher costa. 

(continued) 

Limitation& of use 

Nat applicable to wsst~A containing 
arsenic or selenium, which Corm 
volatiles oxides. 

Ener~y costA place lower I imits on 
concentrations to which technolo~y is 
applicable. C~tion exchan~~ m~y be 
required to remove metal impurities~ 

Membrane material~ mu9t be Aelected 
based on their ability to withstand 
degradation by the waste; chromic acid 
and high pH cyanide baths have been 
particularly difricult Rtr~ams to treat 
with this operation. Cannot typically 
achieve desired level of conc~ntration 
for return t~ plating bath. May be 
supplemented by evaporation. reed 
filtration essential to minimi~e fouling. 

Recovery of metals from AdsorhPntH 
such 8B high sur-face area clay or 
silica is difficult. Not frequently 
used due to higher costs. 

Energy-inten&ive operation. Value of 
recovered mercury may be in9urlicient 
to c.over c.ost~t unlPR!II wAAtf"!ll with hi~h 
mercury content are proces9ed. 

Raw material to process must be ore-like. 
Hany waste types unacceptsble as feeds. 
Rarely used due to higher costs. 
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TABLE 5.2.1 (continued) 

Ty('le o£ proceaa Oeacription 

M~ttll r1~duc t ion and ['ec:overy 

El~ctrolytic recovery 

Sod inm horohyd ride 

Reduct i.nn in furnace9 

Other- rr!duc ing 
proce99f"S 

Agglome.~ntion 

Low teml'ern.ture 
bonding 

llot br iquett ing 

Direct teducti.on 

Current (J8f1Bed through elr:ctr'odee 
immersed in the metal solution. Hetal 
ions migrate to the electrode where 
they give up an electron nncl are plated 
Ollt. A variation. electrodialyail, waa 
A mf"mhr3ne ncroAS nlternating anion and 
cat ion exchange~r&. 

Addition of sodium borohydride to. 
oeutral or. alknline solution& o( metal& 
~ill r~sult in precipit~tinn o[ the 
rnetnll ic powder a out of solution. 

Sludge iA mixed with coke or othe~ 
reducing agent and heated. 

Copper cnn be removed fTom elect~olegg 
solution9 in metnllic fo~m by addition 
of formnldehyde :md Toising the pll. 
Copper will plate onto steel in acidic 
copper bathg. 

Waste nt~enm mixed with a binder; 
brifltlette! or pellets prefn,ed out 1 

which ore then u9ed ae feE"detock in 
metols operations (steelmaking, iron). 

Feed mnterinl heAted betveen I600°F 
and 1800°F in fluidized bed 1 then 
pre~ncd into b~iquettea. 

Th~ proccoa mixes, pelletize&, and 
prehents the wnote gtream on a grate 
and r€duces the pelletg on a rotary 
kiln by ~aking use of the ~arbon in 
the pellets al!ll the redu~tant. 

:';onrcr.: IHI.'lpt~d [rom Re[erencf!S ll through l7o 

Appli-:ationa 

Recovery of p~ecious metals. Highly 
effective on copper pickling and milling 
aolution!lll inc lu•ling ~ul fur i.e acid, cupr~c 
chloride and amm.onhnn chloride &olutiong. 
P.lectrodinlysia can recover ion~ from 
dilute solutions and generate a concen
tra~ed Rolu~ion with lo~ impurities. 

Recovery-of mercury f~om chloronlknli 
production, recove~y of metals from 
mixed metal finishing waatea. 

Hctnl refining. 

Recovery of material in metAllic form. 

Allows for reuse of coll~cted pnrtlculate 
materials. 

Same ad atiove. 

Some ov.ide/hydro~:ide 1o'aetea from plating 
operation8, if kept segregated by metala, 
could b~_ a uaeful feedstock for a 
&melt@r uRing auch a process to convert 
ore to mef11 L. 

Limitations of use 

Process beco~e• in@f(icient when 
handling dilut@ solutionR (~onc~n
t~AtinnR below 100 mg/L). Pla9tic 
subRtrAtea reduce value o( reclaimed 
m9terial due to undesirability of 
plaatic in emelter. 

P~ocees limited to re~overing mo~e 
noble metals, i.e., p~eciou& metall'l, 
nickel, cobalt, copper, and mercury. 
rrocess limited tO !lllalta for which 
metale ar~ ea~ily formed by reduction 
Rnd to neutral or ~lkaline solutions. 
Uaed in limited cases due to higher 
operating costa. 

lligh col!llt limit& thia process to 
metal refining. 

Hetal salt muat be eaaily reducible. 
This li~ite p~ocess to precious metals, 
nickel. cobalt, coppe~, and mercuiy. 
Value of there cove~ed mat~rial muat 
justify cost of using th~ process. Used 
only in limited caaea due to higher 
coats. 

~riquette! prepared by this mPthod mRy 
not have deaired integrity ftt pJpv~ted 

temperaturel!ll. Use of wsRte by metala 
procedu~e ia probably preferable to any 
onaite use of such a process. 

Applicable only to solids with low vapor 
pressure at briquetting temperature. 
Process ia not widely used. 

Useful only with eaAily reducible sub
stances (i.e., some metal oxides). 
Recovered metal mu~t justify coot. 
Froceee ie used as pa~t of om~lting 
industry to reduce ore.9 to metale. 
Shipment of waste to smelter in l~eu of 
onsite processing is probably preferred. 



excess of 6 to 1 relative to cyanide. The technique involves freeze 

crystallization of sodium carbonate crystals on a cold surface immersed in the 

bath. 11 

Table 5.2.2 presents a summary of metal/cyanide RCRA waste recycling 

activities as reported by waste generators and treatment facilities in the 
18 1981 EPA National Survey. Wastes which were not specifically identified 

as containing heavy metals, such as corrosives, spent halogenated solvents, 

and other wastes, have not been included in the table. ln addition, since 

this study was not specifically designed to measure recycling (some recycled 

wastes are not considered RCRA wastes) and since recycling activities have 

increased substantially since 1981, these figures are probably 

underestimated. As shown in Table 5.2.2, wastes containing metals are 

recycled in the highest volume whereas wastes which only contain cyanides are 

not frequently recovered (2.9 percent of total recovery). With the exception 

of spent pickle liquors, high volume waste recycling is typically conducted 

onsite (77 percent, 94 percent if k062 is excluded).
18 

Offsite recycling ac.tivities include the recovery of scrap metals fo.r 

re-refining as well as other applications. Recyclers may pay·generators as 

much as 50 percent of the curre~t market price f~r that metal for easily 

recovered wastes (e.g., me·tals recovered via electrowinning) or, conversely, 

charge prices comparable to disposal costs for dilute or highly complexed 
. 15 18 soluttons. • Pure isolated sludges of ~in, nickel, cadmium, copper, and 

zinc have excellent potential for being sold as byproducts. 15 

f 
. 18 

Examples of metal wastes recycled of s1te are: 

• Recovery of zinc from steel mill flue dust for production of zinc 
and zinc salts; 

• recovery of vanadium from spent sulfuric acid catalysts; 

• reuse of copper, zinc, and nickel solutions as raw materials in 
chemical manufacture; 

• recovery of copper, boron, manganese, zinc, and magnesium trace 
metals for fertilizer manufacture; 

• recovery of concentrated metal hydroxides from sludges for 
production of metal salts; 
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TABLE 5.2.2. METAL/CYANIDE RCRA WASTES RECYCLED DURING 1981 

Description of waste fitree.m 

He.tel-be.e."ring .... astoes 

Chromium 

Slop oil emuhion &o1ids (petroleum uEining) 

tliuo lved ai t flo tat ion floe t (per. ro le.um refining) 

tmiuion eon.trol dustfsludge from pTimaey 
production of steel in electric furnaces 

Eminion control dust/sludge from ncondary 
lead sme. lt i ng 

Mixture of barium, cadmium, chromium, lead, 
aml mercury 

AJll sepa:rator sludge from petroleum refining; 
hexavalent. ehromium and. lead 

lgnit11ble so1 id waste 

iolashe& and sludge£ from ink formulation 

Spent pi'ckle liquor (£teal finishing cpeutions) 

Sulfuric acid, thallium salt (1) 
Corrosive chl!l:raeteriatic waste ec.ntaining lead 

Met.al/Cvanide-bearins wastes 

Waltewat.er trea't.ment 1ludges frottt e'lectroplating 
operations 

Reactive eharactet'ietic wl.lite 

Plating bath sludges from electroplating 

Spent Jlladns ba~h solutions frot11 electrophting 
operations 

Spent stripping and cleaning bath from electro
plating 

Ammonia !!!till l.ime sludge from coking 

Sodium cyanide 

Still bottom.!! ham final put"ific:ation of 
acrylonit-rile 

Cyanides 

WESTAT 
waste 
code 

X039 

X052 

Vol \me reeyc led Volume reeye led 
onsite offeite Total vohu~:~e 

RCRA 
waste codE (mg/1.) (%) 

0007 470 

0008 Jl. 0 

K0-49 40 

35 

ll061 11 

11.069 5.6 

mix tun of 9. !t 
DOOS ,0006, 
0007 ,DOCS, 
D009 

KDll ) .2 

DOOl 4.) 

K086 <0.1 

28 

PHS NR 
mixture of 0 • .4 
0002 ,DOOS 

F006 430 

DOOl !8 

F008 0.1 

F007 ).3 

F009 o. 6 

K060 1.3 

P\06 h'll 

K012 o. 2 

P030 

(99) 

(6&) 

(98) 

( 97) 

(38) 

(S&l 

( 96) 

(90) 

(< 1.0) 

(9. 8) 

(96) 

(98) 

( 24) 

(72) 

03) 

(80) 

(mg/L) (%) 

o. 3 

I 7 

0.8 

0.9 

IS 

4.5 

NR 

0.3 

o.l 

2&0 

1.6 
NR 

19 

0.3 

0.2 

1.3 

1.1 

NR 

0. 5 

NR 

< (1.1, 

(0.1) 

(34) 

(2) 

(3) 

(&2) 

(44) 

(4) 

(lO) 

( 99) 

(90.Z) 

0.4 

(4) 

(2) 

( 16) 

(28) 

(67) 

(ZO) 

recye led 
(mg/L) 

470 

49 

40 

36 

29 

10 

9.) 

4.8 

2.4 

290 

1.6 
0.4 

18 

0.3 

•. 6 

1.7 

1.3 

0.5 

0. 2 

Source.: Reference 18. Adapted frotn 1981 N8.~it~nal SuTv~tys of RCR.A. Treatment, Stonge, and Dispose:. Iaeilities. u.s. EPA. 
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• precious metals recovery (e.g., silver from photographic paper, 
film, and spent developing solutions); and 

• recovery of cobalt, molybdenum, nickel, and vanadium from petroleum 
refining hydrotreating catalysts. 

Certain metal/cyanide wastes are unlikely to exhibit significant. 

potential for recovery. These typically contain contaminants which are of low 

economic value, difficult to separate, or are unwanted since they are 

originally intended to be removed from the process. For these wastes, source 

reduction alternatives may be the mos.t viable means to achieve waste 

minimization. A list of Fxxx and Kxxx waste codes which fall into this 

category is provided in Table 5.2.3. 

5.2.2 Selection of Recycling Alternative 

Economic considerations play a major role in determining the 

recyclability of a hazardous waste. The primary economic considerations are 

the capital and operating costs of the recycle system, residual disposal costs 

and value of recovered products. The economic benefits of recycling a 

wastestream or mixture of waste streams are dependent upon the physical and 

chemical characteristics of the waste stream and the quantity of waste to be 

recycled. 

Physical and chemical characteristics of a waste determine the technical 

constraints of the tr,eatment process. In general, physical form and 

corrosivity determine whether or not a process can be used whereas chemical 

characteristics affect ease of separation and selection of optimal processin~ 

conditions. The types of constituents in a waste will determine the extent of 

competing reactions, reagent requirements, processing efficiency, chemical 

reactivity, and/or ease of separation. In particular, the presence of 

multiple metal species, chelators, organics, and suspended solids present 

practical limits on the effective application of recycling technologies. 

Pretreatment of waste streams through the use of physical separation processes 

(e.g., filtering, decanting, settling, skimming) is common in recycling 

applications. Similarly, post treatment processes (e.~ •• addition of depleted 

chemical constituents) may be required to bring recycled materials up to 

process specifications. 5-13 
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TABLE 5.2.3. Fxxx AND Kxxx METAL/CYANIDE WASTES UNLIKELY TO BE RECYCLED IN SIGN'rFICANT VOLUMES 

EPA waste code 

F007, F008 and F009 

FOlO, FOil and F012 

K002 - K005 

K007 

KOll 

K013 

K014 

K027 

K03l 

KOt,4 to K0't6 

K084, KlOl and Kl02 

Waste 

Spent cyanide plating solutions 

Spent cyanides containing metal 
treating solutions 

Treatment sludges from chrome 
pigments production 

Sludges from iron blue production 

Bottoms from acrylonitrile 
production 

Bottoms from acetonitrile 

Purification wastes from 
ace ton it rile 

Residues from toluene ~iisocyanate 
production 

Wastes from arseno-pesticides 

E:xplosive wastes 

Pharmaceutical wastes 

Source: Adapted from Reference lB. 

Reason for limited or no recycling 

CN content is usually destroyed rather than 
attempting recycle. Some recovery reported 
(e.g., zinc or copper cyanides). 

No metals of value to recover. 

Contain both trivalent chromium hydroxide 
and varying amounts of heavy metal 
chromate salts which are not easily 
reducible or separable. 

These contain iron blue (iron ferrocyanide) 
in ·addition to other insoluble iron 
compounds. The ferrocyanide is not easily 
destructible. 

Waste are higher molecular weight cyani~es: 
not useful in a production process. Only 
option for recycling is burning for fuel 
value. 

Same as above. 

Same as above. 

Polymeric isocyanates useful only for 
fuel. 

Contains unwanted organoarsenates. 

Safety considerations limit reuse. 
Controlled detonation preferred. 

Unwanted arsenic-containing byproducts 
limit reuse. 



The quantity of waste to be recycled is also a significant factor in the 

selection of an appropriate recyclin~ technolo~y. Waste Quantity will 

determine the. size of equipment, volume of raw materials to be used in 

recycling (e.g., carbon for carbon adsorption), pollution control equipment 

needs, and disposal requirements. Certain technologies may be preferable for 

small quantity processing but, in general, the larger the quantity of waste to 

be recycled, the more economically attractive recycling becomes. Disposal 

costs and value of recovered product become increasin~ly important as waste 

volume increases. If recovered products are used onsite, their value is 

reflected in the reduced demand for virgin raw materials. If sold for offsite 

use, their value is dependent on the market price of virgin materials a·nd the 

degree of purity. 

Another factor to be considered in selecting a recycling technology is 

~hether the operation should be conducted onsite, or at an offsite facility 

such as a commercial recycler. In addition to costs, the choice between 

onsite and offsite recovery is dependent on many factors includin~ 

availability of equipment, personnel and markets, facility size, technical 

capability of personnel, and use of recovered product. Transportation cost 

must also be considered for offsite recyclin~. The cost for transportation is 

a function of the distance from the generating facility to the recycling 

facility, the volume of the waste being transported, and the transportation 

method used. Smaller quantity generators of ,spent lead acid batteries and many· 

firms in the Primary ~etals Industry (SIC 33) have found it more econ!3mical to 

ship wastes offsite for recycling.
18 

In addition to the economic factors discussed above, the size of a 

facility and its technical expertise may also influence the decision to· 

recycle metal/cyanide wastes onsite or offsite. Lar~e facilities usually have 

the advantage of a strong technical staff to manage onsite recovery. However, 

onsite recovery has been found to be a competitive option to offsite recovery 

for both small and large generators. For example, generators of low volumes 

of wastes can significantly reduce their handlin~ and transportation cost by 

participacing in cooperative storage arrangements with other small quantity 

generators of similar wastes. The success of such a program, however, may 

depend on the similarity and chemical compatibility of the waste streams. 
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There are currently several cooperative metal recovery facilities in 

operation. Typically, they provide waste collection vehicles which make 
\ 

pickups at member waste generating facilities. Examples of cooperative 

ventures include the Metropolitan Recovery Corporation in Minneapolis which is 

an organization comprised of twenty printed circuit board and metal finishing 

facilities. It handles all wastes generated by its members and provides each 

with ion exchange canisters for metal recovery. Another cooperative venture 

is an ion exchange treatment facility, run by Tricil, which was sponsored by 

an association of thirty generator facilities located in Cleveland. A third 

venture of 100 facilities located around New York City has resulted in·the 

formation of the Metal Finishers Foundation, This 

establish a centralized metal recovery facility by 

organization expects 
18 

December, 1987. 

to 

Ultimate selection of a recycling technology and offsite versus onsite 

operation will be highly site specific. A selection methodology has been 

presented in Section 16 outlining economic and other considerations. Details 

on costs and capabilities of specific recycling technologies can be founa in 

Sections 6 through 12. 

5.2.3 Reuse of Metal/Cyanide Wastes 

Certain metal hazardous wastes may be directly used for a different 

purpose in another process. The principal use of metals recovered from 

hazardous waste is onsite recycling as a feedstock.
18 

Examples include 

direct reuse of plating rinse waters as rinses for compatible etchants or 

metal cleaning operations, mill scale recycled to steel mills, and lead oxide 

recycled for tetra-ethyl lead manufacturer. Another waste with potential 

reuse is hydroxide sludges containing chromium which could be solubilized 

through reaction with sulfuric acid to recover chromium sulfate for leather 

tanning. Reused wastes have the advantage of much lower costs relative to use 

of virgin materials, either through reduction in raw material purchase costs 

and/or through reduced costs f.or waste management. In general, reusable 

wastes are produced by large manufacturing operations, or those which require 

high purity, and are consumed by smaller facilities, often batch processors, 

which do not necess~rily require high levels of purity in feedstocks. 
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Three primary factors should be considered when evaluating reuse as a 

potential waste management option. First, the ability to reuse a waste 

depends upon its chemical composition and effect of the various waste 

contaminants on the reuse process. For example, reuse of recovered plstin~ 

baths may yield unacceptable plating Quality if there is excessive buildup of 

carbonate (e.g., formed through the anodic oxidation of cyanide) or 

undesirable organics (e.g., formed through the breakdown of brighteners, 

. d h ) 14 h . 1 f wett1.ng agents, an ot er compounds • · Second, t e econom1.c va ue o the 

reused waste must justify the expense incurred in changing a process to 

accommodate it. Third, the availability and consistency of the waste must be 

considered. A processor using a secondary material must be sure that the 

material will be available to satisfy his demand and that it will be of 

consistent Quality to ·ensure minimal process upsets. 

Waste Exchanges--

Reuse of wastes may be accomplished either by the generator itself, or 

through sales to a different processor or intermediary; i.e., waste exchange. 

An example of a direct transfer of metal containing waste which results in 

further waste minimization is the transfer of spent pickle liquor from Andrews 

Wire Company (South Carolina) to Diamond Shamrock. Andrews generates 

approximately 1.5 million gallons of waste pickle liQuor containing 10 to 15 

percent ferrous chloride and 5 to 10 percent HCl. Diamond accepts the waste 

without a fee provided that the acid content exceeds 5 percent. The waste is 

used to reduce 

in the plant's 

hexavalent chromium compounds 
11 waste treatment system. 

to trivalent chromium hydroxide 

Marketing of wastes for reuse is often facilitated through use of waste 

exchanges. Waste exchanges are institutions which serve as brokers of wastes 

or clearing houses for information on wastes available for reuse. In some 

waste exchanges, potential buyers of wastes are brought into contact with 

generators, while other waste exchanges accept or purchase wastes from a 

generator for sales to other users. Waste exchanges are considered by EPA to 

be of great potential value in future waste management since generators are 

often unfamiliar with characteristics of wastes generated by other 
. d . 19 1n ustr1es. 
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A wide variety of wastes have been recycled via the waste exchange 

system. A listing of metal hazardous wastes types available throu~h waste 

exchanges is presented in Table 5.2.4. Table S.2.S provides details on waste 

Quantities and estimated values that were· recycled by three waste exchan~es 

for which data were available. Of all hazardous waste types handled by these 

organizations, metal wastes are among those which have been sou~ht most hi~hlv 

due to their versatile reuse potential. 8 In contrast, few examples of 

cyanide waste exchanges have been identified. 8 • 9 

In general, the "exchangeability" of a waste is enhanced by higher 

concentration and purity, Quantity, availability, and higher offsetting 

disposal costs. Some of the limitations to waste exchangeability are the high 

costs and other difficulties associated with transportation and handling, 

costs of purification or pretreatment reauired and in certain cases, the 

effect on process or product confidentiality. In general, waste exchange 

involves transfer of either: (!)products from large, continuous processors to 

small, batch processors; (2)of manufacturing products from basic chemical 

manufacture to chemical formulators; or (3)products from high purity 

processors such as pharmaceutical manufacturers, to low purity processors such 
. f 7 as pa~nt manu acturers. 

Waste exchanges are operated by botb private firms and public 
7 

organizations. Several waste exchanges are listed below: 

• California Waste Exchange (California); 

• Canadian Waste Materials Exchange (Ontario); 

• Chemical Recycle Information Program (Texas); 

• Colorado Waste Exchange (Colorado); 

• Georgia Waste Exchange (Georgia); 

• Great Lakes Regional Waste Exchange (Michigan); 

• Industrial Materials Exchange Service (Illinois); 

• Industrial Waste Information Exchange (New Jersey); 

• Inter-Mountain Waste Exchange (Utah); 

• Louisville Area Waste Exchange lKentucky); 

• Midwest Industrial Waste Exchange (Missouri); 

• Montana Industrial Waste Exchange (Montana); 
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TABLE 5.2.4. TYPES OF WASTES LISTED BY WASTE EXCHANGES 

Wastes available Wastes wanted 

Metals 

Zinc hydroxide filter cake 
Chrome drag-out solution 
Metal-plating sludge 
Electrodeless nickel bath 
Copper filter cake 
Magnesium sludge 
Aluminum oxide slag 
Slag (60-70% Fe; 6% Cr; 3% Ni; 

1% Si) 
Zinc cyanide 
Zinc-containing dust from 

baghouses and scrubbers 
Pickle liquors 

(FeClz, or FeS04) 
Chromic acid 

Cyanides/Reactives 

Sodium cyanide solution 
Cyanides; sodium potassium, 

or metal cyanide 
Cyanide solution from cyanide 

recovery process 
Zinc cyanide 

Source: Adapted from Reference 9. 

Alumina, aluminum, and aluminum sludge 
Nickel 
Tungsten carbide 
Copper solutions 
Tin residue 
Precious metals 
Zirconia and zirconium compounds 
Residues, grindings, spent catalysts, 

sludges, and waste byproducts 
containing nonferrous and precious 
metals 

No listings found 
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TABLE 5.2.5. SUMMARY OF METAL/CYANIDE WASTES RECYCLED VIA THREE MAJOR WASTE EXCHANGES 

Type of wastes 

Cop~er sulfate crystals 

Potassium cyanide (e) 

Met~1s and metal sludges 

Metals 

Met.H/metal solutions 
Cdpper oxide 
Cdpper oxide 
Cdpper sulfate 
Nickel sludge 

Metal/metal sludges 
Cdpper sulfate solution (e) 

Met3l/metal sludges 
Copper sulfate solution (e) 

Waste 
exchange 

I MEa 

PWEC 

NElWEb 
NEIWE 
NEIWE 
NEIWE 
NEIWE 

NEIWE 

NEIWE 

Time 
period 

1985 

1983 ~ 1984 

1983 
1983 
1983 
1983 
1983 

6/81 - 12/81 

2/82 - 2/83 

Quantity 
(tons) 

3 

0.11 

56.9 

6.9 

10.0 
5.0 

41.7 
80.0 

7 

Unknown 

Distance 
hauled 
(miles) 

300 

125 

1,025 
25 
so 

200 

400 

150 

Estimated 
value ($) 

--
840 

150 

24,000 
1,000 (d) 

15,000 (f) 
186,020 (g) 

--
5,000 
2,400 

37,905 (d) 
5,000 

1,000 

400 

~·;==========~====~~=========e======~~============~=-~~===-==============~===-==~e===~==~==~======~==~~~ 

aiME: = Industrial Material Exchange. 
bNElWE = Northeast Industrial Waste Exchange. 
cpwE = Piedomont Waste Exchange. 
duni.t cost estimate obtained from Chemical Marketing Reporter, May 28, 9184 issue. 
eone-time only transaction. 
fsavings/earnings. 
gAvt:!rage Replacement Value (Aggregate). 

Source: Reference 9 



• Northeast Industrial Waste Exchange (New York); 

• Piedmont Waste Exchange (North Carolina); 

• Southern Waste Information Exchange (Florida); 

• Techrad (Oklahoma); 

• Tennessee Waste Exchange (Tennessee); 

• Virginia Waste Exchange (Virginia); 

• Western Waste Exchange (Arizona); and 

• World Association for Safe Transfer and Exchange (Connecticut). 

The following is a ~ist of the private material exchanges currently in 

b . 7 
us~ness: 

• Zero Waste Systems, Inc. (California); 

• ICM Chemical Corporation (Florida); 

• Environmental Clearinghouse Organization- ECHO (Illinois); 

• American Chemical Exchange- ACE (Illinois); 

• Peck Environmental Laboratory, Inc. (Maine); 

• New England Materials Exchange (New Hampshire); 

• Alkem, Inc. (New Jersey); 

• Enkarn Research Corporation (New York); 

• Ohio Resource Exchange- ORE (Ohio); and 

• Union Carbide Corporation (in-house operation only, West Virginia). 

5.3 EXAMPLES OF WASTE MINIMIZATION PRACTICES 

There is a growing incentive for companies to undertake waste 

minimization programs as a conseQuence of increasing waste disposal costs and 

liability. Besides protecting human health and the environment by drastically 

lowering the amount of waste generated, waste minimization programs can, in 

many cases, provide substantial economic benefits. The following is a summarv 

of waste minimization practices employed by various i"ndustry categories. Much 

of tnis information was ootained tnrough the results of a 1986 study 

commissioned by EPA to provide the U.S. Congress with information on the 
11 

status of current waste minimization efforts in the country. The 

industrial waste generator categories discussed below parallel those 

identified in Section 3.3 as being high volume metal/cyanide waste generators. 
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5.3.1 Acrylonitrile Production 

The most significant means of minimizing waste generation can be 

accomplished by improving product yields thereby reducin~ the formation of 

heavy metal impurities. This could be accomplished throu~h improvements in 

catalyst development and gas-catalyst contact in the ammoxidation reactor or 

through staged addition of NH
3

• Segregation of acrylonitrile and 

acetonitrile purification bottoms from the quench-absorption aqueous effluent 

would permit incineration of the concentrated streams and reduce the toxicity 

of the wastewater. 11 

5.3.2 Metal Finishing 

Waste minimization efforts in the metal finishing industry consist 

primarily of methods to minimize consumption of rinse water, extend bath life, 

recover baths and rinses, or to use some form of raw material substitution. 

Rinse water 
. d 4 1n ustry. 

accounts for roughly 90 percent of raw waste ~eneration in the 

Methods to achieve waste reduction which are unique to metal 

surface finishing are discussed below whereas waste minimization efforts which 

are similar to those employed in electroplating operations (e.g., reduction of 

drag-out, use of counter-flow rinses, etc.) are discussed in the following 

section. 

The use of air-dried, no-rinse chromate conversion coatings for steel, 

galvanized steel, and aluminum in the coil coating industry has been reported 
11 by the EPA. The literature also documents successful implementation of 

chromic acid recovery through both ion exchange and evaporation, and nickel 

recovery from rinses via electrodialysis, each involving subsequent recycling 
11 to the bath and reuse of rinse water. 

Raw material substitution can effectively reduce quantities of 

contaminated rinses. 

which eliminates the 

Cyaniding can be replaced 
. 11 

need for the r1nse step. 

by ~as phase carbonitriding 

Chromic acid rinses 

following zinc-based phosphating have been replaced by nonchrome rinses, 

although some loss in effectiveness has been observed.
11 

Generation of spent baths can be reduced by various methods aimed at 

extending bath life or removing contaminants. Filtering bath solutions is 
20 

widely practiced to remove insoluble metallic salts. These otherwise 
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precipitate onto heating/cooling process equipment, thereby reducing energy 

efficiency, or p~ecipitate onto metal parts resulting in impaired product 

quality. 21 Soluble salts can also lower bath activity and have been removed 

from electroless nickel baths by crystallization with subsequent filtration. 

The U.S. Bureau of Mines has experimented with chromic acid etchant recovery 

through use of an electrolytic diaphragm cell. Trivalent chromium is oxidized 
22 and reused along with the simultaneous recovery of copper. 

Contamination of baths can also be reduced by taking precautionary 

measures, such as thorough rinsing, to reduce drag-in. Also, rack.maintenance 

(e.g., application of fluorocarbon coatings) is effective in preventing 

contaminant build-up resulting from dissolution of rack metals. 

Primary bath treatment methods resulting in recovery include electrolytic 

recovery, ion exchange, crystallization and evaporation. Evaporation has been 

used successfully to recover plating solutions, chromic acid, 
23 

nitric/hydrofluoric acid pickling liquors, and metal cyanide baths. An 

example of recovery of metal finishing wastes is recovery of electroless 

nickel plating sodium phosphate salts by using ion exchange resins activated 

. 'd 22 . . b b b w1th hypophosphorous ac1 • L1qu1d mem ranes have een used y Bend 

Research Inc. to recover contaminated dichromate rinses and baths.
24 

Raw material substitution has been applied to eliminate or reduce the 

amount of hazardous waste generated by metal finishing processes. As stated 

previously, cyaniding baths can be replaced by gas phase carbonitriding which 

utilizes ammonia gas instead of cyanide to provide nascent nitrogen. However, 

this is less economical for solu.tions which are used to treat many small 

batches requiring different cycle times and high heating rates. 11 

Polysiloxanes, substitutes for cyanide-based stress relievers in electroless 

copper plating, are currently marketed by General Electric.
11 

Ferric 

chloride or ammonium persulfate solutions can be substituted for 

chromic-sulfuric etchants and strip~ers if it is compatible with the basis 

metal. Peroxide-based secondary pickle solutions have successfully replaced 

chromic acid pickling liquor at a wire manufacturer resulting in improved 

product Quality and economic savings due to recovery of the resulting pure -· copper oxide sludge.L.- As another example, at least 5 companies currently 

offer trivalent chrome systems for conversion coating applications which 
ll currently use hexavalent chrome. Other substitutions include electroless 

copper for electroless nickel, plating of zinc instead of nickel, and varying 
. . . 1' . 11 substitutes for cadm1um and s1lver depend1ng on the app 1cat1on. 
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Improved operating practices can also contribute to bath life, More 

frequent monitoring of bath activity and temperature can result in timely 

correction of deviations thereby improving both product quality and bath 

life. 11 

Several processing alternatives may provide potential substitutes for 

~aste generating metal plating operations. Ho~ever, these methods are either 

in the developmental stage or otherwise have not vet been widely applied in 

the U.S. These include vacuum evaporation methods for coatin~ nickel, 

aluminum, and other metals; ion plating of chromium and cadmium; and ·chemical 

vapor deposition. Similarly, ion beam processing may provide an alternative 
11 to case-hardening treatments. 

5.3.1 Electroplating 

Plating bath life can be extended by taking methods to reduce plating 

bath contamination. Examples of practices that will extend bath life include: 

use of purer anodes; improved rinsing, rack design, and extended drip time to 

reduce drag-in; use of deionized ~ater to compensate for evaporative loss; and 

use of treatment techniques to selectively remove contaminants. Examples of 

treatment methods include filtering to remove suspended solids, use of carbon 

adsorption or chemical oxidation to remove organic breakdown products, and 

. . . f 'd 1 . 21 
freezing to effect carbonate prec1p1tat1on rom cyan1 e so utLons. 

Another plating bath waste minimization option.is substitution of 

hazardous plating bath materials with nonhazardous compounds. For example, 

cyanide solutions have been effectively replaced by cyanide-free zinc 

solutions and pyrophosphate copper plating solutions. However, mor~ stringent 

precleaning of the metal substrate is required to ensure high quality 

plating. Cadmium-based plating baths can be replaced ~ith zinc graphite 

plating, titanium dioxide vapor deposition, and aluminum ion vapor 
. . 11 depOSltLOn, 

Cadmium can also be replaced by zinc except in applications in alkaline 

environments or when the plate must be exceptionally thin~2 
Hexavalent 

chrome can be. replaced by the less toxic trivalent chrome in certain 

applications, thus eliminating the need for a separate chrome reduction 

treatment process. In addition, significant sludge vol~me reductions 

(70 percent) have been reported due to the elimination of excess sulfate ions 
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. d . . ll that are 1ntroduce dur1ng reduct1on. Much of chromium plating is also 

used strictly for decorative purposes and is thus being replaced by other 

coating operations (e.g., painting of automobile bumpers). 26 

~aste rinse water generation can be minimized through drag-out reduction, 

by optimizing design and configuration of the rinse system, or through 

recovery of contaminated water, These can be accomplished through a variety 

f . 1 d' 11 o ways 1nc u 1ng: 

• Use of counter-current, multiple rinses; 

• use of drip tanks, drain boards ~r stagnant rinses with recovery 
apparatus immediately following baths; 

• use of rinse water for plating bath make-up; 

• lowering bath surface tension (e.g., use of nonionic wetting agents) 
and viscosity (high temperature, changes in chemical composition); 

• lowering concentrations of toxic chemicals; 

• reshaping work pieces and rack layouts to improve drainage; 

• increasing drip time; and 

• use of methods to increase rinse efficiency such as agit.:tion of 
immersion rinses or use of spray or fog rinses. 

The EPA has reported that acceptable chromium plating-can be achieved 

with Cro
3 

concentrations as low as 25 to 50 g/1 versus traditional 

concentration levels of 250 g/1.
27 Since drag-out is directly proportional 

to concentration (more so if viscosity effects are included), rinse 

contamination can therefore be reduced by up to a factor of ten. One author 

estimated that the 

reduce drag-out by 

use of wetting agents to decrease surface tension can 
27 

as much as SO percent. 

Automatic process controls enable drip time to be maximized by changing 

it to correspond to variations in process throughput or changes in work 

pieces. Use of counter-flow rinse tanks arranged in series are capable of 
27 achieving theoretical reductions in water requirements uo to 90 percent. 

Spray or fog rinsing is widely used and most effectively applied on 

rack-mounted, simple shaped parts with bigh area of exposed surface. Finally, 

rinse waters are freQuently reused in the same process through recovery 
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(e.g., electrolytic recovery from stagnant rinses) or reused in another 

process operation when its contaminants will not adversely affect the 

subsequent processing step (e.g., in nickel plating, the same rinse can be 

used following alkali cleaning, acid dip and nickel plating tanks). Cost 

evaluations of rinsing options have been presented in detail in the 

1 . 27 
~terature. 

Sludges generated from onsite wastewater treatment can be reduced by 

modifying treatment operations. Waste segregation, use of more effective 

precipitation agents, and sludge dewatering are the major categories of waste 

reduction options. Segregation of wastes containing highly complexed 

solutions permits specialized batch treatment and thus optimizes reagent 

requirements and subsequent slud~e generat~on. Segregation of streams 

containing different metals can result in waste products that are more 

amenable to recovery or reuse. For example, nickel hydroxide sludges have 

reportedly been reused as plating bath make-up, as have chromium bath scrubber 

wastes. 11 

Primary recovery techniques employed by the industry include evaporation, 

electrolytic recovery, reverse osmosis, ion exchange, and electrodialysis. 

In addition, several plating bath suppliers (e.g., MacDermid, Harshaw, CP 

Chemical) reprocess spent baths for their customers. 

Evaporation is simple and reliable but also energy intensive and 

nonselective; i.e., it concentrates impurities as well as metal components. 

Thus, to be economically attractive, evaporation is often utilized in 

conjunction with other redu~tion techniques su~h as counter-~urrent rinsing, 

to con~entrate solutions, and deionization of rinse water to redu~e build-up 

of calcium and magnesium salts in the recovered con~entrate. Multiple effect 

and vapor recompression evaporators can re~over 90 to 99 percent.of heavy 

l d 1 d l . b 28 meta s an are current y use most common y on chrom~um aths. 

Relative to evaporation, membrane technologies are, in general, more 

selective and lower in operating costs but are also more complex processes. 

Reverse osmosis has been most effectively 

rinses and has also been used for cadmium 

applied in the recovery of nickel 
29 

recovery. Its use is restricted 

to dilute, prefiltered solutions with moderate pH levels to ensure sufficient 
. 7 

membrane l~fe. Ion exchange is more versatile in its application, 

currently applied in nickel, chromium, cyanide, silver and other 
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1 
. . . . 30 

meta -contatntng rtnse soluttons. However, it requires a high level of 

process control and maintenanc~. Electrolytic recovery is highly effective 

for recovering wastes from concentrated rinses and has found more recent 

application in direct recovery from process and treatment baths (e.g., cyanide 

destruct tank). 11 Electrodialysis has also found application for rinse 

"1 . d 1 11 . h recovery to remove SL ver, cadmtum an other meta s. As wtt reverse 

osmosis, membrane stability and fouling potential restrict its application. 

A national survey of electroplaters and metal finishing facilities 

conducted in 1983 identifies evaporation, ion exchange, and reverse osmosis as 
. . 31 

the three most widely applted recovery technologtes. Use of these methods 

for recovery of specific solutions is summarized in Table 5.3.1. Technologies 

which have potential for plating solution recovery, based on pilot testing, 

industrial application, or theoretical considerations are summarized in 

Table 5.3.2. 6• 31 The EPA has estimated that the majority (48 percent) of 

the electroplating industry heavy metal discharges are accounted for by nickel 

and chromium. Since these are also the most expensive of the metals which are 

discharged in large volumes, they account for an even higher fraction of the 

the value of lost minerals in the industry (83 percent). 32 Recovery costs 

for these metals is expected to be significantly offset by the recovery value 

of the metals. 32 

5.3.4 Printed Circuit Boards 

Waste reduction methods are similar to those previously discussed for 

electroplaters and metal finishing facilities. Those that are specific to 

printed circuit board manufacturers which result in the reduction of 

California list wastes are discussed bela~. These include direct substitution 

or ~ecovery of these wastes as well as reduction of other metal containing 

wastes which contribute to wastewater sludge generation (F006). 

Chromic acid used for desmearing has been successfully replaced by 

concentrated sulfuric acid and, more recently, potassium permang.anate. The 

advantages of the latter are: l) it does not introduce chromium into the waste 

effluent; 2) it is not hygroscopic like sulfuric acid, therefore bath lives 

are extended; and 3) recent developments by Morton Thiokol have resulted in 

production of a proprietary additive whicn will ~eoxidize the permanganate 
11 
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TABLE 5.3.1. APPLICATION OF LEADING RECOVERY TECHNIQUES FOR 
ELECTROPLATING AND METAL FINISHING 

Application 

Chromium plating 

Nickel plating 

Copper plating 

Zinc plating 

Cadmium plating 

Silver/gold plating 

Brass/bronze plating 

Other cyanide plating 

Mixed plating wastes 

Chromic acid etching 

Other 

Source: Reference 31. 

Evaporation 

158 

63 

19 

7 

68 

10 

6 

6 

16 

Units in operation* 

Ion 
exchang; 

50 

38 

20 

11 

2 

*According to a survey of the U.S. Electroplating and Metal Finishing 
industries cited in the reference. 
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Reverse 
osmosis 

106 

3 

3 

6 
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TABLE 5.3.2. POTENTIAL METAL FINISHING BATH RECYCLING PROCESSES 

;., 
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0 
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"' 
. ... ., 

<J ;., .u QJ 0 .... c ..... ~ 00 E 
.u 0 "' "' c "' ;., ..... ..... .u ~ 0 
...... .u ., ..... ,.c: 
0 ~ 0 .... <J QJ 

"' "" "' ""' ><: "' Metal finishing ... 0 .u "' w ... 
<J c. <J ... QJ 

baths commonly used QJ <1! 11) ... c > ...... - > ...... ...... 0 11) 

w w w :::> ... ~ 

Plating - Hard and Decorative X X X 

Nickel X X X X X 

Nickel Iron X X 

Copper Cyanide X X X 

Copper Acid X X 

Copper Pyrophosphate X 

Tin, Acid X X 

Tin, Alkaline X X 

Tin Fluoborate X X X 

Zinc Cyanide X X 

Zinc, Acid .X X X 

Tin/Lead, Fluoborate X X X 

Cadmium Cyanide X X X X 

Gold Cyanide, Alkaline X X X 

Gold Cyanide, Acid X X X 

Silver Cyanide X X X X 

Electroless Baths: Copper X X 
Nickel X X 

Pickling: Sulfate Copper X 
H2o2;H2so4 Copper X 
HN03 Copper X 

Cleaning: Alkaline Cleaners X 
Acid Cleaners X 

Source: Reference 5 and 31. 
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thereby increasing bath life and reducing sludge generation in the etch tank. 

Rowever, this solution is relatively expensive and can spontaneously combust 

if it is exposed to air and allowed to dry. 

Plating baths are commonly replenished and treated to enable reuse. For 

example, firms commonly remove organic breakdown products (e.g., from 

stabilizers and brighteners) from copper, nickel and solder plating baths by 

oxidation (e.g., potassium permanganate) followed by carbon adsorption and 
21 filtration {e.g., diatomaceous earth). 

A large number of printed circuit board manufacturers have switched from 

panel plating to pattern plating. Since the latter only involves 

electroplating board holes and circuitry, its use reduces the amount of 

noncircuit copper which must be subseQuently etched away.
21 

This, in turn, 

reduces· the amount of etching "'aste generated and dischar~~:ed to onsite 

treatment processes. Other processing techniques which can reduce or 

eliminate the generation of etching wastes include using dry plasma etching 

techniQues (e.g., using reactive ·gaseous radicals, using nonreactive ion 

bombardment), using additive or semi-additive instead of subtractive board 

manufacturing, using less toxic etchants (e.g., ammonium persulfate, 

peroxide~sulfuric acid which are widely used in place of chromic acid), or 

using in-line recovery methods t.o extend etchant life (e.g., liquid membrane 

copper recovery). 11 Peroxide-sulfuric use in etchants, only recently 

adopted by industry, has the advantage of not introducing additional chelators 

into the plant's discharge stream. It is also easily regenerated through 

crystallization which results in the precipitation of copper sulfate 

crystals. These can be easily removed from the etch tank and have potential 

1
. . 11 

reuse app ~cat~ons. 

5.3.5 Inorganic Pigments Manufacture 

Cadmium and other metal dusts collected in air pollution control 

equipment have reportedly been recycled for use in low grade paint. (Vers~r 

1980) Substitutes for red lead primer and chrome yellow (used in traffic 

paint) have been identified but generally do not result in comparable 

f 
. . 11 per ormance, cost, or color character1st1cs. 
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Waste reduction at pigment production facilities has also been achieved 
. f. . . . 1 . 33 through mod1 lCBtlons 1n conventtona wastewater treatment systems. 

Conventional treatment consists of chromate reduction followed bv' filtration 

and landfilling of the collected solids. A modified process, employed by at 

least two facilities, consists of the following: (l)use of improved filtration 

systems to minimize wastewater particulate content; (2)addition of soluble 

barium salts to precipitate barium chromate which can then be used to produce 

a light yellow pigment; and (3)pH adjustment to alkaline conditions to 

precipitate lead and zinc (e.g., as hydroxides or carbonates) which can then 
33 be recycled to the process as feedstocK salts. 

5.3.6 Petroleum Refining 

Since the generation of hazardous waste from petroleum refining is a 

direct result of the attempt to remove existing impurities from the crude 

feed, waste minimization in the industry is primarily accomplished by sludge 

consolidation. This includes maximization of slop oil recovery and separation 

of water and oil from other, nonrecyclsble waste products. For facilities 

with cokers, much of the API, DAF, and slop oil sludges can be converted to 
. . . 11 .. 

coke, according to industry representatives. In addition, the current 

trend away from production of leaded gasoline will reduce wastes generated 

from tetra-ethyl lead production and leaded gasoline storage (i.e., K052) 

Leaded tank bottoms can also be reduced by agitation of tne tanks which 

effectively transfers solids downstream, eventually ending up in .either 

asphalt or coke byproducts. Methods have also been developed to recover this 

sludge by dissolving it in a heated, low viscosity distillate with the 
11 resulting liQuid sent to slop oil recovery systems. Other processes 

currently in use by refineries include the Victor extraction process, which 

uses steam and air to separate residual oil trapped in the sludee; physical 

sludge consolidation processes such as vacuum filtration; thermal, chemical, 

or ultrasonic emulsion breaking; solvent extraction (e.e., B.E.S.T. process 

) 1 
. . 11 

from Resource Conservation Co. ; and e ectroacoust~c dewater~ng. Leaded 

tank bottoms have reportedly been treated by calcination to recover lead 

oxide. Tan!< bottoms are reacted at high temperatures to drive off water and 
. 1 . . . . 18.34 other volatiles, incinerating res~dua organ1cs, and OXld~zing the lead. 
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~any of the above processes are applicable for recovery of oil from API 

separator sludge and DAF float. Other methods include installation of 

floating roofs which was found to reduce the oxidation of oil and the 

resulting formation of heavy waste material in API separators. Conversion 

from induced air to pressurized air in DAF units has resulted in the 

generation of less than one half the float volume for the same de~ree of 

l .d ll so 1. s removal. 

Methods to achieve waste minimization for other refinery waste streams of 

concern include l)hydrotreating catalytic cracking feed to remove metal 

contaminants, thereby extending catalyst life; 2)substitution of chromium 

corrosion inhibitors in cooling water with organic chelating agents, 
11 nonoxidizing biocides, and other proprietary compounds; and 3)recovery of 

Raney nickel catalysts through roasting, leaching of aluminate, and 
. f . 1 35 preparat1.on o n1.cke carbonate. 

5.3.7 Wood Ereserving 

For chromium/arsenic preservatives received in drums or ba~s, closed 

systems are available which can minimize residual levels of metal contaminants 

in the containers. Alternatively, plastic liners or reusable drums can be 

used. Sludge from the work tank can be minimized by careful operating 

practices that ensure minimal amounts of dirt, silt, and loose wood fiber 

entering the retort before treatment. Most facilities have installed drip 

pads and spill basins to collect excess preservative which drips from the wood 
11 pieces after treatment. Other measures to reduce the amount of water 

contaminated and thus reQuiring further treatment includes covering processing 

areas, increasing drip time, and diverting run-on. Use of nonchromate cooling 

water treatment chemicals would reduce the amount of this compound in the 
11 plant's combined treatment sludge. 

5.3.8 Chloralkali Industry 

The membrane cell process for the production of sodium hydroxide has 

begun to replace the more costly mercury cell process. Since its introduction 

in 1980, six plants have opened in the U.S. and, in response, mercury cell 

plants have been closing. ll The membrane cell process eliminates the 

5-32 



generation of mercury containing hazardous waste. In fact, DuPont claims that 

its most recently built plant will completely eliminate the production of 
11 hazardous waste. Over the long term, conversion or closing of 

non-competitive mercury cell facilities is likely since the membrane process 

not only results in less pollution control costs 

approximately 30 percent less energy per unit of 

but also requires 
. 4 product1on. 

For plants which continue to use the mercury cell process, waste 

minimization options are available. Retorting has been used in the 

chloralkali industry to remove mercury from mercury-bearing sludges and solid 

wastes. The waste is heated iri an oxidizing environment forming mercury gas 
. h . ll b . 11 . wh1c 1s co ected y condensat1on. Alternat1vely, wastes are pretreated 

through hydrometallurgical processes. One facility leaches contaminated muds 

with sulfuric acid to concentrate mercury and convert the bulk of the solids 
11 

to nonhazardous gypsum, Although the latter is capable of recovering over 

99 percent of the mercury contained in the sludge, its capital cost is several 

. 11' d 11 d . 1 1 1 f . 1' . 10 m1 1on o ars an thus·approprlate on y to arge vo ume ac1 1t1es. 

Solvent extraction has also been suggested for stripping mercury from effluent 

wastewaters (see Section 7.2). 

5.3.9 Other Industries 

Raw material substitution and waste recovery technologies have been the 

predominant means of waste minimization in industries which use 

silver-containing photographic films.
29 

Several companies, including Napp 

Systems, are marketing silver free films for lithography. 29 To a large 

extent, used and spoiled film is already sent to professional recyclers for 

silver recovery. Wastewaters containing silver are economically recovered 

using technologies such as metallic replacement, chemical precipitation, 

electrolytic recovery, reverse osmosis, and ion exchange. 11 

Printing· inks may contain heavy metals such as chromium. Contaminated 

solutions can be recycled onsite or shipped to ink manufacturers who reuse 

f bl . 29 
these materials in the formation o ack newspaper 1nk. 

Several examples of catalyst recovery by the inorganic chemicals industry 

have been documented. Solvent extraction has been used to recover vanadium 

pentoxide from spent sulfuric acid catalysts using a high molecular weight 

amine. Tne amine solvent is subsequently evaporated leaving a reasonably pure 
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11 
ammonium vanadate which is available for reuse. Another example is 

fluidization and precipitation of spent nickel catalysts used by inorganic 

chemical manufacturers. A nickel salt is formed by dissolving the catalyst in 

a mineral acid. This is reacted with soda ash to precipitate nickel 

carbonate, which is then collected and reacted with sulfuric acid to form a 

nickel sulfate solution. Sodium sulfide is added to precipitate iron salts 

and the resulting solution is purified through filtration and evaporation. A 

similar process is employed by manufacturers of plating chemicals for recovery 

f . 1. 1" 11 o n1cke plat1ng so ut1ons. 

Cadmium is used as a stabilizer for polyvinyl chloride. In this 

application, it can be replaced by organotin compounds which are more 

efficient but also more expensive.
2 

5.4 WASTE ~INI~IZATION SUMMARY 

Regulatory trends appear to be moving towards the promotion of waste 

minimization. The EPA has recently proposed reQuirements that generators 

certify institution of hazardous waste reduction programs.
36 

Generators 

would be required to reduce the volume or toxicity of hazardous wastes to a 

degree determined by the generator to be economically practicable. Three 

states currently have established source reduction/pollution prevention 

programs: North Carolina, ~innesota, and Massachusetts. In addition, 

Tennessee has established a "pilot program", and Kentucky, Califor.nia; 

Maryland, and Washington have programs currently in development. These 

programs vary but, in general, include information exchange, technical 

assistance, and economic incentives to companies to encourage development of 

h 
. 20 

t e1r programs. 

Table 5.4.1 presents a summary of several documented cases of waste 

reduction involving metal/cyanide hazardous wastes. 9• 37 Additional case 

studies can be found in the appropriate sections of this document pertaining 

to specific recovery technologies. Although some of the data in Table 5.4.1 

are incomplete, this compilation clearly demonstrated the potential economic 

benefi~s t.:hich .:.a~ be achieved through implementation of waste minimiz.atiou 

technologies. In particular, since disposal costs have increased sharply in 

recent years, payback periods indicated in the table can be interpreted as 

being conservative estimates. 5-34 
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A survey of 610 hazardous waste generators in Massachusetts was conducted 

in 1985 to identify current and planned source reduction efforts. 6 Of these 

facilities, 238 were identified which practiced source reduction activities 

for metal containing wastes, 107 for cyanides, and 7' for petroleum refinin,11; 

wastes. Current source reduction activities and percent reduction in volume 

achieved are summarized in Table 5.4.2. Predominant, methods employed include 

waste segregation, process modification, improved housekeeping, precipitation, 

improved rinsing, and chemical detoxification for cyanides. 

This section was not intended to represent a complete survey of waste 

reduction practices available to generators of metal/cyanide wastes. The 

limited scope of this survey only permitt.ed a broad overview of available 

methods to be presented, supplemented with specific examples for high volume 

waste sources. A comprehensive literature survey of waste reduction practices 
38 is being undertaken by the EPA Office of Solid Waste. The survey data 

will be compiled in the form of a computerized data base and is intended to 

provide technical assistance for both states and private companies. This 

should be available by 1988 or early 1989 and is expected to represent a 

significant improvement over current compilations of waste minimization 

data. 39 Other useful sources of information which are currently available 

include several surveys which provide lists of articles, by industry, on waste 
. . . 10,40,41 reduct1on pract1ces. 
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TABLE 5.4.2. SOURCE REDUCTION ACTIVITIES PRACTICED BY RCRA 
WASTE GENERATORS IN MASSACHUSETTS 

Aqueous metals Cyanides Petroleum wastes 

Facilities Facilities Facilities 
using 

Source reduction method& 
technique (%) 

Waste segregation 9. 7 
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SECTION 6.0 

MEMBRANE SEPARATION TECHNOLOGIES FOR METAL REMOVAL 

6.1 PROCESS DESCRIPTION 

The membrane processes considered here include commercially proven 

technologies such as ultrafiltration, reverse osmosis, and electrodialysis. 

Some discussion is also provided for other membrane technologies such as 

Donnan dialysis and coupled transport whose applicability for the treatment of 

hazardous waste streams has not yet been commercially demonstrated. Reverse 

osmosis and electrodialysis are used to recover plating compounds from 

rinsewater and to permit possible reuse of rinse waters as plating bath 

make-up. Ultrafiltration alone is of little value for these applications, but 

is used in combination with chemical treatment to physically contain metal 

sludges. It is also used as a pretreatment for other processes, such as 

reverse osmosis, which are subject to fouling and plugging due to the presence 

of particulates or high dissolved solids levels of certain salts in the feed. 

Although the waste treatment/recycling applications are not extensive, these 

processes have found growing acceptance in applications such as desalination 

of seawater and brackish waters, and as unit operations in the food and 

pharmaceutical industries. 
" 1 . 

According to Cheryan , the world-wLde market for membranes, less than 

SlO million in 1960, reached S400 to $600 million/year in 1986. More than 30 

manufacturers of membranes are identified by Cheryan in his ultrafiltration 
" 2-5 

handbook. This handbook and several other books on membrane technology 

are recommended for those concerned with the theory, development, and 

applications of membrane technology to individual process and waste streams. 

The primary function of a membrane is to allow preferential con~ainment 

a~d transp~rt of ce~tai~ cornyonants present withiu waste streams. Membranes 

can be classified in a number of ways in accordance with factors such as their 

origin, chemical composition, structure (e.g., pore size and asvmmetry of pore 
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structure), and mechanism ~of membrane action; e.g., adsorptive vs, diffusive, 

ion exchange, osmotic, or nonselective (inert) membrane. 1 Figure 6.1.1, 

taken from Cheryan, provides a classification of various separation processes 

based on particle or molecular size and the primary factor affecting the 

separation process. As shown in the Figure, membrane vrocesses such as 

ultrafiltration, reverse osmosis·, and electrodialysis permit separation-of 

dissolved molecules down to the ionic range in size,. provided the appropriate 

b . d 1 mem rane 1s use . 

The distinction between membrane processes such as ultrafiltration and 

reverse osmosis is somewhat arbitrary and has evolved with usage and 

convention. Table 6.1.1 shows some characteristics of several membrane 

processes, including osmosis and dialysis, two processes with no apparent 

utility for hazardous waste treatment. They have been included for reference 

and completeness, along with microfiltration, a process similar to 

ultrafiltration that is often used as a pretreatment to remove suspended 

solids that may interfere with the operation of molecular separation processes. 

Another useful classification system is the normal operating 

concentration range of membrane and other technologies. Figure 6.1.2 provides 

this information for a number of processes, including· reverse osmosi!1 and 

electrodialysis. These operating concentration ranges are based on a number 

of factors which include the increase of osmostic pressure with increasing 

concentration to levels that exceed membrane capacities, selectivity of the 

membrane process, flux (defined for processes such as reverse osmosis as the 

volume flow rate per unit area and pressure), and cost. 

The flux obtainable with reverse osmosis, ultrafiltration, and other more 

conventional filtration media is shown in Figure 6.1.3. As shown in the 

Figure, ultrafiltration flow rates ran~e from roughly 0.1 to 

10 gal/ft 2 /day/psi. Ultrafiltration systems are ty~ically operated at 

pressures ranging from 10 to 100 psig, resulting in: flow rates that are still 

several orders of _magnitude below conventional filtration processes, but with 

size retention of the order of 10 to 200 angstroms (0.001 to 0.02\lm), as 

opposed to one or more microns for conventional fil'ters. These size values 

are arbitrary and it is customary to refer to a "molecular weight cutoff" when 

atcemp(ing to classify ultrafiltration membranes. Ultrafiltration is 

generally considered suitable for separation of molecules ranging from about 

1,000 to 1,000,000 in molecular weight. Thus ultrafiltration, as designated 
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TABLE 6.1.1. MEMBRANE SEPARATION PROCESSES 

Pt·ocess 

Ultrafiltration 

RevE•rse osmoS1S 

Electrodialysis 

Donnan dialysis 

Principal 
driving force Function of membrane 

Pressure Discriminates on the 
basis of molecular size, 
shape, and flexibility 

Pressure Selective transport of 
water from concentrated 
solution 

Electromotive Selective ion transport 
Force 

Concentration Ion transport with 
charge equalization 

Coupled transport Concentration Ion transport through 
complexing agent in 
membrane 

Dialysis Concentration Selective solute 
transport 

Osmosis Chemical Selective transport of 
potential water into more con-. 

centrated solution 

Microfiltration Pressure Removal of particulates 

Source: References 1 and 6. 

Permeate Retentate 

Water and Large molecules 
small molecules 

Water Solvent 

Water and 
ionic solutes 

Metal ions 

Specific 
metal ions 

Water and 
small molecules 

Water 

Water and dis-
solved solutes 

Nonionic solutes 

Hydrogen ions 
from transfer 
fluid 

Other solute 
ions 

Large molecules 

Solutes 

Suspended 
particles 
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by this retention characteristic, is not sufficient by itself to remove 

dissolved ionic species such as metal ions (and cyanides). Selective ion 

retention by ultrafiltration membranes, such as that which occurs 1n reverse 

osmosis, may take place, but the effect is sli~tht and not significant in terms 

of effective separation. However, both ultrafiltration and microfiltration 

are capable of effectively collecting colloidal metal suspensions .following 

precipitation of dissolved metal ions; and they also find application as a 

pretreatment for reverse osmosis and other processes to protect membranes from 

clogging. 

Reverse osmosis, sometimes called hyperfiltration, may be used to 

concentrate dilute solutions of many inorganic species, including dissolved 

metal ions and many organic solvents. Reverse osmosis systems are available 

from many manufacturers for the treatment of metal-bearing waste streams. 

Ideally, they permit only the transfer of water, selectively retaining all 

other dissolved species within the waste stream. Operating pressures used for 

reverse osmosis are high; of the order of 300 to 1,500 psig, 1 in order to 

overcome the osmotic pressure of the solute and to provide adeQuate flux. As 

shown in Figure 6.1.2, normal operating concentration ranges vary fr·om very 

low values to as high as 60,000 mg/L. As the concentration of the solute 

increases during reverse osmosis, additional pressure is reQuired to maintain 

the water permeation rate. At some point in the separation process, further 

transfer of water through pressure increases will become impractical because 

of membrane and eQuipment limitations. Other processes (e.g., evaporation) 

will be needed to achieve higher concentration levels, if necessarv. 9 

Electrodialysis processes use an electrical potential gradient and 

special synthetic membranes, usually ion exchange type resins, to produce an 

eririched stream and a depleted stream. Cation and anion exchange membranes 

are arranged alternatively to form compartments in a stack maintained between 

two electrodes. Upon application of an electrical field, the ions entering 

the compartments within the stack migrate in opposite directions. Depending 

upon the selectivity of the membrane, the ion will eit~er pass through the 

first membrane it encounters or be held within its original compartment. 

Thus, salt solutions are concentrated or diluted in alternate compartments. 

Other membrane processes that have been identified in the literature as 

potentially suitable for the recovery of metal ions from aQueous solutions 

include Donnan dialysis and coupled transport. Donnan dialysis operates on 
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the principle that two sol~tions separated by a mem~rane will remain 

electrically neutra1.
10 

Thus, metal ions in a wastewater compartment will 

interchange with the hydrogen ions in an acidic solution contained in another 

compartment that is separated by a cation exchange membrane from the 

wastewater. In coupled transport, a process similar to liQuid ion exchange, a 

porous membr-ane, containing a liQuid comJ>lexing al!,ent within its pores, is 

used to affect separ-ation. The metal ions in the wastewater compartment 

combine with the complexing agent and migrate through the membrane to the 

second compar-tment. Here the complex is broken, releasing the" metal ions to 

solution, with the regenerated complexing agent in turn becoming available for

fur-ther reaction/interaction with the metal ions in the wastewater-. 

Despite some success in the laboratory, both Donnan dialysis and coupled 

transport have not been commercially applied, larl!,ety because existing 
10 

membranes have short-life expectancy. Accordingly, these processes are 

not discussed at the same level of detail pr-ovided for the more advanced, 

commercialized membrane technologies. Befor-e proceeding with discussions of 

these technologies, the following subsection will discuss br-iefly the types of 

membranes and commercial designs available for membrane separations. 

6.2 MEMBRANE STRUCTURE AND SYSTEM DESIGN 

Membrane structures can be classified according to their ultrastructur-e 

as either microporous or asymmetric. The latter are also referred to as 

"skinned" membranes. Microporous membranes are designed to retain all 

particles above a certain size. However, particles that are approximately the 

same size as the pores may enter into the pores and plug them. Microporous 

structures with pore sizes in the ultrafiltration range (10 to 200 angstroms) 

generally have not been very successful. The few designs that are 

commercially available have low flux and are subject to rapid plu~~ing. 1 

The development of the asymmetrical membrane by Loeb and Sourirajan in 

1960 marked the beginning of modern membrane technology. These membranes are 

characterized by a thin "skin" on one surface, usually 0.1 to 0.5 lJm in 

thickness, while the main body of the membrane supporting the skin is of the 

order of 40 to 200 lJID"in th~ckness and highly porous. The combination of a 

thin skin, supported by a highly porous substrate, results in high flux with 

good selectivity. 
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Asymmetric membranes rarely get plugged in the fashion that microporous 

structures do, although they are subject to flux lowering phenomena such as 

fouling and concentration polarization. These factors are controlled by 
. d . . . 11 . pretreatment, system des1gn, an operat1ng cond1t1ons. Clean1ng cycles 

are also used, but there is a danger that the powerful cleaning agents 

required can damage or attack the membrane. For example, the cellulose 

acetate membrane used for many reverse osmosis applications has limited pH, 

temperature, and chlorine tolerance. Thus, cleaning to correct fouling can be 

a problem. Second generation membranes are available which minimize 

difficulties associated with cleaning. New membranes, such as those being 

developed from ceramic materials, may virtually eliminate problems such as 

irreversible fouling. 

The following di~cussions identify the types of membranes and system 

designs available for specific membrane technologies. Since several 

variations are generally available, the user should contact the manufacturers 

of such equipment to identify the most appropriate system. Lists of 
1 2 12 

manufacturers can be found in several references ' ' and in ~cGraw Hill's 

Chemical Engineering Equipment Buyers' Guide. 

6.2.1 Ultrafiitration/Microfiltration Systems 

Ultrafiltration membranes are generally not defined by their pore sizes, 

which range from 10 to 200 angstroms and higher, but by the size or equivalent 

molecular weight of particles excluded. Although the size cutoff is 

arbitrary, one definition by Lonsdale
13 

is that ultrafiltration membranes 

retain species in the 300 to 300,000 molecular weight range. Because 

ultrafiltration deals with the separation of larger molecules, it is.not 

suitable for the separation of dissolved metal ions. However, it does find 

use as a pretreatment method or as a means of removing chemically precipitated 

metallic species. Microfilters with a pore size of greater than 0.1 ~mare 

also used to effectively collect precipitates. 
1 

Ultrafiltration/microfiltration membranes are made. from a wider selection 

of polymers than are reverse osmosis membranes. Cellulose acetate and 

polyamide were the earliest of the commercial membranes. In addition to 

these, several other polymeric materials are available. These are comprised 
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of thin skin composite membranes formed on the surface of a porous support 

polymer, usually a polysulfone. However, for specific applications, the 

composite structure can be tailored from other materials to enhance chemical 

and biological resistance and improve other properties such as selectivity. 

Users of ultrafiltration membrane technology h~vi their ~hoice of four 

basic equipment designs: 1) tubular' with inner diameters greater than 

10 microns; 2) hollow fibers with inner diameters less than about 1.3 microns; 

3) plate type units; and 4) spiral-wound modules.l The tubular module is 

the simplest design. However, because of its small, surface area per module, 

it is only used in specialized applications. The membrane is either inserted 

into a porous tube or is cast in place. The feed is pumped tnrough the tube 

and the permeate passes radially through the membrane and porous tube out 

through an exst line. The concentrate or reject stream exists from the 

downstream·side of the tube. Although the tubular modules do have low surface 

area, they are easy to clean and are less susceptible to plugging by suspended 

solids than are other membrane types. 

Hollow fiber membranes (acrylic copolymer) used in ultrafiltration employ 

a membrane skin on the inside of the hollow fiber. Each hollow fiber has a 

fairly uniform bore with available sizes ranging from 8 to 49 mil (0.19 to 

1.25 mm) in diameter with a cross-sectional thickness of about 200 urn. 

Bundles of fibers'are normally sealed in a shell and tube arrangement, 

although. 

The permeate passes through the membrane and fiber wall and is collected 

ori the outside of the fibers. The concentrate passes out the opposite end of 

the fiber bore. Hollows fibers have a fairly low pressure rating; thus, flow 

rates (flux) will also be low. A major advantage is the ease of cleaning 

achieved through backflushing, due to the self-supporting nature of the fibers. 

The plate and frame-type units represent an early design and consist of 

membrane covered support plates stacked in a frame·arrangment. Permeate 

exists via the support plate amd concentrates leave the module opposite the 

feed end. Internal flow within the module may be arranged in a combination of 

parallel and series flow patterns by using section plates. The stacking 

arrangement is usually horizontal for ultrafiltration. 

The_spiral-wound design is compact, relatively inexpensive, and provides 

larger surface areas per unit volume of equipment. The spiral-wound modules 

consist of membrane and spacer materials that are wrapped around a perforated 
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center tube which collects the permeate. Figure 6.2.1 shows a schematic of a 

spiral-wound structure a\ong with a cross-section which illustrates the flow 

path of the permeate. Although economic treatment of larger volumes is 

possible with this design, it is more apt to plug than other designs. Also, 

it cannot be cleaned mechanically. 

The characteristics of the feed will play a major role in determining 

which of the membrane materials and designs should be selected. Feeds 

containing larger suspended particles are best processed in larger diameter 

tubular units. Other factors, such as ease of cleaning, pressure losses, 

degree of concentration, and other considerations, all contribute to the 

overall utility and cost of a system. Pilot plant studies, a service offerred 

by many manufacturers, should be undertaken before proceeding with final 

.system selection. 

6.2.2 ,Reverse Osmosis Systems 

Three types of membranes are commerically available for reverse osmosis: 

cellulous acetate, aromatic polyamides, and thin film composites. Cellulose 

acetate membranes have high flux and high salt/metal rejection properties and 

are relatively easy to manufacture. Among the disadvantages of these 

membranes are: (1) a fai~ly narrow temperature range (maximum recommended 

temperature of 30°C); (2) a rather narrow pH range (preferably pH 3-6; 

(3) poor resistance to chlorine; (4) a tendency to "creep," bringing about a 

gradual loss of membrane properties (notably flux); and (5) susceptibility to 

microbial attack. 

The aromatic polyamides (aramids), commercialized by DuPont in 1970, have 

an asymmetric structure similar to cellulose acetate. They are not susceptible 

to biological attack, resist hydrolysis, and can be operated over a wider 

range of pH (pH 3 to 11) and slightly higher temperature (40°C) than cellulose 

acetate membranes. However, they are readily degraded by low levels (0.2 ppm) 

of free chlorine, a major drawback for some applications. 

Thin film composites are formed by depositing a film of a polymeric 

material on a porous support structure, usually a polysulfone. An advantage 

of these thin film composite membranes is their ability to withstand more 

severe environments. However, not all polymers can be fabricated into 
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structures that are suitable for reverse osmosis applications. Polysulfones, 

for example, cannot withstand high (e.g., about 100 psig) pressures, nor can 

they be fabricated with pore sizes with less than a 500 to 1,000 molecular 

weight cutoff. Thus, the polysulfones cannot be used directly as asymmetric 

membranes for reverse osmosis; However, they find use in ultrafiltration 

applications and as backings for certain reverse osmosis barriers such as 

polyethylene imine/toluene diisocyanates. Membrane development remains a major 

focus of membrane technology. 

The equipment used to conduct reverse osmosis separations is similar to 

that used for ultrafiltration. Tubular, spiral-wound, and hollow fiber 

systems are hollow fibers, but the hollow fiber reverse osmosis system does 

differ from that used for ultrafiltration. This membrane is made from an 

aromatic polyamide, with a-n inside diameter of about 42 .um and an outside 

diameter of about 85 pm. The fiber has -an asymmetric structure. However, 

unlike the ultrafiltration hollow fibers, the skin is located on the outside 

of the fiber, necessitating the employment of a different system configuration 

to separate the permeate (which flows through the bore of the hollow fibers) and 

the concentrated feed. Up to 4.5 million of the fibers can be assembled into 

a bundle for use in reverse osmosis equipment. This system provides the 

highest membrane area per unit volume for any reverse osmosis system.9 

6.2.3 Electrodialysis Systems 

Electrodialysis is based on the migration of ions through sets of 

alternate cation and anion exchange selective membranes that permit the 

passage of positive and negative ions, respectively.2 The selective 

membranes should possess the following characateristics: 

0 low electrical resistance; 

0 good selective qualities; 

0 good mechanical properties; 

0 good structural stability; and 

0 high chemical stability. 
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Since it is difficult- to optimize these properties, only a few companies 

produce electrodialysis membranes commercially. Two ~eneral types of 

membranes are available, heterogeneous and homogeneous. Heterogeneous 

membranes are manufactured by mixing a commercial ion exchange resin (50 to 

70 percent) with a binder polymer such as polyvinyl chloride. The ion 

exchange resins are usually crosslinked copolymers of styrene and 

divinylbenzene. Cation or anion exchange groups are' introduced into the 

copolymer by sulfonation and chloromethylation/amination with a triamine. 

Plastic mesh or cloth is used as a support for the i6n exchange/binder mixture 

that constitutes the membrane. 

Homogenous membranes consist of a continuous homogeneous film onto which 

an active group is introduced. The membranes can be reinforced or 

nonreinforced. Some of the properties of some commercially available 

membranes are shown in Table 6.2.1, as provided in E. Korngold's chapter on 

electrodialysis in Reference 2. A more extensive de'scription of these and 

other specialty membranes is provided in other references. 1•3- 5 

In an electrodialysis stack, cation and anion exchange membranes are 

alternated between two electrodes. As shown in Figure 6.2.2, during 

electrodialysis, one cell will contain a concentrated solution and the other 

will contain a dilute solution. In industrial units, several hundred cell 

pairs can be assembled between two electrodes. The system can be used for 

desalination, separation of nonelectrolytes from electrolytes, and electrolyte 

concentration. Power consumption is directly proportional to ion 

concentration and operating costs are more favorable for low feed 

concentration. Also, because ion reject ion var.ies from about 45 to 55 percent 

per pass (as opposed to up to 99 percent for reverse osmosis), a number of 

passes must be used if a low concentration of dissolved solids is required in 

the dilute stream. 

The application of reverse osmosis for seawater conversion is much more 

advanced than electrodialysis technology. Because of the high energy 

consumption required at seawater concentration levels (approximately 

32,000 ppm), electrodialysis is not economically attractive, although programs 

to develop high temperature operation and new membranes may improve the 

economics considerably. Cost data from the early 1980s indicate that 

electrodialysis becomes competitive for desalting at levels of roughly 

2,000 ppm total dissolved solids. 
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TABLE 6. 2.1. PROPERTIES OF COMMERCIALLY PRODUCED MEMBRANES 

Name of Thickness Capacity Elecllical resistance 
M:mufaclurcr membranes Membrane (mm) (meq/gml (0 cm2 in 0.1 N NaCI) Reinforcement 

Jonac Chemical Co. lonac MC-3142 0.1.5 1.06 9.1 Yes 
New Jersey MC-3470 0.3~. 1.05 10 . .5 Yes 

MA-3148 0.17 0.93 10.1 Yes 
MA-347.5 0.40 1.13 23 Yes 
IM-12. 0.13 - 4 Yes 

Amcric;.,n Machine iiiU.I A.M.F. C-60 0.30 1..5 6 No 
Foundry A-60 0.30 1.6 5 No 
Connecticut 

lonics Inc. Nepton CR61 AZL IIIJ 0.60 2.7 9 Yes 
Massachuseus AR Ill DZL 183 0.60 1.8 14 Yes 

0' Asahi Gl:1ss Co. Ltd. Selemion CMV 0.1.5 1.4 6.1 Yes 
I Tokyo, Japan AMV 0.14 4.0 Yes ...... 

V1 Tokuyama Soda Ltd. Ncosepta CL 25 T 0.16 1.8-2.0 3.5 Yes 
Tokyo, Japan AV 4 T 0.15 I.S-2.0 4.0 Yes 

Asahi Chemical Jndu~try A.C.I. or OK I 0.23 2.6 6.5 Yes 
Cn. l.ld. Acipcx I>A I 11.21 1.5 4.5 Yes 
Tokyo, Japan 

llcn-Gurin11 University nl' Ncginst NECiiNST-111> 11.35 11.11 12 Yes 
the Negev, Research & NEGINST-111> 11.3.5 0.1! 10 Yes 
Development Authority NEGINST-HC 11.2 1.6 6 No 
Beersheva, Israel NEGINST-IIC 0.2 1.7 H No 

Source: Reference 2. 
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6.2.4 Other Membrane Systems 

As noted previously, Donnan dialysis and coupled transport are two 

membrane technologies that appear to have some application for the treatment 

of metal-containing aQueous wastes. However, problems of membrane stability 

have limited their development. DuPont presently markets "Nafion", a 

perfluorosulfonic acid membrane that is being evaluated as a Donnan dialysis 

membrane for removal of nickel in electroplatin~ washwster. Anion exchange 

membranes for the removal of copper, cadmium, and zinc cyanide complexes are 

also being evaluated. Referencel4 reports studies using Quarternized 

polyvinyl pyridine and polyvinyl benzylchloride films grafted on a 

polyethylene base. Ion transport rates were reportedly proportional to ion 

exchange capacity. 

The coupled transport process relies on a liquid, water immiscible, 

organic complexing agent held within the pores of a microporous membrane. The 

metal ion. introduced with the feed solution to one side of a cell resets with 

the liQuid. It is then transported through the membrane to the product 

solution where it is released and the organic transpo~t medium is 

regenerated. Both Donnan dialysis and the coupled transport processes operate 

without the need for electric current or .high hydraulic pressures as required 

for electrodialysis and reverse osmosis, respectively. The only ener~y 

required is that needed to pump the feed and stripping solution through the 

cells. 

6.3 ULTRAFILTRATION/MICROFILTRATION FOR TREAT.MENT OF METAL WASTES 

As a result of the high molecular weight cutoff {approximately 1,000) of 

ultrafiltration membranes, they cannot be applied directly to recover metals 

present as dissolved solids in, for example, electroplatinJ!: rinsewaters. 

Ultrafiltration has been used commercially to recover or treat electrophoretic 

paints, oil in water emulsions, proteins from the dairy industry, and 

rinsewaters from alkaline metal cleaning baths. However, there are no known 

applications for the recovery of metals from aqueous waste streams, with the 

exception of its use as a pretreatment method or as a means of recovering 

precipitated materials. ConseQuently, the following discussions will address 

membrane systems used to separate precipitated metals .. from waste streams. 
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The following discussion relies heavily on material provided by Memtek 

Corporation, a supplier of this technology.l5-17 Strictly speaking, the 

Hemtek technology is microfiltration, rather than ultrafiltration, since a 

membrane with pore sizes of the order of 0.1 um is used. Although the nature 

of the membrane(s) is proprietary, it reportedly is inert and can withstand 

any solution pH. 

6.3.1 Process Description 

Advanced membrane processing of wastewater, as described by Memtek, 

utilizes a system where insoluble precipitated contaminants are separated from 

solution through chemical pretreatment followed by the use of cross-flow 

tubular membranes to contain the precipitate. These membranes have a nominal 

pore size of 0.1 microns which allows for complete rejection of all 

particulate or suspended solids larger than this s1ze. The mechanism requires 

the solution to be pumped under low pressure and turbulent flow conditions 

down the center of a membrane module. The pressure exerted on the solution 

forces clean solution through the membrane. The solids rejected at the 

membrane surface are carried by the flowing liquid back to the beginning of 

the system. This design allows solutions of up to 10 -percent solids to.be 

filtered while producing particulate free effluent and concentrating the 

solution to a higher percent solids (see Figure 6.J.l). 

The system differs from conventional membrane systems by incorporating 

chemical pretreatment to render metal ions insoluble. Since all precipitated 

solids and turbidity are retained by the membrane, the effluent quality is 

related to the residual soluble ions. When applied to heavy metal wastes with 

appropriate pretreatment chemistry, including co-precipitation effects, the 

toxic metal content of the effluent can be extremely low. 

The basic components of the system are a chemical reaction section, 

concentration tank, process pump, membranes, and an integrated cleaning 

system. These systems utilize low pressure pumping (40 psi) and high 

turbulent flow (15 fps) through the membrane to effect good filtration rates. 

Typical design flow rates for these membrane systems used in industrial 

wastewater applications are 200 to 400 gfd (gal/ft2 of membrane surface area 

per day). Filtration capacity is provided by installing the required number 

of modules in parallel to produce the design effluent. 
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The pretreatment required to attain effluent specifications is specific 

to the particular application. For example, a different pretreatment pro~ram 

is required for chelated compounds, hexavalent chrome, cyanide, and hydroxide 

reactions. The goal of all chemical pretreatment is simply to convert 

dissolved ions to precipitated compounds so that they can be effectively 

removed to produce the required effluent concentrations. Using variants of 

standard pretreatment chemistry, some systems have been designed to produce an 

effluent in the parts per billion range. However, the presence of oil and 

grease can cause premature fouling of the membranej if present, additional 

pretreatment will be required to remove these constituents. 

Each membrane section is provided with an integrated cleaning system to 

restore the membrane performance when fouling occurs. This procedure uses 

only chemical cleaning processes to restore flow rate to the design level. 

The chemical cleaning procedure is designed to complete the cleanin~ in a 

short time period, typically less than 2 hours, applied once each week. 

During treatment, the solids content of the feed increases in the 

membrane modules to form a concentrated slurry with generally 2 to 5 percent 

solids. To increase this concentration, a portion of the slurry is removed 

from the system and routed to a settling tank or filter press where further 

sludge consolidation occurs; e.g., 5 to 20 percent or 30 to 40 percent solids, 

respectively. 

6.3.2 Process Performance 

Table 6.3.1 summarizes operational performance for a range of typical 

applications for ultrafiltration. The table shows the ability of the membrane 

to process high and low concentration wastes to ext~emely low effluent levels. 

6.3.3 Costs 

Costs for the various sizes of standard advanced membrane filtration 

units are presented in Table 6.3.2. The cost estimates include treatability 

study, engineering,, all pretreatment equipment, control panel, pipin~, 

membranes, pumps, installation and start-up. These costs are based on typical 

pretreatment equipment, but do not include costs fo.r pretreatment equipment 

such as cyanide destruction. Operation and maintertance costs include 
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TABLE 6.3.1. TYPICAL SYSTEM PERFORMANCE 

Contaminants Feed (ma/L) Effluent (mg/L) 

Aluminum 10-1000 0.5 

Arsenic 1- 43 0.05 

Cadmium 25- 115 0.05 

Chromium 3- 275 0.1 

Copper l-1525 0.-1 

Cyanide 5- 300 0.1 

Fluoride 18-5000 1.0 

Gallium 4- 20 0.5 

Germanium 20- 110 0.5 

Gold 1- 12 0.15 

Iron 2-1500 0.02 

Lead 2- 25 0.05 

Manganese 1- 10 0.02 

Mercury 3- 30 0.02 

Nickel 4- 300 0.02 

Radium* 1- 10 0.6 

Rhodium 20- 500 0.1 

Silver 10- 200 0.1 

Tin 20- 75 0.1 

Uranium 1- 15 0.001 

Zinc 2- 400 0.1 

BOD 50-5000 ** 

COD 20-3500 ** 

Suspended solids Non-detectable 

*Concentration given in picocuries/1iter. 

** 95 percent removal. 

Source: Reference 15. 
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TABLE 6.3.2. ESTIMATED CAPITAL AND OPERATING COSTS OF STANDARD 
ADVANCED MEMBRANE FILTRATION SYSTEM 

Typical 8 

Flow rate (gpm) Dimensions Capital cost ($,) O&M cost ($/yr) 

20 6'W x 16'L x ll'H 90,000 8,500 

45 6'W X 24'L x ll'H 130,000 15,400 

75 l2'W X 24 1L X ll'H 170,000 19,100 

100 12'W x 45'L x 11 'H 225,000 25,500 

150 18'W x 55'L x ll'H 330,000 37,400 

500 40'W x 60'L x ll'H 900,000 113.300 

2 Depends greatly on influent waste characteristics. 

Source: Reference 15, 1987 costs. 
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electricity, routine periodic repairs, and routine cleaning. They do not 

include costs for pretreatment chemicals, labor, post-treatments, or membrane 

replacement. As shown in Table 6.3.3, these costs are highly site-specific 

and can be appreciable. 

6.3.4 Overall Status of Process 

Availability--

Over 100 full-scale industrial systems, ranging in sLze from 10 to 

400 gpm, have been installed by Memtek at. facilities that include printed 

circuit board manufacturing, electroplating, battery manufacturing, and 

photographic processing. Each application will require treatability studies 

to optimize and integrate the chemical pretreatment and membrane systems. 

Application--

This system can be applied to metal-containing aqueous waste streams 

provided solubility limits associated with the chemical precipitation step are 

within required limits. In most instances this does not appear ·to be a 

problem. Membrane fouling may also impose limitations, although Memtek 
16 

reports that cleaning will restore flux rates. 

Environmental Impact--

Assuming that concentration levels found in the permeate are below 

regulatory limits, the principal environmental impact will result from the 

sludge generated by the process. Dewatering, followed by solidification, 

encapsulation, or some other treatment method, will be!required. 

Advantages and Limitations--

Chemical precipitation followed by microfiltration appears to be an 

effective means of reducing the heavy metal contaminant levels of aqueous 

waste streams. Treatment processes can effectively reduce contaminants levels 

down to 100 ppb or lower. The principal limitation results from the hazardous 

sludge generated which must be treated before it can be land disposed. The 

cost of treatment and disposal will depend upon the contaminant and its 

concentration and could be appreciable. 

6-23 



~ 
N 

"" 

TABLE 6.3.3. ESTIMATED OPERATING COST FOR MEMBRANE FILTRATION SYSTEMS 
TREATING METAL-CONTAINING WASTEWATERSa 

Metal Costs ($/1,000 gallons of feed) 
System concentration ----------------------------------------
size in feed 

Waste description (gpm) (ppm) Chemicals Electricity 

General rinse waterb -- 17 0.05 0.60 

Che1ated wastewater 40 480-665 9.10 0.80 

Wastewater of chelates, 100 27-70 0.80 0.70 
non-chelates, and spent 
concentrates 

Same as above 60 56-105 4.00 0.70 

Same as above 35 46-85 3.40 0.75 

3 Wastes from printed circuit board producers containing primarily copper 
with some lead and nickeL 

hAl so contains ...... 2 ppm chrome. 

Source: Reference 15, 1987 costs. 

Solids 
disposal Total 

0.20 0.85 

5.20 15.10 

0.83 2.33 

0.40 5.10 

0.60 4.75 



6 ._4 REVERSE OSMOSIS 

6.4.1 Process Description 

Revers~ osmosis (RO) is a treatment technique used to remove dissolved 

organic and inorganic materials, and to control amounts of soluble metals, 

TDS, and TOC in wastewater streams. The technology has been applied in the 

metal finishing industry to recover plating chemicals from rinsewater, such 

that both plating chemicals and rinsewaters can be reused. 

RO involves passing wastewater throu~h a semipermeable membrane at a 

pressure greater than the osmotic pressure caused by the dissolved materials 

in the solvent. Thus, the osmotic flow, defined as the flow ft·om a 

concentrated solution to a dilute solution, is reversed due to the increase in 

pressure applied to the system. The process is schematically presented in 

Figure 6.4.L 

To obtain reasonable water fluxes (approximately 10 gal/ft 2 day), the 

feed solution must be pressurized well above the equilibrium osmotic 

pressure. The expression for osmostic pressure can be written as: 

rr = CRT 

where C is the volume concentration, R has the same value as the universal gas 

constant, and T is the absolute temperature. In practice, reverse osmosis 

systems are 9perated from about 4 to 20 times the equilibrium osmotic 
2 pressure, with pressures of 1,000 psi or greater not uncommon.. As shown in 

Figure 6.4.2, osmotic pressure increases with solute mass fraction and 

decreases with molecular weight. As the concentration of the solute increases 

during reverse osmosis, additional pressure must be applied to maintain flux. 

The detrimental effect of increasing concentration is further complicated by 

concentration polarization, a term which refers to accumulation of solute at 

the surface of the membrane resulting in a further increase in osmotic 

pressure. Proper design will minimize the polarization effects, e.g., through 

the use of turbulence within the feed stream. 
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Source: Reference 9. 
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The operation of a reverse osmosis system is affected primarily by the 

.feed characteristics, operating pressure, and membrane type. These factors 

will affect the flux and percent rejection which, in turn, define system size 

requirements and effluent quality, respectively. 

Flux determines the system size for a given waste flow rate; ~.e., higher 

flux permits the use of smaller systems. Flux is the volume flow of permeate 

per unit membrane area. It is proportional to the effective pressure driving 

force, according to the following rela~ionship: 18 

J K(M-6rr) 

where J is the flux, K is the membrane constant, 6Pis the applied pressure 

across the membrane, and trris the osmotic pressure across the membrane. 

Since osmotic pressure is approximately proportional to molar feed 

concentration, flux increases with increasing operating pressure and decreases 

with increasing feed concentration. Thus, chemicals which form high-molecular 

weight complexes will have higher flux for a given weight percent in 

solution. More concentrated solutions can be achieved by utilizing a large 

effective driving pressure. Increases in temperature of the waste feed will 

also increase the flux by lowering viscosity. However, although increased 

operating temperatures will improve the performance of the system in the 

short-term, the lifetime of the membrane will be shortened. 
. . . . f' f 11 18 

Percent re]ect1on 1S de 1ned as o ows: 

% Rejection 
(feed concentration) - permeate concentration 

= X 100% 
(feed concentration) 

Higher percent rejections will result in better quality (higher purity) of the 

permeate and concentrated streams. Percent rejection is primarily affected by 

the membrane type, although rejection will decrease with increasing feed 
. 18 

concentrat1on. 

The application of reverse osmosis to the treatment of metal-containing 

wastes is often limited by the pH range in which the membrane can operate. 

T~ble 6.4.1 shows the ~ha:-ecte:--isti::s cf 5cme cor::::::J.erciel~y _ava:!..lab:!.~ 
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TABLE 6.4.1. COMMERCIALLY AVAILABLE MEMBRANE MATERIALS 

Typical Flux ra'te 
Allowable operating L/m2/day Typical flux Module 

pH pressure (gal/ ft2/day) per module replacement 
Type Description Source range kg/cm2(psig) @ 77GF & 400 pSi L/day(gal/day) costs ($) 

Hollow fiber llollow fine fiber E.l. DuPont 4-ll 29.2-58.4 73( 1. B) (9) 3785(1000) 750 
asymetric membranes Wilmington, DE 
or aromatic polyamide 

Spiral wound Flat sheet composite Osmonics 1 Inc. 2.5-7 29.2-58.4 1140(28) 5680(1500) 350 
cellulose membrane of cellulose Hopkins, MN (400-800) 
acetate acetate with mesh Fluid System 

apacers, rolled into Div. of UOP, lnc. 
CJ' cartridge Dow Chemical USA 
I 

N Midland, Ml 
OJ 

RC-100 Flat sheet composite Fluid SyAtems 1-12 29.2-58.4 530( 13) 3785(1000) 1000 
membrane of polyether/ Div. of UOP, lnc. (400-BOO) 
amide on polysulfone, San Diego, CA 
rolled into cartridge 

Source: Reference 19. 



membranes. The cellulose acetates have a very small pH range, and thus cannot 

be used for recovery of cyanide plating baths where pH is well above 7. The 

polyether/amide on polysolfone material appears to result in the membrane that 

1s least affected by pH. 

Many semipermeable membranes can be fabricated either in the form of a 

sheet or tube, which is then assembled into modules. Figure 6.4.3 shows the 

three basic module designs, which include: 

• Tubular--A porous tubular support with the membrane case in place or 
inserted into the tube. Feed is pumped through the tube, 
concentrate is removed downstream, and the permeate passes through 
the membrane/porous support composite. 

• Spiral Wound--Large porous sheet(s) wound around a central permeate 
collector tube. Feed is passed over one side of the sheet and the 
permeate is withdrawn from the other. 

• Hollow Fiber--Thousands of fine hollow fiber membranes (40 to 80 ~m 
diameter) arranged in a bundle around a central porous tube. Feed 
enters the tube, passes over the outside of the fibers, and is 
removed as concentrate. Water permeates to the inside of the fibers 
and is collected at one end of the unit. 

Reverse osmosis systems typically consist of a number of modules 

connected in series or parallel, or a combination of both arrangements. In a 

series arrangement, the reject stream from one module is fed directly to 

another module, such that greater product concentration is achieved. 

Alternatively, the reject stream may be recycled to the feed stream of the 

same unit. Series treatment may be limited in some cases by the ability of 

the membrane to withstand concentrated contaminants. The system capacity can 

be increased through the use of a parallel arrangement of modules; however, 

product quality will not be enhanced. Schematic flow diagrams of two series 

systems are shown in Figures 6.4.4 and 6.4.5. 

To ensure a minimum permissible reject flow rate per module, and thus 

provide adequate turbulence, each successive stage contains a smaller number 

of modules than the preceding stage. The system shown in Figure 6.4.4 is 

designed for 87.5 percent water recovery. While the degree of rejection is 

dependent on the particular ion under consideration, F~gure 6.4.5 shows how 

higher purity water can be obtained by feeding the product to a second staie. 
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Although they are able to operate at higher pressures, tubular modules 

are not applicable for most industrial applications because of large floor 

space requirements and high capital costs. Comparatively, hollow fiber and 

spiral wound modules have lower, and similar, capita'! costs. Hollow fiber 

modules require less floor space, but spiral wound modules are not as 

susceptible to plugging by suspended solids. 19 For best performance, the 

feed to any of these systems should be treated to remove gross amounts of 

solids and to prevent fouling by precipitation or biological growth. 

Pretreatment Requirements--

Colloidal and organic matter can c:log the membrane surfac:e, thus reducin2 

the available surface area for permeate flow. Also, low-solubility salts will 

precipitate on the membrane during the concentration process, similarly 

reducing membrane efficiency. Pretreatment techniques such as pH adjustment, 

activated carbon adsorption, chemical precipitation or filtration 

(approximately 5ym) may be required to ensure extended service life. 

Operating costs for membrane systems are a direct function of the 

concentration of the impurity to be removed, due in part to increased 

maintenance and membrane replacement costs .• 

Multi-~harged cations and anions are effectively removed from the 

wastewater by reverse osmosis. However, most low molecular weight, dissolved 

organics are, at best, only partially removed. Their presence could present 

operational difficulties and may require expensive pretreatment for their 

removal. The use of reverse osmosis for recovery/reuse of process wastes is 

also currently somewhat limited because many membranes are attacked by 

solutions with a high oxidation potential (e.g., chromic acid) or excessive pH 

levels. However, future development of membranes which are able to withstand 
21 

harsher environments is expected. 

Post-Treatment--

Reverse osmosis applied to plating bath wastes is usually supplemented 

with an evaporation system in order to adequately concentrate constituents for 
21 

reuse. The amount of feed concentration permitted in a unit is limited by 
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the membrane characteristics. Reverse osmosis units can concentrate most 

divalent metals (nickel, copper, cadmium, zinc, etc.) from rinsewaters to a 10 

20 
. 21 

to percent solutLon. Further concentration must be achieved through 

the use of a small evaporator. Evaporators are especially necessary for 

plating and other systems operated at ambient temperatures where atmospheric 
. . . 1 21 evaporstlve losses are mlnLma • 

6.4.2 Process Performance 

Reverse osmosis applications in recycling many electroplating bath wastes 

are somewhat limited due to membrane degradation in the extreme pH regions. 

However, research has been conducted to recover both acidic and basic plating 

rinsewaters, which has led to the development of more chemically resistant 

membranes. 

The Walden Division of Abcor, Inc. (Wilmington, MA) conducted a number of 

studies of reverse osmosis systems for recovery of plating rinsewaters. 

Initially, studies were conducted to test the applicability of membrane types 

to various plating rinses. Test samples were prepared by diluting actual 
. . . . 18 . ( plating bath solutLons w1th de-LonLzed water. Bath propertLes total 

dissolved solids, pH) and test solution properties {concentration, pH) for the 

wastes tested is presented in Table 6.4.2. The percent TDS rejection values 

shown in the table were averages for tests at the low end of the concentration 

levels. Percent reduction values for the metals of interest were generally 

slightly higher. Overall, membrane performance was affected by feed 

constituent concentrations, operating pressure, operating temperature, flow 

rate, and pH. Flux and rejection_data were not affected by changes in pH, but 

extreme pH values were found to decrease membrane life. 

Additional tests were performed to evaluate the effects of feed 

concentrations on flux and percent-rejection. A summary of the operating 

parameters and results for some of these tests is presented in Table 6.4.3 for 

the chromic acid rinse. As shown, both flux and rejection decrease somewhat 

with increasing feed concentration. These results are typical for all of the 

wastes studied. While rejection and flux results were satisfactory for the 
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TABLE 6.4.2. SUMMARY OF REVERSE OSMOSIS EXPERIMENTS 

Properties of 
test solutions 

------------------------
Properties of bath Concentration 
------------------ range 

Plating baths Source of bath % TDS pll (% TDS) pH range 

chromic 1\cid Whyco Chromium Co. 27.5 -- 0.3-4.5 4.5-6.1 
(Neutralized) (37.1) 

Chromic Acid Whyco Chromium Co. 27.5 0.53 0.4-9.0 1.2-1.9 
(Unneutralized) 

Copper Pyrophosphate lloneywell (M&T) 31.9 8.8 0.2-11.4 6.8-8.5 

Nickel Sulfamate Honeywell (llarstan) 31.0 4.2 0.5-12.0 4.9-6.1 

Nickel Fluoborate llampden 25.7 3.5 0.9-5.8 3.4-6. 1 
Colors & Chemicals 

Zinc Chloride General Electric 19.8 4.5 0.2-4.2 5.3-6.1 
(Conversion 
Chemical) 

Cadmium Cyanide American 26.3 13.1 0.3-3.1 11.5-12.5 
Electroplating Co. 

Zinc Cyanide American 11.4 13.9 0.5-2.4 12.3-13.3 
Electroplating Co. 

Copper Cyanide American 37.0 13.3 0.6-3.7 11. B-12. 5 
Electroplating Co. 

Rochelle Copper Whyco Chromium Co. 12.7 11.2 0.13-3.2 9.8-10.6 
Cyanide 

A - DuPont 8-9 permeator, polyamide hollow-fiber membrane. 
B - T.J. Engineering 971132 spiral-wound module; cellulose acetate membrane. 
C - Abcor TM S-14 module, tubular configuration; cellulose acetate membrane. 

Source: Adapted from Reference 18. 

Average % TDS 
rejection by 
module type 
-------------
A B c 

98 94 97 

90 94 97 

96 97 97 

91 93 91 

64 -- 91 

92 90 89 

95 

95 

98 

99 



TABLE 6.4 .3. ANALYTICAL RESULTS FOR REVERSE OSMOSIS TREATMENT 
OF SPENT CHROMIC ACID PLATING RINSE 

Operating conditions 
Waste feed ----------------------

Membrane ---------------- Pressure Temp. pH of 
module8 %-TDS % of bath (psi~t) (oC) feed Fluxb 

Hollow fiber 400 2.59 
Spiral 0.40 1.5 600 29 1.9 15.3 
Tubular 800 10.0 

Hollow fiber 400 1.97 
Spiral 1.83 6.7 600 29 1.2 13.2 
Tubular 800 8.58 

Hollow fiber 400 1.20 
Spiral 4.11 15 600 29 1.2 10.6 
Tubular 800 7.31 

Hollow fiber 400 leak 
Spiral 9.43 34 600 28 0.9 leak 
Tubular 800 6.60 

8 Three commercially-available membrane modules were tested: 

DuPont ·B-9 .hollow-fiber module (polyamide membrane); 
T.J. Engineering 97H32 spiral-wound module (cellulose acetate 

membrane); and 

% - Rejection 
--------------
Basis: Basis: 

TDS cr+6 

84 97 
97 96 
99 98 

95 87 
94 86 
97 91 

90 91 
92 92 
95 7 

leak leak 
leak leak 

94 97 

Abcor, Inc., TM5-14 tubular module (cellulose acetate membrane). 

bGallon/minute/ single DuPont B-9 permeator s i·ze 0440-035. 
Gallon/day/ft2 for spiral-wound and tubular modules. 

Source: Reference 18. 
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Other available data,_ widely scattered throughout the literature, 

indicate that reverse osmosis is a proven technology for treating 

electroplating wastewater. Systems are being used commercially to recover 

brass, hexavalent chromium, copper, nickel, and zinc from metal finishing 

solutions. While the ultimate goal is zero discharge, evaporators may be 

needed to concentrate the solution ~o the reQuired bath strength. Rinses such 

as Watts nickel, bright nickel, and nickel sulfamate, all can be treated Ln a 

d . h d . 1 22 5 . 1 zero 1sc arge system; however, uplex ntcke cannot. ome typLca 

membrane rejection values for cations and anions are shown in Table b.4.4. 
2 10 22 24 

They are similar to values reported by other sources. ' 1 
' 

6.4.3 Cost of Treatment 

Capital costs for reverse osmosis systems vary with operating parameters, 

membrane type, modular design, and waste feed characteristics. According to 

Reference 10, the capital and annual operating costs for a typical reverse 

osmosis system used in the electroplating industry were $20,000 and $5,QOO, 

respectively. Due to savings associated with recovery of plating chemicals, 

wastewater·treatment, and sludge disposal, the payback period was 4.3 years. 

The above values represent 1979 dollars, but present day costs do not appear 

to have increased appreciably. 

Capital costs are primarily a function of the membrane surface area 

needed to provide the necessary flux. The packaged reverse osmosis units 

available from manufacturers contain a fixed number of membrane modules along 

with auxiliaries such as a feed pump, prefilters, and other eQuipment needed 

for pretreatment. The packaged membrane modules can be readily replaced or 

expanded if the need arises. Installation costs are minimal since the units 

are normally sltid mounted and require only utility connections. 

The capital cost of a system is approximately the same for spiral-wound 

or hollow-fiber membrane units; tubular units are more expensive, but may be 

required if fouling is a problem for a particular waste. Costs are also very 

similar for most of the commercially available reverse osmosis membranes; 

i.e., cellulose acetate, polyamide, and polyether/amide. Figure 6.4.6 shows 

the relationship between equipment costs and ~embrane surface areas fer a· 
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TABLE 6.4.4. MEMBRANE REJECTIONS 

Name 

Cations 

Sodium 

Calcium 

Magnesium· 

Potassium 

Iron 

Manganese 

Aluminum 

Ammonium 

Copper 

Nickel 

Strontium 

Hardness 

Cadodum 

Silver 

Anions 

Chloride 

Bicarbonate 

Sulfate 

Nitrate 

Fluoride 

Silicate 

Phosphate 

Bromide 

Borate 

Chromate 

Cyanide 

Sulfite 

Thiosulfate 

Ferrocyanide 

Percent 
rejection 

94-96 

96-98 

96-98 

94-9& 

98-99 

98-99 

99* 

88-95 

96-99 

97-99 

96-99 

96-98 

95-98 

94-96 

94-95 

95-96 

99* 

93-96 

94-96 

95-97 

99* 

94-96 

35-70** 

90-98 

90-95** 

98-99 

99"' 

99* 

Maximum 
concentTat.ion 

percent 

3-4 

* 
* 

3-4 

* 

* 
5-10 

3-4 

8-10 

10-12 

* 
8-10 

* 

3-4 

5-8 

S-12 

3-4 

3-4 

10-14 

3-4 

8-12 

4-12 

8-12 

10-14 

8-14 

*Must watch for precipitation, other ion 
controls maximum concentration. 

**Dependent oc pH. 

Source: Reference •J. 
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spiral-wound, cellulose acetate membrane system. The costs are in 1983 

dollars, but are not appreciably different today if the Chemical Plant Index 

is used as an indicator (a value of 316.9 in 1983 versus 319.7 in April 1987). 

The low operating cost of a reverse osmosis system is one of the most 

attractive features of the technology. The only utility needed for the system 

is electricity and the feed pumps generally draw less than one kilowatt of 

power. However, additional costs may be incurred for membrane replacement and 

feed pretreatment. Also, additional expense may be reQuired for an evaporator 

when reverse osmosis alone is not capable of providing a output that 1s 

concentrated enough for direct reuse as an electroplating solution. In the 

case of a zinc cyanide system, a cost for an evaporator of $40,000 was 

estimated to supplement a $25,000 expenditure for a reverse osmosis system. A 

$10,000 annual savings was insufficient to offset the $12,000 operating costs 

for the combined reverse osmosis/evaporator system. 

However, where reverse osmosis can be used to produce a satisfactory 

plating solution, chemical recovery benefits can be appreciable. Figure 6.4.7 

shows the savings possible from the recovery of nickel salts from a Watts 

nickel plating line. A detailed analysis of the economics of a reverse 

osmosis installation for drag-out recovery is presented in Table 6.4.5. The 

values are given in 1983 dollars; as noted, values are not appreciably 

different from present-day values ·if the Chemical Plant Index is used as a 

cost indicator. 

In summary, the cost-effectiveness of reverse osmosis is dependent upon 

the following factors: production rate, type and concentration of rins~water 

constituents, water supply, wastewater disposal costs, and useful lifetime of 
10 membranes. As more chemically resistant membranes are developed, reverse 

osmosis systems will have more cost-effective applications for metal 

containing waters. Also, with the implementation of the land disposal ban and 

the resulting rise in sludge disposal costs, reverse osmosis will become a 

more cost-effective alternative to conventional neutralization practices. 
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TABLE 6.4.5. ECONOMICS OF REVERSE OSMOSIS SYSTEM FOR NICKEL 
SALT RECOVERY, OPERATING 4,000 h/yr 

!tern 

Installed ~ost, 550-ft2 unit ($): 
Equipment: 

RO system in~luding 25 um filte~, pump less 
ten membrane units 

Activated carbon filter 
Auxiliaries, piping, and miscellaneous 

Subtotal: 

Installation, labor and material 
Total installed cost 

Annual operating cost ($/yr): 
Labar and maintenance at $10/hr 
General plant overhead 

Raw materials: 
Module replacement, 2-year life 

(10 x $350/module) x 0.5 yr 
Carbon for ~arbon filter 

Prefilter element (25 um) 
Electricity ~osts ($0.45/kwh) 

Total operating cost: 

Annual fixed costs ($/yr): 
Depreciation, 10 percent of investment 
Taxes and insurance. 2 percent of investment 

Total fixed costs: 

Total cost of operation: 

Annual savings ($/yr): 
Plating chemicals: 

4 lb/hr nickel-salt at Sl/lb 
1.5 oz/hr brightener at $0.10/az 

Water and sewer charges: saving 270 gal/hr at 
SO.S0/1,000 gal 

Total gross annual savings: 

Net savings ~ annual savings - (operating cast + 

fi.xed cost) ($/yr) 
Net savings after _taxes, 45% tax rate 

7,800 x o.55 + z,sooa ($/yr) 
Average RO! = net savings after taxes/total installed 

investment x 100 (%) 
Cash flow from investment ~ net savings after taxes + 

depreciation (S/yr) 
Payback period s total installed investment/cash 

flow (yr) 

a10% investment tax credit~ $2,500 (or 0.10 x 25,000). 

Source: Reference 25. 
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Amount 

17,000 

2,000 
3,000 

22,000 

...l...QQQ 
25,000 

1,600 
1,000 

1,800 

500 
700 

....!.J...lQ.Q. 

6,700 

2,500 
sao 

3,000 

9,700 

16,000 
oOO 

900 
17. 500 

7,800 

6,800 

27 

9,300 

2.7 



6.4.4 Overall Status of Reverse Osmosis 

Availability--

Reverse osmosis technology is available from a fairly large number of 

membrane and system equipment manufacturers. Many of these firms are listed 

in references previously cited 1•2 and in the Chemical Engineering Equipment 

Buyers' Guide which is published annually by McGraw Rill. 

Applicati6n--

Reverse osmosis appears to have found widespread acceptance in the 

electroplating industry for the recovery of metals in rinsewater. A list of 

current reverse osmosis installations in the electroplating industry, adapted 

from Reference 24, is shown in Table 6.4.6. This list is expected to increase 

as new membranes are developed to meet the demands of the harsh electroplating 

environment. 

Environmental Impacts--

The reverse osmosis technology, as applied in the electroplating 

ind~stry, is a recovery technology capable of achieving zero discharge in the 

certain applications. There should be no detrimental environmental impacts 

associated with this technology provided the reject stream can be recycled. 

Advantages and Limitations--

When properly applied, reverse osmosis systems should achieve economic 

benefits associated with chemical recovery and the elimination of the expense 

of hazardous waste disposal. The disadvantages of reverse osmosis are 

associated largely with the limited lifetimes of membranes in some 

applications, resulting in cost penalties for membrane replacement and 

pretreatment. Most suppliers will favor conducting treatability studies to 

ensure successful application of their systems to a specific waste stream. 
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TABLE 6.4.6. CURRENT RO INSTALLATIONS IN THE ELECTROPLATING INDUSTRY 

Type of bath 

Bright nickel 
Nickel sulfamate 
Watts nickel 

Copper sulfate 

Zinc sulfate 

Brass cyanide 

Copper cyanide 

Hexavalent chromium 

Source: Reference 24. 

Type of membrane 
and confi~uration 

Cellulose acetate 
Spiral wound 

Polyamide 
Cellulose triacetate 
Thin-film composite 
Hollow-fiber 
Spiral wound 

Thin-film composite 
Spiral wound 

Polyamide 
Cellulose triacetate 
Hollow-fiber 

Polyamide 
Hollow-fiber 

Thin-film composite 
Spiral wound 
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No. of installations/ 
zero discharge 

150/yes 

12/no 

1/90% recovery 

5/90% recovery 

2/90% recovery 

Under investigation 



6.5 ELECTRODIALYSIS 

6.5.1 Process Description 

Electrodialysis is one of the more recent technolo~ies applied to the 

recovery of plating chemicals from rinse solution. Electrodialysis uses an 

electric field as the driving force to remove charged ionic species from a 

feed stream, Anion and cation exchan~e membranes allow anions and cations. 

respectively, to pass from the feed stream to a concentrated ionic solution. 

As noted previously, several types of cation and anion exchan~e membranes· 

are available commercially. Some properties of commercially produced 

membranes were shown previously in Table 6.2.1. As with reverse osmosis 

systems, electrodialysis systems are available as packa~ed units equipped with 

electrical components, pumps, motors, pretreatment features. recycle, 

temperature control, cleaning, and other features. These can be arranged in 

parallel or series as required by the application and its process streams. 

Properly designed and operated, electrodialysis units have proven to be 

f . . b 25 e fect~ve and rel1a le. 

By packaging several cell pairs of membranes (typically. 50. to 300 cell 

pairs20 } between electrodes and manifolding the streams. a concentrated 

stream and a depleted stream, from which 45 to 55 percent of the ions have 
2 

been removed, are generated. Further ion reduction of the depleted stream 

can be accomplished in additional stages. However, electrodialysis cannot 

process highly deionized water because of the poor electrical conductivity of 

such waters. A flow sheet of a three stage electrodialysis system used for 

desalting is shown in Figure 6.5.1. As noted in Reference 2, the feed and 

recycle pumps operate at pressures of about 50 psig, a pressure sufficient to 

supply as many as six stages without intermediate pumps. Excessive feed 

pressures must be avoided to prevent leakage. However, the flow rate in any 

stage must be sufficient to create adequate turbulence to keep concentration 

polarization below scaling limits. 

Electrodialysis removes dissolved matter from water, leaving nonionized 

material (such as many organics, suspended matte.r, silica, etc.) present in 

the ion depleted watero This can cause problems if, for example, a build-up 
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Figure 6. 5. 1. Schematic of a three-stage ED plant. 

Source: Reference 2. 
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of organic compounds in the purified stream is undesirable. Also, all ionic 

species are nonselectively recovered. Pretreatment (for example, to reduce 

concentrations of bardness components and other dissolved impurities or 

organics) and maintenance requirements must consider these possibilities and 

their implications. 

A potential problem with all applications is the possibility of reaching 

excessive current densities becaus~ tif the high concentration of ions a~ the 

membrane interfaces. Possible consequences of this are the precipitation of 

metals such as calcium and magnesium and the electrolysis of water. to hydrogen 

and hydroxide ions. Undesirable effects leading to membrane fouling and local 

overheating of membranes can result. 

Pretreatment or system design features can avoid problems resulti~g from 

electrolysis. For example, introducing turbulence or reducing the total ionic 

content of the concentrate stream have been successful in reducing fouling and 

electrolysis. To avoid fouling tendencies, almost all manufacturers recommend 

periodic reversal of the applied voltage while simultaneously re-routing the 

feed and concentrate. 

There are no fundamental limits, other than solubility, on the maximum 

concentration level obtained in the concentrate. However, power consumption 

is directly proportional to the ion content of the feed. This contrasts with 

reverse osmosis, in which separation costs are less strongly influenced by 

concentration. Consequently, electrodialysis operating costs are favorable 

for low feed ion concentration and become less so as .concentration increases. 

In addition, electrodialysis, according to Reference 21, is generally used to 

produce a concentrated solution, such that evaporation units are not 

required. Where a valuable concentrate is being provided, salts may be 

concentrated to 20 percent or more, si~nificantly beyond that feasible for 
. 12 reverse osmosLS systems. 

6.5.2 Process Performance 

As noted in Reference 25, there are now more than 100 applications of 

electrodialysis to process rinsewaters from electroplatin~ processes. At 

least th~ee vendors are cu=rent.ly ::.anctac::uring sys:r.ems for treatment: of 

wastes from gold, chromium, silver, and zinc cyanide plating operations and 

from nickel plating operations. Other plating baths treated successfully by 

electrodialysis include tin and tin lead _fluoborate, and trivalent chromium 
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baths. Application tJ hexavalent chromium plating is questionable because of 

the potential for degrading presently available membranes.
25 

Another 

application that has been successfully demonstrated involves the recovery of 

chromic acid and sulfuric acid from spent brass etchants. This particular 

electrodialysis system, used for acid recovery, was developed at the Bureau of 

Mines
26

• 27 and is now available from Scientific Control, Inc. in Chicago, 

Illinois. The system is applicable to wastes containing copper as the primary 

contaminant. 20 A.more detailed description of this process and other 

electrodialysis processes can be found in References 10, 20, and 25, and in 

other primary references cited. 

6.5.3 Cost of Treatment 

Typical costs for electrodialysis systems to treat plating rinsewaters 

range from $30,000 to $45,000, depending on the application.
1° Capital 

costs for the "Chrome Napper" system available from lnnova Technology, Inc. 1n 

Clearwa:er, Florida, range f.rom $9,900 to S30,000, including installation and 
28 

power supply. This has been successfully used for the recovery of chromic 

acid from electroplating wastewaters. Systems are sized according to bath 

temperature, dragout concentrations, number of rinse tanks, concentration of 

the bath, and the volume of spent solution to be treated per unit time. 

Scientific Control, Inc. sells electrolytic electrodialysis units to 

recover chromic/sulfuric acid brass etchants. Unit sizes are based on the 

amount of copper the system is capable of removing per unit of time. 

Available unit sizes range from 0.05 to 0.5 lb copper removal per hour. 

Capital equipment costs (1986 dollars) for these units range from $24,000 to 

$80,000. These costs do not include installation which would include a hoist, 

plumbing, and a ventilation/exhaust system. Additional costs for the exhaust 

system could range from $5,000 to $15,000, depending on the size reauired. 

Operating and maintenance costs are relatively low. Membranes will need to be 

replaced approximately every 9 months, depending on usage~ at a replacement 

cost of approximately 10 to 15 percent of the original eauipment costs. 

Additional maintenance costs will include approximately $10/month for 

replacement of filter cartridges {a pre-filter system is incorporated into the 

unit). The estimated payback period for the system is approximately 2 years, 
29 

based on savings in treatment and disposal costs. 
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6.5.4 Overall Status of Process 

Availability--

Over 100 electrodialysis systems are now employed commercially for the 

recovery of metals from electroplating rinsewaters. 25 At least three 

manufacturers (Scientific Control, Inc.,·Chicago, IL; Innova Technolo~y, 

Clearwater, FL; and Ionics Inc., Watertown, MA} are currently manufacturing 

electrodialysis equipment for this application. Other membrane-oriented 
0 1-5 12 20 equipment suppliers are listed 1n the references ' ' , as well as in the 

Chemical Engineering Equipment Buyers' Guide. 

Application--

The principal area of application of electrodialysis appears to be the 

recovery of metals from electroplating bath rinsewaters. Electrodialysis and 

reverse osmosis are competitive processes for these applications. 

Electrodialysis would appear to have the advantage when concentration levels 

are low (operating costs are low), or wh~n recovery values justify the expense 

of achieving concentration levels higher than those:possible with reverse 

osmosis. 

Environmental Impacts--

Because electrodialysis is a recovery process, the environmental impacts 

are limited to those resulting from pretreatment and post-treatment. 

Pretreatment operations generating wastes include filtration to remove solids, 

oi 1, and grease, chemical prec ipi ta,t ion to remove sea 1 ing components, and ion 

exchange to remove organics that could lead to biological fouling or 

electroplating difficulties. Post-treatment requirements are minimal, but 

could involve treatment or purification of process streams suffering from a 

gradual accumulation of contaminants in a near zero discharge system. 

Advantages and Limitations--

A significant advantage of electrodialysis over reverse osmosis is its 

ability to concentrate solutions up to their solubility limit, thus avoiding 
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the need for auxiliary equipment such as evaporators. Further advantages 

include the following, as noted in Reference 2: 

• The units operate continuously (ion exchange without regeneration); 

• The only utility required for operation is a DC power source; 

• The units are compact; and 

• Operating cost is low; electrical power consumption averages 
$0. 25/hour. 

Disadvantages of the process vary, depending on the application. All 

ionic species are nonselectively recovered, including ionic bath impurities. 

Conversely, organic brighteners, wetting agents, and other nonionized 

compounds will accumulate in the dilute stream, limiting its reuse potential. 

A potential problem with any application is the possibility of exceeding 

the maximum voltage set by the solution conductivity at the membrane boundary 

layer. The consequence of this condition is electrolysis of water to hydrogen 

and hydroxide ions and the possible resulting precipitation of metal 

hydroxides which will foul the membranes. 

6. 6 OTHER MEMllRANE PROCESSES 

Previous reference ·has been made to other :nembrane techno,logies, notably 

Donnan dialysis and coupled transport. Although these processes o.ffer 

potential advantages over _other technologies, including the commercially 

available membrane technologies, they have yet to achieve commercial status. 

Recent discussions with representatives of firms involved in the study and 

development of these processes have indicated that no additional work is ln 

progress. 30 •31 However, the Bend Research Corporation, a developer of ·a 

coupled 

process 

transport process, is actively seeking licensing 

they feel is viable and demonstrated. 31 
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SECTION 7.0 

LIQUID-LIQUID EXTRACTION 

7.1 BACKGROUND 

LiQuid-liQuid extraction involves the separation of a component from a 

waste solution by transfer to a second liQuid. The extractant is immiscible 

in the waste, but exhibits a preferential affinity for the constituent. 

Although not a widely applied treatment technology, liQuid extraction has 

potential for removal of many toxic constituents from wastewaters. LiQuid 

extraction is particularly attractive in cases where the solutes are present 

at high enough concentration levels to provide recovery value or when other 

treatment methods are less effective. 

In the mining industry, the solvent extraction of metal salts from 

aQueous solutions has acQuired commercial importance, particularly for the 

recovery of copper, nickel, cobalt, uranium, vanadium, and other metals from 

aQueous effluents. However, the application of solvent extraction to treat 

waste effluents remains undeveloped. As a unit operation, extraction lags in 

terms of the amount of research which has been conducted and the availability 

of Quantitative design methods. Performance is highly waste and site-specific 

due to competing reactions, desired selectivity in multi-component wastes, and 

operating limitations of pH, temperature, and processing time. The impact of 

these variables can only be accurately determined through laboratory scale 

testing, using various extractants or combinations of extractant, to determine 

distribution isotherms and reaction kinetics. Thus, much of the technological 

development of extraction has been carried out by manufacturers of specialized 

eQuipment and has not· been disseminated through open literature. 

The simplest extraction system is comprised of three components: l) the 

solute, or materiel to be extracted; 2) the carrier, or the nonsolute portion 

of the feed mixture to be separated; and (3) the solvent, which is immiscible 
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with the carrier phase. Discussions of extraction require distinctions to be 

made between the light and heavy phases. the dispersed and continuous phases. 

and the raffinate and extract phases. The terminal streams from an extractor 

are the extract and the raffinate. This is shown in Figure 7 .1.1 for the case 

of countercurrent extraction. 

As a recovery process, the use of solvent extraction involves the 

following steps: 

1. Extraction--Constituents are transferred from aqueous phase to 
organic phase using an organic solvent as an extractant. 

2. Back-Extraction/Stripping--The constituent to be recovered is 
transferred from the organic phase to a concentrated aqueous phase. 

Solvents used for the extraction of metals include three basic types: 

cation or acidic extractants; anion exchangers; and solvating agents. as shown 

in Table 7.1.1. 1 Metal cations react with the cation or acidic extractant. 

typically an organic acid. to form neutral complexes that are preferentially 

dissolved by the organic phase. The following eQuation describes a cation 

exchange: 

As shown. hydrogen ions are exchanged for the metal cation in proportion to 
+3 its valence. Thus, Fe is preferentially extracted by acid extractants in 

0 +2 .+2 
the presence of divalent 1ons such as Cu or N1 • The degree of 

extraction of the metal will also increase with the pH of the aqueous phase 

since. at low pH, the extractant cannot release its hydrogen ion in exchange 

for the cation. 

As shown in Table 7.1.1, anion exchangers in solvent extraction are 

generally protonated forms of primary. secondary, and tertiary high-molecular 

weight amines and quaternary compounds. The extraction of metal complexes 

proceeds primarily by either ion exchange or an addition reaction as 

follows: 2 

or 
R4N+X- + MYn+l ~ R4N+MYn+l + x

R4N+x- + MXn ~ R4N.MXn+l 
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Figure 7.1.1. Simple system illustrating extraction technology. 

Source: Reference 1. 
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TABLE 7.1.1. CLASSIFICATION OF EXTRACTION REAGENTS 

Extractant type 

Cation or acid 
extractants 

Anion exchangers 

Solvating agents 

Extraction mechanism Example extractants 

Extraction by compound Organic acids, such as carboxylic, 
formation sulfonic, phosphoric, phosphonic, 

phosphinic acids; and a~idi~ 
chelating agents. 

Extraction by ion-pair Polyphenylmetalloid type, 
formation polyalkylsulfonium type, polyalkyl

ammonium type, and salts of high
molecular-weight aliphatic amines. 

Extraction by solvation Carbon-, sulfur-, or phosphorus
bonded oxygen-bearing extra~tants; 
alkylsulfides; etc. 

Source: Reference 2. 
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In any reaction, both extraction mechanisms occur. However, the controllina 

mechanism is determined by the free 

and the dominant species present in 
(n-2) 

MX2 ' •••• , MX.n' MX-
1

, etc.). 
n+ 

concentration of X- in the aqueous 
(n-1)+ 

the aqueous phase (i.e., MX 1 

Thus, a knowledge of individual 

phase 

system chemistry is of prime importance in determining reaction kinetics and 

optimal system design. 

Extraction by solvation requires the transfer of a formally neutral 

species from the aqueous to the organic phase. This occurs through solvation 

of the metal ion of a neutral salt species or, in the case of formation of a 
2 complex acid species, solvation of the proton: 

~ 

MXn + yS ...- MXnSy 
or 

HMXn+l + xS ~ (HSx)+(MXn+l)-

In acidic and solvation extraction of metal complexes, the extraction agent 

will replace primary and/or secondary waters of hydration, thus rendering the 

complex soluble in the organic phase. 

The degree of extraction of a metal by a solvating extractant depends on 

a number of.· factors, including: 1) the nature and concentration of the 

anionic coordinating ligand X which, in turn, influences the type of metal 

complex formed; 2) the degree of hydration of these aqueous metal complexes; 

and 3) the relative strength of the water-metal and extractant-metal bonds. 

These factors determine the nature of the competition between water and the 

extractant for the solvation sites. Ideally, the metal ion will be completely 
2 

stripped of its hydration layer. 

Tables 7.1.2 through 7.1.4 summarize the structures and properties of 

freQuently used cation and acidic extractants, anion exchangers, and solvating 

exchangers. 

7.2 PROCESS DESCRIPTION 

Solvent extraction can be used for the recovery of concentrated solutions 

or for treatment of wastewater streams prior to discharge. The former is used 

for the treatment of spent process solutions such as used pickling and plating 

baths, and process bleed streams. The purpose of recovery in this case is to 
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TABLE 7.1.2. STRUCTURE AND PROPERTIES OF ACIDIC EXTRACTANTS 

As Received Extractant 

Molecular Weight Active Flash 
of Active Extractant, Specific Point, 

Name Formula Extractant wt.% Gravity oc 

R2 

Versa tic 10 R,-i~COOH 17 5 99.6 0.91 129 

R 1 + R: + R 3 = Ca 

Di·2·ethy1hexyl- (C: H• CH(C 2 Hs )CH2 Oh POOH 3:!2 100 0.98 
phosphoric acid 

Octylpheny1· ROPO(OH): + (RO): POOH 
phosphoric acid 

R = (CH 3 ))CCH 2 C(CH3 hC6 H5 

SYNEX 1051 

R-'o6' 
458 50 0.92 

R=C 9 H 19 

Source: Reference 2. 
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TABLE 7.1.3. STRUCTURE AND PROPERTIES OF ANION EXCHANGERS 

As Received Extractant 

Name 

Primene JMT 

LA-2 
Adogen 183 

Adogen 364 
A1amine 336 
Adog=n 368 
Hostarex A327 
Adogen 381 
Alamine 308 
Hostarex A324 
Adogen 382 

Formula 

Molecular Weight 
of Active 
Extractant 

Primary A mines (RNH 1 ) 

R = (CH3 h C(CH, C(CH 3 h l.- 269-3:5 

Secondary A mines (R 2 NH) 

R = c,,-c13 351-393 
R = c, 3 385 

Tertiary A mines (R3 N) 

R=Ca-Cto -380 
R = Ca-Cto -392 
R =c.-en 
R = C8 -c,, -395 
R = isoocty1 353 
R = isooctyl 
R = isooc:yl -363 
R = isodecyl 437 

Active 
Extractant, 

wt. 'lo 

100 

1'00 
92 

96.2 
95 
95.8 

95.1 

95.1 

Quaternary Ammonium Compounds (R 3 N(CH 3 tCl-) 

Adogen 464 R = C8 -C 10 -431 90 
A1iquat 336 R=Cs-Cto -442 >ss 

Source: Reference 2. 

7-7 

Specific 
Gravity 

0.84 

. 0.83 
0.83 

0.81 
0.81 
0.82 
0.81 
0.82 

0.81 
0.82 

0.84 
0.88 

Flash 
Point, 

oc 

180 

168 

203 

166 

132 



TABLE 7.1.4. STRUCTURE AND PROPERTIES OF SOLVATING EXTRACTANTS 

Molecular Specific 
Name Formula Weight Gravity 

Carbon-Oxygen-Bonded Donors 

Ethers (R 1 OR 1 ) or (R 2 0CH 2 CH 2 0R 2 ) 

Diisopropyl ether R 1 = (CH3)zCH 102 0.726 
Dibu tylceUosolve R 2 = c.H 9 -174 0.837 

Alcohols (ROH) 
n-Butanol R = C4 H9 74 0.81 
n-Pentanol R=C5 H11 88 0.82 

Ketones (R 1 COR2 ) 

\!ethyl isobutyl ketone R, = CH3, R2 = (CH3),CHCH2 100 0.804 

Phosphorus-Oxygen-Bonded Donors R 1 R 2 R 3 PO 

Phosphoric acid esters 
Tri·n ·bu tylphosp hate 

Phosphonic acid esters 
Hostarex P0212 
Hostarex P0224 

Phosphine oxides 
Trioctylphosphine oxide 

Sulfides ( RS R) 
Dihexyl sulfide 

R, = R2 = R3 = C•HoO 

R, = R1 = C, H.o. R, = C4H9 
R 1 = R2 = C8 H 17 0, R 3 = C8 H 11 

R 1 =R2 =R 3 =C8 H17 

Sulfur-Con raining Ex rractan ts 

Source: Reference 2. 
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266 0.97 

250 0.94 
418 0.91 

386 

202 

Flash Viscosity 
Point, (25°C), 

•c cP 

-~5 0.38 
1.34 

32 2.46 
33 3.31 

14 0.55 

193 3.56 

5 
16 

(solid) 



purify or recycle the solution by removing or reducing the concentration of 

undesirable impurities. Process costs must be balanced against the value of 

recovered.solution and, in some cases, the recovery value of the impurity. 

For example, bui td-up. o:f -i~;~--aO:J ·c-opper in .p.ic.i<li:ng and etching operations, 

respectively, can be partly or entirely extracted. The regenerated solution 

can be reused after make~p and the recovered metsl sold to secondary metal 

smelters. 

Solvent extraction can also be used to treat low concentration liQuid 

effluents. Typical applications often involve large volume flows, such as 

rinse waters us~d to remove dragout from pickling and plating baths. Mine 

waters, wet scrubber solutions, and drainage waters from dumps are also 

examples of dilute effluents which might utilize extraction. 

System designs and configurations are highly waste and site specific. 

Configurations can include multiple stage extraction, use of more than one 

solvent for seQuential extraction to obtain higher purity separations, and 

pretreatment (e.g., precipitation, filtration) and post-treatment 

{e.g., carbon adsorption to remove organics from the raffinate) options. 

These considerations are discussed below. 

In commercial applications, the extractant is typically used at a 10 to 

40 percent active level in·a non-toxic, inexpensive solvent such as 
3 kerosene. Depending on the application, this solution can be used in 

volumes eQual to that of the waste stream. It is contacted countercurrently 

with the waste feed, usually at a slightly elevated temperature, to improve 

h k . . d . h . 4 •5 I .. 1 1 exc ange 1net1cs an 1mprove p ase separat1on. n1t1a so vent 

selection will be based on its extraction efficiency and selectivity as 

determined through laboratory testing. However, solvent purchase price, 

anticipated loss (e.g., resulting from incomplete phase separation), and 

breakdown will determine the overall economic viability of the extractant. 

Breakdown can occur as a result of build-up of organic additives which are 

present in the wastewater. These will be carried over into the organic phase 

and will eventually hinder phase separation. Alternatively, breakdown can 

occur due to long-term incompatibility witb regenerants. 

Solvent selettion and proc•ssing conditions will determine overall system 

efficiency. Reaction kinetics can be enhanced by increasing the concentration 

of the extractant, raising the waste pH, increasing"the relative volume of 
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extractant to feed, and improving mixing.
6 

However, since each of these 

impairs phase separation, an optimal balance must be determined. Phase 

separation can alao be enhanced by using solvent modifiers (e.g., decyl 

alcohol, tributyl phosphate), optimal solvents (e.g., paraffinic solvents give 

better separation than kerosene or high aromatics), and reagent combinations. 

As an example of the latter, secondary reagents used with sulfonic acids can 

improve separation rates by 2 or 3 times over sulfonic acids slone. 6 

Choice of regenerant is dependant on the speed and efficiency of the 

separation.
4 

A typical regenerant will contain 10 to 15 percent acid at an 

organic/aqueous volume ratio of 15 to 1.6 Volume ratios of the original 

waste feed and the final metal-laden regenerant depend on the overall ease and 

re<;uired completeness of separation. Increases in metal concentrations of 20 

to 30 times the feed level are not uncommon. 5 

The most prevalent type of equipment used in commercial applications is a 

mixer-settler which consists of a high intensity mixer and a large baffled 

s.ettling chamber. Most applications use several units in series to provide 

high volumetric throughput. Equipment and maintenance costs are low, but 

expenses can escalate rapidly if significant solvent make-up or extensive 

post-treatment are required. Post-treatment equipment may include 

electrolytic or evaporative recovery units for the concentrated metal stream 

-and carbon adsorption systems for organic remova~_from the raffinate. Other, 
' 

more advanced, equipment includes reciprocating plate column contactors, 

centrifugal contactors, and electrostatic coalescers. Beaker tests have shown 

up to 90 percent reductions in phase separation time with the latter. 6 

A large number of processes using solvent extraction have been proposed 

for the treatment of liquid waste effluents. Some of these have included 

pilot or laboratory studies, as summarized in Section 7.4. However, very few 

proposed applications have actually been carried through to commercial 

operation. Those which have been identified are summarized below. 
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7.2.1 Recovery of Zinc from Pickling Liquor 

Pickling in the galvanizing industry is commonly performed with 

hydrochloric acid. The spent solution contains about l to 2 percent free HCl 

and an iron content of 100 to 130 g/L. The solution.will also contain 20 to 

120 g/L of zinc, as well as smaller concentrations of California List metals 
-2 

such as chromium and nickel. The high zinc content prohibits conventional 

treatment of the liquor via thermal decomposition to iron oxide and 

hydrochloric acid. 

The Metsep process was designed to separate zinc from the iron chloride 
2 8 solution by continuous resin ion exchange. ' Anionic zinc-chloro complexes 

are absorbed on a strong-base, ion-exchange resin. The resin is eluted with 

water to yield zinc chloride which is converted to a sulfate medium by solvent 

extraction with Di-2-ethylhexylphosphoric acid (D2EHPA) and stripped with 

sulfuric acid. The product is a zinc sulfate solution suitable for 

electrowinning (an electrolytic deposition process use.d for the recovery of 

metals from solution) and subsequent re-sale {e.g., sale to an electrolytic 

zinc refinery). The solvent extraction raffinate is used for hydrochloric 

acid production. 

The MeS Process, an alternative to the Metsep process, has been developed 

for the recovery of zinc from pickle liquors. It uses a solvent extraction 

circuit for the initial separation of zinc from iron in the pickle liquor. 

Zinc is preferentially extracted, as a zinc chloride complex, with 

Tri-butylphosphate (TBP). Iron extraction is minimal, since it is primarily 

in the ferrous state. The preferential extraction of zinc over iron is 

somewhat less with TBP than with optimal amine extractants, but this is 

balanced by operational advantages such as higher loading. 9 

Zinc is stripped from the organic solution with water or dilute sulfuric 

acid, The zinc chloride strip solution is mixed with sulfuric acid mother 

liquor in a boiler, thus evaporating hydrochloric acid and crystallizing zinc 

sulfate. The zinc sulfate is separated by centrifugation. By adjusting the 

conditions in the boiler, chloride-free zinc sulfate suitable for 

electrowinning can be produced. The HCl and iron oxide by-products are also 

recovered. HCl is returned to the process and iron oxide is available as a 

saleable product although exact purities were not specified. 
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The MeS process was developed by MX-Processor AB in Sweden and baa been 

piloted in Holland st a ~alvanizing plant with encoura~ing results. 9 The 

raffinate produced contained less than 100 ppm zinc, Extractant residues were 

removed by activated carbon adsorption. 

7.2.2 Recovery of Zinc-Cyanide Plating Baths 

Zinc electroplating is carried out from alkaline zinc cyanide solutions 

which generate contaminated rinsewater reauiring treatment for cyanide 

destruction. Zinc cyanide can be efficiently extracted from alkaline 
. 10 11 

solutions by Quaternary amines. The Union Carbide CorporatLon ' has 

developed a process based on the simultaneous extraction of both zinc and 

cyanide. The decontaminated raffinate was recycled as fresh rinse water. The 

amine extractant was regenerated by stripping with sodium hydroxide and 

recovered zinc and cyanide were recycled as plating bath make-up. 

A typical composition of the contaminated rinse water was 40 ppm cyanide 

and 23 ppm zinc. Solvent extraction reduced these values to 0.4 ppm cyanide 

and 0.07 ppm zinc. Active carbon treatment further reduced these levels and, 

at the same time, reduced entrained and dissolved amine to 0.1 ppm. A ratio 

of feed to strip solution of 162:1 produced a strip solution containing 3 to 

4 g/L zinc. The same procedure has also been demonstrated for cadmium cyanide 

plating rinse waters, however, it is not known whether the process has been 

operated commercially. 

7.2.3 Recovery of Copper Plating and Etchant Baths 

In general, the higher purchase price of copper relative to ZLnc and the 

simplicity of electrolytically recovering it from extractant& makes its 

recovery comparatively more favorable. The hydrometallurgical copper industry 

has widely applied selective extractant& that have a high affinity for copper 

in weakly acidic and ammoniacal solutions, while simultaneously rejecting 

ferric iron. Another application includes the recovery of copper containing 

etchants as described below. 

etching of copper, with the use of an ammoniacal solution, is a common 

procedure in the manufacture of printed circuit boards for the electronics 
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industry. Spent ammoniacal etching solution contains, free ammonia, one or 

more ammoniacal salts, copper, and oxidants. Maximum etching efficiency is 

obtained when the ammoniacal solution contains 110 to 130 g/L of copper. It 

gradually diminishes as the copper concentration approaches 150 to 

170 g/1.
12 • 13 Thus, to keep etching efficiency constant and optimal, the 

etching solution must be continuously regenerated or replaced with fresh 

solution. 

A process patented by the Criterion Corporation
14 

(see Figure 7.2.1) 

completely removes copper from spent etchants to produce a fresh product that, 

after makeup, can be re-sold to printed circuit board producers. The J)rocess 

uses an (LIX64N) solvent to selectively extract cop!)er and chloride ions; 

process of this type has been operated in the United Kingdom by Proteus 

Reclamation Ltd., recovering 300 kg/day of copper with Acorgs P5100 used as 

extractant. 

A similar process which has been used for onsite etchant recovery is the 

Mercer Process (see Figure 7.2.2).
10 

This process withdraws etchant 

directly from the etching line and recirculates it through a solvent 

extraction circuit, maintaining the copper concentration in the etchant within 

the optimal range of 110 to 130 g/L. Treatment of the rinsewater obtained 

from rinsing the circuit boards after etching is also integrated into the 

process. 

In the first extraction stage the etchant is mixed with an orjl.anic 

solution containing LIXS4 in kerosene. The initial copper concentration in 

the etchant, approximately 130 g/L, is reduced to 90 Jl./L. The regenerated 

etchant is returned to the etching line after careful removal of entrained 

organic solvent. The copper in the rinsewater is extracted in a second 

extraction stage. At the same time, any entrained etchant from the first 

extraction stage is washed out. Copper is stripped from the organic solvent 

with barren copper electrolyte in the stripping stage. The solvent is reused 

and copper metal is produced by electrowinning on titanium cathodes. 

The Mercer prbcess is in succes~ful.operation in two prototype 

installations and commercial units are now marketed by P.R. Processutveckling 

AB, Sweden. Etchant makeup has reportedly been, reduced by 95 percent and no 

negative influence on product quality has been encountered. 10 
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7.2.4 Recovery of Nickel Platin~ Baths 

Recovery of nickel from plating baths and rinsewaters is another feasible 

application of solvent extraction. One process proposed by Flett and 

P 15 . d . f . earson LS base on extractLon o nLckel with DZEHPA. The solvent is used 

in its sodium form to avoid pH changes during extraction, as follows: 

2NaD2EHP(org) + Ni 2+ Ni(D2EHP)torg} + 2Na+ 

A typical feed solution may contain 1 to 2 g/L nickel. Laboratory tests 

showed that nickel could be effectively removed in two extraction steps with 

the resulting raffinate containing 4 mg/L. 2 By loadin~t the solvent with 

nickel, the transfer of sodium to the strip solution was minimized. Nickel 

was stripped from the solvent with dilute sulfuric acid and recovered from the 

strip solution by electrowinnin~. 

7.2.5 Recovery of Chromium Plating Baths 

During the plating of chromium, a buildup of impurities such as Fe(III), 

Cr(III}, Ni, Cu, and Zn gradually takes place, making the bath unusable for 

plating. Rinses containing similar contaminants in more dilute concentration 

are also generated. Two alternative solvent extraction procedures are 

available for recovery of these wastes: extraction of Cr(VI), or extraction 

of impurities. 

Chromate and dichromate ion extraction from acid solutions by use of TBP 
16 or an amine extractant have been well documented. Cuer et al. have 

investigated the applicability of the extractants Alamine 336, LA-2, and TBP. 

They report excellent stability for TBP and have designed a process for the 

recovery of 99.5 percent of chromium (VI) from combined industrial effluents. 

The particular cases described in the reference refer to recovery of waste 

liQuors originating from the production of chromium anhydride (Cr0
3

) and 

recovery from processes using this product (e.g., chromium plating and metal 

treatment). The extracted chromic acid is recovered as sodium chromate by 

scripping with a sodium hydroxide solution. Concentrations of 200 giL of 
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Cr(VI) in the strip solution sre reached. A similar process is reported in a 

Japanese patent, which includes the use of a chromic acid wash of the organic 
. . . d 17 solvent to remove extracted tmpurities such as tron and chlort e. 

2 The approach taken by MX Processor AB, Sweden to recover spent 

chromium plating baths is to extract the impurities, thus regenerating the 

solution for reuse. A flow sheet of this process is outlined in 

Figure 7.2.3. The extraction is carried out by use of a mixture of HDNNS and 

TBP. Since the acidity of the plating bath limits the extraction efficiency, 

dilution of the bath with water significantly improves the operation. Water 

balance is partly maintained by the natural evaporation during plating. Small 

amounts of chromic acid may be extracted, but can be selectively scrubbed with 

water which can be used for dilution of the plating bath before extraction. 

Five molar H2so
4 

or HCl is used for stripping, giving a metal 

concentration in the strip solution of more than 60 g/L. 

7. 2. b Removal of Mercury from Chlor-Alka 1 i Effluents 

The mercury associated with brine effluents from chlor-alkali plants must 

be reduced from approximately 10 ppm to the parts-per-billion level prior to 

discharge. A solvent extraction method has been proposed by Granier, which is 

based on the rapid extraction of mercury from chloride medium by 
. . 18 .,. 

htgh-molecular-weight tertiary and Quaternery amtnes. wtth a mercury 

contamination of 10 ppm in the effluent, a concentration factor of 2,500 is 

claimed to be obtainable, leaving a strip solution containing 25 g/L mercury. 

The amount of mercury that is extractable in a particular case depends, to 

some extent, on the pH of the brine. With tertiary amines, better than 

99 percent is achieved at pH 3, but there is a decrease at higher pH. The 

most significant problem with this system is the loss of organic material to 

the brine effluent. 

A closely related process, based on amine solvent extraction, has been 
19 

patented by Chapman and Caban. It is not known whether any commercial 

applications have been implemented. 
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7.2.7 Miscellaneous Applications 

Research on the recovery of noble metals, primarily from plating 

solutions, has been reported. Gold and silver are extracted from cyanide 
. . 20 21 

solutions with quaternary am~nes. ' Gold can be stripped from the 

organic solvent with alkaline potassium cyanide solutions. 
22 

Rotnmann et al. nave proposed the use of an amine extractant for 

recovery of chromium and vanadium in effluents from the processing of 

.steelmaking slags. However, difficulties were reported with the precipitation 

of silica, which interfered witn·pnase separation. 

7. 3 PRETREATMENT AND POST-TREATMENT REQUIREMENTS 

Pretreatment requirements for liquid-liquid extraction are not nearly as 

stringent as those required for other physical separation techniques; 

e.g., carbon adsorption or membrane systems. Since the equipment used in 

extraction is not very susceptible to fouling or plugging, suspended solids 

removal is less critical. However, optimal operation will frequently require 

removal of organics which will otherwise dissolve in the extractant and 

interfere with subsequent operations; e.g., phase separation. Pretreatment 

operations can also be applied to prepare the waste· for optimal separation 

efficiency. Pretreatments include pH adjustment, dilution, flow equalization, 

and temperature increases to optimize reaction and phase separation time. 

Post-treatment will be required for the raffinate to remove residual 

metals/cyanides and solvent which has either dissolved in or been entrained in 

the coalescer effluent. Treatment options typically consist of adsorption or 

possibly biological treatment for organic destruction. Concentrated metal 

solutions from the regeneration step will be removed from the acidic media by 

electrowinning if recovery is economically viable. Alternatively, if 

concentrations are too dilute, they may be increased using evaporation or a 

membrane technology which is capable of operating in an acidic environment. 

Finally, if economic recovery is not viable, removal through precipitation may 

be most feasible. 
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7.4 PERFORMANCE DATA FOR "LIQUID-LIQUID EXTRACTION 

Performance data for solvent extraction is limited. Much of the 

development of processes and equipment has been carried out by manufacturers 

of customized equipment and is, therefore, considered to be proprietary. In 

other cases, pilot studies often do not supply enough information to indicate 

whether the corresponding commercial-scale process might be feasible. Data 

which were identified in this study are presented below. 

7.4.1 Copper and Nickel Extraction from Metal Finishing Sludge 

A pilot-scale study, conducted by the Department of Metallurgical 

Engineering of the Indian Institute of Technology, explored the use of LIX64N 

{10 percent by 

wastewater and 

volume} to 
2.3 

sludge. 

extract copper and nickel from metal finishing 

Samples were generated by redissolving metals from 

sludge with sulfuric acid to produce a solution containing 4.45 g/1 copper, 

0.16 g/L nickel and 2.5 g/L zinc. In addition, a synthetic sample containing 

4.3 g/L copper, 7,9 g/L nickel, and 2.5 g/L zinc was made by dissolving metal 

sulfates in water. The extractant used was a 10 percent sol~tion of LIX64N in 

kerosene and the stripper consisted of 4 N sulfuric acid. Extractions were 

carried out in a 500 mL separating funnel by manual shaking. 

Table 7.4.1 illustrates the effect of pH on the extraction of copper with 

LIX64N from the synthetic solution. Multi-stage extractions were subsequently 

conducted at a pH of 2..0 as shown in Table 7,4.2. Tables 7.4.3 and 7.4.4 show 

similar diagrams for nickel. Finally, Table 7.4.5 is ·a summary of results for 

experiments conducted on the sludge leach solution. The data suggest that 

this process may be economical since the solvent is fully recovered. 

7.4.2 Metal Extraction from Metal Finishing Wastewater 

A study conducted for the EPA by Curtis W. McDonald, Texas Southern 

University, explored the use of high-molecular-weight amines for the removal 

of toxic metals from metal finishing wastewater such as cadmium, chromium, 

copper, nickel, and zinc.
24 

The researchers used a 25 percent Alamine 336 

solution diluted in xylene, with an extractant/water ratio of 1 to 100. The 

high ratio is desirable in concentrating the metal and in avoiding emulsions. 
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TABLE 7. 4 .1. EFFECT OF pH ON SINGLE-STAGE EXTRACTION OF 
COPPER USING 10 PERCENT VOL/VOL LIX64N 

pH. 

1.3 

1.8 

2..0 

2.2 

2.5 

Copper concentration 
in strip solution 

(g/L) 

0.89 

l. 78 

2..28 

2.22 

2..04 

Distribution 
coefficient 

(D) 

0.2.6 

o. 70 

l.l2 

1. 06 

0.89 

% Extraction 

2.0.07 

41.05 

53.20 

51.80 

47.00 

Composition of leach solution: Cu 4.3 g/L, Ni 7.9 g/L, 
and Zn 2.5 g/L; vol. of ao. phase 100 mL; vol, of 
organic phase 100 mL. 
Source: Reference 23. 

TABLE 7.4.2. MULTISTAGE CO-CURRENT EXTRACTIONS OF 
COPPER BY LIX64N 

No. of stages % Extraction % Extraction 
employed calculated 

3 89.5 

4 95.0 

5 97.6 

Feed compos~t1on: Cu 4.3 g/L, Ni 7.9 g/L, and 
Zn 2.5 g/L; vol. of aQ. phase 100 mL; val. of 
org. phase 100 mL; pH 2..0. 
Source: Reference 23. 
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actual 

73.5 

80.6 

93.3 



TABLE· 7.4. 3. EFFECT OF pR ON SINGLE-STAGE EXTRACTION OF NICKEL 

Concentration of 
nickel in strip 

pR solution 

8.0 4.4 

8.2 5.3 

8.5 5.9 

9.0 4.3 

9.5 4.0 

. Distribution 
coefficient 

(D) 

1.26 

2.02 

2.96 

1.18 

l. 01 

% Extraction 

55.7 

6 7. 0 

74.8 

54.3 

50.4 

Composition of feed solution: Cu 
and Zn 2.5 g/L; val. of sq. phase 
organic phase 100 mL. 

0.3 g/L, Ni 7.9 g/L • 
100 mL; vol. of 

Source: Reference 23. 

TABLE 7.4 .4. MULTISTAGE .CO-CURRENT EXTRACTION OF NICKEL 

No. of stages 
employed 

2 

3 

% Extract:ion 
calculat:ed 

95.0 

98.4 

% Extrsct:ion 
actual 

94.41 

97.04 

Feed compos1t1on: 0.3 g/L copper, Ni 7.9 g/L, and 
Zn 2.5 g/L; pH 8.5, val. of aQ. phase 100 mL; val. 
of org. phase 100 mL. 
Source: Reference 23. 
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TABLE 7.4.5. MULTISTAGE CD-CURRENT EXTRACTIONS OF Cu AND Ni 
CONTAINED IN THE LEACH SOLUTION OBTAINED FROM 
TBE LEACHING OF HYDROXIDE SLUDGE 

Metal pH 

Copper 2.0 

Nickel 8.5 

No. of stages 
employed 

4 

2 

% Ext rae tion . 
actual 

93.97 

96.25 

Original feed compos~t~on: 0.16 g/L nickel; 4.4 g/L 
copper, and 2.4 g/L zinc; vol. of aQ. phase 100 mL; 
vol. of org. phase 100 mL. 
Source: Reference 23. 
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Chromium extraction was found to be affected by the Quantity of 

hexavalent versus trivalent chromium, since the latter is not as easily 

extracted. However, based on the effect of chloride concentration (HCl) on 

extraction, as shown in Table 7.4.6, selective extraction appears to have 

potential application. Results of a simultaneous extraction of the same three 

metals is shown in Table 7.4.7. A dose of 33 mL of concentrated HCl was mixed 

with 1-liter of the wastewater prior to extraction. For both of the 

experiments; no appreciable amount of copper or nickel was extracted. 

Stripping of the loaded extract was performed with 4.0 M NaOH with more than 

99 percent of the metals being stripped. As previously indicated in 

Table 7.4.3, metals extraction is pH dependent and the addition of HCl or NaOH 

reagents affect extraction efficiency. The solvent was reused 15 times with 

no loss of efficiency. Reagent loss was estimated by an increase in TOC 

content of 50 ppm in the aqueous phase/extraction. 

7.4.3. Lab Scale Study Using Sequential Extractions 

A lab scale study was performed by Clevenger and Novak on a simulated 

regenerate waste from an electroplating ion exchange unit.
4 

Four chelating 

compounds dissolved in chloroform were studied for recovery of Fe, Zn, Cu, Ni, 

and Cr. Results are shown in Figures 7.4.1 through 7.4.4 for single-stage 

extractions. It ~as shown that high metal removal efficiencies could be 

achieved with pronounced selectivity for copper at low pH for two of the 

chelates. Using these selectivity data, the researchers experimented with 

various schemes to identify optimal sequential extractions. 

Although nearly complete removal and high selectivity could be achieved 

with sequential extractions, the investigators realized that recovery of both 

the metal and the chelator would be necessary for the process to be 

economically viable. Metals were efficiently extracted with 2.4 M HCl and 

0.75 M HN0
3 

solutions. However, the chelators could not successfully be 

reused due to significant loss of extraction capabilities following acid 

recovery. Since the chelators alone are generally more expensive than the 

recovery value of the metals, this process would not be economically viable on 

a commercial scale. 
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TABLE 7.4.6. SELECTIVE EXTRACTION OF ClffiOMIUM, CADMIUM, AND ZINC 

Chromium Cadmium Zinc 

Mean % extd. Std. dev. Mean % extd. Std. dev. Mean % extd. Std. dev. 

First extraction 88.6 4.0 0.0 0.0 0.0 0.0 
0.002M chloride 

Second extraction 0.65 1.09 94.1 1.65 8.1 2.1 
0.03M chloride 

Thi~d extraction 0.55 0.87 4.8 1.3 80.9 3.5 
0.4M chloride 

Total metal 89.8 98.9 89.0 
extracted 

Composition of wastewaters: Cr - 10.0 to 56.8 ppm 
Cd - 4.1 to 5.9 ppm 
Zn - 5.2 to 9.2 ppm 
Cu - 0.3 to 0.5 ppm 
Ni - 0.4 to 0.5 ppm 

Sou~ce: Reference 24. 
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TABLE 7.4.7. SIMULTANEOUS EXTRACTION OF CHROMIUM, CADMIUM, AND ZINC 

Chromium Cadmium Zinc 

Mean % .extd. Std. dev. Mean % extd. Std. dev. Mean % extd. Std. dev. 

First extraction 90.6 1.2 98.0 

Second extraction 0.0 0.0 

Total metal 
extracted 

90.6 

Composition of wastewaters: Cr - 8.0 
Cd - 3. 7 
Zn - 4.8 
Cu - 0.3 
Ni - 0.4 

Source: Reference 24. 

to 9.0 ppm 
to 4.0 ppm 
to 5. 2 ppm 
to 0.5 ppm 
to 0.5 ppm 

1.4 

0. 11 83.3 o. 11 

0. 86 15.4 1.8 

99.4 98.7 
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7.4.4. 

An example of nickel, colbalt, and iron recovery from metal scrap 

le.g., lathe turnings, mill shavings) was provided in the literature. 5 The 

process involved five processing steps: 

1. Pyrometallurgical treatment to convert Mo and W into their carbides; 

2. Electrolytic dissolution of Fe, Co, and Ni followed by partial 
stripping to concentrate the CaCl2 electrolyte; 

3, Separation of Fe, Co, and Ni by extraction with a high molecular 
weight amine; 

4. Stripping the Co/Fe organic extract with the weakly acidic 
condensate from step (3); and 

5. Cathodic deposition of Co and Ni in separate half-cells. The 
stripped electrolyte then goes to step (2). 

The process produces Ni/Fe and Co/Fe mixtures, which reportedly does not 

significantly affect the market value of the nickel or cobalt. The process, 

depicted schematically in Figure 7.4.5, does not generate any liQuid dischar)l:e. 

7.5 STATUS AND COSTS OF EXTRACTION 

As stated previously, extraction is not a widely applied technology for 

the treatment of metal/cyanide wastes. The desi~tn and effectiveness of an 

extraction system will be highly specific to the waste type, constituent 

concentrations, and waste Quantity. The difficulty in identifying an 

appropriate system and the relatively complicated nature of the process itself 

has undoubtably hindered its acceptance, particularly among smaller waste 

generators. Instead, its widest application has been in larger firms which 

have installed custom-designed systems through extensive support from the 

eQuipment and reagent suppliers. 

Extraction will probably only be used in situations where recovery of 

valuable constituents or, recovery of baths via removal of contaminants, 

cannot be achieved tnrougn more conventional means. Due to the dependency of 

design variables on site-specific factors, generalizations on eQuipment 
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selection cannot be made. Similarly, the limited cost data presented in the 

literature cannot be generalized, since it is highly dependant on reagent loss 

and recovery value of the metals or baths. For example, solvent reagents cost 

roughly $1.50/pound, which can represent a .significant operating cost if 
. 25 

apprec1able losses occur. 
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SECTION 8.0 

ADSORPTION FOR METAL REMOVAL 

8.1 CARBON ADSORPTION 

Adsorption involves the interphase accumulation or concentration of 

substances at an interface. The process can occur between any two phases, 

such as liquid-liquid or liquid-solid interfaces. The material being 

concentrated or .adsorbed is the adsorbate, and the adsorbing phase is termed 

the adsorbent. 1 

Activated carbon adsorption involves separation of a substance from one 

phase, typically an.aqueous solution, and the concentration of the substance 

at the surface of an activated carbon adsorbate. Activated carbon is most 

widely used for the removal of organic contaminants and is most. effective when 

the organic solutes have a high molecular weight and low water solubility, 

polarity, and degree of ionization. 2 However, studies in the field of 

metallurgy have indicated that carbon adsorption of many metallic compounds 

can be successfully achieved and has found commercial application for certain 
3 4 aqueous waste streams. ' However, adsorption efficiency varies 

considerably between different compounds. 

Activated carbon is available as a powder (PAC) .or in the form of 

granules (GAC). GAC is most commonly used because its larger size is most 

amenable to handling in conventional contacting and regenerating 

equipment. 5 However, despite handling and regeneration problems, PAC is 

preferred in some treatment schemes; e.g., when used in combination with 

biological treatment. 6• 7 Both types of carbon have effective surface areas 

far in excess of their nominal external surface areas. Surface areas are on 

the order of 500 to 1,500 square meters per gram, resulting primarily from a 

network of internal pores 20 to 100 angstroms ~n diameter. Porosities can be 
8 as large as 80 percent. The characteristics of the mi~ropore structure are 
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largely dependent on the acti~ation process, which is a controlled sequence of 

dehydration, carbonization, and oxidation of raw materials including coal, 

wood, peat, shell, bone, and petroleum based residues. 

The equilibrium capacity of an activated carbon for a contaminant is a 

function of the effective carbon surface area and the surface binding 

process. Adsorption equilibria are governed by two types of interactions: 

solute-adsorbent, which describes the carbon's affinity for the solute 

(contaminant), and solute-solvent, which involves the solubility of the solute 

in the liquid media. In general, an inverse relationship between the extent 

of adsorption of a substance from a solvent and its solubility in that solvent 

can be anticipated.
9 

Overall, the relative affinity of a solute for either 

phase will be determined by the lyophobic (i.e., solvent-disliking) 

characteristics of the solute and the affinity of the solute for the adsorbate. 

Activated carbon adsorption of inorganic compounds is more complex and 

compound specific than adsorption of organic compounds, primarily due to the 

charged nature of inorganic species in aqueous media. The important 

physical-chemical properties of activated carbon selected for inorganic 

electrolyte adsorption are: specific surface area, pore structure, and surface 

chemistry of the adsorbenc. 6 • 10 

Specific surface area may be defined as that portion of the total surface 

area that is available for adsorption. Specific surface area is proportional 

to adsorption which, in turn, is dependent on pore size and pore size 

distribution. The pore size can range from less than 20 angstroms and size 

distribution is dependent on the source materials and the activation process 
10 employed. Available surface area is nonpolar in nature, but depending 

upon the activation process, active sites can be formed yielding a slightly 

polar surface. 

In addition to specific area, the adsorption capacity of activated carbon 

is p_rimarily influenced by surface chemistry; e.g., the formation of 

carbon-oxygen complexes at the carbon surface and·the anionic adsorption 

capacity. 6 •11 Formation of surface functional groups is dependent on the 
lL activation process and carbon source. Two broad categories of activated 

carbon can be identified based on activation temperature and atmospheric 

conditions: 12L-type, whicn tends to adsorb bases, and H-t~pe, which tends to 

adsorb acids. 
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L-type carbons are prepared by exposure to oxygen at 30o•c to 400°C or by 

solution oxidation. H-type carbons are prepared by out~assin~ at 800°C to 

lOOo•c followed by cooling in an inert atmosphere and exposure to oxygen at 
12 

room temperature. Typical surface oxide functional groups formed by these 

methods include: 

• carboxyl, 

• phenolic hydroxyl, 

• lactone and Quinone, 

• carboxylic acid, 

• anhydrides, and 

• cyclic peroxides • 

The surface oxide groups have significant effects on the adsorption 

capacity of activated carbon. Electrokinetic studies have shown that H-~ype 

activated carbon exhibits a positive surface potential whereas L-type carbons 

exhibit a negative surface potential. This is due partly to the high pH which 

developes when H-type carbon is brought in contact with water and the low pH 

which occurs when the surface functional groups of L-type carbon are 

hydrated.lO,ll The surface charge characteristics of both carbon types can 

be readily'modified by the introduction of a strong base or acid to the 
10 system. 

In general, the following system parameters have the greatest influence 

on metals removal by activated carbon: 

., pH, 

• metal concentration, 

• activated carbon dose, 

• ionic strength, 

• temperature, and 

• presence of ligands. 
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The dominant solution parameter controlling adsorption of inorganic 

h . .1 . 13 . 
c em1ca s 1s pH. As ment1oned above, pH has a controlling influence on 

the surface charge characteristics of the adsorbent. The distribution of 

metal ions in solution is also a function of pH, with lower pH favoring 

1 . f 1 . 14 ' . f so vatLon o meta 1ons. The qverall pH effect on sdsoption o metal ions 

can be attributed to electrostatic attraction, which is a function of the 

charge of both the solid adsorbent and the adsorbate. 

Studies have shown that the removal efficiency of inorganics from a waste 

stream by activated carbon increases with concentration of either the 

adsorbant or the solute. For example, researchers demonstrated that Cd+ 2 , 
+& +3 

Cr , Cr , and CN all show improved removal 

initial concentration throughout the pH range 

efficiencies 
6 15 

tested. ' 

at higher 

Similarly, by 

increasing the activated carbon/Cd ratio by 100 times, a threefold increase in 

1 ff . . 1" d. 15 remova e 1c1ency was rea 1ze • 

Adsorption of Cdlll) was demonstrated to decrease with increasing ionic 
' . 14 

strength of the solvent. This suggests that the extent of adsorption is 

sensitive to changes in concentration of supporting electrolyte, indicating 

that electrostatic interaction may be a significant component of adsorption in 

plating and other metal containing solutions. 

Since adsorption is an exothermic process, adsorption efficiency might be 

expected to improve with decreasing temperature. However, it has been 
+2 . . 14 

demonstrated that adsorption of Cd 1ncreases w1th temperature. This 

is unexpected thermodynamically and suggests that some extrinsic process which 

responds to temperature increase is at work. 

Complexation of metal ions by inorganic and organic ligands can 

dramatically increase or decrease adsorption compared to a ligand-free 
13 

system. Studies have demonstrated that mercury and cadmium show a 

significant increase in adsorption efficiency using chelating agents such as 

APDC, TETA, .NTA, and EDTA.
13• 15 

System pH also influences adsorption of metal-ligand complexes. The 

effect of pH on cadmium removal was determined in a system using EDTA, 

tartate, citrate and TRlEN as complexing ligands. 
11 

Adsorption increased 

with pH for 3 out of 4 ligands tested. The other, EDTA, showed improvements 

with initial increases in pH up to pH 6, but adsorption capacity fell off as 

higher pH was approached. 
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The relative feasibility of using different adsorbents is usually 

determined in the laboratory by developing adsorption isotherms. The 

adsorption isotherm is a functional expression for the variation of adsorption 
1 

with concentration of adsorbate in bulk solution at constant temperature. 

Typically, the amount of adsorbed material per unit weight of adsorbent 

increases non-linearly with increasing concentration. It must be noted that 

adsorption isotherms can vary widely for different carbons, and isotherm data 

cannot be used interchangeably. 

The two most common isotherm expressions used are the Freundlich EQuation 

and the Langmuir EQuation.· The Freundlich eQuation in an empirical expression 

but is often useful as a means for data description. 1 The Langmuir model, 

originally developed for adsorption of gases onto solids, is predicated on 

three assumptions: (!)adsorption energy is constant and independent of surface 

coverage; (2)adsorption occurs on localized sites with no interaction between 

adsorbate molecules; and (])maximum adsorption occurs when the surface is 
16 

covered by a monolayer of adsorbate. 

The Freundlich eQuation can be expressed as follows: 

~ k c 1 
m n 

X ~ mass of adsorbate, mg 

m ~ mass of dry adsorbent, g 

k ~ constant, indicative of adsorption capacity 

c ~ eQuilibrium solution concentration, mg/1 

1/n consta~t, indicative of adsorption intensity. 

Data for the Freundlich eQuation are usually fitted to the logarithmic form of 

the eQuation: 1 

This expression is a straight line with a slope of 1/n and an intercept equal 

to the log k when C = 1 (log 1 ~ 0). 
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Tbe.Freundlich equation generally shows good agreement with both the 

Langmuir equation ~nd experimental data, over moderate ranges of 

concentration, C. 

In its linearized form, the Langmuir equation can be expressed as follows: 

where: 

c 1 1 c = + 
~ ab a 
m 

X = mass of adsorbate, mg 

m = mass of dry adsorbent, g 

c = equilibrium solution concentration, mg/1 

a = solid phase concentration corresponding to complete 
coverage of available adsorption sites (mass solute 
adsorbed/mass carbon; for complete monolayer). 

b = constant related to the enthalpy of adsorption 

The coefficients of the Langmuir equation can be calculated by performing a 

linear regression of the data or determined graphically, by plotting C/(x/m) 

versus C on arithmetic graph paper (slope 1/a, intercept= 1/ab). 

The adsorption data from both models are useful in estimating the 

relative effectiveness of adsorbents for a given application. However, care 

must be exercised l.n assessing -performance when the wastestream contains a 

large number of competing adsorbates. Most users will be forced to rely on 

laboratory scale adsorption isotherm results and prior industrial experience 

to assess performance and appropriate system design for a specific wastestream. 

8.1.1 Process Description 

Although activated carbon adsorption has been shown to effectively treat 

some metal and cyanide containing waste streams, it is generally employed in 

the treatment of or&anic containing wastes. Consequently, the focus on 
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applied technology and research has been on the treatment of organics. 

However, research has been conducted on unique systems used for the treatment 

of metal and cyanide containing wsstes, as discussed later in this section. 

A schematic of an activated carbon adsorption system for the treatment of 

hexavalent chromium is shown in Figure 8.1.1. After exhaustion of the 

adsorption capacity, the activated carbon is regenerated with sulfuric acid. 

The regeneration acid is pH adjusted to precipitate chromium, and the sludge 

is removed via filtration. Carbon is returned to the process. There is 

typically an accompanying loss in adsorption capacity as a result of a small 

but significant depletion in effective surface area. This can result from a 

build up of hard to remove adsorbate, attrition, and ~ther mechanisms. 

8.1.1.1 Pretreatment/Post-Treatment Requirements--

Pretreatment of the feed to carbon adsorption columns is often required 

to improve performance and/or prevent operational problems. As discussed in 

Reference 9, there are four primary pretreatments which may be reQuired: 

• equalization of flow and concentrations of primary waste 
constituents; 

• filtration; 

• adjustment of pH; and 

• adjustment of temperature. 

Generally, the flow to the adsorber columns and the concentration of the 

primary waste constituent are not constant. Since variations in either can 

have a detrimental impact on system performance, it is necessary to make 

provisions to equalize flow and minimize concentration surges. Flow 

equalization is accomplished by employing a surge tank prior to the column. 

Concentration equalization is also accomplished somewhat by employing surge 

tanks, however, this may have to be supplemented by mechanical agitation. 

Mixing prevents concentration surges which can lead .to premature column 

leakage and breakthrough or conversely, low concentration swings resulting in 

premature regeneration of an underloaded adsorber column. 
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It is a general requirement that the feed to column be low in suspended 

solids. It is difficult to set an upper limit on the absolute level of 

acceptable suspended solids because the physical nature of the solids is as 

important as their concentration. For example, finely divided, silty solids 

tend to pass through the bed, but coarse material of varying particle size can 

rapidly form a mat on top of the bed, thereby constricting flow. In general, 

if tbe column feed is turbid or the suspended solids level is greater tnan 

10 mg/L, pretreatment for solids removal will be required. 

In addition to suspended solids, many waste contaminants can interfere 

with carbon adsorption. For example, if calcium or ma~nesium are present in 

concentrations greater than 500 mg/L, they may precipitate and plug or foul 
17 the column. Oil and grease in excess of as little as 10 mg/L bas been 

reported to . f ' b l . 18 Th .f . b 1nter ere w1t co umn operat1on. e presence o many ot er 

compounds can influence adsorption of the contaminant of concern through 

competition for available adsorption sites. 

Removal of suspended-solids and other waste contaminants noted above may 

be achieved by pretreatment with multi-media pressure filters. Such filters 

complement fixed bed adsorption processes and can be readily integrated into a 

total design. Other filtration options include membrane filtration, when a 

highly clarified feed is desired, and ultrafiltration, if bigh molecular 

weight contaminants are encountered (over 1,000). 

Activated ·carbon adsorption systems for metals are sensitive to changes 

in pH, particularly when the contaminants to be removed are either weakly 

acidic or weakly basic. Control can be easily achieved by installing pH 

measurement and acid/base reagent addition systems in the surge tank to 

maintain the desired pH feed to the adsorption columns. Finally, provisions 

for feed beating may be required since adsorption of metals has been shown to 

vary with temperature, as discussed above. 

Under proper design and operating conditions, the treated water will 

generally be suitable for discbarjj:e to surface waters. Other aqueous streams 

such as backwash, carbon wash and transport waters are recycled or sent to a 

settling basin. Acidic regenerants, which are typically used for metals, may 

be treated through neutralization and precipitation. 

8-9 



8.1.1.2 Operating Parameters--

Optimal process design of both the adsorption and regeneration, or 

desorption, systems is dependent on the waste's physical, chemical, and flow 

characteristics. Isotherms, determined in a laboratory, measure the affinity 

of activated carbon for the "tarl!et" adsorbates in the process liQuid. This 

provides data for determining the type and amount of carbon which will be 

reQuired to treat the full scale process stream. Carbon reQuirements will be 

based on a limiting constituent for which attainment of acceptable effluent 

concentration is the most difficult. 

Table 8.1.1 gives properties of 

. b 19 . f actLvated car ons. PropertLeS o 

some commercially available ~ranulated 

a typical powdered activated carbon are 
. 20 

shown 1n Table 8.1.2. Adsorption properties of the two types of carbon 

are generally comparable, the principal difference being the particle size. 

The fine size of the PAC makes it unsuitable for use in the contacting and 

regeneration eQuipment used for adsorber applications but makes it ideal for 

flow through processes (e.g., biological treatment) eQuipped with filtration 

systems for carbon removal. 

A typical continuous adsorption system consists of multiple columns 

filled with activated carbon and arranged in either parallel or series. Total 

carbon depth of the system must accommodate the "adsorption wavefront"; 

i.e., the carbon depth must be sufficient to purify a solution to reQuired 

specifications after eQuilibrium has been established. Bed depths of 
8 

8-40 feet are common. Minimum recommended height-to-diameter ratio of a 

column is 2:1. Ratios greater than 2:1 will improve removal efficiency but 

result in increased pressure drop for the same flow rate. Optimum flow rate 

must be determined. in the laboratory for the specific design and carbon used. 
8 

For most applications, 0.5 to 5 gpm per sQuare foot of carbon is common. 

Optimal adsorber configuration will be based on influent characteristics, 

flow rate, type of carbon, effluent criteria, and economics. 
I . 

illustrates several arrangements typically used for adsorber 

Figure 8 .1. 2 
21 

systems. 

There are two basic modes of operation for columns; namely, fixed beds and 

moving or pulsed beds. In the fixed bed mode, the entire bed is removed from 

service when the carbon is reactivated. In the moving or pulsed bed, only the 

exhausted (inlet) portion of the bed is removed as new adsorbent is 

simultaneously added to maintain bed volume. 
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TABLE B .1.1. PROPERTIES OF SEVERAL COMMERCIALLY AVAILABLE CARBONS 

PHYSJCAL PROPERTIES 
Surfaoe area, m2/g {~ET) 
Apparent density, g/cm3 
Density, backwashed and drained, 1b/g3 
Real density, g/cm3 
Particle density. g/em3 
Effective size, mm 
uniformity coeffi~ient 
PaTe volume, cm3/g 
M~an particle diameter, mm 

SPECIFICATIONS 
Sieve size (U.S. std. series)B 

Larger than No. 8 (max. 4) 
Larger than No. 12 (max~ %) 
Smaller than No. 30 (max. %) 
Smaller than No. 40 (max. %) 

Iodine No. 
Abrasion Noa minimum 
Ash (2) 
Moisture as packed (max. :) 

ICl 
Alnerica 

tlvdrodarco 
(lignite J 

600 - 650 
o.o3 
22 
2.0 
1 •• - 1.5 
0.8 - 0.9 
1.7 
0.95 
1.6 

8 

5 

650 
b 
b 
b 

Cal gon 
Filtrasorb 

300 
(biturdnous) 

950 - 1050 
0.48 
26 
2.1 
1.3 - 1.4 
0.8 - 0.9 
1.9 or less 
0.85 
1. 5 - 1.. 7 

8 

5 

900 
70 
8 
2 

8 0tber sizes of carbon are available on request from the manufacturers. 

bNo available data from the manufacturer~ 

-- Not applicable to this size carbon. 

TYPICAL PROPERTIES OF 8 X 30-M!SH CARBONS 

!otal surface area, ~2/g 
lodine number, min 
Bulk density, lb/ft3 back .. ashed and drained 
Particle densit~ wetted in water, g/c~3 
Pore volume, em /g 
Effective site, mm 
Unifo~ity coefficient 
Mean particle dia., mm 
Pittsburgh abrasion number 
Moisture as packed, max. 
Molasses RE (Relative efficiency) 
Ash 
~ean-pore radius 

Source: Reference 19~ 
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Lignit@ 
carbon 

600 - 650 
SOD 

22 
1.3 - 1.4 

1.0 
0.75- 0.90 
1. 9 or less 

1.5 
50 - 60 

9% 
100 - 120 

12 - 18: 
33 A 

Westvaco 
N\lchar 

WV-L 
(bituminous) 

1000 
0.48 
26 
2.1 
1.4 
0.85 - LOS 
1..8 or less 
0.85 
1. 5 - 1.7 

8 

5 

950 
70 
l.S 
2 

Bituminous 
coal caTbon 

950- 1,050 
950 

26 
1.3 - 1.4 

0.85 
0.8 - 0.9 
1. 9 or less 

1.6 
70 - 80 

2% 
40 - oo 

5 - B% 
11+ A 

Witco 
517 

( 12x30) 
lhituminous) 

1050 
0.48 
30 
2.1 
0.92 
0.89 
!.44 
0.60 
1.2 

5 
5 

1000 
85 
o.s 
1. 



TABLE 8.1.2. TYPICAL PROPERTIES OF POWDERED ACTIVATED CARBON 
(PETROLEUM BASE) 

Surface.Area m2/g(BET) 

Iodine No. 

Methylene Blue Adsorption (mg/g) 

Phenol No. 

Total Organic Carbon Index (TOCI) 

Pore Distribution (Radius Angstrom) 

Average Pore Size (Radius Angstrom) 

Cumulative Pore Volume (cm3/g) 

Bulk Density {g/cm3) 

Particle Size Passes: 100 mesh (wt%) 
ZOO mesh ( wt%) 
325 mesh (wt%) 

Ash (wt%) 

Water Solubles (wt%) 

pH of Carbon 

Source: Reference 20. 

B-12 

2,300 - 2,600 

2,700- 3,300 

400 - 600 

10 - 12 

400 - 800 

15 - 60 

20 - 30 

0.1 - 0.4 

0.27 - 0.32 

97 - 100 
93 - 98 
85 - 95 

1.5 

1.0 
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Arrangement of columns in series permits the first column to become 

saturated with impurities while a solution of reQuired purity is obtained 

through the second, or polishing, column. Upon reaching saturation, the first 

column is emptied and refilled with fresh or regenerated carbon. Fluid flow 

is redirected to the second column so that the replenished column is now in 

the downstream position, resulting in a variation of countercurrent flow 

between the waste st·ream and the adsorbent. 

Adsorption beds can be operated in either upflow or downflow mode. A 

downflow mode must be used where the adsorber is relied upon to perform the 

dual role of adsorption and filtration. Although lower capital costs can be 

realized by eliminating the need for pretreatment filters, operating costs 

escalate since more efficient and freQuent backwashing of the adsorbers is 
2 

reQuired. Application rates of 2-10 gpm/ft are employed, and backwash 
2 

rates of 12-20 gpm/ft are reQuired to achieve bed expansions of 
8 20-50 percent. The use of a supplemental air scour can be used to increase 

efficiency of the backwashing. 

While pre-filtration is normally reQuired to prevent blinding of 

upflow-expanded beds with solids, smaller particle sizes of adsorber can be 

employed to increase adsorption rate and decrease adsorber size. Application 

rates can also be increased in the upflow-expanded mode, even to the extent 

that the adsorbent may be in an expanded condition.
9 

· 

The design, flow, and configuration arrangements discussed above offer 

. d 1" . 0 21 the follow1ng advantages an 1m1tat1ons: 

Adsorbers in Parallel 

Adsorbers in Series 

For high volume applications 
Can handle higher than average suspended 
solids ( 65-70 ppm) if downflow 
Relatively low capital costs 
Effluents from several columns blended, 
therefore, less suitable where effluent 
limitations are low 

Large volume systems 
Easy to monitor breakthrough at tap 
between units 
Effluent concentrations relatively low 
Can handle higher than average suspended 
solids ( 65-70 ppm) if .downflow 
Capital costs higher than for parallel 
systems 
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Moving Bed 

Upflow-expanded 

Countercurrent carbon use (most 
efficient use of carbon) 
Suspended solids must be low (<10 ppm) 
Best for smaller volume systems 
Capital and operating costs relatively 
high 
Can use such beds in parallel or series 

Can handle high suspended solids (they 
are allowed to pass through) , 
High flows in bed (>15 gpm/ft2) 

The above systems are not generally used with the much finer powdered 

activated carbons. The PAC systems now used involve mixing the PAC with the 

waste stream to form a slurry which usually can be separated later by methods 

such as filtration or sedimentation. A novel technique where powdered 

activated carbon is used to make activated carbon beads, based on a suspension

polymerization technique, has proven effective for treating some metal 
. . 22 

conta~n1ng waste streams. 

8.1.2 Experimental Data and Demonstrated Performance 

Information gathered from activated carbon manufacturers and industry 

indicates that few activated carbon systems are being used specifically for 

the treatment of metal and/or cyanide bearing waste streams. Thus, data for 

full scale applications are incomplete and essential operating parameters or 

pollutant removal characteristics have either not been generated or are 

considered to be proprietary information. However, the literature includes a 

number of efforts where the feasibility of activated carbon for metal and/or 

cyanide removal has been demonstrated. Specifically, some degree of success 

has been reported for the adsorption of arsenic,, cadmium, chromium, mercury, 

and cyanide, as described below. 

Arsenic--A number of different adsorbents were tested for their abilities 

. f . f 1 . 23 to remove arsen1c rom a var1ety o aQueous so ut~ons. However, the 

results show that activated carbon was not the best adsorbent tested. 

Three types of activateri solicis were chosen for tne study inciuding, 

activated alumina, activated bauxite, and activated' carbon. Experiments were 
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carried out with freshwater, eeawater diluted ten times, undiluted seawater, 
. . +3 . and a 0.67 M sodium chloride solut~on. In exper~ments for As adsorpt1on, 

all reaction flasks were flushed with nitrogen gas to prevent the oxygenation 
+3 +5 of As to As • 

h +5 . f +3 The results demonstrate t at As 1S ar more adsorbable than As , 
+5 and that As was removed from solution much faster by activated alumina 

than by any other adsorbent (see Figure 8.1.3). In general, the rate of 

adsorption ~nd extent of arsenic removal decreased with increasing 
+5 d .. b for all adsorbents tested. The effect of pH on As a sorpt~on y 

salinity 

the three 

adsorbents was determined by varying pH from 2 to 12. Activated carbon 

adsorbs better in the acidic pH range (i.e., between 3 and 5) than at higher 

or lower pR values. Alumina and bauxite both displayed adsorption maxima for 

pH values between 4 and 7. Even at the pH of maximum adsorption by activated 

carbon, alumina and bauxite demonstrated superior performance. Figure 8.1.4 

depicts the effect of pH on the performance of activated carbon. 

Adsorption equilibrium were described adequately by both the Langmuir amd 

Freundlich isotherm models. The effect of solution composition on adsorption 

equilibria for activated carbon is shown using the Langmuir model in 

Figure 8.1.5. With regard to the ionic strength of the solutions and their 

effect on adsorption, it was determined that the rates of adsorption were 

slowest in seawater, yet the extent of adsorption was reduced by no more than 

5 percent relative to freshwater. 23 However, it must be noted that the 

isotherm plots are based on only three data points. 

Cadmium--In one study, adsorption of cadmium was batch tested using four 
15 brands of activated carbon (GAC and PAC), as shown in Table 8.1.3. Stock 

solutions were prepared to represent cyanide and fluoborate plating baths as 

follows: 

1. cyanide bath: to-2 M CdO + to-1 M NaCN (molar ratio of Cd: 

2. 

CN = 1:10); and 

fluoborate bath: 10-l M cd (BF4 ) 2 + 7.0 x 10-2M NH
4 

BF4 + 5.0 x 10-2 M H3Bo3 (molar ratios of Cd:BF: 4NH4 : 
H3B03 = 1:2.7:0.7:0.5). 
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TABLE 8.1.3. TYPICAL SURFACE PROPERTIES OF ACTIVATED CARBONS 
USED IN THIS STUDYa 

Specific surface area Particle size 
Carbon type (m2/g) {mm) 

Nuchar S-N 1400 -

Nuchar S-A 1400 -

1800 -o.o4 

1800 -0.03 

- 0.10 

- 0.10 

5.84b 

3.8ob 

Darco HD 3000 550 - 650 0.84 - 4. 7 5 

Filtrasorb 400 94ld 0.90 - 1.00 

8 Information provided by manufacturer unless indicated otherwise 
(Reference 14). 

bDetermined in this study. 

cvalue not determined, but estimated to be S-7 based on comparison with 
values of other Darco brand granular carbons and observation of pH drift 
in various solutions. 

dFrom Reference 15. 
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The ionic strength of the waste water was shown to have a minimal effect 

on adsorption, with the rate increasing only slightly with decreasing ionic 

s~rength. However, as expected, the kinetics of cadmium adsorption onto PAC 

is taster than that onto GAG since pare diffusion is probably the rate 

limiting step for GAG. Conversely, external surface area contributes 

significantly to total surface area for PAC, therefore pare diffusion is less 

critical. Powdered activated carbons, in particular Nuchar S-N and Nuchar 

S-A, had larger cadmium adsorption capacities than the granular forms tested 

(Darco HD 3000 and Fil~rasorb 400). Figure 8.1.6 shows that Nuchar S-A 

achieves 90-95 percent Cd+ 2 removal in the neutral pH range which is 

approximately three times that of granular carbons. 

Since differences in specific surface area between the diferent carbon 

types are not large and the hydrated radius of a Cd+
2 

ion is estimated to be 

much smaller (4 angstroms) than the lower pore size values (10 to 1000 

angstroms), the performance difference can be attributed to surface 

chemistry. Powdered carbon has a low pH at zero charge (pHZPG) and 

excellent adsorption capacity for cationic metal ions. Granular carbon, 

having a high pHZPG' is rather poor for metal ion adsorption. The pHZPC 

value reflects the nature of surface functional groups. 

The distribution of cadmium species in solution is a function of pH. The 

hydrogen ion concentration of the wastewater solution plays a critical role in 

the extent of Cd+2 adsorption. For both the fluoborate and cyanide 

wastewaters, the adsorption density was found to approach its maximum level in 

the neutral pH range. This is a positive feature of carbon treatment when 

compared to alternatives such as precipitation, which requires a pH adjustment 

to 10 or 11 for effective removal. Nuchar carbon was found to be particularly 

effective in this regard, with little or no pH adjustment required after 
. . 1 . 14 add1t1on to so ut1on. 

Following these experiments, a suspension-polymerization technique was 

then used to aggregate one of the PACs, Nuchar S-A, to sizes suitable for 
. 22 column packLng. The beaded carbon was compared to a number of other 

~ctivated carbons as listed in Table 8.1.4. All metal solutions were prepared 

from reagent grace chemicals. Tne cadmium was a synthetic cadmium 

fluoborate, Cd(BF4)2, plating wastewater. Strong acids such as 

H2so
4 , HCl, and HC10

4 
were used to regenerate the Cd(II)-laden activated 

carbon beads. 
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TABLE 8.1.4. COMPARISON OF ADSORPTION CAPACITY BY VARIOUS TYPES OF 
ACTIVATED CARBONa 

% Cd( 11) 
Carbon Removed Carbon 

Filtrasorb 100 20.5 Darco 12 X 20 

Filtrasor:-b 200 20.5 Darco 20 X 40 

Filtrasorb 300 20.5 Nuchar 722 

Filtrasorb 400 17.0 Nuchar WV-G 

Darco 12 x 40 26.0 Nuchar WV-1 

Pittsburgh HGR 5.5 Nuchar wv-w 

Darco Granules (l:iD 3000) 25.0 Nuchar S-Ab 

Nuchar S-Nb 

aBatch adsorption conditions: Cd(BF4)2 10-4 M; Carbon 1 g/L; 
pH = 7.00; 1 = 0.01 ~ NaCl04 ; reaction time - overnight, 

bThe only two powdered activated carbons. 

Reference 22. 

8-23 

% Cd(II) 
Removed 

26.0 

25.5 

30.0 

23.0 

22.0 

10.0 

83-0 

67.0 



Preliminary batch studies were performed for a total of fifteen different 

types of activated carbons. Table 8.1.4 shows the results of the preliminary 

runs. The PACs, Nuchar S-A and Nuchar S-N, exhibited a ~r~ater Cd(II) removal 

capacity than the granular carbons. Column experiments performed with the PAC 

beads demonstrated-that the superior electrophoretic properties of powdered 

activated carbon could be combined with the manageability of GAC enablin~ use 

f . 22 
o the same contact equ1pment. 

Chromium--One study found that the removal of chromium from solution by 

activated carbon occurred through two major interfacial reactions: adsorption 

and reduction. 6 This study investigated chemical factors, such as pH and 
+6 . +6 . 

Cr concentrat1on, that affect the magnitude of Cr sdsorpt1on. This 

study used a commercial activated carbon, Calgon Filtrosorb 400, in a 

continuous mixed batch system. 

The adsorption density of Cr+6 increases with increasing pH to a 

maximum value and then declines rather rapidly with further increase in pH 

(see Figure 8.1.7). When the pH becomes greater than 10, no appreciable 

adsorption is observed. The extent of adsorption also increases with Cr+6 

concentration. 

F . 8 8 c +b . 1 d . 1gure .1. demonstrates that r 1s a so removed by re uct1on to 

Cr+J in the presen·ce of activated carbon. In the absence of activated 
+6 carbon, the Cr added remained in the hexavalent state. However, based on 

the absence of cr+3 in the supernatant, the researchers concluded that 

reduction only occurs at pH less than 6. This conclusion is valid since 

Cr+J is adsorbed to a lesser extent by activated carbon than Cr+6 • 

The results shown in Figure 8.1.9 demonstrate that cyanide is removed by 

activated carbon with a maximum value occuring around pH 8.
6 

Polaroid Corporatio~ reported the successful application of activated 

carbon for the removal of hexavalent chromium from an aQueous waste stream 

generated by a slide film production facility. Several alternatives were 

considered including ion exchange, electrochemical treatment, sodium 

metabisulfite reduction, ferrous sulfate reduction, and carbon adsorption. A 

feasibility study and economic analysis resulted in selection of the activated 
24 carbon system. 
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A schematic of the system is shown in Figure 8.1.10. The system 

utilizes carbon for adsorption of the chromium, which is 

d . . . f c +J ( . re uct1on w1th subsequent adsorptLon o r Note: th1s 

believed to occur by 

mechanism is 

different than that 

t Used). 24 ypes are 

postulated in the previous example since different carbon 

After exhaustion, the carbon is regenerated by treatment 

with sulfuric acid which is then pH adjusted and filtered to remove 
. . d . 24 prec1p1tate chromLum. 

During the pilot study, the feed pH and pretreatment (filtration) were 

found to have a major effect on successful operation of the carbon system. 

Adjustment of pH was necessary to extend the life and capacity of the carbon. 

If pH remained above 5.0, bed breakthrough occured 5 to 6 times more Quickly 

than with adjustment. 6 Pre-filtration of the feed was required to prevent 

hydraulic fouling of the bed since the film production effluent contained a 

gelatinous component that easily plugged the carbon column. 

In addition to technical success, Polaroid determined that a carbon 

system would also be more economical than the other technologies considered. 

Using the carbon on a once-through disposal mode (see Figure 8.1.10), as 

opposed to a regenerative mode, resulted in the lowest capital and operating 

costs in this particular application. A Carbon Service Agreement was selected 

as the optimal arrangement. Under this agreement, the carbon manufacturer 

leases an adsorber system, supplies carbon, disposes spent carbon, and 

provides maintenance support. 

Mercury--Experiments were conducted to evaluate the enhancement of 

mercury adsoption that could be realized through preliminary chelation of 

/ mercury ions and chemical treatment of activated carbon.
25 

The experiments 

included laboratory evaluations of process variables (i.e., pH, chelate type 

and dose, and carbon d?se), batch capacity and isotherm tests, and continuous 

flow column studies. Synthetic solutions of mercuric chloride, which 

simulated wastewaters from cblor-alkali industries, were used throu2hout the 

studies. 

Literature reviews performed by the investigators revealed the following; 

• chelation of the mercury improves carbon removal capacity, 

• reduction of Hg•2 to the elemental state may proceed subsequent to 
adsorption, 
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o sulfurizing agents such as CS2 can be used to improve mercury 
removal, and 

o regeneration of activated carbon laden with adsorbed mercury may be 
facilitated at hi~h pH since its adsorption is enhanced by low pH. 

Calgon Filtrasorb 300 effectively removed chelated Ammonium pyrrolidine 

dithiocarbonate (APDC) mercury from dilute mercuric chloride solutions at both 

pH 4 and pH 10, as shown in Figures 8.1.11 and 8.1.12, respectively. However; 

at the lower pH, carbon capacities were increased seven-fold in isotherm tests 

and nearly 14-fold in column tests. The pronounced pH effect may be explained 

in terms of changes in the carbon surface charge. At the mercuric chloride 

concentration in these experiments, sufficient chloride ion was available to 

complex the mercuric ion to its neutral or negatively char~ed chloride 

complexes. Any soluble metal oxides present at high pH would be converted to 

mercuric chloride species as the pH decreased. 25 A shift in pH would change 

the nature of the carbon surface. This carbon is an H-type carbon and possess 

basic surface oxide groups. Since the H-type carbons readily adsorb hydronium 

ions, the surface oxides could be neutralized at low pH, allowing pore 

diffusion of the mercury-chloride complexes. At higher pH, .the basis surface 

groups repel the rieutral to negative forms of the complexes. 

Carbon disulfide (CS
2

) greatly increased the removal of mercury by 

activated carbon at pH 10 when the carbon was soaked with cs2 and dried 

prior to adsorption. At mercury concentrations of 1 ppm, cs
2 

treatment 
. 5 . . b . 25 resulted ~n a 0-fold ~ncrease ~n car on capac~ty. 

Column tests with granular activated carbon showed improved operation at 

low pH. Fi~ure 8.1.13 and 8.1.14 show the breakthrough curves for pH lOand 

pH 4, respectively. Relatively poor results were obtained at the high pH; 

breakthrough occurred within one day. At pH 4, a substantial improvement in 

performance was observed, with no breakthrough evident after 5 days of 
. 25 

operat~on. 

+2 
In summary, the data indicate that removal of Hg by activated carbon 

treatment is feasible. Carbon removals from alkaline wastes may be enhanced 

by chelation of the mercury with APDC, treatment of the carbon with cs
2

, or 

"" by lowering the pH of the wastewater.-J 
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Source: Reference 25. 
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In another series of laboratory experiments, columns packed with 

Nuchar 722 activated carbon were used to determine the mechanism responsible 
2b for mercury removal. A 17 percent caustic solution originating from 

mercury electrolysis cells was fed to one of the columns, while an aQueous 

preparation containing methyl mercuric chloride was percolated through the 

second. About 80 percent of the influent mercury was removed in the first 

column and no mercury was detected in the discharge from the second. The 

.investigators concluded from the results obtained that or~anic mercury is 

readily adsorbable, both on an absolute basis and relative to other forms of 

mercury. They also postulated that filtration was the dominant mechanism in 

the observed removal of finely divided metallic mercury from the caustic 

stream. 

Successful application of a full-scale activated carbon treatment system 
27 28 

has been reported. ' This particular system was devised for handling 

small volume, pesticide manufacturing discharges containing organic mercury 

compounds. In the process, suspended solids are removed by coagulation and 

flocculation with iron salts and polyelectrolytes prior to carbon adsorption 

in a series of packed beds. Mercury loadings of 0.05 kg per kg carbon are 

readily attained and the spent carbon sorbent is thermally regenerated. 

Cyanide--Kuhn
29 

patented a process where activated carbon is utilized 

as a catalyst for cyanide oxidation. The process involves mixing air and 

cyanide-bearing waste, at an alkaline pH, and pulsating the solution through a 

bed of activated carbon. Calgon Corporation extended this cyanide 

detoxification method by adding cupric ions to the wastewater along with 
30 

oxygen prior to passing the cyanide~bearing waste tbrouRh GAC columns. 

The cupric ions accelerate and increase the efficiency of the catalytic 

oxidation of cyanide by granular activated carbon. The presence of cupric 

ions results in the formation of copper cyanides, which are adsorbed more 

readily than copper or cyanide alone. 

Calgon demonstrated that the capacity of the granular carbon was limited 

to 2-3 mg of cyanide adsorbed per gram of adsorbent when no copper was used. 

However, the addition of capper increased the adsorption capacity to 25 mg/g. 

In the presence of dissolved oxygen, adsorption sites were continuously 

regenerated tnrough the oxidation of the cyanide. 30 
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Based on Calgon's studies, a study was undertaken to investigate the 

teasibility ot a low-cost activated carbon treatment process for petroleum 
7 refinery wastewater. The conceptualized process evaluated in this study 

involves the addition of powdered activated carbon (PAC) and cupric chloride 

directly into an activated sludge unit which is commonly used for secondary 

treatment at petroleum refineries. Some of the potential benefits of adding 

PAC to an activated sludge system include: 31 

• improvement in BOD and COD removals; 

• improved solids settling, decreased effluent solids and increased 
sludge solids; 

• adsorption of dyes and toxic components that are either not treated 
biologically or are poisonous to the biological system; 

• prevention of sludge bulking over broader ranges of feed to 
microorganism; 

• effe~tive increases in plant capacity at little or no additional 
capital investment; and 

• more uniform plant operation and effluent Quality, especially during 
periods of widely varying organic or hydraulic loads. 

From the results of batch tests, the following five parameters were 

considered to be the major variable affecting the cyanide treatment using PAC 

in activated sludge units: pH, mode of copper addition, carbon type, and 

carbon and copper dosages. 
7 

Increased cyanide removal rate was observed at lower pH, as shown in 

Figure 8.1.15. However, although low pH favors increased cyanide removal, 

effluent copper levels were unacceptable. Further study demonstrated that at 

pH values near neutral, 95 percent cyanide removal was achieved while 
7 

maintaining effluent copper levels of 0.05 mg/1 or below. 

Copper salts can be introduced by two different techniques, either 

directly into the aeration basin or by being adsorbed onto the carbon prior to 

addition. The results did not demonstrate a significant difference between 

tnese metnods. 
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Two type of PAC, lignin-based {Aaua-Nuchar) and lignite-based lHydarco C) 

1..1ere evaluated throughout a range of carbon and copper concentration.-- Typical 

results are shown in Figure 8.1.16. When utilizing potassium ferrocyanide, 

the lignite-based carbon Yas superior at all carbon dosages tested, however 

the overall improvement diminished as copper dosage was increased. Similar 

tests performed with potassium ferricyanide as the cyanide source showed the 

lignin-based PAC to be more effective. 

cyanide level was reduced as the carbon 

In both tests, the equilibrium soluble 
' . . d 7 concentrat1on was 1ncrease • _ -

Copper dosage was found to have the greatest influence on cyanide 

removal. The data presented in Table 8.1.5 demonstrate that as the carbon 

dosage increases, there is greater copper removal in addition to ~reater 

cyanide removal._ Hence, concerns over excessive copper effluent levels can be 
7 

addressed by increases in carbon dosage. 

The above results demonstrate that the addition of PAC/CuC1
2 

directly 

into petroleum refinery activated slud~e aeration basins can enhance cyanide 

removal without any detrimental effect on the microorganisms, provided that 

the copper concentration in the influent is maintained at less than 1 mg/1. 

The addition of PAC also improves the removals of BOD, COD and TOC. 

8.1.3 Cost of Carbon Adsorption 

The cost of carbon adsorption treatment can be described in terms of 

direct and indirect capital investment·. operation and maintenance costs. For 

the small-scale system, direct capital investment costs include the purchase 

of a waste storage tank. a pre-filter. carbon columns, a waste feed pump, 

piping and installation. For the large-scale system, additional direct 

capital investment costs include storage tanks for spent and regenera:~d 

d . . 1 32 1 1 b carbon an automat1c centro s. A mode has been deve oped y ICF, Inc. 
33 for calculating carbon adsorption costs. Table 8.1.6 presents eQuations 

used to calculate direct capital costs as a function of carbon consumption 

rate and storage volume. 

Indirect capital costs include engineering and construction costs, 

contractor's fee. startup expenses, spare parts inventory, interest during 

construction, contingency and working capital. These costs are expressed as 

percentages as summarized in Table 8.1.7. Direct and indirect capital costs 

are assumed to be incurred in year zero. 
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TABLE 8.1.5. FILTRATE COPPER LEVELS 

Avera~e Filtrate Copper Levels 

100 mg/1 
carbon 

0.06 

0.08 

0.19 

8-40 

250 m~/1 
carbon 

0.05 

0.05 

0.09 

1,000 m11,/L 
carbon 

< 0.02 

0.02 
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TABLE 8.1.6. DIRECT COSTS FOR CARBON ADSORPTIONs 

Carbon consumption 
rate 

(lbs/day) 

less than 400 

greater than 400 

where: c carbon 

Direct capital 
costs 

($) 

l,2Sb(c)· 003 + l40(s)·S4 

l4,23l(c)·522 + 140(s)·54 

Direct operation and 
maintenance costb 

( $/yr) 

29(c)•6 + 3SO(c)(cp) + 

619(c)•l68(h) + S(c)(p) 

58(c)•657 + 3S(c)(cp) + 

10S(c)·4SS(h) + 
25,012·383(c)(p) + 
1.49 l06(c)(f) 

consumption rate in pounds per day 

s "' storage volume in gallons 

cp "' carbon price in dollars per pound ($0.8/lb) 

h hourly wage rate in dollars per hour ($14.56/hr) 

p = power price in dollars per kilowatt-hour ($0.05/KWh) 

f fuel price (natural gas) in dollars per Btu ($6Kl0-6/Btu) 

acost estimates were developed for three model treatment systems (three 
small scale and three large scale systems). The cost estimates for these 
systems were then used to develop a cost eouation in the form of a power 
curve. 

bThe power requirement is derived from the equipment specifications. 

Source: Reference 33. 
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TABLE 8.1.7. INDIRECT COSTS FOR CARBON ADSORPTION 

ltem 

Indirect Capital Costs 

Engineering and 
Supervision 

Construction and 
Field Expenses 

Contractors Fee 

Startup Expenses 

Spare Parts 
Inventory 

Interest During 
Construction 

Contingency 

Working Capital 

Indirect Operation and 
Maintenance Costs 

Insurance, Taxes, 
General 
Administration 

System Overhead 

Percent 
of direct 
capital 
costs 

12 

10 

7 

5 

2 

10 

0 

0 

0 

0 

Percent of the 
sum of direct 
and indirect 
capital costs 

0 

0 

0 

0 

0 

0 

15 

18 

5 

5 

Percent 
of total 

annual costa 

0 

0 

0 

0 

0 

0 

0 

0 

0 

10 

aThe total annual cost is defined as the sum of the total capital cast 
multiplied by the capital recovery factor and the total operation and 
maintenance costs. 

Reference 33. 
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Operation and maintenance costs also consist of direct and indirect 

costs. Direct operation and maintenance costs include operating labor, 

electricity, and carbon consumption. Table 8.1.8 also contains the equations 

used in the model to calculate direct operation and maintenance costs. All 

costs are presented for four flow rates ranging from 100 to 2,500 gal/hr. 

8.1.4 Overall Status of Process 

Activated carbon is a widely used technology for treating waste streams 

containing organic compounds. In contrast, the application of activated 

carbon technology to the treatment of metal and cyanide containing 

wastestreams is limited. However, the ability of activated carbon to treat 

these wastestreams has been demonstrated at bench, pilot, and full-scale 

levels. Full-scale systems have been used commercially to treat chromium and 

mercury wastestreams, but these applications are few in number. Performance 

data is difficult to acquire due to confidentiality agreements between 

activated carbon manufacturers and their customers. 

Environmental impacts can occur when the exhausted activated carbon must 

be regenerated or disposed. The regeneration of activated carbons used for 

the treatment of metals or cyanides is accomplished using a strong acid or 

base. Regeneration is usually not performed unless there is an economic 
34 

incentive to recover the adsorbed metals. Consequently, the spent carbon 

is typically disposed of in a secure landfill. 
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TABLE_8.1.8. CARBON ADSORPTION COSTS 8 

Quantity processed 
(gal/hr) 

100 MO 1,000 2,500 

Capital Expenditures 

Capital Cost Including Installationb 
($1,000) 59 561 904 1,462 

Annual Operation and Maintenance (Sl,OOO)C 

Energy 2 11 27 

Labor 23 35 53 

Carbon 7e 27 67 

Other 1 5 10 

Capital Recovery 10 99 160 

Total Annual Cost 42e 177 317 

Cost per 1,000 gald 210e 221 159 

acosts are based on the RCRA RISK-COST ANALYSIS MODEL. 33 

bcapital costs for the 100 gal/hr system include waste storage tank, 
prefilter, carbon columns, waste feed pump, piping and installation; the 
other flow levels (400, 1,000, 2,500) include these units plus storage 
tanks for spent and regenerated carbon, a multiple hearth furnace and 
automatic controls. 

CThese costs are based on the following data: 

carbon price = $0.8/lb 
hourly wage rage = $14.56/hr 
power price = $0.05/kwh 
fuel price (natural gas) = $6 x 10-6/Btu 
capital recovery factor= 0.177 

dunit costs are based on 2000 hours of operation per year. 

eModified to reflect a direct relationship between carbon requi~~ment ~~~ 
quantity processed. 

*Note: 1984 dollarsw 
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8.2 ION EXCHANGE 

Ion exchange bas been used commercially to recover metal-containing 

wastes from the metal finishing, electroplating, and fertilizer manufacturing 
. d . 1 tn ustrtes. These wastes contain dissolved metal salts which dissociate to 

form metal ions. In conventional ion .exchange, metal ions from dilute 

solutions (e.g., plating rinses) are exchanged for ions which are held by 

electrostatic forces to charged functional groups on the surface of the 

exchange resin. An alternative design, the acid purification unit, adsorbs 

acids from concentrated solutions le.g., etchants) and allows metal 

contaminants to pass through the system. In both cases, the adsorbed 

constituent is subsequently removed by contacting the resin with a regenerant, 

resulting in a potentially recoverable by-product stream which is highly 

concentrated in the adsorbed constituent. 

The major applications of ion exchange are water purification 

(deionization) and selective removal of toxic heavy metal and metal-cyanide 

complexes from dilute wastewater streams. Rinse water is reused and metal 

contaminants are concentrated in the regenerant stream, allowing more 

economical treatment and enhancing their recovery potential. As an end of 

pipe application, ion exchange resins have been applied for selective removal 

~f toxic compounds, while ~llowing nontoxic dissolved ionic solids to remain 

in solution. The acid purification unit (APU) has been successfully applied 

commercially for recovery of steel pickling, aluminum anodizing, etchants, and 
' . . l rack strtpptng operattons. 

8.2.1 Ion Exchange Process Description 

General System Description--

The ion exchange system may be operated in a batch or flow-through 

(column) mode, the latter being generally preferred due to greater exchange 

efficiencies. With the batch mode of operation, the ion exchange resin and 

the. waste solution are mixed in a batch tank. Upon completion of the exchange 

reaction {i.e., eQuilibrium is reached), the resin is separated from the 

treated solution by filtering or settling, regenerated, and reused. Unless 
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the resin has a very high ,affinity for the contaminant ion, the batch mode of 

operation is chemically inefficient and thus has limited applications. 

Flow-through operation involves the use of a bed or packed column of the 

exchange material (resin). These systems are typically operated in cycles 

consisting of the following steps: 

1. Service (exhaustion) - Waste solution is passed through the ion 
exchange column or bed until the exchange sites are exhausted. 

2. Backwash - The bed is washed (generally with water) in the reverse 
direction of the service cycle in order t9 expand and resettle the 
resin bed. 

3. Regeneration - The exchanger is regenerated by passing a 
concentrated solution of the ion originally associated with it 
through the resin bed or column; usually a strong mineral acid or 
base. 

4. Rinse Excess regenerant is removed from the exchanger; usually by 
passing water through it. 

A flow-through (column) system can be designed with cocurrent or 

countercurrrent flow of the waste and regenerant (steps 1 and 3 above). In 

cocurrent systems, the feed and the regenerant both pass 

a downflow mode. Figure 8.2.1 illustrates the cocurrent 

through the resin in 
2 

flow process. 

Each ion exchange unit consists of a cylindrical vessel having distributors or 

collectors at the top and bottom. Resin is loaded into approximately half of 

the vessel to accommodate resin expansion during the backwash cycle. 

Cocurrent systems are only cost-effective for weak acid or base exchangers 

which do not require highly concentrated regenerant solutions. However, 

regeneration of strong exchangers thigh exchange capacity) requires strong 

acid and base solutions which can be more costly. 

Often it is too costly to fully regenerate a bed. In order to avoid 

carry over of contaminants into the next service run, two or more sets of 

fixed columns arranged in parallel series can be used. Similarly, to avoid 

excessive downtime during the regeneration cycle, dual sets of fixed columns 

can be .used. While one set of columns is being regenerated, the second set of 

columns will be switched on line permitting continuous operation of the 

system. improved regenerant efficiency can also be accomplisned by reusing 
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l . f . 3 the ast port1on o the regenerant solutlon. For example, if 5 lb/ft
3 

(80 g/L) of regenerant were used for the system shown in the figure, the first 

50 percent of spent regenerant would only contain 29 percent of the original 

acid concentration, whereas the remaining regenerant would contain 78 percent 

of the original acid.
3 

If the last portion of the regenerant is reused in 

the next cycle before the resin bed is contacted with fresh HCl, the exchange 

capacity would increase from 60 to 67 percent at eQual chemical doses.
3 

In addition to cocurrent designs, countercurrent systems are available 

which result in a more efficient use of regenerant chemicals. They also 

achieve a higher concentration of contaminant in the regenerant stream thereby 

enhancing potential for further recovery. A widely used countercurrent design 

for chemical recovery from plating rinses is the reverse or reciprocating flow 

ion exchanger (RFIE), as depicted in Figure 8.2.2. Another variation of this 

design, which uses countercurrent flow through a fluid bed, is called the acid 

purification unit (APU), developed by Eco-Tech, Ltd. Instead of adsorbing 

metallic species, the resin adsorbs acid which is then regenerated by flushing 

the bed with water (see Figure 8.2.3). 

Resin Selection--

The most significant design parameter in an ion exchange system is the 

selection of an appropriate resin. Resin selection is based on the type of. 

ion exchanger, flow volume and the resin's strength, exchange capacity and 

selectivity. Resins can be classified by functional (reactive) groups and the 

type of exchangeable ions present. Exchanger categories include strong and 

weak cation, strong and weak anion, and chelating ion. exchangers. Some of the 
. 4 

more common react1ve groups are: 

Reactive Group 

Strong acid {sulfonic) 

Weak acid (carboxylic) 

Weak acid (phenolic) 

Strong base (Quaternary ami~e) 
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Cations in general 

Cations in general 

Cesium and polyvalent cations 

All anions, esp. used for anions of 
weak acids {cyanide, carbonate, 
silicate, etc.) 
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Weak base (tertiary and secondary 
amine) 

Chelating (varied, may be imino
diacetate or oxime groups) 

Anions of st-rong acids (sulfate, 
chloride, etc.) 

Cations, especially transition and 
heavy elements 

Cation exchangers have positively charged, mobile ions for exchan~e. 

Strong acid cation resins are those containing functional ~roups derived from 

a strong acid. Their behavior is similar to that of a strong acid in that 

they can convert a metal salt to the corresponding acid. Both the hydrogen 

form (used for deionization) and sodium forms (used for water softening) are 

highly ionized. Due to the highly dissociated nature of these resin types, 

their exchange capacity is independent of solution pH. 

Weakly acidic cation exchangers are resins derived from a weak acid. 

These resins behave like weakly dissociated organic acids. The degree of 

dissociation is strongly influenced by solution pH and they tend to 

demonstrate limited capacity below a pH of 62 Due to the pH limits, weak 

acid res~ns are unsuitable for deionizing acidic wastes. 

Strong and weak anion exchange resins behave in a fashion analogous to 

cation exchangers. Strongly basic anion exchangers are highly ionized and can 

be used ~ver a wide pH range. Weakly basic anion resins are strongly 

influenced by solution pH and exhibit limited exchange capacity above a pH 

of 73 • 

Chelating resins behave similarly to weak acid cation resins, but are 

highly selective for heavy metal cations. This type of resin forms an 

essentially non-ionized complex with divalent metal ions. Consequently, once 

an exchang·er group is converted to the heavy metal form, it is relatively 

unreactive with other similarly charged ions in solution, regardless of 

concentration. Chelating resins will effectively remove heavy metal cations 

from solutions of pH 4 and above. 

The exchange capacity of a resin is generally expressed as equivalents 

per liter (eq/L, where an equivalent is equal to the molecular weight of the 
. ·- ··-····· ··- ..... - ~ ·-··-·--·- ..... --- T-

ion, in grams, divided by its electrical charge or valence. For example, a 

resin with an exchange capacity of 1 eq/L could remove 37.5 g of divalent zinc 

(Zn+ 2 , molecular weight= 65 g) from solution. 
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As noted above, solution pH can have a significant effect on exchange 

capacity for weakly acidic, anfonic, and chelating resins. For example, the 

effect of pH on the exchange capacity of Rohm and Haas Amberlite IRC-718, a 

chelating resin specifically designed for selective heavy metals removal, is 

Quite dramatic.
5 

Because of the resin's affinity for hydrogen ions, the 

capacity for most other ions falls off sharply below pH 4. Figure 8.2.4 

compares the capacity of Amberlite IRC-718 when used to remove nickel from a 

waste containing calcium chloride at pH 

removal is realized for 200 bed volumes 

2 and pH 4. The data show that 
3 

(1,500 gal/ft of resin) when 

good 

treating the stream at pH 4 whereas breakthrough occurred at pH 2 in less than 

50 bed volumes. 5 

Figure 8.2.5 illustrates the effect of pH on the capacity of Amberlite 

DP-1 (a weak acid cationic resin) and Amberlite IRC-718 when these resins are 
5. +2 

used for removal of cadmium at pH 2.1 and pH 8.0. In this example, Cd 

was present at a concentration of 50 

a flow rate of 8 bed volumes/hour (1 

ppm with 
3 gpm/ft ) 

1,000 ppm calcium chloride. At 

and a pH of 2.1, both resins 

showe~ sharp breakthrough curves with end points less than 100 bed volumes. 

Conversely, at pH 8.0, Amberlite IRC-718 showed less than 0.1 pprn leakage for 

350 bed volumes while leakage from Amberlite DP-1 remained under 0.1 ppm for 

520 bed volumes. 5 

The metal removing performance of an ion exchange resin is also 

influenced by its ionic form. For example, Amberlite IRC-718 is available ~n 

hydrogen and sodium forms. Figure 8.2.6 demonstrates the difference in 

exchange capacity for this resin for the removal of copper from a stream 

Ca+2 4.5 containing 50 ppm and 1,000 ppm CaC1
2 

at pR Breakthrough 

occurs much sooner for the sodium form of Amberlite IRC-718 despite the fact 

that the two resins demonstrated comparable removal efficiencies. 

Ion exchange reactions are stoichiometric and reversible. A generalized form 

of an ion exchange reaction can be described as follo~s: 

+ 
where R is the resin, A is the ion originally associated with the resin, 

~ 

and B ~s the ion or1ginally in solution. 

The degree to which the exchange reaction proceeds is dependent on the 

preference, or selectiv1ty, of the resin for the exchanged 10n. The 
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selectivity coefficient, K, expresses the relative distribution of ions when a 

charged resin is contacted with solutions of different, but similarly char~ed 

ions. For example, in the generalized ion exchange reaction presented above, 

the selectivity coefficient (K) is defined as follows: 

+ 
lB j in resin 

+ 
[A j in solution 

K = X ... 
lA J in resin 

+ . IB J 1.n solution 

The selectivity coefficient of a resin will vary with changes in solution 

characteristics and the strength of the resin. Table 8.2.1 summarizes the 

selectivities of strong acid and strong base resins for various ionic 
. 3 6 

spec1es. ' Resin selectivity is dependent upon ionic charge and size. The 

force with which an ion is attracted is proportional to its ionic charge and, 

therefore, the counter ion of higher valence is more strongly attracted into 
J 

the exchanger. The preference of exchange resins for counter ions of 

highest charge increases with dilution of the external electrolyte and is 

strongest with exchangers of high internal molarity. 

With regard to ionic size, ions of smaller radius are preferentially 

adsorbed. when the res1n is in a polar solvent, such as water, the fixed ions 

within the exchanger and mobile ions in both the resin and the solution tend 

to hydrate, causing the resin to swell. Hydration of the ions exerts a 

swelling pressure within the resin which is resisted by the cross-linked 

polymer matrix holding the resin particle together. As a result, the resin 

prefers the ion of smallest hydrated radius, since smaller ions can most 

readily enter the matrix of the resin and react with its functional groups. 

In general, multivalent hydrated ions are smaller in size than an equivalent 

charge unit of ions of lower valence.and are therefore preferentially 

adsorbed. Within a given series of ions, the hydrated radius is generally 

inversely proportional to the unhfdrated ionic radius.
7 

Another factor aff·ecting res·in selectivity· is the interaction of ions 

within the exchanger and in bulk solution. The exchange resin prefers 

counter-ions which associate most strongly with the fixed ionic groups. If 

the groups are ~imilar in structure to precipitating ar c0~plexing age~ts f0~ 

a particular ion, the resin will prefer that ~on. As a result of this 

pheoowenor.,·ffiany resins con~aining chcla~ing =unctional g~oups show p~o~o~~ceC 

selectivities for transition group metal ions.
7 
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TABLE 8.2.1. SELECTIVITIES OF ION EXCHANGE RESINS IN ORDER OF 
DECREASING PREFERENCESa 

Strong acid 
cation 

exchanger 

Barium (+2) 

Lead (+2) 

Mercury (+2) 

Copper (+l) 

'Calcium (+2) 

Nickel (+2) 

Cadmium (+2) 

Copper (+2) 

Cobalt (+2) 

Zinc (+2) 

Cesium (+l) 

Iron (+2) 

Magnesium (+2) 

Potassium (+l) 

Manganese (+2) 

Ammonia (+1) 

Sodium (+1) 

Hydrogen ( + 1) 

Lithium (+1) 

Strong base 
anion 

exchanger 

Iodide (-1) 

Nitrate (-l) 

Bisulfite (-l) 

Chloride ( -1) 

Cyanide (-l) 

Weak acid 
cation 

exchanger 

Hydrogen (+l) 

Copper (+2) 

Cobalt (+2) 

Nickel ( +2) 

Calcium (+2) 

Bicarbonate (-1) Magnesium (+2) 

Hydroxide (-1) Sodium (+2) 

Fluoride (-1) 

Sulfate (-2) 

avalence number is given in parentneses. 

Sour.ce: References 3 and 6. 
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1-leak base 
anion 

exchanger 

Hydroxide ( -1) 

Sulfate (-2) 

Chromate (-2) 

Phosphate (-2) 

Chloride (-1) 

Weak acid 
chelate 

exchanger 

Copper (+2) 

Iron (+2) 

Nickel (+2) 

Lead (+2) 

Manganese (+2) 

Calcium (+2) 

Magnesium (+2) 

Sodium (+1) 



The major disadvantage of a high degree of selectivity in an exchange 

reaction is the reluctance of the resin to release the ion during 

regeneration. 7 Figure 8.2. 7 illustrates the elution curves for zinc from a 

chelating resin 

and a flow rate 

and a weak acid cation resin with a 
3 5 

of 8 bed volumes/hour (l gpm/ft ). 

10 percent HCl regenerant 

The weak acid cation 

resin, Amberlite DP-1, gives a sharper elution curve, demonstrating the 

relative ease with which it is regenerated. Conversely, the highly specific 

chelating resin, Amberlite IRC-718, requires nearly twice as much regenerant. 

Although chelating resins clearly offer superior selectivity for metals 

removal, a weakly acidic cation exchange resin in the sodium form can 

sometimes exhibit equal or 

treating heavy metal waste 

superior capacity and regeneration efficiency when 
5 

streams. 

Operating Parameters--

Operating parameters vary considerably depending on the particular 

application. The following factors will influence the selection of a resin 

type, pretreatment requirements, flow rates, cycle ti~es, and the sizing of a 

system for a particular application: 

• Types and concentrations of constituents present in the feed; 

• rate of metal salt accumulation in the bath; 

• flow rate; and 

• number of hours of operation. 

The types and concentrations of constituents present in the spent 

solution will determine the type of resin selected. Weak cation exchangers 

can be used for spent solutions containing low concentrations of metal ions. 

For solutions containing high concentrations, a strong anion exchanger may be 

preferred. The constituent concentrations and waste volume will also 

determine the resin volume needed to treat the stream. Commercially available 

systems are a~le to process wastes at throughput rates ranging.from 38 to 

6, 700 liters/hour. 8 Cycle times for RFIE systems generally range from S to 

S . 8,9 f h b h l l mLnutes , whereas or cocurrent systems, t ey can e as muc as to 
3 

2 hours because of the time needed to regenerate the column. As a result, 

dual sets of columns are typically used in cocurrent systems to avoid 

excessive downtime. 
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Pretreatment Requirements~-

Pretreatment of the waste stream (usually via filtration) ~s often 

necessary to remove many constituents which would otherwise adversely affect 

the resin. Certain organics (e.g., aromatics) become irreversibly sorbed by 

exchange resins, and oxidants, such as chromic or nitric acid, can damage the 

resin. Sodium metabisulfite, which converts hexavalent chrome to its 

trivalent state, can be added to the solution to prevent damage to the 

resin. 10 Eco-Tech claims that resin degradation is less of a problem with 

the RFIE process due to the short duration of contact (e.g., 1.5 min) between 

the acid and the resin. 12 •13 

High concentrations of suspended solids, which can foul the resin bed, 

are t~pically pretreated through some form of filtration; e.g., activated 

carbon, deep bed, diatomaceous earth precoat, and resin filters. The filters 

eventually become clogged with particulates, and are replaced when overall 
. . 7 

cycle time increases to unacceptable levels due to excess1ve head loss. 

For large volume systems which require frequent changing of filter cartridges, 

it may be more cost-effective to use a multimedia sand filter with a 

backwashing regeneration system. Although initial capital costs are higher, 
. . 8 

significant sav~ngs in filter replacement costs can be real~zed. 

The use of weak acid or base exchangers for treating wastes will require 

additional pretreatment. The exchange capacity of weak acid exchangers is 

generally limited below pH 6.0, and weak base exchangers are not effective 
4 above pH 7. Therefore, a pH adjustment system must be incorporated prior 

to feeding the waste stream to the exchanger. 

Ion exchange using cocurrent flow is not economically suitable for 

removal of high concentrations of exchangeable ions; i.e., above 2,500 mg/L, 

expressed as calcium carbonate equivalents. Above this level, the resin 

material is rapidly exhausted during the exchange process and regeneration 
. . . . 3,13 . f "d becomes prohLbltlVely expens1ve. However, the reverse ~s true or ac1 

purification units since they are capable of recycling the regenerate. In 

addition, higher acid concentrations in the waste feed solution will improve 

APU removal efficiencies. 
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Post-Treatment Requirement~--

Overall savings in treatment and disposal costs can be realized throuah 

the use of ion exchange since, being a separation process, the total volume of 

wastes generated is reduced. Waste streams from ion exchange include spent 

regenerant solution, wash, and filtered solids. Cocurrent ion exchange 

generates an additional waste stream as a result of the need to backwash and 

expand the resin bed prior to regeneration (see Fiaure 8.2.1). Spent 

solutions from cocurrent operations are generally combined and managed through 

neutralization, precipitation, and disposal of the resulting metal sludge. 

Recovery of the regenerant or metals may not be economically justified since 

regeneration is conducted relatively infrequently in applications where this 

process is typically used; e.g., polishing treated effluents. Conversely, 

RFIE units generate more highly concentrated regenerant solutions which are 

more amenable to metal recovery (~.g., electrolytic recovery) and regenerant 

reuse. 

The only waste product generated from an APU is a moderately acidic 

metallic salt sludge. This also may be amenable to metal recovery 

techniques. The recovered acid stream is generally reused as make-up in the 

processing bath which was being treated. 

For all units, filtrate from prefiltering systems can generally be land 

. d . f 14 . h b d d~spose Wlthout urther treatment. Otherw1se, t ese can e manage 

through dewatering and solidification prior to landfilling. The quantity of 

sludge generated will depend on the types and concentrations of suspended 

solids present in the waste solution. 

8.2.2 Process Performance 

The performance of an ion exchange system will be predominantly 

influenced by the characteristics of the waste stream being treated including: 

types and concentrations of constituents present, acidity of the spent stream 

relative to that of the fresh stream, and required effluent quality. Factors 

which must be considered when evaluating system performance include: the 

quantity of residuals generated, cycle time, product concentration, process 

modifications required, attainable flow rate, ·system siz:e, and overall 

processing costs. 
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A comparison of ion exchange systems is shown 1n Table 8.2.2.
14

•
15 

Cocurrent flow units have the lowest capital costs but also the highest 

operating costs per unit of contaminant removal. RFIE units are generally 

more cost-effective than cocurrent fixed-bed systems for wastes with 

appreciable contaminant content (e.g., plating bath rinses). They use smaller 

resin volumes, minimizing capital costs and space requirements, have lower 

operating costs as a result of regenerant reuse, are capable of handling 

higher volume flows, and generate more consistent effluent quality. Examples 

of industrial applications for the various types of ion exchange units, 

including APUs, are discussed below. 

Effluent Polishing: Plating Facility--

Polishing of effluents from conventional treatment systems using ion 

exchange has been applied successfully at a number of commercial 

installations. As an example, the Mogul Corporation designed a 2-stage, fixed 

bed 

Zn, 

polishing system 
.. . 4 
~1, Cu, ana Cr. 

for a client that copld not meet effluent standards for 

·The plating facility originally used sodium bisulfite 

chromium reduction and hydroxide precipitation to batch treat four segregated 

heavy metal plating waste effluents. Ion exchange was selected as the ideal 

choice to polish the combined waste discharge at this facility for several 

reasons. With a centralized treatment facility in place, no additional 

chemical destruction systems were needed to treat regenerant solutions. 

Similarly; no investment was needed for sophisticated pR control systems, 

flocculant feed systems, clarifiers and other process equipment. Finally, ion 

exchange units are compact and easy to automate and, therefore, were not 

difficult to incorporate into the existing system. 

Rohm and Haas Company recommended using Amberlite XE-318 cation exchange 

resin for this application since, as a result of its strong chelating 

functionality, it is selective for removing transition metals in the presence 

of alkali or alkaline earth cations. Laboratory tests indicated that optimal 

removal was obtained by using the resin in both its hydrogen and sodium forms 

in a two-stage system. Since the selectivity of the resin is less for calcium 

ions than for sodium ions, lime was substituted for sodium hydroxide in the 

first-stage treatment. Resin column breakthrough tests were then performed to 

determine the quantity of res~ns needed to handle the 500 GPD volume of 
plating wastes. 
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TABLE 8.2.2. COMPARISON OF ION EXCHANGE OPERATING MODES 

Criteria 

Capacity for high feed 
flow and concentration 

Effluent quality 

Regenerant and rinse 
requirements 

Equipment complexity 

Cocurrent 
fixed bed 

Least 

Fluctuates with 
bed exhaustion 

Highest 

Simplest; can use 
manual operation 

Equipment for continuous Multiple beds, 
operation single regenera

tion equipment 

Relative costs (per 
unit volume): 

Investment 

Operating 

Least 

Highest chemicals 
and labor; highest 
resin inventory 

Source: R~ferences 14 and 15. 
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Countercurrent· 
fixed bed 

Middle 

High, minor 
fluctuations 

Somewhat less 
than cocurrent 

More complex; 
automatic con
trols for 
regeneration 

Multiple beds, 
single regener
tion equipment 

Middle 

Less chemicals, 
water, and labor 

· than cocurrent 

Countercurrent 
continuous 

Highest 

High 

Least, yields 
concentrated 
regeneration 
waste 

Most complex; 
completely 
automated 

Provides con
tinuous service 

Highest 

Least chemicals 
and labor; 
lowest resin 
inventory· 



Figure 8.2.8 shows a ~chematic of the upgraded treatment system. The 

primary system will continue to batch treat the segregated "astes vhich vill 

then pass through the ion exchange system. Zinc pit vastes "ere judged to 

require pretreatment in a second H+-form resin "roughing" column before 
+ + . 

entering the 2-stage columns (H -form followed by Na -form resln). This 

"roughing stage" column will require regeneration after each use. However the 

other wastewaters {Ni, Cr) only require treatment in the 2-stage column 

system. This system has the capacity ~o handle a full week's volume of 

wastewater before each column must be regenerated. 

Resin regeneration procedures are briefly described as follows: 

1. Backwash each column with city water for a minimum of 5 minutes at 

60 gpm to reclassify the resin bed. Backwash water will dump into 

the chrome floor sump. 

2. Regenerate the resins fully using 300 gallons of 10 percent sulfuric 
+ 

acid on the H -form columns, and a two-step regeneration of 

100 gallons of 10 percent sulfuric acid followed by 50 gallons"of a 
+ 

5 percent solution for the Na -form column. 

3. A final 5 minute rinse of 30 gpm city water for each column. 

The effluent from the ion exchange system flows by gravity into a 

15,000 gallon underground retention tank. A 24-hr composite sample of the 

effluent is collected daily by the sampling pump and an aliquot checked for 

compliance with the effluent limits. Table 8.2.3 compares the final effluent 

levels achieved by the upgraded treatment system with prior_ discharges and 

permissible legal limits. 
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TABLE 8.2.3. EFFLUENT QUALITY COMPARISON FOR UPGRADED tON EXCHANGE POLISHING 

Parameter 

pll 

Cc•1or, pt-co 

T~:s, mg/L 

COD, mg/L 

C<tdmium, mg/L 

Chromium (T), mg/L 

Copper, mg/L 

lron, mg/L 

Lead, mg/L 

N)ckel, mg/L 

Z)nc, mg/L 

Adapted from Reference No. 4. 

State Limits 
(Avg.-Max.) 

6.5 - 8.5 

12 

15 - 20 

20 - 30 

0.01 - 0.01 

0.05- 0.10 

o.os - 0.10 

0. so - 1.0 

o.os- 0.10 

0.10- 0.30 

0.10 - 0.30 

Effluent Range 

Original System 

8.0 - 9.0 
' 

40 - 200 

15 - 150 

200 - 500 

<0. 01 

0.02 - 1.8 

0.1 - 20.0 

0.2 - 0.3 

<0.2 

2.0 - 4.5 

1.0 - 125.0 

With lon 
Exchange Upgrade 

6.9 - 11.6 

0 

<1. 0 

210 - 928 

<0.005 

<0.02 

<0.05 

<0.05 

<0.05 

<0.05 

<0.02 



The sorption filter design 'was slightly more expensive than the 

multi-media system, but would produce a better Quality effluent. Since this 

system reQuires a proprietary media, it. has a potentially high built-in 

uncontrollable operating cost tied to a s~ngle supplier. In addition, the 

solid product contains far more filter media than metal hydroxide. 

The precoat filtration option would utilize three 150 gpm automatic 

diatomaceous earth precoat filters in place of the multi-media filters as 

described above. The sludge from this system would be mainly diatomaceous 

earth containing metal hydroxides. 

The ultrafiltration design consisted of pretreatment followed by four 

100 gpm trains io parallel, each consisting of a 1,500 gpm pump and 

40 membrane modules. Ultrafiltration essentially replaces the multi-media 

filters with ultrafiltration units, while everything else remained virtually 

unchanged. However, this system required considerable pumping with its 

corresponding power costs and maintenance, and the membranes are susceptable 

to organic contamination. Ultrafiltration units are often used upstream of 

ion exchange systems to reduce the process load. In this case, however, the 

low inlet metal concentrations eliminated the need for both systems. 

The. sorption filtration design was a proprietary polishing system, 

yielding low metal effluent concentrations. It consisted of pH control, 

sodium sulfide addition, and filtration through a "sorption filter" precoated 

with diatomaceous earth. The advantage of this filter was that the media 

could be hydraulically pumped from the filters and reinstalled several times 

for each fresh charge, thereby reducing media consumption. 

The proposed ion exchange system consisted of twin carbon towers for 

removal of trace organics, followed by twin sets of dual bed ion exchange 

columns manifolded for two-pass flow. The two-pass arrangement insured 

against breakthrough of poor Quality water and capacity to handle· variations 

~n process load. Since the ion exchange regenerate solutions could average 

between 30 and 60 gpm, a second concentrate treatment system was required. 

The ion exchange system was the least expensive to operate, but its 

capital cost was nearly twice that of the multi-media or sorption filter 

systems. nowever, since tne excnange system recycles 80 co 9G percent of che 

processea water, it realizes significant savings in water/sewer charges. In 

addition, the recycled water is already warm and does not nave to be heated 
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from 40°F to 70°F, as does once-through water. Another advantage of the ion 

exchange system is that it concentrates the metals, thereby decreasing the 

size of the treatment system, and increa~ing the efficiency of the reducing 

agents. Concentrates, however, often require an additional stage of treatment 

to reach the low effluent levels mandated hy environmental regulations. 

Effluent Polishing: Chlor-Alkali Plant--

Akzo Chemicals Company of the Netherlands developed a process for the 

removal of mercury using Rohm and Haas Duolite GT-73, a weak acid cation 

exchange resin with a high degree of specificity for mercury.
1
J The Duolite 

GT-73 resins utilize thiol (-SH) functional groups, which tend to form very 

b d . h . . 17 strong on s Wlt 10n1c mercury. The process, as installed at a 

chlor-alkali plant, involved the following steps: 

• 

• 

• 

Oxidation--Since the resin reacts only with ionic mercury, metallic 
mercury must be converted to the ionic form. To accomplish this, an 
oxidation step is required, with solution ph maintained at 3 to 
prevent iron precipitation. To prevent clogging, metal hydroxides 
and unreacted mercury are filtered with sand or clot'h filters, 

Dechlorination--The resin's thiol gro~ps are readily oxidized, 
therefore, removal of chlorine is essential to retain resin 
activity. The Akzo process employs a two-stage dechlorination 
step. First, the stream is reacted with NaHS03, Na2S03 or 
S02, and then it is passed through an activated carbon column. 

Ion Exchange--Two. resin beds are used in series operating in a 
counter-current mode. One bed acts as a roughing stage and the 
second unit as a scavenger. 

Figure 8.2.9 presents a schematic of the Akzo process for mercury removal in 

the treatment of chlor-alKali wastewater. It has been demonstrated to produce 

a mercury concentration well below 5 ppb at a flow rate of 1.25 ~pm/£t 3 . 

Figure 8.2.10 presents a typical breakthrough curve for chlor-alkali brine at 

pH 2 and a feed concentration of 20 to 50 mg/L mercury. 

The performance of the Duolite GT-73 res1n can be further demonstrated by 

its Freundlich isotherm, as shown in Figure 8.2.11. Figure 8.2.12 illustrates 

tne capacity of the resin as a function of mercury concentration in the feed. 

Finally, Figure 8.2.13 presents a typical elution curve for Duolite GT-73, 

showing that it is readily regenerated using concentrated HCl. 
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Effluent Polishing: Printed Circuit Board Manufacturer--

Honeywell Corporation upgraded its printed circuit board facility 

wastewater treatment plant to accomodate production increases and reduce water 

consumption. 16 The existing treatment system consisted of neutralization 

followed by automatic precoat pressure filtration with ion exchange as a rinse 

water recycling step. Several alternatives were considered to polish the 

effluent sufficiently to meet discharge levels while simultaneously reducing 

rinse water consumption from a projected 300 to 400 gpm to less than 75 gpm. 

Rinses which could be recirculated after treatment included those from 

combined rinses, alkaline etchants, ammonium persulfate deoxidizer, sulfuric 

acid and copper plate, and tin-lead and solder strip. Concentrates to be 

treated included the residuals created by rinse treatment, plating bath dumps, 

and spills. 

Technologies considered for process enhancement included multimedia 

filtration, sorption filtration, automatic precoat filtration, 

ultrafiltration, and ion exchange. All process options would require 

6,000 ft 2of floor space, except the multi-media system which needed 

5,000 ft 2 • All of the systems met the effluent discharge limits of less 

than l ppm Cu and Ni and 0.5 ppm Pb. These alternatives are described below 

and their economics are summarized in Table 8.2.4. 

The multi-media design would consist of two 400 gpm lined carbon steel 

pressure vessels charged with various filtration media, The rinse water was 

to be pH controlled and reducing agents added. The filter would reQuire 

backwashing every 4 to 8 hours which would be pumped to a sludge conditioning 

tank. The final product would be a metal hydroxi~e sludge that contained 

little or no filter aide, The dewatering filter presses used for the 

concentrates would need to be increased in size since they also had to handle 

the main filter backwash. 

The multi-media filtration system is the simplest, most compact and least 

capital intensive of the evaluated systems. Second only to the ion exchange 

system, it would have been the least expensive to operate. This type of 

filter can withstand higher feed metal concentrations than the other systems, 

and should produce an effluent between 0.4 and 1.0 ppm coooer. The large 

amounts of backwash would require a large sludge conditioning tank and 

dewatering filter press. However, no filter aide is necessary. 
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TABLE 8.2.4. ECONOMIC COMPARISON- WASTEWATER POLISHING ALTERNATIVES* 

Ion Multi-
exchange media 

Water consumption 10-20 108 
million gal/yr 

Concentrate treatment $ 150 $ 150 
Combined rinse treatment 1,102 200 
Existing ion exchange 250 350 
Control 100 75 
Mise 250 250 
Capital: $1,852 $1,025 

Depreciation (10 years) $ 185 $ 103 
Water ($1.87/k gal) 37 201 
Heat water to 70°Fa 0 378 

., Laborb 250 250 
Electric ($0.10/kwh) 43 22 
Media/res inc 220 68 
Chemicalsd 81 96 
Sludge disposa1e 10 10 

Annual operating cost: $ 826 $1,128 

$1,000 gallon $ 7.65 $ 10.44 

a250 Btu/gal, $15/M Btu. 
hsupervisor, foreman, and three operators. 
CResin life of 3 years, regenerating every day. 
dNaBH4 at $1,500/drumo 
e$150/ton. 
*All values in Sl,OOO. 
Source: Reference No. 16. 
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Sorption Precoat Ultra-
filter filter filter 

108 108 108 

$ 150 $ 150 $ 150 
402 650 630 
350 350 350 

75 75 75 
100 100 250 

$1,077 $1,325 $1,455 

$ 108 $ 133 $ 146 
201 201 201 
378 378 378 
250 250 250 
22 22 87 

261 162 98 
50 96 98 
60 120 10 

$1,330 $1,362 $1,268 

$ 12.32 $ 12.61 $ 11.74 



Acid Purification Unit: Pickling Liquor Recovery--

Acid purification systems using RFIE have been commercially demonstrated 

to be effective in the recovery of acids from aluminum anodizing solutions, 

acid pickling liquors, and rack-stripping solutions.
1 

Acid purification 

systems are the most effective form of ion exchange for recovering acids which 

have high concentrations of metal ion contaminants~ 

An APU was installed at the Continuous Colour Coat, Ltd. plant in 
18 

Rexdale, Ontario, to recover sulfuric acid from a steel pickling process. 

As an alternative to neutralization and disposal of spent baths, the plant 

employed an APU to remove iron build-up so that the solution could be recycled. 

At a flow rate of 19 gal/min an~ a temperature of 119 F, iron 

concentration in the reclaimed acid was reduced by 80 percent and acidity 

l 
. . . 1 8 

asses ~ere m1n1ma . Occasional replenishment of the bath was necessary, 

but draining of the tank (an expensive process) was no longer required. Also, 

improvements in product quality were noted due to more uniform bath 

consistency. Savings were realized in reduced neutralization and disposal 

requirements and net reductions in labor requirements for bath· maintenance. 

An economic evaltiation of the system (see Table 8.2.5) showed an estimated 
. 2 11 payback period for the un1t of less than years. 

Acid Purification Unit: Aluminum Anodizing Solution Recovery--

Another common application in which the APU works effectively is the 

recovery of acids from aluminum anodizing solutions. An APU system was 

installed at the Modine Manufacturing Company in Racine, wisconsin to recover 

nitric acid from an aluminum etching process.
19 

The APU was connected 

directly on-line, which allowed for continuous process operation. It 

generated a more concentrated solution of recovered nitric acid than it was 

fed; thus a slightly lesser volu~e of acid was returned to the tank. 

Table 8.2.6 presents a summary of the results and operating parameters of 

the APU at the Modine plant. Improvements in product Quality and savings in 

neutralization, disposal, and fresh acid makeup were noted by Modine 

nitric acid recovery with an APU to be very cost-effective. 
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TABLE 8.2.5. ECONOMIC EVALUATION OF THE APU INSTALLED AT 
CONTINUOUS COLOUR COAT, LTD. 

Item 

CAPITAL cosTsa 
(includes costs for equipment & installation) 

OPERATING COSTS 

Resin Replacement 
(every 4 years at $58/liter) 

Utilities 
(0.5 KW x 16 hrs/day x ZSO days/yr x $0.055/KWH) 

Taxes and Insurance 
(1% of TIC) 

TOTAL OPERATING .COSTS 

COST SAVINGS 

Reduction in Acid Purchase @ $92.40/ton 

Reduction in Neutralization Costs (Lime)·@ $80/ton 

Reduction in Sludge Disposal Costs. 

TOTAL COST SAVINGS 

NET COST SAVINGS 
(Gross Savings - Operating Costs) 

PAYBACK PERIOD 

Cost 

$100,000 

$3, 770/year 

$ 110/year 

$1,000/year 

$4,B80/year 

$25,875/year 

$18,000/year 

$20,000/year 

$63,875/year 

$58,995/year 

1.7 years 

acapital Equipment included APU Model No. AP30-24, multimedia sand filter, 
water supply tank, and piping. 

Source: Reference 9· (Ecotech cost quote, August 1986). 
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TABLE 8.2.6. TYPICAL OPERATING PARAMETERS AND RESULTS DURING TESTING 
OF THE APU FOR RECOVERY OF NITRIC ACID AT HODINE 
MANUFACTURING COMPANY IN RACINE, WISCONSIN 

Parameter Result 

Feed to APU from etch tank 

Product returned to etch tank 

By-product going to waste treatment 

Level of aluminum contamination: 

Coming into APU from etch tank 
Returning to the etch tank 

Average cycle time 

Volume of water removed from etch ~ank/APU cycle 

Mass balance 

6.2 N 

6,5 N 

0.6 N 

793 mg/1 
231 mg/L 

12.7 m1n 

0,89 gal 

Equivalents of nitric acid into APU from etch tank 251 
Equivalents returned to etch tank and waste 257 

Source: References 19 and 20, 
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TABLE 8.2.7. ECONOMlC EVALUATION OF THE APU lNSTALLED AT MODlNE 
MANUFACTURTNG COMPANY IN RACINE, WISCONSIN FOR 
THE RECOVERY OF NITRIC AClD 

Item 

CAPITAL COSTS 
(includes costs for equipment and installation) 

COST SAVINGS 

Reduction in nitric acid purchase 

Reduction in neutralization costs 

Reduction in disposal costs 

Reduction in labor 

TOTAL COST SAVINGS 

OPERATING COSTS 

Resin replacement 
(every 4 years at $58/liter) 

Utilities 
(O. 5 KW x 16 hrs/day x 300 days/yr x $0.055/KWH) 

Taxes and insurance 
( 1% of TIC) 

TOTAL OPERATING COSTS 

NET COST SAVINGS 
(Gross savings - Operating costs) 

PAYBACK PERIOD 

Source: References 8 and 19 using August 1986 cost data. 
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Cost 

$37,234 

$20,064/year 

$ 6,276/year 

$ 7,236/year 

$ 2,400/year 

$35,976/year 

$ 1,305/year 

$ 132/year 

$ 372/year 

$ 1,809/year 

$34,167/year 

1.1 years 





Another full-scale APU demonstration of aluminum anodizing solution 

recovery was performed at Springfield Machine and Stamping, Inc. of Warren, 
. . 20 . 

M1ch1gan. Typical operat1ng parameters and results during the 6 month 

testing period are summarized in Table 8.2.8. The system proved to be 

cost-effective for recovery of the sulfuric acid solution due to high aluminum 

removal efficiency, retention of acid strength, and reductions in raw material 

purchase, disposal and labor costs. 

TABLE 8.2.8. TYPICAL OPERATING PARAMETERS AND RESULTS FOR THE APU 
INSTALLED AT SPRINGFIELD MACHINE & STAMPING, INC. 
IN WARREN, MICHIGAN FOR SULFURIC ACID RECOVERY 

Parameter Feed Product Byproduct 

Flow rate (liters/hr) 298 296 175 

Sulfuric acid concentration (g/L) 183.8 175.0 13.0 

Aluminum concentration (g/L) 12.2 4.2 12.0 

Source: Reference 21. 

Acid Purification Unit: Electroplating Pickle Liquor Recovery--

A pilot-scale unit for recovering hydrochloric acid from an 

electroplating pickling liquor was tested at Electroplating Engineering, Inc. 
. . 10 f . 1n St. Paul, M1nnesota. The results were not as success ul as w1th the 

cases presented previously since reduced metal removal efficiencies and high 

acidity losses were experienced. 

Primary contaminants in the spent solution included iron (1,650 mg/1), 

zinc (4,283 mg/1), and nickel, copper, and chromium in the ppm range. A 

different system configuration was required for this application because z1nc 

was present in the form of chloride complexes. As described in Section 8.2.1, 

the resin used in an APU shows a preferential affinity for acid anions as 

opposed to metal cations, which causes metals to pass through the resin while 

chloride complexes are also retained by the anion resin. 
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In order to remove both the zinc chloride complex and the iron 

contaminants, it was necessary to operate the system in two stages. 

Initially, the spent solution was passed through one resin to remove ~inc. 

This is termed the inverse mode since the acid ions are not retarded. Then 

the solution is passed over a second resin in the normal mode of operation, 

retaining the·acid while allowing iron ions to pass through the resin. As 

with typical APU processes, the acid is recovered during the regeneration 

cycle. Figures 8.2.14 and 8.2.15 illustrate these·two modes of operation. 

Three different HCl pickling liquors were used to test the performance of 

the APU. Analysis of these spent solutions yielded the following: 

Parameter Range of Concentrations 

Acidity 
(CaC03 equivalents) 77,000 284,000 mg/L 

Zinc content 640 - 52,000 mg/L 

Iron content 1,100 7,000 mg/L 

Several test runs were performed us1na the two-stage APU system, as 

summari~ed in Table 8.2.9. The results show that good zinc removal 

efficiencies (99.3 percent) were achieved during the inverse mode of operation 

with minimal losses in acidity (3.5 percent). However, during the normal mode 

of operation, an average of only 60 percent iron removal was achieved and 

acidity losses were high (averaging 38 percent). The results showed that 

increased iron removal could only be achieved at the expense of greater 

reductions in acidity. It was determined that the ratio of iron to acidity in 

the feed had to approach 1:15 in order to achieve effective performance. The 

iron to acidity ratio for the feed used during these tests was 1:67, which 
10 

contributed to the poor performance results. 

It is possible that the intermediate byproduct solution ~enerated after 

th.e inverse mode may be of sufficient Quality to be returned to the pickling 

bath. 10 Iron content of the byproduct solution was comparable to the iron 

concentrations measured in the bath during its intermediate solution stage. 

Additional testing would be required in order to determine whether bath 

quality would be acceptable under these conditions. Based on the results of 

these pilot-scale tests, it was determined that the APU could only be_ 

cost-effective if a large volume of spent solution is processed. 
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TABLE 8.2.9. SUMMARY OF APU RESULTS ON HCL PICKLING 
LIQUOR RECOVERY PERFORMED AT 
ELECTROPLATING ENGINEERING, INC.a 

Parameter 

VOLUME TREATED/GENERATED (LITERS): 

Spent acid 
Intermediate by-product 
Reclaimed acid 
Intermediate waste product 
Final waste product 

INVERSE MODE LOADINGS TO RESIN: 

Zinc (grams/cycle) 
Volume (bed volumes/cycle) 
Feed rate (liters/hour) 

NORMAL MODE LOADINGS TO RESIN: 

Acidity (grams CaC03/cycleJ 
Volume (bed volumes/cycle) 
Feed rate (liters/hour) 

STREAM CONCENTRATIONS OF ACIDITY: 
(expressed as g/1 CaC03 equivalents) 

Spent acid 
Intermediate by-product 
Reclaimed acid 
Intermediate waste product 
Final waste product 

STREAM CONCENTRATIONS OF ZINC (mg/L): 

Spent acid 
Intermediate by-product 
Reclaimed acid 
Intermediate waste product 
Final waste product 

Preliminary 
runs 

(No.2, 3,4)b 

98 
86 
70 
64 
67 

34.2 
4.05 

11.4 

43.4 
0.40 
6.0 

242 
217 
116 

39 
90 

40,333 
34,667 
19,233 
13,000 

7, 366 

(continued) 
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Preliminary 
runs 

(No.5A,5B,6)C 

174 
174 
162 

96 
121 

4.4 
4.05 

11.4 

35.2 
o. 40 ' 
6.0 

156 
151 

94 
15 
57 

1,100 
8 

18 
2,000 

o. 61 

Final 
runs 

(No. 7A-7P)d 

189 
189 

4.6 
105 

3.3 

2.6 
4.05 

11.4 

• 14.6 
0.34 
5.5 

77 
74 
46 

5.9 
30 

640 
1.4 
5.4 7 

1,200 
0.25 



TABLE 8.2.9 (continued) 

Parameter 

STREAM CONCENTRATIONS OF IRON (mg/L): 

Spent acid 
Intermediate by-product 
Reclaimed acid 
Intermediate waste product 
Fioal waste product 

Preliminary 
runs 

(No.2,3,4)b 

4, 700 
4.400 
1,450 
1,277 
3, 367 

STREAM CONCENTRATIONS OF CHROMIUM (mg/L): 

Spent acid 43 
Intermediate by-product 42 
Reclaimed Acid 12 
Intermediate waste product 4.6 
Fioal waste product 28 

Preliminary 
runs 

(No.SA,SB,6)C 

2,600 
2,433 

920 
357 

1,733 

2.7 
2.6 
1.6 
0.51 
3.4 

8 The results of Run 1 were discarded due to improper installation. 

bThe zinc loadings for Runs 2, 3, and 4 wer.e above the recommended 
18 grams/cycle maximum loading recommended for the system. 

cThe objective for Runs SA, SB, aod 6 were to process a sufficient 
quantity of acid for reuse and to optimize loadings. 

dThe objective for Runs 7A through 7P were to optimize loadin~s for 
the normal mode of operation. 

Source: Reference No. 10. 
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Fioal 
runs 

(No. 7A-7P)d 

1,100 
1,100 

439 
120 
728 

NA 
NA 
NA 
NA 
NA 



In summary, available performance data suggest that the technical and 

economic feasibility of acid purification systems will mainly depend on the 

types and concentrations of metal ions present. These systems work well 1n 

recovering solutions with highly positively charged contaminant ions 

(e.g., aluminum, iron) because these ions pass rapidly through the strong base 

anion exchanger resin. Solutions containing low concentrations of contaminant 

ions are not efficiently recovered using the APU. Recommended minimum 

concentrations for efficient results are presented in Table 8.2.10. Although 

lower concentrations may be treated, removal efficiencies will be low unless 

larger systems are employed, compromising cost-effectiveness due to increased 

capital costs. A summary of demonstrated applications is provided in 

Table 8.2.11. 

8.2.3 Process Costs 

An economic evaluation of countercurrent (RFIE) systems is presented in 

this section since this is the only ion exchange system which is directly 

applicable to the treatmnet of California List metal/cyanide wastes. 

Cocurrent flow methods will only be technically and economically feasible for 

the treatment of California List wastes which have been diluted by mixing with 

spent rinse water. 

Factors that affect the costs of RFIE units include: quantity and 

quality of constituents recovered, production rates, volume of spent solution 

to be treated, concentration of metal salts present in the spent solution, 

rate of build-up of metal ions in the bath, concentration of the bath, and 

number of hours of process operation. 

Capital costs, which include equipment, installation, and peripheral 

costs, increase with system size. These costs are offset by savings which are 

realized through reduced volumes of wastes requiring post-treatment 

(e.g., neutralization) and disposal, and reduced purchase requirements for 

bath reagents. Operating costs will include replacement of filter cartridges, 

resin replacement (approximately every 5 years), and utilities. 
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TABLE 8.2.10. RECOMMENDED MINIMUM CONCENTRATIONS (g/L) FOR EFFICIENT 
METALS REMOVAL USING THE ECO-TECH APU 

Solution Iron Zinc 

Hydrochloric acid 30-50 130-150 

Sulfuric acid 30-50 

Nitric/hydrofluoric aci9 

Nitric acid rack stripping 

Aluminum Copper 

5 20 

Total 
metals 

30 

75-100 

Note: The APU can be used for solutions with lower concentrations of these 
metals, but the metal removal efficiencies will be lower unless a 
larger unit is used. Metal removal efficiencies average 55% for 
typical systems. 

Source: Reference No. 14. 
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TABLE 8.2.11. DEMONSTRATED APPLICATIONS OF ECO-TECH ACID 
PURIFICATION UNIT USING RFIE 

Typical bath Typical product Typical by-product 
Application/ concentration concentration concentration 
bath components (g/L) ( g/ L) ()1./L) 

Sulfuric acid 190 182 13 
Aluminum 10 5.5 6 

Sulfuric acid 127 116 10 
Iron 36 10.5 21 

Nit ric acid 514 581 10 
Nickel and copper 99 47.5 70.8 

Sulfuric acid 128 113 18 
Hydrogen peroxide 41 35 7 
Copper 13.3 5.9 9.2 

Hydrochloric acid 146 146 10 
Iron 34 25 15 

Nitric acid 150 139 4.5 
Hydrofluoric acid 36 28.8 7.2 
Iron 29 8.7 20.3 
Nickel 7.02 2.1 4.9 
Chromium 7.33 2.2 5.1 

Sulfuric acid 61.3 54.9 5.88 
Sodium 7.8 0.8 5.56 

Source: Reference No. 11 (Based on July 1986 Ecotech cost data). 
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Capital costs for acid purification systems typically range from $15,000 

to $180,000 depending on the throughput, as shown in Table 8.2.12. These 

costs include installation, equipment and peripherals, and a prefilter 

system. Capital costs presented in this table are for·the recovery of 

sulfuric acid from aluminum anodi~ing solutions and may be slightly hi~her for 

h l
. . 22 ot er app 1cat1ons 

Typical operating costs are presented in Table 8.2.13. Finally, 

Table 8.2.14 presents an economic evaluation of several hypothetical systems. 

8.2.4 Process Status 

Cocurrent ion exchange systems are generally not employed for direct 

treatment of concentrated metal wastes. Cocurrent systems using weak 

exchangers have inefficient exchange capacities for these wastes and are 

generally only used as polishing systems following other treatment 

operations. Cocurrent systems using strong exchangers are technically 

feasible for the treatment of metal-containing rinses and other wastes, but 

they are not typically cost-effective because of the high costs for column 

regeneration. 

Ion exchange systems, using the reverse or reciprocating flow mode 

(countercurrent), have been shown to be effective in the treatment of metal 

wastes. The process has been demonstrated commercially for chemical recovery 

from acid copper, acid zinc, nickel, cobalt, tin, and chromium plating baths, 

as well as for purification of spent acid solutions (i.e., the APU). 

Chemical recovery systems using fixed bed RFIE have been used to recover 

chromic acid and metal salts. It has also been used to deioni~e mixed-metal 

rinse .solutions for recovering process water and concentrating the metals for 

subsequent treatment. 3 Commercial units are available from several vendors. 

Acid purification systems using continuous RFIE have been used to remove 

aluminum salts from sulfuric acid anodi~ing solutions, to remove metals from 

nitric and rack-stripping solutions, and to remove metals from sulfuric and 

hydrochloric acid pickling solutions. 1 The APU is primarily used for 

recovering aluminum anodizing solutions.
3 

Acid purification systems are 

more cost-effective for removing high concentrations of ~ontaminants than 
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Item 

TABLE 8.2.12. TYPICAL CAPITAL COSTS FOR ECO-TECH APU 

Small 
unit 

Medium 
unit 

Medium 
unit 

Large 
unit 

APU Model No. AP-6 AP-24 AP-54 AP-72 

Flow rate 38 L/hr 500 L/hr 800 L/hr 6700 L/hr 

Capital cost $14,000 $37,000 $116,000 $184,000 

Notes: Capital Costs include equipment, installation, peripherals, and 
cartridge-type prefilter system. 

Costs presented in this table are for application to recovery of a 
sulfuric acid anodizing solution. Costs for other applications may be 
slightly higher. 

Twelve different size units are available from Eco-Tech, Ltd. The 
model numbers, which indicate bed diameters, for these units are: 
AP-6, AP-12, AP-18, AP-24, AP-30, AP-36, AP-42, AP-48, AP-54, AP-60, 
AP-66, and AP-72. 

Source: Reference No. 22 (Ecotech quote July 1986). 
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TABLE 8.2.13, TYPICAL OPERATING COSTS FOR ACID PURIFICATION USING 
CONTINUOUS COUNTERCURRENT ION EXCHANGE (RFIE) 

Item Cost 

Filter cartridges for prefilter system 

Utilities: 

(0.5 KW x 16 hrs/day x 20 days/month 
X 0.055 $/KWH) 

Resin replacement 
(specific cost depends on system size) 

$10.00/month 

$8.80/month 

$58/liter every 4 years 

Source: References 8 and 10 (Based on August 1986 cost data). 
; 
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TABLE 8.2.14. ECONOMIC EVALUATION OF ACID PURIFICATION PROCESS 

Description 
30,000 gpy 
throughput 

100,000 gpy 
throughput 

Case 1 - Purification of Sulfuric Acid Anodizing Solution: Previous 
approach used caustic acid neutralization: ~e~ approach uses 
APU ~ith caustic neutralization. 

ApproJO;. Al'U Cost $ 6,000 s 11' 000 
Previous treatment cost $ 9,690 $32,300 
Previous acid cost $ 2, 349 s 7,830 

-------------------------
Annual savings $ 8, 42/ S28, 891 
Payback (months) 9 5 

Case 2- Purification o: Sulfuric Acid Anodizing Solution: Previous 
approach used lime neutralization: Ne~ approach uses APU vith 
lime neutralization. 

Approx. APU cost s 6,000 su, ooo 
Previous treatment cost $ 2.,250 $ 6,500 
Previous acid cost $ 2,349 $ 7,830 
-------------------------
Annual savings 3, 216 SID, 731 
Payback (months) 22 12 

Case 3 - Purification of Sulfuric Acid Anodizing Solution: Previous 
approach used ~as~e haulage: Nev approach uses ~~U wi~h 
caustic neutra~ization. 

Approh. APU cost 
Previous treatment case 
Previous acid cost 
Present treatment cost 

Annual savings 
Payback (months) 

s 
$ 
s 
$ 

s 

6,000 
3,000 
2,349 
2,907 

1,737 
41 

Sll ,ooo 
S!O,OOO 
s 7,830 
$ 9,690 

$ 5,791 
23 

500,000 gpy 
throughput 

$ 25,000 
$161,500 
$ 39,150 

$!40,455 
2 

$ 2 5. 000 
$ 38,500 
$ 39,150 

$ 53,655 
6 

i; 25,000 
$ 50,000 
s 39,150 
$ 48,450 

$ 28,955 
10 

Case ~ - Purification o£ Sulfuric 
used waste haulage: New 

Acid Anodi~ing Solution: Previous approach 

Approx. P~U cost 
Previous tTeacment cost 
Previous acid cost 
Present treatment cost 

Annual savings 
Payback (months) 

Nitric Acid Recovery: 
New approach uses A?U 

Apprax. APU cost 
Previous treatment cast 
Previous 3cid cost 

Total previous ~ost 
Annual savings 
Payback (months) 

approach uses AJU •'ith lime neutrali~ation. 

$6,000 su, ooo $ 25,000 
£3,000 SlO,OOO s 50,000 
$2,349 $ 7,830 "·s 39. 150 
$ 675 $ 21250 $ 11,250 

53,969 513,245 s 66,155 
18 10 5 

Previous approach u·sed caustic neutraliz.ation: 
\.lith caustic neut:raliz.acion. 

$9,400 S!l,300 $ !8,400 
$7,575 S30,JOO $ 50,500 
$8. 77 5 $35,100 $ 58,500 

SI6,350 S65,400 $109,000 
$ 9,810 539,240 $ 65,400 

ll 3 3 
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other ion exchange systems. Although the use of 1on exchange for acid 

purification is currently under investigation by several ion exchange vendors 

(e.g., Alpha Process Systems; Illinois Water Treatment Company; Ionics, Inc.; 

etc.), Eco-Tech, Ltd. is the only vendor with commercial units currently in 
. LO 22 24 

operatLon. ' ' 
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8.3 DEVOE-HOLBEIN TECHNOLOGY 

8.3.1 Process Description 

DeVoe-Holbein Technology uses coordinating compounds covalently bonded to 

the surface of an inert carrier material to capture metal ions. In waste 

treatment applications, the reactants are used in equipment similar to that 

employed for ion exchange resins. 

The technology was originally developed by DeVoe-Holbein as an adaptation 

of biological mechanisms in which living cells selectively extract a variety 

of metal nutrients (e.g., Na, K, Mg, Ca, Cu, Zn, Co, Fe, Se, and Mn) from 

their environment. Cells can acquire target metals by means of specialized 

molecular sites on their surfaces that recognize and bind only that species. 

Examples of such selective reactants are the nonprotein iron-binding 

molecules, collectively known as siderophores. 2 

Siderophores generally fall into two classes of molecules, hydroxomates 

and phenolate-catecholates. DeVoe-Holbein covalently linked microbial 

siderophores which belong to each of the two classes, Enterobactin and 

Desferrioxamine (see Figures 8.3.1 and 8.3.2), to porous glass bead 
l supports. In subsequent biological experiments, these particulate 

compositions were used successfully as a fixed-bed, iron-retrieval svstem. 

DeVoe-Holbein has since synthesized a series of metal-capturing 

compositions with catechol, or substituted catechols, as the active 

component. Such compositions have similar properties to those of 

Enterobactin. Catechol was covalently bound to solid surfaces with 

bifunctional linking agents of defined lengths (Figure 8.3.3). Highly porous 

glass is the solid substrate which has been found to be most practical for the 

composition synthesis. 1 

According to DeVoe-Holbein, the resulting compositions proved to be 

highly efficient, typically achieving 99 percent or higher removal rates, and 

are selective for individual or groups of metals. The rapid adsorption 

kinetics minimizes required contact time and the compounds are mechanically 

and chemically stable. In addition, the compositions are regenerable, 
3 

sc::all vol:J.~es of regene~afit. 
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Figure 8.3.1. Microbial siderophore Enterobactin. Reference 1. 

Linear ferrioxamine 

Figure 8.3.2. Microbial siderophore Ferrioxamine~ Reference 1. 
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Fi~ure 8.3,3. Graphic display of metal-capturing composition. Fork-like 
symbols represent siderophores immobilized through bridging 
age~ts to 2 solid surf2ce represented by the continuous 
line. Reference 1. 
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The synthesized compo~nda were employed for waste treatment applications 

in a manner similar to classical ion exchan~e, as shown in Figure 8.3.4.
4 

The media is contained in a fixed bed, and the metal-laden solution is passed 

through the bed during the service cycle. Following saturation of the media 

with metals, the bed is 

appropriate regenerant; 

backwashed and the bound metal is displaced by an 
4 

e.g., 2 N HCl. Co-current and counter-current 

fixed bed systems have been developed. The basic modular.system which is now 

commercially available, can be expanded or realigned to correspond to end 

users' varying throughput requirements and spatial limitations.
4 

DeVoe-Holbein adsorption uniti are only able to treat contaminants in 

solution. Similar to ion exchange, high concentrations of suspended solids 

which can foul the adsorbent bed are typically pretreated thro~gh some form of 

filtration. Waste streams from the adsorption process include: contaminated 

regenerant and filtered solids from the pretreatment system. Filtrate from 

the pre-filtering system can generally be land disposed without further 

treatment. The regenerant may require treatment (e.g., neutralization, 

precipitation, dewatering) and disposal if not amenable to recycling. 

One of the reported advantages of the DeVoe-Holbein system is that it is 

capable of yielding a more highly concentrated regenerant than ion exchange. 

Several options for downstream utilization of the concentrated metal 

regenerant are therefore possible. When it is compatible with the parent 

solution bath and metal concentrations are sufficiently high, the regenerant 

stream may be re~sed directly. If higher metal concentrations are required, 

an intermediate recovery step can be employed. For example, metal may be 

recovered from the regenerant electrolytically, 

the· adsorption process and selling the metal as 

8.3.2 Process Performance 

recycling the regenerant to 
5 

scrap. 

The performance of a DeVoe-Holbein system will be influenced by the 

characteristics and quantity of the waste stream being treated. Parameters 

which need to be considered when evaluating the applicability of the system 

for a particular waste stream inc~ude: rypes and concentrarions of 

constituents present in the waste stream, required effluent quality, .and 
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opt~ons for managing the regenerant stream. DeVoe-Holbein says its 

compositions, trademarked Vitrokele, meet the following criteria: 

o The ability to capture all or virtually all of a specific, target 
metal, even in the presence of very low concentrations of that metal 
or in the presence of competing ~etals. 

o The ability to withstand harsh physical and chemical treatment 
without losing structural or functional integrity. 

o The ability to allow easy displacement of the metal, permitting 
metal concentration and regenerant solution volume reduction, reuse 
of the composition and, possibly, reuse of the captured metal. 

o The ability to capture substantial quantities of metal per unit of 
composition while maintaining high capture efficiency. 

o The use of non-toxic agents; i.e., the process will not add trace 
toxic components to the solution from which the metal is being 
captured. 

o The capability for being produced at a low cost, enhanced further by 
regenerability. 

DeVoe-Holbein compositions all display very high metal capture 

ff
. . . 3 

e 1c1enc1es. Table 8.3.1 illustrates the high capture efficiencies 

obtainatlle in the laboratory with test metal solutions of importance to metal 

finishing and hydro-metallurgical operations.
3 

High capture efficiencies 

are demonstrated up to the capacity of the particular compound, with a sharp 

breakthrough curve occurring after saturation. A typical breakthrough curve 

is shown in Figure 8.3.5, where the DeVoe-Holbein DH-520 has been used for Cu 

removal from a relatively concentrated metal solution. 

Selectivity and specificity of a particular composition are, in part, 

functions of the pretreatments used with the particular composition, and the 

conditions under which the metal solution or wastewater are treated. In many 

instances, selectivity and specificity can be altered (broadened or narrowed) 
. f . 4 6 to meet specific requ1rements o metal ex·t.ract1on. ' Figure 8.3.6 

demonstrates the selectivity of DeVoe-Holbein composition DH-506 (F-1) for 

iron relative to sodium, cadmium, and cobalt. 
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TABLE 8.3.1. THE EFFICIENT CAPTURE OF SOME TOXIC HEAVY METALS OF 
IMPORTANCE 10 THE HYDROMETALLURGICAL AND METAL 
FINISHING INDUSTRIES BY DEVOE-HOLbEIN COMPOSITION 

Toxic 
metals 

Cadmium 

Chromium 

Copper 

Lead 

Mercury 

Nickel 

Zinc 

DeVoe-Holbein 
composition 

DH-5lo 

DH-524 

DH-520 

DH-501 

DH-573 

DH-507 

DH-508 

Influent 
concentration 

674 ppm 

694 ppm 

38 ppm 

42 ppm 

12 ppm 

0.10 ppm 

6.5 ppm 

Effluent 
concentrationa 

< l. 0 ppb 

< 0. 01 ppm 

< l. 0 ppt 

< 42.0 ppb 

< 1.0 ppb 

<1.5 ppt 

<0.8 ppb 

Capture 
efficiency ( %) b 

>99.99 

>99.99 

> 99. 99 

>99.99 

>99.99 

>99.99 

>99.99 

aEffluent concentration at or below normal detection limits using either 
radioactive tracer or atomic absorption spectrophotometric determinations. 

bcapture efficiency determined as percent reduction in influent concentra
tion; values. are greater or equal to those shown due to detection limits 
of effluent metal concentration. 

Reference 3. 
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The specificity of DeVoe-Holbein compounds can be demonstrated by the 

capture of a test metal from a complex solution containing a number of other 

metals. Figure 8.3.7 demonstrates the ability of DeVoe-Holbein composition 

506 (F-1) to selectively remove iron from sea water. The figure shows 

differences between the highly selective DeVoe-Holbein composition and 

competitive adsorbants, in this case, a selective ion exchange resin and a 
. . . 3 

strong cat~on~c exchange resln. 

Resin regenerability is of prime importance in determining overall 

economic viability of metals adsorption processes. Figure 8.3.8 illustrates 

the regenerability of DeVoe-Holbein compositions with a comparable cation 

exchange resin. This test was performed with identical bed si~es and similar 

materials were captured. Regeneration of the cation exchange resin required 

nearly five times the regenerant solution volume to achieve comparable 

regeneration. 

Case studies of DeVoe-Holbein adsorption applied to metal/cyanide wastes, as 

adapted from DeVoe-Holbein, are presented below, 

Case Study #1--

DeVoe-Holbein technology was evaluated for removal of chromium from three 

representative chromium wastewater streams wastewaters: boiler blowdown 

water, chrome plating waste precipitator effluent, and cooling tower 

wastewater. Waste stream metal concentrations are 

DeVoe-Holbein composition DH-524 was used for-this 

summari~ed 

. 3 
analys~s. 

in Table 8.3.2. 

High recovery efficiency was demonstrated by using composition DH-524, as 

shown in Table 8.3.3. Both chromium removal and regeneration efficiency were 

essentially complete. In addition, the regenerant volume reqired was only 3 

bed volumes and showed no loss in efficiency over 15 cycles. 

Case Study #2--

The DeVoe-Holbein treatment process was employed to treat a 5 gprn 

counter-current rinse effluent from a zinc chloride electroplating line. It 

demonstrated high zinc removal efficiencies in the presence of other cations. 

8-107 



100 

80 

Figure 8.3.7. 

Figure 8.3.8. 

c 
a;, 
:::: --l..!J 

.E 
0 
u 

0 
co 

C•tio~ E>clla~er 

/ 

OH-50~ CF-1) 

20 40 60 80 100 

Volume (ml) SQFe solution applied 

Demonstrated ability of DeVoe-Holbein DH-506 (F-l.) 
to remove iron from seawater compared to cation and 
metal ion exchan~e resins. Reference 3. 

-'0 c 
:::: 
0 

..0 

>-
d -c 

-c 
:::: 
0 
E 
r:l --0 

"#. -

100 

80 ~ 

60 

40 

20 

10 
0 

0 20 

OH-502(8-2) 

6.3ml Bv 

40 60 

Cation Exchange Fiesin 

6.3ml Bv 

80 100 

Volume (ml) 2N HCI applied to column 

Regenerability performance of DeVoe-Holbein DH-502 (B-2) and 
cation exchange resin. Reference 3. 

8-108 

l 



TABLE 8.3.2. PARTIAL ANALYSES OF DIFFERENT CHROMIUM WASTEWATERS 

Boiler Chrome platingb 
blowdown water waste effluent Cooling tower bleed 

Element a (ppm) (ppm) (ppm) 

Chromium (VI) 694.3 3.8 7.6 

Sodium 432.0 14.2 57.4 

Calcium 155.3 88.4 176.4 

Magnesium 64 6.8 42.1 

Silicon 5.2 10.6 35.2 

Strontium 0.8 0.3 0.9 

Zinc 9.9 0.1 0.8 

Boron 0.4 0.3 

Iron 0.5 

aElemental analyses carried out by Inductively Coupled Plasma Emission 
Spectrometry. 

bwastewater following conventional chemical reduction and precipitation 
of chrome plating rinse water. 

Reference 3. 
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TABLE 8.3.3. RECOVERY OF Cr FROM VARIOUS WASTEWATERS WITH DH-524 

Influent Treated a Capacity mg Cr VI 
Type of CR VI effluent Cr VI Cr removal per kilogram Regeneration 

wastewater (ppm) (ppm) efficiency (%) composition efficiency (%)b 

Boiler blowdown 694.3 NDc >99.99 ~ 20,000 100 

Plating waste 3.8 ND > 99.99 ~ 20,000 100 
precipitator 
effluent 

OJ Cooling tower 7.6 ND >99.99 -;; 20,000 100 I ..... ..... 
0 

aFlow rate of 20 bed volumes/hour in a fixed bed of DH-524. 

b100 percent of bound Cr displaced in approximately 3 bed volumes of regenerant. 
Fully regenerable over 15 cycles of use so far tested. 

eND = not detectable by atomic absorption spectrophotometry. 

Reference 3, 



The wastewater process was designed to operate on a 16 hour feed cycle, with 

the influent zinc concentration ranging from 50 to 300 ppm. At the end of the 

operating period, the process unit is regenerated and reconditioned. Figure 

8.3.9 shows the results of the operation of the wastewater process unit over a 

2-week period. Depending on plating activity, the inlet z1nc concentration to 

the process unit varied significantly, from 10 ppm to as high as 280 ppm. Yet 

zinc concentration in the treated effluent consistently remained below 
3 

l ppm. 

The adsorption unit was regenerated daily following the 16 hour 

processing period. Less than one-third of a bed volume of regenerant was 

applied, at a flow rate of 0.5 bed volumes/hour, followed by a similar volume 

of rinsewater. The regenerant, with typical metal concentrations of 50,000 

ppm (as high as 100,000 ppm) is directed to a storage tank for further 
3 

recovery. 

Case Study #3--

In another example, a large job shop operating four different processes, 

and us1ng at least eight different metals, recently installed a DeVoe-Holbein 

treatment system. Prior to this, spent baths, acids and soaps were sent to a 

landfill and aqueous effluents were pH adjusted in a neutralization pit and 

discharged directly to the sewer. 

The new wastewater process successfully treats both the individual and 

combined wastewater effluents which contain nickel, z1nc, brass, chrome, 

precious metals, and possibly cyanide. Although c?mbined effluents are 

treated efficiently, treatment of individual rinse lines offers several 

advantages over treatment of the combined effluent. Small~r treatment systems 

are required for individual rinseYater effluents, and these can be operated in 
4 

a closed loop cycle, reusin~ treated rinsewater and recovered metals. To 

demonstrate the efficiency of the DeVoe-Holbein wastewater treatment system, a 

treatment study of the nickel rinse effluent from an automatic rack plating 

operation was undertaken. 
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Figure 8.3.10 shows the results of operation of the adsorption 

treatment system over two complete cycles of loading and regeneration. The 

nickel concentration in the rinsewater was reduced from 130 to 180 ppm in the 

feed to an average of less than l ppm nickel in the treated effluent. When 

the nickel concentration in the effluent reached 5 ppm, the unit was 

regenerated. Less than two bed volumes of regenerant was 

in a stream that was highly concentrated in nickel (7,000 

Case Study #4--

required, resulting 
4 

to 8,000 ppm). 

For cyanide complexes, DeVoe-Holbein media have demonstrated high 

efficiency but, in some cases, result in relatively low capacity. This has 

been successfully overcome by pretreating cyanides using a destruct process. 

For example, following cyanide oxidation with chlorine, both cadmium and zinc 

were efficiently captured (99 percent) with capacities in excess of 12 grams 

of zinc or cadmium per liter of DeVoe-Holbein media. 5 

Silver-contaminated effluents containing thiosulfate or cyanide complexes 

do not require destruction of the cyanide prior to extraction of silver. 

Using a selective and regenerable DH media, silver can be efficiently 

(99.99 percent) removed from solutions to concentrations less than 10 ppb. 

Although the capacity of this medium for silver is somewhat dependent on the 

nature of the effluent, capacities as high as 20 grams of silver per liter of 
. . 7 

med1a have been real1zed. 

8.3.3. Process Costs 

DeVoe-Holbein offers several different VITROKELE compositions, each of 

varying selectivity and metal capture capacity (depending upon the environment 

in which the metal must be captured and recovered). 8 The costs associated 

with DeVoe-Holbein treatment systems is subject to the particular VITROKELE 

composition sought and the volume ordered, and total system costs are assessed 

on an individual basis. 9 As a general guide per liter of D-H composition, 
. $ 10 the pr1ces range from $10 to 50. System costs, however, were 

unobtainable in conversations with DeVoe-Holbein representatives. 
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8.3.4. Process Status 

DeVoe-Holbein technology is protected under U.S. Patent No. 4,530,963 and 

a number of pending patent applications throughout the world. DeVoe-Holbein 

international N.V. holds the worldwide rights to the technology and is 

commercializing various aspects through subsidiaries and joint ventures. 11 

The process appears most applicable to the selective removal of valuable 

metals (e.g. silver) from waste streams. Although the process appears 

promising, further information concerning selectivity and capacity is needed. 
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9.1 PROCESS DESCRIPTION 

SECTION 9.0 

ELECTROLYTIC PROCESSES 

The electrolytic cell is the basic device used in electroplating 

operations. The cell consists of an anode and a cathode immersed in an 

e.lectrolyte. When current is applied, dissolved metals in the electrolyte are 

reduced and deposited on the cathode. This process is attractive for 

pollution control because of its_ability to remove specific contaminants from 

the waste stream without the addition of chemicals which produce large 

Quantities of sludge. In addition, it is often possible to reuse the metal 

which is removed from solution, thereby making the technology a recovery 
1 2 

process as opposed to an end-of-pipe treatment process. ' 

A commonly used configuration for electrolytic recovery is to connect the 

electrolytic unit to the dragout tank that follows metal plating or etching 

baths and precedes the running rinse (see Figure 9.1.1). The solution in the 

dragout tank, which contains diluted plating chemicals, is circulated through 
3 

the electrolytic reactor and back into the dragout tank. In this way, the 

concentration of metals in the dragout tank is maintained at a low level. 

Instead of being carried into the running rinse and eventually into the 

wastewater treatment system, the metals are recovered by the electrol~tic 

reactor. 

Electrolytic treatment is not effective in removing all contaminants. It 

is most effective in removing the noble metals such as gold and silver. These 

metals have_high electrode potentials (see Table 9.1.1) and are easily reduced 

and deposited on the cathode. Other metals, such as aluminum and magnesium, 

cannot be removed by this type of process because their electrode potentials 

favor oxidation rather than reduction. Compounds such as cadmium, tin, lead 

and copper can be removed, but a greater amount of current is required, 

particularly when the metal concentration is low; e.g. less than 1,000 ppm. 

on the practicality of ectrolytic recovery. Extremely corrosive solutions 

(e.g., certain etcnants) may pose problems for electrolytic recovery because 
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TABLE 9.1.1. ELECTRODE POTENTIALS AT 25°C 

Electrode potential 
Metal Cathode reaction (volts) 

Gold Au3+ ... 3e- Au(s) 1.5 

Platinum Pt2+ + 2e- Pt(s) 1.42 

Silver Ag+ + e- Ag(s) 0.8 

·Copper cu2+ + 2e- Cu(s) 0.345 

Lead Pb 2+ ... 2e- Pb(s) -0.126 

Tin sn2+ ... 2e- Sn(s) -0.136 

N icke 1 Ni2+ + 2e- Ni(s) -o. 25 

Cadmium Cd2+ ... 2e- Cd(s) -0.40 

Steel or Iron Fe2+ + 2e- Fe(s) -0.44 

Zinc zn2+ + 2e- Zn(s) -o. 76 

Aluminum Al3+ + 3e- Al( s) -1.68 

Magnesium Mg2+ + 2e- Mg(s) -2.37 

Source: Reference No. 4. 
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the metal that is plated on the cathode is etched off as quickly as it is 

plated. In addition, solutions with chelated metals, such as electroless 

copper plating solutions, may be more difficult for electrolytic recovery than 

solutions containing free metal ions such as acid copper electroplating 
. l 

solut1.ons. 

For dilute metal-containing solutions·, electrolytic recovery can be 

extremely difficult, particularly when using standard flat plate electrodes. 

One of the primary limitations of this type of electrode is that high 

mass-transfer rates are difficult to achieve. ~hen plating metals from a 

solution, the layer of solution next to the cathode becomes depleted in metal 

ions. Since there are fewer ions present in dilute solutions, diffusion into 

and across the depleted layer is much slower and the layer becomes thicker and 
5 

more depleted • Mass transfer rates can be enhanced both by agitation and 

by increasing the effective surface area of the electrodes, particularly the 

cathode. Both of these actions will increase the rate of movement of metal 

ions to the cathode, which is' equivalent to an increase in the current passed 

between the electrodes. 

Since most rinsewaters requiring treatment contain metals at 

concentrations of less than 1,000 ppm, a number of electrolytic reactors have 

been designed with electrodes that either enhance mixing or have large surface 
6 

areas. Some of the electrode designs are: 

• Concentric cylinder; 

• Parallel, porous plates; 

• Rotating cylinder; 

• Packed bed; 

• Fluidized-bed; and 

• Carbon fiber. 

The electrodes used in these reactors may be more effective in removing 

metals from solution, but their design may also make it difficult to remove 

the metal once it has been plated onto the cathode. For example, the use of a 

reactor with parallel stainless steel cathodes generally allows for the 
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production of a compact, adherent layer of metal. This can be mechanically 

removed and sold as scrap. Conversely, the use of a reactor with a high 

electrode area results in the deposition of metal within pores of a cathode 

which may be comprised of carbon fibre, carbon granules, metal mesh, or metal 

sponge. In this case, mechanical removal of the metal is generally not 

feasible. Therefore, recovery of the metal must be accomplished by leaching 

the deposited metal out of the cell as a concentrate, by either corrosion or 

anodic dissolution. Alternatively, the cathode material may be disposed, or 

in the case of precious metals, sent to a refiner. 

Both of these methods have drawbacks. Disposal does not allow reuse of 

the cathode, and leaching may not be practical in all situations. For 

example, precious metals such as silver, gold, and platinum are difficult to 

dissolve by corrosion, and aggressive solutions may damage cell components. 

Anodic dissolution involves reversing the polarity of the electrolytic cell 
. . 6 

whLch may also damage electrode mater1als. Therefore, increasing mass 

transfer by using high surface area electrodes may come at the expense of 

reuse of the deposited metal and/or cathode. 

Electrolytic cells have also been used to treat plating solutions and 

rinsewaters containing cyanide. In this case, cyanide is oxidized at the 

anode forming cyanate as an intermediate product and carbon dioxide, nitrogen, 
7 

and ammonia as the end products. In some cases, it is even possible to 

concurrently deposit metals at the cathode and oxidize cyanide at the anode. 

Optimal destruction usually requires temperatures between 150 and 200°F. 

Sodium chloride can be added to provide a source of chlorine which also acts 

. · · 7 • 8 H . h . l as an ox1dant to enhance cyan1de destruct1on. owever, Wlt con~ent1ona 

reactors, it is difficult to treat solutions containing low concentrations of 

cyanide; e.g., less than 1,000 mg/L. Therefore, another treatment process, 

such as alkaline chlorination, is often used after electrolytic oxidation to 

destroy residual cyanide. 

A pilot scale electrolytic device called a Trickle Tower Electrochemical 

Reactor, has been 

. d 9 cyan1 e levels. 

developed which is reportedly capable of acheiving low 

The column is comprised of alternating la~ers of an 

electrolytically conductive packing (e.g., carbon Raschig rings) separated by 

~hi~ s~~~~s 0£ insu~~tin~ m~sh. ~aitage aooiieri to piate eiectrooes ac eitner 
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end of the column results in each of the conductive layers of the column 

becoming a bipolar electrode; i.e. one face positive and the other negative, 

leaving a neutral center zone. The tower is regenerated by filling with 

anodic solution and reversing the polarity. The concentrated metal solution 

which developes can be recycled to the plating bath. 

Copper is catalytic for the oxidation of cyanide due to the intervention 
+ -of the Cu (CN 1

2 
complex in the solution phase. ·Cyanide is oxidized as 

it passes the anodes and, when excess cyanide has been eliminated, copper is 

deposited on the cathodic surfaces of the bipolar layers. Cyanide levels have 

been reduced from over 200 ppm to near zero in 60 minutes during bath 

treatment of copper/cyanide solutions. In comparison, electrolytic oxidation 
9 of free cyanides (i.e., without metals present) takes roughly twice as long. 

9. 2 PRETREATMENT AND POST-TREATMENT REQUIREMENTS 

Electrolytic processes are generally used at the source of waste 

generation. The aqueous effluent is then either reused directlv (e.g., bath 

make-up) or further treated to remove other contaminants or to be 

neutralized. Therefore electrolytic recovery is itself somewhat of a 

pretreatment process. However, in many cases, it is necessary to filter the 
. f . . . 8 • 10 Th. wastewater prlor to eedlng lt through the electrolytlc reactor. ts 

is particularly true with reactors that utilize porous or packed bed 

electrodes since particulates can potentially clog the reactor. 

Adjustment ·of pH is also sometimes necessary as a pretreatment measure 
. H ff 1 . ' lO 1 H f. . stnce the waste p a ects meta speclatton. At a ow p , ree metal tons 

predominate. These exhibit a higher mass-transfer rate to the cathode than do 

metals at higher pH. However, when treating wastewater containing chelated 

metals, the pH of the solution will not have a significant effect unless pH 
. 1 

goes below 3. 

As discussed previously, post-treatment may be required to recover metals 

from the cathodic regenerent solution if this cannot be reused directlv as 

bath make-up. Recovered wastewater will also require eventual disposal or 

treatment due to build-up of organics and other impurities present in the 

offsite to smelters or reclamation facilities. 
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9.3 PERFORMANCE OF ELECTROLYTIC RECOVERY SYSTEMS 

The performance of several electrolytic reactors on specific 

metal/cyanide wastes~is summarized in Table 9.3.1. However, these data 

reflect performance of a particular electrolytic reactor on a specific waste 

stream and, thus, should not be taken as a general indicator of performance. 

Performance can be assessed in terms of rate of metal removal from 

solution, or current efficiency. Rate of metal removal can be determined 

either by doing a metal mass balance on inlet and outlet streams or by 

weighing the amount of metal which has deposited on the cathode. Current 

efficiency compares the actual amount of metal (or other contaminant) removed 

to the amount that could be theoretically removed for a given current. In 

practice, a high current efficiency is not necessarily equivalent to a high 

rate of removal since removal rate increases with current. 

The paragraphs below discuss, in detail, the case studies of electrolytic 

treatment that were summarized in Table 9.3.1. 

3 C 
. . 1 

9 •. 1 oncentrtc Cyltnder Reactor 

The reactor employed in this study consists of a central post-type anode 

surrounded by a cylindrical cathode with a diameter of 8 inches and a height 

of 6 inches. The waste solution is rapidly recirculated through the annular 

space between the electrodes to provide a constant supply of metal ions. The 

cathode material is stainless steel and the anode material depends on the type 

of solution being treated. For acid copper solutions, the material is 

titanium; for corrosive fluoborate solutions used in solder (tin/lead) plating 

niobium is preferred. 

At this facility, the reactors were being used to treat rinsewater from 

copper and solder electroplating. Four reactors were connected in parallel to 

the copper plating dragout tank, and rinse solution was circulated through 

each of the reactors at a rate of about 16 gal/min. This setup is shown 

schematically in Figure 9.3.1. The four reactors removed approximately 

20 grams of copper per hour at an average current of 5 a~ps. The 
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TABLE 9. 3 .1. SUMMARY OF PERFORMANCE DATA 

Removal 
Waste type efficiency Current 

Reactor type Flow Current Voltage (contaminant) or rate efficiency 

Concentric 16 gpm 5 amps 7. 5 volts Acid Copper 5.7 g/hr 80 - 90 % 
cylinder 300-400 mg/L Cu 

Carbon Fiber 46 gpm -- -- Cadmium Cyanide- 89-98% 
300 mg/L Cd 0.8-2.4 g/min 

46 gpm -- -- 800 mg/L cyanide 30-94% 
1.47-5.34 g/min 

Parallel Porous 2.0 gpm -- 7.5 volts Electroless Copper- 80-85% 
Plate 60-120 mg/L Cu 

\0 Fluidized Bed -- 300 amps -- Cadmium Cyanide- 40-50 kg 20-30% I 
OJ 200 mg/L Cyanide Cadmium per year 

Packed Bed 10 gpm 175 amps 7.7 volts Chromate - 17 mg/L 99.7% 
of heaxavalent conversion to 
chromium trivalent chromium 

10 gpm 560 amps 40 volts Cyanide at 80 mg/L 65% 
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concentration of copper in the rinse discharge W'as reduced from 3,000 to 

4,000 mg/L to betW'een 50 to 100 mg/L to yield a current efficiency of 

90 percent. Copper ~as recovered from the stainless steel cathodes once each 

week. Removal was easily accomplished by hand, producing a metal foil that 

could be sold as scrap metal. 

Three reactors W'ere connected to the dragout tank that folloW'ed the 

solder electroplating bath. However, initial tests W'ere not successful in 

recovering tin or lead. Personnel at the facility indicated that these metals 

are sometimes recovered, but occasionally problems result due to the 

corrosivity of the solder plating solution. This corrosivity may cause 

etching of tin and lead from the cathode, thereby negating any electrolytic 

removal. To overcome this effect, it W'Ould be necessary to increase current 

to the reactor. The corrosivity may also cause occasional breakdown of the 

pump that is used to circulate the solution through the reactor. For these 

reasons, this type of solution is not always amenable to electrolytic 
12 13 recovery. ' 

9.3.2 Carbon Fiber Ce118 

The data presented in Table 9.3.1 for the carbon fiber cell were 

generated using a unit developed by HSA Reactors Ltd. of Rexdale, Ontario and 

currently marketed by Metal Removal Systems, Inc. of Melville, NY. The 

electrolytic cell module contains a carbon fiber cathode and an anode of 

titanium coated W'ith a rare earth oxide. The cathode's ·carbon fibers have a 

diameter of only 5 to 15 microns and 1 gram of fiber has a surface area of 
6 2 2. 6 x 10 em . This is reportedly 1,000 times ~reater than the surface 

area - 6 of other porous electrode matertals. 

Electrolytic recovery was used to recover cadmium and destroy cyanide in 

a cadmium-cyanide barrel-platin~ line. A reactor was operated in a 

closed-loop circuit connected to a dragout/recovery tank. Plating solution 

drag-out was carried into the recovery tank in volumes of 1.5 to 8 liters for 

each barrel plated. The contaminated rinse solution was then pumped through a 

700 li~er electrolytic reactor at a rate of 175 L/min. 
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As shown in Figure 9.3.2, the rinsing of a barrel raises the cadmium 

concentration in the rinse from 80 to 300 mg/L. Within approximately two 

minutes, the electrolytic reactor restores this concentration to its original 

level. The rate of removal then levels off, so that by the time another 

barrel is ready for rinsing, the concentration is approximately 60 mg/L. This 

curve clearly shows the dependency of rate of removal on metal concentration. 

In this case, removal drops off sharply when the cadmium concentration falls 

below 100 mg/L. Overall, between 89 and 98 percent of the cadmium washed out 

in the dragout tank was removed by the electrolytic reactor, corresponding to 

a recovery of up to 24 g/min of cadmium. As a result, the average cadmium 

concentration in the facility's effluent decreased from 4.0 to 1.0 rng/L. 

An electrolytic reactor was also used to destroy cyanide in the drag-out 

tank. To enhance cyanide destruction, 80 g/L sodium chloride was added to the 

system. The sodium chloride acted both as a source of chlorine for cyanide 

destruction and as an electrolyte. Initially, cyanide destruction was 

achieved ~n the same electrolytic reactor as was used for metal removal. To 

increase destruction rate, a holding tank and a second, smaller electrolytic 

reactor were added to the system. This unit provided extended retention time 

for increased cyanide destruction, resulting in a 93 percent destruction 

efficiency, even when cyanide loadings were high (5.74 g/min). This 

destruction rate maintained the concentration of cyanide in the recovery tank 

at just over 1,000 mg/L. Before the modifications, the cyanide concentration 

averaged 4,000 to 8,000 mg/L. 

Operation of the electrolytic reactor requ~res ·a 19 hour cycle of which 

16 hours is for cadmium removal and cyanide destruction and the other 3 hours 

are for removal of the cadmium from the carbon fiber cathode. The latter is 

accomplished by pumping a high-strength cyanide solution through the reactor, 

allowing cadmium oxide to form and dissolve in solution. This product is then 

reused as cadmium-cyanide plating solution make-up. 

9.3.3 
l 

Parallel Porous Plate Electrodes 

The RETEC heavy metal recovery system used 1n this application consists 

of a parallel plate electrode configuration, in which the cathodes are a metal 

sponge-like material (as shown in Figure 9.3.3) formed by depositing copper on 

a polyester foam. The result is a porous, flow-through cathode with a much 
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higher surface area than a standard flat plate, stainless steel cathode. The 

applicability of this system to different types of metal containing solutions 

is summarized in Table 9.3.2. The majority of commercial applications have 

been in acid or electroless copper plating rinses. 

A recent study evaluated the performance of this unit on an electroless 

copper rinse solution from a printed circuit board manufacturing facility. 1 

The RETEC unit contained 25 copper-plated polyester "sponge" cathodes 

alternated by 26 titanium-coated anodes, each measuring 45 by 38 em, spaced 

0.64 em apart. Influent copper concentration ranged from 8 to 1,100 mg/L, and 

flow rate ranged from 0.5 to 2.5 gpm. Testing of the unit yielded the 

following conclusions: 1 

• Copper removal efficiency averaged 80 to 85 percent. 

• pH had little effect on copper removal over the pH range of 3 to 11. 

• Removal efficiency was independent of influent copper concentration 
above 50 mg/L but removal efficiency decreased significantly below 
this concentration. 

• Removal efficiency was best at low flow rates - removal efficiency 
increased by 15 percent when the flow rate was decreased from 25 to 
0.5 gpm. 

• Recirculation did not affect removal efficiency. 

At a second facility, an identically designed but larger unit (50 

cathodes as opposed to 25) was used to treat 10 gpm of combined copper plating 

and etching rinses. Inlet copper 

discharge was from the RETEC unit 

9.3.4 Fluidized Bed 

concentration was 100 to 200 ppm and the 
15 was below 1 ppm copper. 

The Chemlec Cell, a fluidized bed developed by the Electricity Council 

Research Centre in England (see Figure 9.3.4), consists of a set of apertured 

expanded metal-mesh electrodes immersed in a bed of small glass beads. The 

bed is fluidized to about twice its packed depth by pump1ng rinsewater upwards 

through a distributor and the bed. The glass beads impinge on the electrodes 

and provide a simple means of agitation and mixing. The electrodes are 
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Metal 

Cadmium 

Cadmium 

Cadmium 

Chromium 

Copper 

Copper 

Copper 

TABLE 9.3.2. RETEC APPLICATIONS 

Electrolyte 

Alkaline 

Acid 

Cyanide 

Any 

Dilute Acid 

Electro less 

Strong Acids 
Bright Dip 

Comments/conditions 

Above pH 10.5 cadmium is soluble. 
Theoretically it can be removed at 
efficiencies and to levels equal to 
cadmium cyanide. 

Cadmium can be reduced with a RETEC 
unit but not to Federal compliance. 
Cadmium can be reduced to 
approximately 50 ppm in dilute acid 
media (pH 2-5) (lab data). Strong 
acid would require bulk cathodes to 
achieve the high cathode potentials 
needed to protect the substrate. 

Cadmium can be removed easily from a 
cyanide solution to compliance 
levels. 300 ppm at 3 gpm and 500 amp 
should operate at approximately 30% 
efficiency (field and lab results). 

Neither trivalent (Cr+3)n0 r 
Hexavalent (cr+6) is removable at 

2 grams/liter (gpl.) !n theory 
chrome could be removed from a more 
concentrated bath but thi~ has not 
been achieved with RETEC (lab and 
field). 

Copper can be removed easily from 
acid copper plating, bases (lab and 
field). 

Copper can be removed from 
electroless copper rinses less easily 
than acid baths but still at 
acceptable levels. High levels of 
chelate in the rinse will reduce 
anode life (lab and field). 

·soluble copper can be removed from 
almost any acid if the current 
density is raised sufficiently to 
counter the corrositi"ritv of the acid 
(cathodically protect) •. This 
generally means elevated 1000 amp 
=ur~en~ ~C7 a:idi~y .05 N. 3~lk 

cathodes and/or elevated current :or 

(continued) 
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l-Ie tal 

Copper (continued) 

TABLE 9.3.2 (continued) 

ElectroLyte Comments/conditions 

acidity< SN. For acidity> 5N a 
RETEC-50 cell would have to be 
modified to carry sufficient 
current. Higher current densities 
could be achieved in a RETEC Jr. Due 
to the lower surface area, efficient 
metal removal cannot be achieved with 
buLk cathodes with metal 
concentrations < 500 ppm. Long 
recycle times would be necessary, if 
the acid could not be reused with 
this metal loading. 

If the acid is not going to be reused 
neutralization is usually a 111ore 
efficient alternative. 

Copper Ammoniacal Etches Copper can be removed from ammoniacal 
etches at a lower efficiency than in 
acid media. Acidification will help 
efficiency but it will not.be as 
efficient as straight acid. 

Copper Cyanide 

Lead Acid Baths 

In order to remove copper from 
ammonicacal baths, it is necessary to 
raise the current density (and the 
cathode potential) to counter the 
action of the etch out. 

Complete copper removal from very 
concentrated ammoniacal baths cannot 
be achieved (lab). 

Copper can be removed easily from 
copper cyanide rinses. Efficiencies 
are less than in acid baths (field 
and lab). 

Lead can be removed efficiently from 
acid baths. lead fluoborate will 
disassociate to fluoride and attack 
DSA anodes. Lead sulfamate baths are 
preferred. Lead and lead complexes 
are not very soluble. Lead above 
pH 4 .will form insoluble lead oxide 

(continued) 
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Ml"tal 

Ll"ad (continued) 

Mercury 

Nickel 

Palladium 

Ruthenium 

Selenium 

Silver 

Silver 

Tin 

Tin 

TABLE 9.3.2 (continued) 

Ell"ctrolyte 

Aqueous 

Watts Rinse 
NiCl Rinse 
Ni Acetate 

Pd Cl-NH4 

Ale-Acid 

Dilute Tab 

Cyanide 

Thiosulfate 

Acid 

Alkaline 

Comments/conditions 

and in the presence of sulfate (from 
copper sulfate platin~ for instance) 
will form insoluble lead sulfate. 
(lab and field). 

Mercury can be removed 
electrolytically but will not adhere, 
it will roll off the cathode 
and deposit in the bottom of the cell 
(beaker testing). 

Removal at extremely low efficiency 
at low current densities from cone. 
solution. 

Inefficient removal from dilute 
solution with bulk cathodes at 
approximatl"ly l gpl (lab). 

Efficient removal from Pd bath 
(lab). 

Good removal from HCl alcohol 
solution (lab). 

Removal to approximately 20 ppm. 
Better results theoretically 
achievable. 

Removable electrochemically at high 
efficiency (lab). 

Removable electrochemically at high 
efficiency. May react with copper on 
cathode to cause premature cathode 
deterioration (lab and field). 

Removable to approximately 40 ppm in 
RETEC cell (lab and field). 

Should be removable to approximately 
1 ppm. 

(continued) 
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TABLE 9.3.2 (continued) 

Metal Electrolyte Comments/conditions 

Zinc Acid 

Zinc Cyanide 

Zinc Alkaline 

Source: Reference No. 14. 

Not removable to compliance level. 
Zinc should be reduced to 100-200 ppm 
(lab). 

Zinc removal electrochemically to 
compliance levels (lab and field). 

Low levels. should be achievable. 
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Figure 9.3.4. The Chemelec cell. 
Refeocence No. 6. 

9-19 



commonly titanium, but when treating alkaline cyanide solutions, both anode 

and cathode may be made of mild steel. Also, since the metal is deposited on 

the cathode mesh rather than on the bed medium {e.g., as for the carbon fiber 

reactor), it is easy to remove the cathode from the cell and place it in the 

plating solution where it can be used as an auxiliary anode. 

At one facility, the Chemelec cell was used to recover cadmium from an 

alkaline cyanide plating drag-out tank. The concentration of cadmium in the 

plating bath was 20 g/L and the Chemelec cell maintained the dragout tank 

concentration between 100 and 400 mg/L. The current efficiency ranged between 

20 and 30 percent at an applied current of 30 amps. In the first 2 years of 

use, the cell recovered 33.7 and 59.7 kg cadmium, respectively, despite 

lengthy stretches of downtime due to low workloads. The maximum capacity of 

the 1 m
2 

cell is estimated to be 200 to 300 kg/year. Power consumption for 

electrolysis for these 2 years was 13 and 11 kw-hr/kg cadmium recovered, 

respectively. 

Under these operating conditions, it was necessary to remove the anodes 

from the Chemelec cell every 2 weeks to collect the cadmium deposit. The 

cathodes are lifted out of the cell and hung by copper hooks from the anode 

rail in the plating bath. After about one 8-hour shift, the cadmium from the 

coated cathodes has been dissolved. In this way, there is complete recycling 

f d 
. 16 

o ca m1um. 

9.3.5 Packed Bed 

The packing in a packed-bed electrolytic reactor can be any of a number 

of different types of material. In the case discussed here, the packing 

material is inert carbon particles. These are loosely packed in a cell with 

the major electrodes in a parallel configuration, spaced 6 inches apart. The 

major electrodes act as baffles to create an overall bed length of 

100 inches. The loose packing of the carbon particles imparts a 

semi-conductive nature to the bed. Potentials are maintained between 

particles and/or agglomerates of particles creating many anodic and cathodic 
11 

sites within the major cell. 
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In this application, the electrolytic reactors are used to reduce 

hexavalent chromiu.d to the trivalent state and to oxidize cyanide. Chromium 

reduction is accomplished by four electrolytic cells used in parallel, each 

having a nominal capacity of 10 gpm. The system was designed to treat 

120 mg/L of hexavalent chromium. although, the actual concentration fed to the 

reactors averaged only 17 mg/L. As a result, the length of travel through the 

cells was greater than required and the cell discharge averaged 0.06 mg/L 

chromium 1 well below the design target of 0.2 mg/L. This was equivalent to a . 

99.7 percent reduction efficiency. At higher feed concentrations (100 to 

150 mg/L), the cell discharge was closer to the design value of 0.2 mg/L. 

Other conclusions of the testing are as follows: 

• Control of waste pH entering the cell is essential; at hexavalent 
chromium concentrations of 50 mg/L, a pH of 1.8 to 2.1 is adequate; 
at 150 mg/1, a pH of 1.5 to 1.6 is preferred, 

• Power consumption varies with chromium concentration; for a 20 gpm 
flow at 17 mg/L, 1.4 kw (175 amp, 7.7 volts) of power is consumed; 
at the same flow rate, but 156 mg/L, 2.0 kw of power was consumed. 

• The deposition of chromium onto the carbon particles will result in 
a very high initial removal rate, however, after this initial 
period, a steady state will exist for electrolytic removal of 
hexavalent chromium, 

It should be noted that the low and narrow p~ range (1.5 - 1.6) observed 

during testing is extremely difficult to achieve on a consistent basis. Pilot 

plant testing with an emphasis on process control procedures is recommended 

prior to any full scale implementation. 

The electrolytic treatment system for cyanide consisted of three cells 

used in parallel, each with a nominal capacity of 10 gpm. This system was 

designed to treat cyanide-bearing rinses at a hydraulic loading of 30 gpm and 

cyanide concentrations of up to 30 mg/L. However, actual cyanide concentration 

was found to exceed 30 mg/L 98 percent of the time, with an average 

concentration of 80 mg/L. As a result, it was only possible to achieve an 

overall destruction efficiency of 65 percent (to 28 mg/1), which was not 

suif~c~ent to meet the design goal of z mg(L of cyanide in the cell discharge. 

Further evaluations indicated that there was straight-line relationship 

between distance of travel along the packed bed and removal of cyanide; 

namely, 0.5 mg/1 of cyanide is removed for each inch of travel. Therefore, to 

achieve the design goal of 2 mg/L of cyanide, it would be necessary to 

increase the bed length from 100 to 156 inches. 
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Other results of the study include: 

• Cyanide was completely oxidized to COz and Nz. 

• Electrical power use averaged 22.4 kw (560 amps at 40 volts) which 
was calculated to be equivalent to 45 kw/kg of cyanide removal. 

• It was not demonstrated that complexed metals were destroyed by the 
electrolytic process. 

9.4 SYSTEM COSTS 

The major cost associated with electrolytic treatment is usually the cost 

of the reactor itself. This can range from $3,500 for a reactor with a 

l-ft
2 

stainless steel cathode, up to $89,000 for a reactor with a high 

surface area, carbon fibre cathode.§,i~ Additional capital costs will 

include items such as a rectifier and electrical connections, pumps and 

plu~bi~g, ar.d installation labor. These items may represent l5 to 25 percent 
8 11 

of the cost of the reactor. ' Operating costs for electrolytic recovery 

include electricity, maintenance or replacement of electrodes, labor, and 

chemicals for oxidation of cyanid~; e.g., NaCl. 

some cases to strip metals from cathodes. 

Chemicals may also be used in 

The best way to illustrate the cost of electrolytic treatment 1s to 

compare its costs with those of other treatment methods; e.g., precipitation. 

Electrolytic treacment can be very cost effective since it usually permits 

recovery of metal from the waste solution and also precludes the generation of 

metal-bearing sludges that requ1re subsequent management as hazardous wasre. 

Cost comparisons of electrolytic recovery versus other treatment methods 

are presented in Tables 9.4.1 and 9.4.2. Table 9.4.1 shows the costs of using 

a carbon fibre electrolytic reactor versus the costs for alkaline chlorination 

and precipitation for a waste stream containing cadmium and cyanide. The 

annual operating costs for electrolytic recovery are $25,000 less than for the 

chemical treatment alternative. 

higher cost reactor of less than 

This would 
8 

a year. 

permit a payback t1me for cne 

Tne cnem1ca1 costs for electrolytic treatment shown in Table 9.4.1 are 

for sodium cnloride (NaCI), which is used to aid cyanide destruction, and 

sodium cyanide (NaCN) and oxygen, wnich are used to remove cadmium from the 
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TABLE 9.4.1. COSTS FOR CARBON F1BER ELECTROLYTIC TREATMENT 
VERSUS CHEMICAL TREATMENT 

Annual operating costs ($) 

Electricity 

Chemicals 

Sludge disposal 

Labor 

Maintenance 

Total: 

Capital costs (S) 

Reactor 

Electrical and plumbing 

lnstallation 

Total: 

NA = Not available 

Source: Reference No. 8. 

Electrolytic treatment 
(carbon fiber) 

900 

11,150 

0 

1,150 

5,950 

19,150 

87,500 

21,900 

1,200 

11:-0 J 600 
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Alkaline chlorination/ 
precipitation 

NA 

33,800 

5,700 

4,600 

0 

44,100 

NA 

NA 

NA 

90,000 



TABLE 9.4.2. COSTS FOR ELECTROLYTIC TREATMENT USING ARETEC 
CELL VERSUS CHEMICAL TREATMENT 

Annual operating costs (S) 

Electricity 

Labor 

Maintenance 

Recovered copper 

Total Operating Cost (S) 

Total Capital Costs: 

NA = Not available. 

Source: Reference No. 15. 

Electrolytic treatment 
(Retec cell) 

875 

1,250 

7, 750 

(625) 

9,250 

44,000 
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Sulfide precipitation 

NA 

NA 

NA 

0 

52,000 

140,500 

l lJ 
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f~ 



carbon fiber cathode. The maintenance costs are for replaceiDent of the 

anodes, which is required every 2 vears, and for filter cartridges which are 

used to remove particulate matter from the waste influent.
8 

Table 9.4.2 compares the costs of using electrolytic treatment versus 

sulfide precipitation to treat a copper-bearing waste stream generated from 

the manufacture of printed circuit boards. In this case, two RETEC 

electrolytic reactors are required to treat the 10 gpm waste stream which 

contains 200 mg/L copper. The major operating cost of electrolvtic recovery 

is the maintenance cost to replace the cathodes. However, the overall 

operating costs are only one-sixth of that incurred using sulfide 

precipitation. The latter costs were not itemized in the reference but 

probably result from the purchase of sodium sulfide and the cost for disposing 

the metal-bearing sludge that results from precipitation of cadmium. 

The capital costs for electrolytic removal are one-third those for 

sulfide precipitation. The capital costs for sulfide precipitation include 

the.purchase of tanks, pumps, a clarifier, and a filter, plus a building 

addition to hold this equipment. The equipment required for electrolytic 

treatment is much more compact and does not require the construction of 

additional building space in which to place tanks and clarifiers. If these 

assumptions are accurate, the capital costs for electrolytic treatment are 

significantly lower than for sulfide precipitation. 

Figure 9.4.1 presents an operating cost comparison for treatment of 

electroplating wastewater containing hexavalent chromium with two different 

treatment technologies. One of the technologies is a packed carbon bed 

electrolytic reactor and the other is chemical reduction with sodium 

bisulfite. Both of these technologies are followed by addition of NaOH to 

precipitate trivalent chromium. Figure 9.4.1 shows that chemical reduction is 
+b 

less expensive than electrolytic reduction at low Cr concentrations, but 

becomes more expensive as the concentration increases. Electrolytic reduction 

becomes 

17 mg/L 

more efficient at high metal concentrations; at a concentration of 
+6 

Cr , approximately 25 kwh of power are required to reduce 1 kg 

whereas, at a concentration of l5b kg/1, only 2 kwh are required. Converselv, 
• 'T6 

the amount of sodium sulfite required for reduc1ng Cr increases almost 

linearly as the concentration of chromium in the wastewater increases from 17 
6 

to 15 6 mg I l. 
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The case studies discussed above illustrate the fact that electrolytic 

recovery can be more economical than other treatment methods in certain 

s~tuations. However, as indicated in the final case study above, the unit 

cost of reducing hexavalent chromium electrolytically is greatly affected by 

the inlet concentration. If the concentration is low, it may be more 

economical to use chemical reduction. 

Another major factor to consider is the cost of disposing the 

metal-bearing sludge generated by most chemical treatment methods. The land 

disposal ban is likely to cause further increases in secure landfilling 

costs. Thus, situations for which recovery is not yet economically feasible 

may be more cost-effectively managed through recovery in the future. 

9.5 PROCESS STATUS 

Electrolytic recovery is applicable for certain metal/cyanide waste 

streams. It is a particularly attractive process for metal-bearing waste 

streams because it allows for metal recovery, thereby precluding the 

generation of metal-bearing sludge. 

A number of different types of electrolytic reactors are currently 

manufactured. Simple, parallel-plate reactors can be used to recover noble 

metals such as gold and silver. More complex units with porous or granular 

electrodes may be required to remove metals such as copper, tin, and lead, 

particularly when these metals are present in low concentrations; e.g., less 

than 100 mg/L. 
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SECTION 10.0 

CHEMICAL TREATMENT/REMOVAL PROCESSES FOR METALS 

The treatment processes discussed in this section are based on physical/ 

chemical methods of separation and removal of metallic contaminants in the 

waste feed stream. Processes discussed are: 

10.1 Precipitation 

10.2 Coagulation and Flocculation 

10.3 Chemical Reduction 

10.4 Flotation 

All of these processes are used to some extent for the treatment of 

wastes, but differ in their applicability to various types of waste and their 

need for pretreatment and post-treatment procedures. The physical/chemical 

treatment processes (and the other treatment processes discussed in the 

following sections) are considered within the framework of four major areas: 

(1) Process Description including pretreatment and post-treatment 

requirements; (2) Demonstrated Performance in Field and Laboratory; (3) Cost 

of Treatment; and (4) Overall Status of the Technology. 

10.1 PRECIPITATION 

All precipitation processes operate under the same fundamental chemical 

principles and utilize similar types of eouipment and process configurations. 

Additionally, pretreatment requirements and residual post-treatment options 

are comparable, regardless of the specific precipitation method under 

addressed prior to discussion of specific reagent/waste combinations. 

Sccti~~ ~G.!.l serves as in~roduction to the basic theory of p~ecipitatiuu 
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chemistry and proceeds to identify considerations in pretreatment 

requirements, process equipment, process configurations, post-treatment and 

disposal of residuals. The remaining subsections (Sections 10.1.2 through 

10.1.4) address specific precipitation reagents. These highlight the unique 

aspects of each, including compatible waste types, treatment costs, sludge 

generation and special considerations in equipment design and reagent handling 

practices. The reagents are: 

• Hydroxides; 

• Sulfides; 

• Carbonates. 

Each reagent subsection covers the following topics: 

• General process description including typical operating 
characteristics; 

• Performance data which identifies operating parameters, proces6ing 
equipment, and system configurations; 

• Capital and operating costs; 

• Status of the technology. 

10.1.1 General Considerations 

10.1.1.1 Precipitation Theory--

The principal mechanism of precipitation involves the alteration of the 

ionic equilibrium of a metallic compound to produce an insoluble precipitate. 

Typically, an alkaline reagent is used to lower the solubility of the metallic 

constituent and thus, bring about precipitation. In certain cases, chemical 

reduction (Section 10.3) may be needed to change the characteristics of the 

metal ions (i.e., valence state) in order to achieve precipitation. In 

general, precipitation reactions form a salt and an insoluble metal complex, 

as illustrated in the following reaction between nickel sulfate and sodium 
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nickel 
sulfate 

2 NaOH 

sodium 
hydroxide 

sodium 
sulfate 

Ni(OH)
2 

(s) 

nickel 
hydroxide 

. b 1 Chemical precipitation normally depends on several var1a les : 

• Maintenance of an alkaline pH throughout the precipitation reaction 
and subsequent settling. 

• Addition of a sufficient excess of treatment ions to drive the 
precipitation reaction to completion. 

• Addition of an adequate supply of_sacrificial ions (such as iron or 
aluminum) to ensure precipitation and removal of specific target 
ions. 

• Effective removal of precipitated solids. 

Control of pH is essential for precipitation of many metals, as 

illustrated by the solubility curves for selected metal hydroxides and 

sulfides shown in Figure 10.1.1. Hydroxide precipitation is effective in 

removing arsenic, cadmium, chromium (+3), copper, iron, manganese, nickel, 

lead, and zinc. Sulfide treatment is superior to hydroxide (and carbonate 

treatment) for removal of several metals. As shown by theoretical 

solubilities of hydroxides and sulfides of selected metals (Table 10.1.1), 

sulfide precipitation is highly effective in removal of cadmium, cobalt, 

copper, iron, mercury, manganese, nickel, silver, tin, and zinc. Estimated 

achievable maximum 30-day average concentrations of several heavy metals under 

different chemical precipitation and solids removal technologies are shown in 

Table 10.1.2. The estimated achievable concentrations are based on the 

performance data reported in 
. 1 

l1terature. 

Another factor that effects precipitation reagent performance is the 

presence in solution of chelator/complexing agents. A list of common agents, 

together with their structures, is given in Table 10.1.3. These chelator/ 

complexing agents prevent the .complete precipitation of heavy metal hydroxides 

by competing with the hydroxyl ion for possession of the heavy metal, e.g., 
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Figure 10.1.1. Solubility of metal hydroxides and sulfides 
as a function of pH. 

Source: Reference 1. 
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TABLE 10.1.1. THEORETICAL SOLUBILITIES OF HYDROXIDES AND SULFIDES 
OF SELECTED METALS IN PURE WATER 

Metal 

Cadmium (Cd++} 

Chromium (Cr+++) 

Cobalt (Co++) 

Copper (Cu++) 

Iron (Fe++) 

As hydroxide 

2.3 X 10-5 

8.4 X 10-4 

2.2 X 10-l 

2.2 X 10-2 

8.9 X 10-l 

Lead (Pb++) 2.1 

Manganese (Mn++) 1.2 

Mercury (Hg++) 

Nickel (Ni++) 

Silver (Ag+) 

Tin (Sn++) 

Zinc (Zn++) 

Source: Reference 1. 

3.9 X 10-4 

6.9 X 10-3 

13.3 

1.1 X 10-4 

1.1 

Solubility of metal ion, mg/L 

As carbonate As sulfide 

LOx 10-4 6.7 X 10-lQ 

No precipitate 

LOx 10-8 

5 .• 8 X 10-18 

3.4 X 10-5 

7 .Q X 10-3 3.8 X 10-9 

2,1 X 10-3 

3.9 X 10-2 9.0 X 10-20 

L 9 X 
. -1 

10 6. 9 X 10-8 

2. l X 10-1 7.4 X 10-12 

3.8 X 10-8 

7.0 X to-4 2.3 X 10-7 
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TABLE 10. l. 2. ESTIMATED ACHIEVABLE MAXIMUM 30-DAY AVERAGES FOR THE APPLIED TECHNOLOGIES 

Lime ppt>'< 

followed by 
sedimentation 

Antimony, Sb 0.8 - 1.5 

An;enic, As 0.5- 1.0 

Beryllium, Be 0.1- o.s 
Cadmium, Cd 0.1- 0.5 

Copper, Cu 0.05 --' 1.0 

Chromium, Cr(+3) o.o -· 0.5 

Le~1d, Pb 0.3- 1.6 

He1cury, llg(+2) 

Nickel, Ni 0.2- 1.5 

Silver, Ag 0.4- 0.8 

Selenium, Se 0.2- 1.0 

Thallium, T1 0.2 - 1.0 

Zinc, Zn 0.5- 1.5 

*ppt ~ precipitation 

Source: Reference 1. 

Lime ppt 
followed by 
filtration 

0.4 - 0.8 

0.5 - 1.0 

0.01- 0.1 

0.05-0.1 

0.4- 0.7 

0.05 - 0.5 

0.05- 0.6 

0.1- 0.5 

0.2 - 0.4 

0.1- 0.5 

0.1- 0.5 

0.4 - 1.2 

Final concentrations (mg/L) 

Sulfide ppt 
followed by 
filtration 

0.05- 0.1 

0.01- 0.1 

0.05 - 0.5 

0.05 - 0.4 

Ferrite 
coprecipitation 

followed by 
filtration 

0.05 

0.05 

0.01 

0.20 

0.01 - 0.05 0.01 

0.05 - 0.5 

0.05- 0.2 

0.02- 1.2 0.02 - 0.5 

Soda ash Soda ash 
addition addition 

followed by followed by 
sedimentation filtration 

0.4 - 0.8 o. 1 - 0.6 



TABLE 10.1.3. STRUCTURES OF CHELATING AGENTS SEPARATED 

NTA 

(Nitrilo triacetic acid) 

EDTA 

(Ethylene dinitrilo tetraacetic acid) 

EBTA 

(Ethylene bis(oxyethylenenitrilo)tetraacetic acid) 

(HOzCCHz)zNCHzCHzOCHzCHzOCHzCHzN(CHzCOzH)z 

CDTA 

1,2 diamino cyclohexane tetraacetic acid 

Source: Adapted from Reference 3. 
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The equation indicates that solutions which contain dissolved ammonia tend to 

drive the reaction to the left, thereby preventin~ removal of zinc as the 

hydroxide. Calculations show that for a solution containing 100 ppm of 

dissolved NH
3

, at 
. . 2 

unprec1p1tated. 

a pH of 8.0, nearly 3.0 ppm of Zn++ will remain 

All complexing heavy metals 1n a 

fashion similar to that given in 

agents solubilize certain 
2 

the above example. 

10.1.1.2 Pretreatment Requirements--

Pretreatment of metals containing wastes prior to precipitation typically 

consists of gross solids removal (e.g., filtration), flow equalization, 

neutralization, or treatment of individual waste streams prior to combination 

with other process wastes. These treatments of segregated wastes result in 

economic benefits from reduced reagent costs and smaller equipment sizing. 

Other common pretreatment processes include cyanide destruction, chromium 

reduction, and oil removal. 

Cuanide destruction--Cyanide wastes cannot be mixed with metal-containing 

wastes due to the formation normally stable organo-metallic complexes or the 

possible evolution of toxic hydrogen cyanide gas. Instead, cyanide is 

typically oxidized to carbon dioxide and nitrogen gas through a chemical 

oxidation process. In two-stage chlorination, pH is typically maintained 

around 11.0 in the first reaction vessel and 8.0 to 8.5 in the second vessel 

through addition of NaOH, as required (see Section 14.1). 3 

Chromium reduction--Chromic acid wastes may contain hexavalent chromium 

which must be reduced to the trivalent form prior to precipitation. Reduction 

typically occurs at pH 2.0 to 3.0 through addition of acid (e.g., sulfuric) 

and a reducing agent (e.g., sulfur dioxid~, ferrous sulfate, sodium 

metabisulfite, or sodium bisulfite). How~ver, alkaline reduction (pH 7 to 10) 

using ferrous iron has also been demonstrated. It has proven to be 

cost-effective for highly buffered alkaline waste and the treatment of mixed 

metal wastes containing less than 10 mg/L of hexavalent chromium (see 

Section 10.3).
3 
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Neutralization--Neutralization consists of adjusting an acidic or 

alkaline waste stream with the appropriate reagent to a final pH of 6 to 9, 

which meets surface water discharge reQuirements established under the Clean 

Water Act. However, it is sometimes only necessary to adjust the pH to 

approximately 5 to 6 (i.e., partial neutralization) to achieve certain 

treatment objectives. In other applications it may be necessary to neutralize 

an acid to pH 9 or higher to precipitate metallic ions or to completely 

clarify a waste for acceptable discharge. These techniques are called under

and over-neutralization, respectively.
4 

Table 10.1.4 identifies several of the more prevalent neutralization 

reagents and their characteristics. The selection of the appropriate reagent 

for wastewater neutralization processes is site-specific and dependent on the 

following considerations: wastewater characteristics, reagent costs and 

availability, speed of reaction, buffering qualities, product solubility, 

costs associated with reagent handling, and residual Quantities and 

characteristics. Typically, the first step in reagent selections is to 

char~cterize t~e ~as~ewater. General parameters of interest include flow 

(rate, Quantity), pH, pollutant loading, physical form of waste, and 

waste/reagent compatibility. These characteristics narrow the range of 

reagents and treatment configurations available for consideration. 

Following the selection of candidate reagents, the Quantity of reagent 

required to neutralize the waste to the desired end point must be determined. 

Reagent Quantity is usually calculated by developinE a 

each candidate reagent using representative wastewater 

titration curve for 
5 6 

samples. ' These 

data determine the quantity of reagen~ required to bring th~ sample volume of 

wastewater to the desired pH. 

The next step in the experimental procedure is the preparation of 

reaction rate curves and development of kinetic rate eQuations for each 

candidate reagent. Reagent reactivity is an important factor. in determinin,~~; 

retention time and consequently the size of the treatment facility, the final 

effluent quality, and the ease or difficulty of process system control. These 

parameters, in turn, will affect both capital and operational costs associated 

with the wastewater treatment system. Reaction rate curves for various 

quantities of res~dual reagent ti.e., excess above stoichiometric 
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TABLE 10.1.4. ACID/ ALKALINE NEUTRALIZATION AGENT CHARACTERIZATION 

CQamon fo.-. Bulk Solubil hy Equl valent Appr-o11l~t~ate Coatlr,-,n 
Hoi~Pcular Ou!!!mical Holecuhr and (;OIDmelc.i.al deu.!l itJ o/IOO • Shipment bll!llcity cos I !ton buicityll '-'lulvl!lll"nt 

N#aganl for-mul• "'"' we iaht u rength Kg/m) Vlll4!1" Typical uae Advantagr• DiladvantRgPa fnr-• fAr-lor• <II !II \lf"i ,ht 

High Calciu• CaC01 c.Jclu• 100.1 Powder 2000-1800 0.001415 A. c. I d. Heut ra- Aeletlv11ly Contain• l•puritica Bulk O.it89 6 12.27 ~0.) 

Lilll4!1lonc Ca..-bon•te 9")1 CaCOl (@ ,~·c) I i~;al ion ine apen1l VI! a low ro:u~l ius 

IUllule• 

~I!Jh Calcium Ca(OII)t Calclum 71..1 Po\oldt!r l.00-61.0 0. 15)0 A.c ld Neut ra- aehtlvely Contain• t .. purlllea Bulk 0.710 •• 6io. Tq )1, 0~ 
llydrah.o.l Lime HyJnu.lde 12-Jl.% CaO (@ JO"C) l iz•t ion ineape1uive 11low .-eocl i118 

HiH.I• C11lc iu1111 CoO c.tciu• ~6.1 Pebble 110-1120 Con"e~ted A.cld tleutr•- llelatlvely lleC(ulre• dry •tona1e Bulk 0.941 )9 .... ~ 18.0S 
quick I ime 01ide ~l-98% C110 to Ca(OII}2 I izal ion inellpen•ive 

C.!ilrbon co, C:u·bon "}.4.0 Cu liqui fi.ed -- -- A Hr.• I I He11t r•- Hay ba -- Tank (".Ill' --- 200 --- 21 
lliu• ide llituide und"'r pr~aaure liu.ti.on •v•i l•bla 

from llue a•• 
Dolo• I 1 ic Ca(OH)2 Horm•l ll4 .li Povdr.r '-16-666 o. nlo Add tlr.utn- Rel•tlvll!ly t.ellll re•c:thre then .... ur.ct 0. 912 46 "i0.4t. ]].9 
Hylluted Llmr. "•" Dolomitic 46-48% CaD (@ JO"C) l iJ"IIl ion inelpPnaive luBh c11lc:ium I ime 

)1-341 HgO 

Doloa:dt ic c.o-H8o c.ldu. 96.4 Febb I• 801-116~ Conve..-ted Acid tlcutu- Relatively Le•• re•ctiv• th•n llulk 1.110 ]9 )5. 14 24.9 
Qui.ck lime H•Kne• iu• 55-~81 c.o t.o c.(oll)~ li.ution ineapen1lv11 hi&h cah:lu• li.IIIC 

]8-~ 1% HgO •nd HJI(OII 1 

9o.t• Aah Ha2CO] Sod iu• 106.0 Po ... der 560-1041 11.610 Acid tleutl'll- ~l.hl? lllgher co•te th.an Bulk 0. ~01 8) 16).11 n.o 
c.rbon•t• 58% N•zo (@ JO"C) I izat ion rtact ive calci.um reaganl• .... aolubh 

0 
I C11u11 ic Sod• NaOU Sodi~ (10.0 Liquid ---- 1&1100 Acid Nflutra- IH gh I y r@•c- IU ~~:h cnu , r~quh-ea T11nll: r-.llr 0.681 10~ H8.4 40 .... H)Jro11ide 1)% N.a.0\1 (@ IOO"C) I iaat ion t ive 1 1!11.11)" he•ted elor•&e 

0 handlinB 

HaRne;i• HaO Maanealum 40.11 Pouder 1017.9 o.ooafiJo A<: ld Neut r•- lll~:hlr lligh Coat l•gged 0. 929 l6S ]91. 89 10.16 
Oxj.J~ C~ Jo•c) I i:r.al ion rf'acl ive 

SuI fur ic H2SOtt Su l furlc 98. I Liquid 17ot.-18J4 Co.plete Alkali Heutra- Hl 8hly For•• calciu• Tank e•~r --- 59 49.05 
Acid ""ld 77% UzS04 lhation reactive, ••• Irate aludKe II 

93% 112504 ln.r: .. pen•lve vith calciuUI 

Murial[c IICL Hydro- ]6,' liqulcl 11~7-1171 Complete Alllall Nf!utra- IIIJhly Kor11 l"ap~n•l ve than Tank c•r --- 06 --- )6, 5 
Acid chloric 20.8111'! I it.allon reactive aulfu..-ic •cld 14 

11cid 2rBe 

•Rt!lt!renc.r: ). 

;, 





reouirements) are determined by plotting pH as a function of time. Other 

variables which should be monitored include temperature rise, agitator speed, 

density, viscosity, color, sludge volume, and settleability. 

From the titration and reaction rate curves, kinetic rate eouations can 

be developed. Methods for determining th~ kinetic rate eo~ation 

(e.g., integral or statistical analysis) are discussed in the literature.
7 

The reader is also referred to standard engineering texts for reactor and 

costing methodologies based on flow parameters and kinetic rate equstions.
8 

In the final selection, the optimal reagents and reagent/waste feed ratio 

will be those which incur the least overall cost, including not only the cost 

of the reagent itself, but also the cost of purchasing and maintaining the 

reagent and neutralization systems, and the costs associated with residual 

handling. The combination of all such factors may make a slightly more 

expensive reagent less expensive overall. 

Oil removal--Removal of oil through emulsion breaking, dissolved air 

flota:io~. skimming or coalescing may also be needed prier to precipitation. 

Traditionally, emulsified oils have been treated at low pH (e.g., pH of 2.0) 

with alum. However, this form of treatment is giving way to the use of more 

effective emulsion breaking coagulants such as cationic polymers and other 
. . 1 3 spec1alty cbem1ca s. 

Flow equalization--The most prevalent form of pretreatment is flow 

equalization. lt is generally used in facilities which experience wide 
. 7 

variations in the wastewater flow or pollutant concentrat1ons. 

Figure 10.1.2 illustrates a number of ways that flow equalization can be 

achieved. ln all methods of flow eouilization, care must be exercised during 

the wastewater analysis to completely characterize any peak flows or 

concentrations that might overload the system. In addition, flexibility in 

system design should be provided for any future expansion, change in location, 

or deviation in flow rates. 

10.1.1.3 General Precipitation Equipment--

Ine neart of a wastewater prec1pitat1on process 1s the pH controi system, 

which must brin~ the wastewater pH to the level required to precipitate the 

optimal Quantity of contaminant metal salt. As previously discussed, pH 
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(a) 

(b) 

(c) 
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Figure 10.1.2. 
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Legend: 

rr flow tr-ansmitte!"'" 
FC = flow controller 
L T leve! transmitter 

Reactor 

B-

Alternative concepts for wastewater equalization: 
(a) batch reactor system, (b) batch eaualization 
continuous processing, (c) side-stream equalization, 
and (d) flowthrough equalization. 

Source: Reference 7. 
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control is achieved throu~h the use of a neutralization system. 

Neutralization mav occur either 1n the precipitation reactor or in a separate 

tank. A wide variety of treatment options and confi~urations are available. 

However, fully engineered component neutralization/precipitation svstems 

generally consist of the following equipment: 

• Neutralization/Precipitation System 

Tank(s) 
Mixed s) 
pH control instrumentation 

• Chemical Feed System 

Tank(s) 
Mixer( s) 
Level instrumentation 
Meterin~ equipment 

• Miscellaneous 

Flow monitoring 
Effluent pH recorder 
Electrical and mechanical fit-up 
Incremental engineering requirements 

In addition, there is a need for facilities and equipment to collect and 

segregate the wastewaters, transport the wastewaters to eQualization sumps, 

pump the wastewaters to the treatment system, perform liouid/solid separation, 

and convey the treated wastewaters to the point of discharge. 

Precipitation tanks are fabricated from a wide range of construction 

materials such as masonry, metal, plastic, or elastomers. Corrosion 

resistance can be enhanced with coatings or liners which prevent the premature 

decomposition of tank walls. For example, concrete reactors susceptible to 

corrosion can be installed with a two-layer coatin~ of a 6.3 mm base surface 

(glass-reinforced epoxy polyamide) covered by a 1.0 mm coating of polyurethane 

d . 1' f . 7 
elastomer to exten serv1ce 1 et1mes. 

Vessel geometries can be either cubical or cylindrical in nature with 

agitation provided overhead in line with the vertical axis. While cubical 

suitable ribs to prevent swirling and maintain adeQuate contact between the 
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reactants. A general rule of thumb 1n the design of precipitation reactors 1s 

that the depth of the liquid should be roughly equivalent to the tank diameter 

or width. 9 

Reactors can be arranged in either single- or multi-stage configurations 

and operate in either batch or continuous mode. Multi-stage continuous 

configurations are typically required to neutralize and precipitate 

concentrated wastes with variable feed rates. In t~ese units most of the 

neutralization reagent is added in the first vessel with only final pH 

adjustments (polishing) and precipitation agent addition made in the remaining 

reaction vessels. This is particularly true when using reagents which require 

extensive retention time. Single-stage continuous or batch precipitation is 

suitable for most applications with highly buffered solutions or dilute 

wastewaters not subject to rapid changes in flow rate or pH. 

An adequate retention time is required to provide time for the 

precipitation reaction to go to completion. This factor is especially 

critical where a dry feed (lime or ferrous sulfide) or slurry is used as the 

contr.ol agent. In these systems, the solids must dissolve before they react, 

increasing the required retention time and tank capacity. For example, liquid 

reagents used in continuous flow operations generally require 3 to 5 minutes 

of retention time in the first tank. Three minutes corresponds to the minimum 

time for adequate mixing. ln comparison, solid-based reagent systems such as 

lime or ferrous sulfide typically require approximately 30 minutes of 
.. 4,5,10 

retent1on t1me. 

The pH control systems for batch precipitation processes can be quite 

simple with only on-off control provided via solenoid or air activated 

valves. Control system designs for continuous flow precipitation systems are 

more complicated because the wastewater feeds often fluctuate in both flow and 

concentration. Systems currently available include: proportional, cascade, 

feedforward, or feedback pH control. Each system has distinct advantages and 

disadvantages which are discussed in detail in the literature. 5 • 9 • 11 • 12 The 

pH control equipment usually consists of a pH probe, monitor, and recorder. 

In addition, there is typically a control panel with an indicator, starters 

and controls for metering pumps, all relays, high/low pH alarms, switches, and 

Chemical feed apparatus consists of storage tanks, agitation, level 

instrum~ntation, and rneL~ring pumps. SLorage Lan~s shouici oe sizeci accorriing 

to maximal feed rate, shipping time required, and quantity of shipment. The 
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total storage capacity should be more than sufficient to guarantee a chemical 

supply while awaiting delivery. Storage containers mus.t be suitable for the 

reagent being used. For example, hygroscopic reagents such as high calcium 

quicklime must be stored in moisture-proof tanks to prevent atmospheric 

degradation. 

In addition to the chemical feed and neutralization/precipitation 

systems, both flow monitoring and effluent pH recording equipment are 

necessary to prevent discharge of insufficiently treated waste resulting from 

surges or upsets. Also, spsre parts such as pH probes, pH controller circuit 

board, metering pump ball valves, o-rings, and strainers should be kept on 

hand to prevent any excessive downtime. 

10.1.1.4 Clarification and Sludge Consolidation--

Clarification and sludge consolidation unit operations are typically 

applied as post-treatments to the majority of aqueous metals containing waste 

treatment systems. Figure 10.1.3 illustrates a general treatment/ 

post-treatment approach for aqueous metal/cyanide bearing.waste streams.
13 

Usually, wastewaters undergo chemical treatment and enter a clarifier 

where the flow is decreased to a point that allows solids with a specific 

gravity greater than that of the liquid settle to the bottom. For 

liouid/solid mixtures with a slight density difference, an organic polymer 

(flocculant) can be added to allow the solids to agglomerate and improve the 

settling characteristics (see Section 10.2).
14 

The supernatant in the 

overflow is drawn off and residual trace organics or solids are removed in a 

final polishing step such as carbon adsorption, ultrafiltration, or ion 

exchange. The solids in the underflow can then be discharged to a holding 

tank for subsequent dewatering. 

In addition to differences io the quantity of sludge generated, each 

reagent imparts to the sludge variable settling characteristics, thereby 

. f d . lS F 1 affecting the SLzing parameters o ownstream equlpment. or examp e, 

lime neutralized sludge exhibits a granular nature that settles fairly rapidly 

and dewaters effectively (4 to 20 lb of dry solids/hr/ft
2 

yielding a 3/16 to 

3/8 in. cake). Conversely, sodium hydroxide sludge results in a fluffy 

gelatinous precLpitate witn low settling rates.
16 

Figure 10.1.4 sbows the 
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results of three settling tests conducted on power plant effluents with both 

lime and sodium hydroxide. In all three cases sodium hydroxide settled more 

slowly, and in subsequent filtration tests, dewatered about half as 

ff 
. 16 e ect~vely. However, the use of lime or calcium carbonate generates 

greater sludge weight and volume. This is primarily due to insoluble acid 

salts and calcium sulfates formed when precipitating metal sulfate containing 

wastes such as acid plating baths. Therefore, as landfill and hauling costs 

become more signific~nt, sodium hydroxide becomes more competitive with lime 

and limestone as a precipitation agent. 

Few, if any, sludges settle at a rate sufficient to utilize only 
. . . 17 

clar1f1ers or thickeners to accumulate sludge for d1sposal on land. 

Therefore, the underflow from the clarifier is typically concentrated through 

the use of mechanical dewatering equipment such as centrifuges, rotary vacuum 

filters, belt filters, drying ovens, and recessed-plate filter presses. The 

obtainable degree of cake dryness can be determined by bench-scale tests by 

the equipment vendor to identify the suitability of a particular dewatering 

device (see Table 10.1.5). The low solids content of sodium 

sedimentation (3 to LO percent) requires the use of a filter 

hydroxide 
lB press. 

after 

Conversely, suspended solids removal from lime neutralized sludges can be 

accomplished through use of a wider range of equipment including rotary vacuum 

or continuous belt filters. 

10.1.1.5 Land Disposal of Residuals--

Installation of a metals precipitation system inevitably results in the 

problem of sludge disposal. The cost of hauling the sludge to a licensed 

hazardous waste landfill will depend on the volume of sludge, the distance 

hauled, and the sludge composition. Sometimes it is possible to dispose of 

calcium-based reagent sludges through agricultural or acid pond liming. In 

one neutralization/precipitation application, over 200,000 lbs/acre of 

lime-treated waste pickle liquor sludge was applied onto Miami silt Loam to 
. 19 

improve overall crop y1elds. 
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TABLE 10.1.5. SUMMARY OF SLUDGE DEWATERING DEVICE CHARACTERISTICS 

l1arouneter 

~;.1ke go l irls % 

OpPr::.t ional 
v::~ri11bles 

1\.d vrmtageB 

11i s:Hivttnt il£1!'11 

G'r-nvity 
(low pressure) 

If> - Z4 

-R•t• of oludge 
feed 

-Poly,ner 
concentr.:~ti.on 

-Belt speed 
-l>cplh of Aludr,e 

in cfliucler 

-Lo"' energy & 
cApitnl cost 

-Low spnce 
["C.quircments 

-Requirl"FI little 
operator akill 

-Limited capacity 
-Low flol ids 
concentration 

-Rcqui['eR large 
quar•tity of 
conditioning 
chemicall!ll 

~;ourcP.: Adilptc«.. from R~ference 18. 

Rl19kct 
centrifuge 

20 - 30 

-Dowl speed 
-Time at full 

sperd 
-Depth of 

sk irm11 ing 
-s lu•lce feed 
ratC 

-Sam~ mAchine 
for thicken i.ng 
I. d("_w:ttering 

-Very flexible 
-l.ittle operator 
attl'!ntion 

-Unit iR not 
conlinuoufl 

-lligh ["Otio of 
capitAl coat 
to copt1city 

-Rcqui["Cfl com
pleK controls 

-Ret)ui["es noise 
control 

Solid bowl 
c.Pnt ri (ugP' 

.30 - 42 

-Bowl/corweyoE" 
dif(e["entiol 
upecd 

-rool depth 
-sludge feed 

["ate 

-f:nsy to install 
-Lo" 111pace 

£"equi rement 
-Either 

t hie ken ing or 
dewatering 

-lllgh rate of 
feed 

-Can operate on 
highly VRri
oble feeds 

-Requi £"e8 
preacreening 

-Very noiny 
\lith high 
vibration 

-lligh power 
coneumption 

-Requires l1igh 
maintenance 
ski Lla 

Vilcuum [ilter 

30 - 40 

-Quantity 
of 11 20 

-Dr-UID Bplf"ed 
-Vacuum level 
-Conditioning 

chemicals 
-Filter media 

-Continuous 
ope rat ion 

-l.ong med in 1 i [e 
-Low mAintenance 
-En sy ope rat ion 

-Hi~h po..,er 
requirement 

-Vacuum pumps 
are noisy 

-Requires Bt 
least J% feed 
solids for 
operation 

Belt filter 
press 

36 - 46 

-Belt- speed 
-Belt tension 
-Waahwater flow 

and pres au l"e 
-Belt type 
-Polymer 
conditioner 

-Only lilter 
press produces 
rlrier c11ke 

-Low power 
-Low noise r. 
vibration 

-Cent inuous 
operation 

-Very aeneitive 
to incoming feed 

-Shot"t media life 
-Greater 
opet"stional 
at tent ion and 
polymer dosage 

Recessed filte~ p~eas 

50 - 60 

-Feed pressure 
-Filtration time 
-Ufle of precoat 
-Cloth washinR freql•Cncy 
-Filter cloth used 

-High salida filt~Cr cake 
-lligh aolid8 cApture 
-Only mPchanicAI devi~P 
~apAble o[ meeting &om~ 
landfill requirement& 

-lligh capital cost 
-Batch discharge 
-lli.gh polyrner usage 
-Hedia replacement 

COIIt& lll'e high 



Another option is to treat the waste by immobilizing the waste 

constituents for as long as they remain hazardous. This method of treatment, 

based on fixation or encapsulation processes, is a possibility for some metals 

containing wastes. Certain of these residuals could be found hazardous; their 

heavy metal content may lead to positive tests for EP toxicity. In such 

cases, encapsulation may be needed to eliminate this characteristic. 

The following discussions will summarize available information concerning 

immobilization techniques, namely solidification/fixation or encapsulation. 

Chemical fixation involves the chemical interaction of the waste with a 

binder; encapsulation is a process in which the waste is physically entrapped 

within a stable, solid matrix. 

Solidification technologies are usually categorized on the basis of the 

principal binding media. These media include: cement-based compounds, 

lime-based pozzolanic materials, thermoplasts, and organic polymers 

(thermosets). '',The resulting stable matrix produces a material that contains 

the waste in a nonleachable form, is nondegradable, cost-effective, and does 

not render the land ~t is disposed in unusable for other purposes. A brief 

summary of the compatibility and cost data for selected waste solidification/ 

stabilization systems is presented in Tables 10.1.6 and 10 .• 1.7. 

Cement-based systems--These systems utilize type 1 Portland cement, 

water, proprietary additives, possibly fly ash, and waste sludges to form a 

monolithic, rock-like mass. In an EPA bl . . 20 l d f pu ~cat~on, Severa ven ors o 

cement-based systems reported problems with organic wastes containing oils, 

solvents, and greases not miscible with an aqueous phase. For although the 

unreactive organic wastes become encased in ~he solids matrix, their presence 

can retard setting, cause swelling, and reduce final strength.
21 

These 

systems are most commonly used to treat inorganic wastes such as incinerator 

generated wastes and heavy metal sludges from neutralization/precipitation 

processes. 
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TABLE 10.1.6. COMPATIBILITY OF SELECTED WASTE CATEGORIES WITH DIFFERENT WASTE 
SOLIDIFICATION/ STABILIZATION TECHNIQUES 
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TABLE 10.1.7. PRESENT AND PROJECTED ECONOMIC CONSTDERATTONS FOR WASTE SOLTDTFTCATTON/ 
STABILIZATION SYSTEMS 

Typ@ of treatment 
system 

Cement-based 

Pozzolanlc 

Th@naophatlc 
(bl lumen-based) 

Or1anlc: polymer 
(polye&ter system) 

Surface encapsulation 
(polyethyl~ne) 

HaJor 
•uerlals ..-cqul rcJ 

Port land Cemer.t 

Lime Flyash 

Bitumen 
Drum!l 

Polyester 
Catalyst 
Drums 

Polyethylene 

Unit 
cost of 
millcrt.•l 

$0.01/lh 

$0.0)/lb 

$0.0~/lb 

~27/dro~m 

$0.45/lb 
$1. II /lb 
$17/drom 

Varies 

Self-cementing Gypsum (from uastc) •• 

Claaslflcatlon/mlneral Feldspar $0.01/lb 
oyntheals 

Based on the full cost of $91/tun . 

M.1ulll of rn.:l-

''" I" I rcqul retl 
to ll"f!ol[ lOll lhY 

o[ r .• .., "':' ::i l c 

lOll lb 

100 lb 

100 ... 
o.u tlfllln 

41 lb of 
poly~ster

Cdtuly~t mix 

V.Jrles 

10 lh 

V~rlca 

•• Negll~lble but energy cost for cal~lnlng are apprecl•ble. 

Source: Referencr 22. 
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$ ).00 Sruhlc l.ow l.o" 

$18.60 K.:y.:d to oil Very high lllgh 
1••- i c~ s 

$21-70 Keye<1 to oil Very high lllgh 
p.- i~e 9 

s 4.50° Ko•y~.l to oi I Very high lllglt 
1••· it.:c::l 

•• Stahle Hoderllle Hoeler ate 

Stnl,lc IIIBh Very high 





Lime-based (pozzolanic) techniQues--Pozzolanic concrete is the reaction 

product of fine-grained aluminous siliceous (pozzolanic) material, calcium 

(lime), and water. The pozzolanic materials are wastes themselves and 

typically consist of fly ash, ground blast furnace slag, and cement kiln 

dust. The cementicious product is a bulky and heavy solid waste used 

primarily in inorganic waste treatment such as the solidification of heavy 

metal and flue gas desulfurization alud~es. 

Thermoplastic material--In a thermoplastic stabilization process, the 

waste is dried, heated (260 to 450"F), and dispersed through a heated plastic 

matrix. Principal binding media include asphalt, bitumen, polypropylene, 

polyethylene, or sulfur. The resultant matrix is relatively resistant to 

leaching and biodegradation, and the rates of loss to aQueous contacting 

fluids are significantly lower than those of cement or lime-based systems. 

However, this process is not suited to wastes that act as solvents for the 

thermoplastic material. Also, there is a risk of fire or secondary air 
. 22 

pollution with ~astes that thermally decompose at high temperature. 

Organic polymers (thermosets)--Thermosets are polymeric materials that 

cross-link to form an insoluble mass as a result of chemical reaction between 

reagents, with catalysts sometimes used to initiate reaction. Waste 

constituents could conceivably enter into the reaction, but most likely will 

be merely physically entrapped, within the cross-linked matrix. The 

cross-linked polymer or thermoset will not soften when heated after undergoing 

the initial set. Principal binding agents or reactants for stabilization 

include ureas, phenolics, epoxides, and polyesters. Although the 

thermosetting polymer process has been used most frequently in the radioactive 

waste management industry, there are formulations that may be applicable to 

certain precipitation sludges. It is important to note that the concept of 

thermoset stabilization, like thermoplastic stabilization, does not reouire 

that chemical reaction take place during the solidification process. The 

waste materials are physically trapped in an organic resin matrix that, like 

thermoplastics, may biodegrade and release much of the waste as a 
~~ 

Leachate.-~ It is also an organic material that will thermally decompose if 

exposed to a fire. 

10-23 





Encapsulation is often used to describe any stabilization process in 

which the waste particles are enclosed in a coating or jacket of inert 

material. A number of systems are currently available utilizing 

polybutadiene, inorganic polymers (potassium silicates), Portland concrete, 

polyethylene, and other resins as macroencapsulation agents for wastes that 

have or have not been subjected to prior stabilization processes. Several 

different encapsulation schemes have been described in Reference 24. The 

resulting products are generally strong encapsulated solids, ouite resistant 

to chemical and methanical stress, and to reaction with water.
25 

Wastes 

successfully treated by these methods and their costs are summarized in 

Tables 10.1.8 and 10.1.9. The technologies could be considered for 

stabilizing precipitation sludges, but are dependent on the compatibility of 

the precipitation waste and the encapsulating material. EPA is now in the 

process of developing criteria which stabilized/solidified wastes must meet in 

order to make them acceptable for land disposa1. 26 

10.1.2 P.ydroxide Pr@cipit~ticn 

10.1.2.1 Process Description--

Hydroxide precipitation for heavy metals removal from aqueous waste 

streams is both an effective and economical treatment technolo~y. The 

treatment converts soluble metal ions into insoluble hydroxide compounds. The 

metals can then be separated from the liquid throu~h sedimentation and/or 

filtration. The most commonly used precipitating agents are lime [CaD or 

Ca(OH)
2

J and caustic soda (NaOH), 

Hydroxide precipitation has been widely applied in treating industrial 

wastewat@rs. The following is a list of some of the industries which use this 

technology: 

• nonferrous metal processing, 

• ore mining and dressin~, 

• utility power generation, 

• battery manufacturing. 
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TABLE 10.1.8. ENCAPSULATED WASTE EVALUATED AT THE U.S. ARMY WATERWAYS 
EXPERIMENT STATION 

Cud~ ~Ia. !'OI.I!"Ce of Waste ~aj or Cent arninan <: s 

100 SOX sc~ber sl~, llme process, eastern 
coal 

Ca, so4";sc3
• 

200 Llectroplating slu~ cu, cr, 7.n 

300 Nickel - caani~n battery !':ro::iuction sludge ~11' Cd 

~00 SO~ scrubber sludge, limestone croc~ss 
eastern coal 

• " cu, so~ ;so3 

500 so~ scrubber slu~, double alkali process 
eastern coal 

ca, so~·;so3 
• Na, 

500 SQ~ ~crubber slu~, limestone creces~, 
western coal 

ca, so~ ";so{ 

700 Pi~nt ~reduction sludre Cr, Fe, CN 

Bco ~lorlne p~uctlon brine slu~ •la, Cl-, ~~ 

900 Calcium fluoride slu~ Ca, --r 

1000 so~ scrubber sl~e. double alkali process, 
western coal 

Cu, so~·;so3 
.. 

~a. 

Source: Reference 25. 

TABLE 10.1. 9. ESTIMATED COSTS OF ENCAPSULATION 

?recess Cot1on Es:lmated Cost 

Resin T'usion: 

Unconf~ed waste 

55-Gallon dr.mls 

!<es1n sp:-ay-on 

Plastic Welding 

Source: Reference 25. 
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M.U')/~ 

Not detenn!ned 

$(53/ton • 563.40/drum 
(80,000 55~ drums/year) 





In the first step, the hydroxide precipitating agent 1s thoroughly mixed 

with the wastewater stream. The reactions which begin in the flash-mix tank 

and which result in formation of the insoluble metal hydroxides are given 

below where M++ is the metal cation removed. 

for Quicklime: 

CaO + HzO Ca(OH)z 

M++ + Ca(OH)z M(OH)z + ca++ 

for hydrated lime: 

M++ + Ca(OH)2 M(OH)z + ca++ 

for caustic soda: 

M++ + 2NaOH M(OH)2 + 2Na+ 

Hydroxide precipitation is capable of remov1ng certain metals found in 

acid wastewaters. Among the metal ions removed are arsenic, cadmium, co~pe~, 

trivalent chromium, iron, manganese, nickel, lead, and zinc.
27 

Table 10.1.10 

presents reported residual concentrations to which hydroxide precipitation can 

remove these metals. This information is based upon application of hydroxide 

precipitation to various industry wastewaters. It is important to note in 

Table 10.1.10 that in some cases, e.g., lead, cadmium and zinc, the residual 

concentrations reported are lower than the theoretical solubilities of the 

pure element in water.
27 

Several phenomena influence the effectiveness of 

precipitation, e.g., ionic strength, coprecipitation, and adsorption. These 

phenomena will ultimately determine the residual concentrations in specific 

applications, especially in solutions containing several metal ions. 

As stated previously, the most commonly used precipitating agents are 

lime, hydrated lime, and sodium hydroxide. The follow{ng is a brief 

description of each reagent type. 

Lime slurry--Lime slurry treatment of metal laden waste streams is one of 

the oldest and perhaps most prevalent of all industrial waste treatment 
10 

proc~s~~s. i~ is used ex"ensively as an alKal1ne reagent in the 
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TABLE 10.l.10. HYDROXIDE PRECIPITATION METAL REMOVAL EFFECTIVENESS 

Metal 

Arsenic 

Cadmium 

Chromium, trivalent 

Copper 

Iron 

Lead 

Manganese 

Nickel 

Zinc 

Source: Reference 27. 

Inlet concentration 
(mg/L) 

0.2 - 0.5 

ND 

1, 300 

204 - 385 

10 

0.5 - 25 

ND 

5 

16.1 

10-27 

Residual concentration 
(mg/L) 

0.03 

0.0007 

0.06 

0.2 - 2.3 

0.1 

0.03 - 0.1 

0.5 

0.15 

0.02 - 0.23 

j 

l 
.I 



precipitation of pickling wash waters, plating rinses, acid mine drainage, and 

process waters from chemical and explosive plants. 9 •
28

•
29 

It is used in 

many applications as a low-cost alkali due to its pumpable form, and 
10 effectiveness in removing Ca salts from the process. However, a major 

disadvantage of the process is the formation of a voluminous sludge product. 

Since limes are formed by the thermal degradation of limestone 

(calcination), they are available in either high calcium (CaO) or dolomitic 

(CaO-MgO) form29 • These pure, oxidized products are referred to a·s 

Quicklime. Quicklime varies in physical form and size, but can generally be 

obtained in lurnp (63 to 255 mm), pebble (6.3 to 63 rom), ground (1.45 to 

2.38 mm), or pulverized (0. 84 to 1.49 mm) form. 29 Experimental evidence has 

shown an increase in dissolution as the size of a lime particle diminishes. 

For example, a 100 percent Quicklime of 100 mesh (0.149 mm) will dissolve 

twice as fast as one of 48 mesh (0.35 mm). 29 

Although lime can be fed dry, for optimal efficiency it is slaked 

(hydrated) and slurried before use. Slaking is usually carried out at 

temp~ratures cf 82 to 99°C with re2ctio~ times va~yi~g from 10 to 30 cinutes. 

Following slaking, a wet plastic paste is 

slurried with water to a concentration of 

formed (lime putty) and then 
29 10 to 35 percent. 

While most lime is sold as Quicklime, small lime consumers often cannot 

economically justify the additional processing step that slaking entails. 

Therefore, high calcium and dolomitic lime are also available in hydrated form 

(either Ca(OH)
2 

or Ca(OH)
2 

MgO). 30 This product is made by the lime 

manufacturer in the form of a fluffy, dry, white powder. It is supplied 

either in bulk or in 23 kg (50 lb) bags. Hydrated lime is suitable for dry 

feeding or for slurrying and the resulting purity and uniformity are generally 

superior to slaked lime prepared onsite. High calcium hydrate is far more 

reactive than dolomitic hydrate, Dolomitic hydrate, which possesses greater 

basicity (approximately 1.2 times), is a much slower reactant, although heat 
. . 1 . . l . . 28 and ag~tatLon can acce erate Lts ~nherently s ow react~vLty. 

Both Quicklime and hydrated lime deteriorate in the presence of carbon 

dioxide and water (air-slaking). Therefore, lime is generally stored within 

moisture-proof containers and consumed within a few weeks after manufacture. 

~ne storag~ characteristics of ciry nyarated lime are superior to quicKlime, 

but carbonation may still occur causing physical swelling, marked loss of 

chemical activity, and clogging of discharge valves and pipes. 
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Dry chemical feed sys~ems consist of either manual addition of 50 lb bags 

or, in large operations where lime is stored in bulk, an automatic mixing and 

feeding apparatus. Two types of automatic feed systems are available. 

Volumetric feed systems deliver a predetermined volume of lime while 

gravimetric systems,discharge a predetermined weight. Gravimetric feeders 

require more maintenance, are roughly twice as expensive, but can guarantee a 

minimum accuracy of 1 percent of set rate versus 30 percent for volumetric 

feeders. 31 

In a typical lime slurry system with storage and slaking equipment, 

slurry tank with agitator is used followed by a slurry recirculation 

line.
16 

The process flow lines bleed off a portion of the recirculation 

slurry to the reactors. The process line is as short as possible (to prevent 

caking) and the control valves are located close to the point of application. 

Lime neutralization/precipitation operations are typically conducted 
32-35 under atmospheric conditions and room temperatures. The precipitation 

unit is usually a reinforced tank with acid-proof lining and some sort of 

agitation to maintain intimate contact between the metals-containing wastes 

and the lime (slurry) solution. Vertical ribs can be built into the perimeter 

to keep the contents from swirling instead of mixing. 

During operations, adequate venting may have to be provided due to the 

possible evolution of heat and noxious gases. Table 10.1.11 presents a 

summary of process parameters ~athered from various lime slurry precipitation 

systems. Rowever, while these provide an indication of typical system design, 

testing under actual or simulated conditions is the only sound basis for the 

determination of individual waste treatment parameters. 

Caustic soda--Pure anhydrous sodium hydroxide (NaOR) is a white 

crystalline solid manufactured primarily throu~h the electrolysis of brine. 

Caustic soda is a highly alkaline, sodium hydroxide solution. It 1s used io 

the precipitation of heavy metals and in neutralizing stron~ acids throu)!h the 

formation of sodium salts. 

Although available in either solid or liuuid form, NaOH is almost 
36 

exclusively used in water solutions of 50 percent or less. The solution 

is markeLeci in eitner linea 55-)!ailon drums or in bulk; i.e., tank car or 

truck. As a solution, caustic soda is easier to store, handle and pump, 
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TABLE 10.1.11. SUMMARY OF TYPICAL LIME-SLURRY OPERATING PARAMETERS 

Parameter Unitts) Operating range Optimum range 

Type of Stone :).; MgO 5 - 40 5 

Stone Size nnn 0.149 - 255 0.149 

Slaking Temperature oc 82 - 99 Same 

Slurry Solids :).; 5 - 40 a 

Retention Time Min 5 - 15 5 

Sedimentation Time Min 15 - bOb 15 - 30 

Mineral Acidity Mg/L 10,000 - 100,000 20,000 

ais dependent on site specific factors 
bHigh calcium lime will settle in 15 minutes with l-2% acid wash streams and 
30-60 minutes with 3-10 percent acid streams. Dolomite will typically take 
15-60 minutes. 

Source: References 10, 28, and 29. 
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relative to lime. In comparison to lime slurries, caustic soda will not clo~ 

valves, form insoluble reaction products, or cause density control problems. 

However, when sodium hydroxide is stored in locations where the ambient 

temperature is likely to fall· below 12•c, heated tanks should be provided to 
. . 36 

prevent reagent freez~ng. 

After lime, sodium hydroxide is the most widely used alkaline rea~ent for 

precipitation systems. Its chief advantage over lime is that, as a liQuid, it 

rapidly dissociates into available hydroxyl (OH-) ions. Holdup time is 

minimal, resulting in reduced feed system and tankage reauirements. Caustic 
14 soda's main disadvantage is reagent cost. As a monohydroxide, in 

precipitating divalent metals such as nickel, two parts hydroxide are reQuired 

per part of metal precipitated. In contrast, dihydroxide bases such as 

hydrated lime, only reQuire one part hydroxide per part of divalent metal 

precipitated. 

This increase in reagent reQuirements combined with a higher cost/mole 

{approximately five times that of hydrated lime), makes caustic soda more 

expensive on a precipitation eQuivalent basis. Generally, in high volume 

applications where reagent expenditures constitute the bulk of operating 

expenses, lime is the reagent of choice. However, in low volume applications 

where low space requirements, ease of handling, and rapid reaction rates are 

the deciding factor in reagent ~election, caustic soda is clearly superior. 

Also, in any system where sludge disposal costs will be high, caustic soda 

will compete more favorably .with lime. 

The higher solubility of NaOR in water (approximately 100 times that of 

lime at 25°C) reduces or eliminates the need for complex slaking, slurryinlii:, 

or pumping equipment. lo a typical 

air-activated valve controlled by a 

system, caustic is added throulii:h an 
16 

pH sensor. Reagent is demanded as 

long as the pH of the waste stream remains below the controller setting 

required for precipitation. Agitation is provided by a mechanical mixer to 

prevent excessive lag time between the addition of the reagent sod the first 

observable change in the effluent pH. The precipitated solution is then 
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pumped to a large settling tank for liquid/solid separation. Table 10.1.12 

provides sodium hydroxide sludge generation factors for seven metallic species 

commonly encountered in metal-containing wastes. 

The precipitation reaction is typically carried out under standard 

operating temperatures and pressures. The reaction is almost instantaneous 

since caustic soda reacts vigorously with water. At concentrations of 

40 percent or greater, the heat generated by dilution can raise the 

temperature above the boiling point. Handling precautions are required when 

performing dilution or other reagent handling since even moderate 

. f ., H 1 . . h 1 . . 36 concentrat1ons o .. ao so ut1on are hlg y corros1ve to sk1n. 

Process configurations for caustic soda treatment ~re a f~nction 6f waste 

type, volume, and raw waste pH level and variability. For example, the 

precipitation of concentrated acidic metals-laden waste streams with low dead 

times depends on pH as follows: one reactor system for feeds with pH ranging 

between 4 and 10, a reactor plus a smoothing tank for feeds with pH 

fluctuations of 2 and 12, and two reactors plus a smoothing tank for feeds 

with pH less than 2 or greater than 12. 7 
Retention times va~y with the rate 

of reaction and mixing, however, 15 to 20 

complete neutralization/precipitation in 

minutes appears 
37 

most systems. 

to be optimal for 

The interva-l 

between the addition of sodium hydroxide and the first observable change in 

effluent pH (dead time) should be less 

time in order to maintain good process 

than 5 percent of the reactor residence 
7 

control. A summary of typical 

operating parameters is provided in Table 10.1.13. 

A typical caustic system is designed to add most of the reagent in a 

preliminary precipitation stage, while a second stage acts as a smoothing and 

finishing tank. In this manner, the second reactor is able to compensate for 

pn control overshoots or concentrated batch dumps which may temporarily 

1 . . . . 11 
overwhe m the pr~mary prec1p1tat1on system. 

Overshoot is due primarily to the lack of sodium hydroxide solution 

buffering capacity. For example, Figure 10.1.5 illustrates the titration 

curve for the neutralization of a ferric chloride etching solution (pH 0.5) 

with a 5 Molar caustic soda solution. The steep slope of the titration curve 

beginning at pH 2.0, combined with a strong demand for alkali prior to that 

precipitation applications ot greater than 20 gpm, pH control in the portion 

of tne titration curve wnicn is nearly vertical ~between pH 2.0 and 9.0) is 

achieved in a second reactor to prevent excess reagent usage or effluent 

discharge violations. 10-32 



TABLE 10.1.12. SODIUM HYDROXIDE SLUDGE GENERATION FACTORS 

Metal ion 
lb dry solids generated 
lb of metal precipitated 

Cr 1.98 

Ni 1.58 

Cu 1.53 

Cd 1.30 

Fe 1.61 

Zn l. 52 

Al 2. 89 

Source: Reference 14. 

TABLE 10.1.13. SODIUM HYDROXIDE NEUTRALIZATION: SUMMARY OF TYPICAL 
OPERATING PARAMETERS 

Parameter 

Sodium hydroxide 
concentration 

Dead time 

Retention time 

Batch treatment 
throughput 

Continuous treatment 
throughput 

Suspended solids 

Storage temperature 
(40-50% NaOH) 

Unit(s) 

% NaOH 

% Retention time 

Minute 

gal/min 

gal/min 

Weight % 

•c 

Source: References 4, 7, and 3~. 
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Operating ranj;!e Ideal range 

12 - 50 40 - 50 

3 - 10 3 - 5 

5 30 15 20 

1 - 20 20 

15 20 

3 - 10 10 

12 - 20 16 - 20 



9 

;, 
pH 0 TP.JAL t' b. TR.iAI. a 

[ 

oL-----~------~----~~----~-----: 
0 10 20 :30 40 50 

VOI.UME OF 5 ~o~OLAR No.OH (mil 

Figure 10.1.5. Neutralization of ferric chloride etching 
waste by sodium hydroxide. 

Scu~ce: Reference 6. 
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10.1.2.2 Process Performance--

Chemical precipitation of metal hydroxides through the use of lime and 

sodium hydroxide is a classical waste treatment technolo~y used by most 

industrial waste treatment systems. The performance of these technologies in 

removing metallic pollutants from industrial wastewaters is well documented in 

the literature. Tables 10.1.14 (lime precipitation) and 10.1.15 (NaOH 

precipitation) contain general performance indicators which incorporates 

effluent concentrations and removal efficiencies developed from plane-specific 
. 1 

full-scale and p1lot plant data bases. 

In recent years, research has centered around the evaluation of 

supplemental chemicals to the already well defined hydroxide precipitation 

sedimentation process. Organic and inorganic polyelectrolyte~ {see 

Section 10.2), acid,
39 

and soda .ash (see Section 10.1.4) have all been used 

in this capacity. The purpose of these supplementary chemicals is to improve 

the efficiency of liquid-solid separation break complexing/chelatin~ a~ents, 

and take advantage of the lower solubility of carbonate complexes. 

Process wastes containing complexing/chelating agents are often 

untreatable with est~blished technolo~ies. The difficulty arises due to the 

formation of a highly stable organo-metallic bonds formed between the metal 

ion and Fhe complexing/chelating agent. Ammonia is an example of a complexin~ 

agent, with each molecule of ammonia bound to a metal species such as copper 

by a single bond. A chelating agent such as EDTA, on the other hand, forms 

more than one bond with each metal ion. Complexing and chelating agents are 

typically used to keep the metals in solution for plating. During rinsing, 

the complexed and chelated metals end up in the processing rinsewater. The 

major complexing agents found in metal waste streams are ammonia, cyanide, 

fluoborate, and pyrophosphate. The foremost chelatin~ agents are EDTA, 
. d 40 Quadrol, c1trate, an tartrate. 

Established chemical methods for breaking chelator/complexes and removing 

metals to low concentrations are starch xanthate, sodium DTC, ferrous sulfate, 

waste acids, su.lfide ions, sodium hydrosulfite, sodium borohydride, and high 

pH lime.
40 

A typical process used by industry is the combination waste 

acid-high pH lime treatment method. For this type of waste treatment process 
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TABLE 10.1.14. PERFORMANCE SUMMARY FOR LlME PRECIPITATION OF HEAVY METALS 

Metallic species 

Arsenic 
Cadmium 
Chromium 
Copper 
Cyanide 
Lead 
Mercury 
Nickel 
Selenium 
Silver 
Thallium 
Zinc 

Source: Reference 1. 

Effluent concentration (mg/L) 

ND - 110 
ND - 80 
ND - 1,800 
ND - 220 
ND - 5,500 
ND - 580 

0. 1 - 43 
ND - 5, 200 
ND - 87 
ND - 90 

1.1 - 20 
13 - 26,000 

Removal efficiency (%) 

20 - >99 
20 - >99 
47 - >99 
33 - >99 
67 - >99 

0 - > 99 
69 - > 96 

6 - > 99 
40 - >99 
99 - >99 
58 - >75 
25 - > 99 

TABLE 10.1.15. PERFORMANCE SUMMARY FOR SODIUM HYDROXIDE 
PRECIPITATION OF HEAVY METALS 

Metallic species 

Cadmium 
Chromium 
Copper 
Lead 
Nickel 
Silver 
Zinc 
Hexavalent chromium 

*Approiimate value. 

Source: Reference 1. 

Effluent concentration 

ND - 930 
18 - 3,000 

1.0* - 5,900 

ND - 210 
11 - 64 
44 - 560 
ND - 25 
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(mg/L) Removal efficiency (%) 

22 - > 99 
53 ->99 
36 - 98 

> 99 
> 99 

76 
80 - >99 
73 - > 99 



the pH of the organo-metallic waste is first adjusted to approximately 2 with 

dilute mixed waste acid (sulfuric, nitric, hydrochloric, or chromic acid) 

and/or virgin hydrochloric acid. After the chelator/complex breaking step the 

pH of the waste solution is raised to approximately 11, resulting in the 

formation of insoluble metal hydroxides. 39 Table 10.1.16 presents alternate 

precipitation technologies for the removal of metals such as copper from 

complexed and chelated rinsewaters. 

An alternate technology for the precipitation of metal hydroxides which 

has shown promise in recent years is magnesium oxide (MgO). Magnesium oxide 

is available in slurry form composed of 55 to 60 percent mag.nesium ·hydroxide, 

Mg( OR) 
2

• The slurry has a bulk density of 1. 5 k$1:/L and due to its low 

solubility (0.0009 g/100 mL), must be mildly agitated during storage. 41 

The main advantage of magnesium hydroxide over comparable hydroxide 

precipitation technologies is that the precipitate formed is .more particulate 

in nature (due to longer reaction times). The sludge formed has better 

handling and dewatering characteristics and sludge volumes are much less. 

Table 10.1.17 compares typical physical, chemical, and filtered sludge 

properties of magnesium hydroxide to those of caustic soda and hydrated lime. 

As can be seen, dewatering characteristics and filtration time for separating 

solids are considerably enhanced in the case of magnesium hydroxide. 41 

The main disadvantage of magnesium hydroxide is that it costs 

approximately three times as much as hydrated lime. In addition, operation of 

the magnesium hydroxide system is not as straightforward as comparabl~ 

hydroxide systems. Reaction times are slower and it will be necessary to make 

modifications in waste treatment operating procedures and eQuipment. 

Table 10.1.18 presents the results of a Bureau of Mines research effort 

into magnesium oxide precipitation of metals. The researchers found that when 

eQual pH values are obtained, MgO leaves less dissolved metal and less 

suspended metal hydroxide of sedimentation as part of the process. MgO was 

able to remove any metal that is precipitated as a· hydroxide. However, a 

threefold to fourfold stoichiometric excess was required to reach adequate pH 

values (8-9). 
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TABLE 10.1.16. CHEMICALS FOR Cu REMOVAL FROM COMPLEXED 
AND CHELATED RINSEWATERS 

Ammonium 
Precipitation Alkaline persulfate Electrole'ss Pyrophosphate 

chemical etchants etchants Cu Cu 

Insoluble starch X X X X 
xanthate (ISX) 

Sodium dimethyl- X X X X 
dithiocarbamate (DTC) 

Ferrous sulfate X X X X 

Spent pickle liquor X X X X 

Ferrous sulfide X X X 

Sodium hydrosulfite X X X 

High-pH lime X X 

Sodium borohydride X X 

Source: Reference 40. 
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TABLE 10.1.17. ·COMPARISON OF HYDROXIDE REAGENT PROPERTIES 

Property 

Molecular weight 

Hydroxide content (%) 

Heat of solution (Kg-cal/mole) 

Solubility (g/100 mL HzO) 

Reactive pH maximum 

Weight equivalency 

Freezing point 

Solids content of sludge (%)f 

Sludge density (lb/ft3) 

Filtration time (hr) 

Sludge volume (yd3/10,000 lb) 

aTemperature, 0°C. 

btemperature, l8°C. 

C50 percent solution. 

d30 percent slurry. 

ess percent slurry. 

fsludge from a plate-and-frame 

NaOH 

40.0 

42.5 

9.94 

42. oa 

14.0 

1.37 

16.0C 

30.0 

80.0 

7-8 

15.0 

filter press. 

gConsists of metal hydroxide and gypsum. 

Source: Reference 41. 
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Ca(OH) 2 Mg(OH) 2 

74.1 58.3 

45.9 58.3 

2.79 o.o 

0.185a o.ooogb 

12.5 9.0 

1.27 1.0 

o.od o.oe 

35.0 55.0 

85.0 100-110 

7-9 1.5-2.0 

12.5g 6.4 



TABLE 10.1.18. TEST RESULTS FROM TREATING METALS-BEARING WASTEWATER 
WITH MgO AND LIME 

Chemical analysis) ppm 

Ee~eficiation orocess vater-C~ 

Untreated water 
Treated ~o~ith: 

0.1 g/Lb HgO, filtered 
0.2 g/L HgO, filtered 
Oo35 g/L HgO, filtered 

Beneficiation oroces·s waste-BM 

Untreated water 
Treated with: 

0.16 g/L MgO, filtered 
Oo21 g/L HgO, filtered 
Oo3l g/L HgO, filtered 

Mine drainage 

pH 

5." 

8. 6 
9.2 
9o4 

Fe 

5.7 

0.2 
Oo2 
Oo2 

Cu 

Oo63 

0. l 
0 0 1 
0. l 

6.4 Oo2 Oo1 

8.3 ND ND 
8. 7 ND ND 
8o9 ND ND 

Ur.treated o,.;ate" 2. 7 40 ND 
Tr~a!:ed with 0.5 g/1. ~gQ, filte:-eC 8.9 0.2 N!) 

Preoared solution No. 1 

Untreated wate!' 
Treated with: 

0.4 g/L MgO, filtered 
Oo4 g/L HgO, settled 
0.1 g/L lime,c settled 

Pre~ared solution No. 2 

Un c. rea ted water 
Treated with: 

Ool25 g/L HgO, filtered 
Oo04 g/L lime,c filtered 

Pret>areC. solution No. 3 

Untreated water 
Treated with: 

0.2 g/L Mg, settled 
0.05 g/L lime,c settled 

4. 2 ND 

8. 9 1'<1l 
8.9 ND 
9.4 ND 

5.4 

8 0 9 
8. 9 

SoO 

Oo2 
Oo2 

4. 0 ND 

9o 0 ND 
9. 0 ND 

8. 7 

0.1 
0.5 
0 0 7 

Oo2l 

Ool 
0 0 1 

ND 

Nil 
ND 

Zn Ni 

0.55 ND 8 

0. 1 ND 
0.1 ND 
0.1 ND 

12o7 

0.2 
Oo2 
Oo2 

39 
0 0 l 

ND 

ND 
ND 
ND 

2. 7 

Oo l 
0.2 

4o2 

0. l 
0.8 

Oo2 

ND 
ND 
ND 

tm 
ND 

12.0 

0.2 
Oo2 
1.2 

ND 

ND 
ND 

ND 

ND 
ND 

aThE=" uni.t g/L is the grams of MgO used per lit.er of water treated. 

Mn 

9.9 

7. 1 
3.4 
1.3 

17.5 

8.3 
5.7 
1.9 

1.1 
1 < 

ND 

ND 
ND 
ND 

4.4 

Oo2 
2.2 

ND 

ND 
ND 

Co 

ND 

ND 
ND 
ND 

ND 

ND 
ND 

ND 

ND 

lloO 

0.2 
Oo2 
1.6 

ND 

ND 
ND 

ND 

ND 
ND 

bND =not determined, since initial concencr~tions were belo~ the analysis limit of 
atomic absorption. 

0 Weight of li~e is for CaO, not Ca(OH)2o 

Source; Reference 42. 
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Cd 

ND 

ND 
ND 
ND 

ND 

ND 
ND 
ND 

ND 
NJ 

ND 

ND 
ND 
ND 

ND 

ND 
ND 

5.2 

0.31 
1.4 

Pb 

ND 

ND 
ND 
ND 

ND 

ND 
ND 
ND 

ND 

ND 

ND 
ND 
ND 

ND 

. ND 
ND 

4. 7 

0.5 
1.6 



The researchers concl~ded that when influent metals content is low, 

increased chemical costs will be balanced by savin~s from easier slud~e 

dewatering, compactness, and stability. It is anticipated that as land 

disposal costs for metal hydroxide slud~es continue to increase, the economics 

of this pr.ocess will become more favorable. In addition, by mixin~ magnesium 

hydroxide with sodium hydroxide in a dual rea~ent system, slud~e reductions of 

approximately 45 percent can be realized. Although alkali costs will 

increase, savings in sludge conditioning polymers and disposal costs will help 
43 

to defray the added reagent expense. 

10.1.2.3 Process Costs--

The basic equipment train for a.> hydroxide precipitation system consists 

of a collection sump, piping system, precipitation reactor, feed system, 

flocculation/clarification unit, sludge storage tank(s), and plate and frame 

filter press. Figure 10.1.6 illustrates the treatment train design used for 

the remainder of this section. 

The capital and annualized cost information contained in this section was 
44 

adapted from costing methodology developed by Versar. Versar calculated 

the direct costs, indirect costs, and working capital as a percentage of the 

purchased equipment and installation (PE&I) costs. The cost elements and 

assumptions made by Versar are SUIIIIIIarized below: 

Cost elements 

Direct costs (DC) 

• Instrumentation and controls 

• Piping 

• Electrical eQuipment and materials 

• Buildings 

• Yard improvements .. Service facilities 

Total direct cost: 
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Indirect costs (lC) 

• Engineering and supervision 29 
• Construction expenses 32 
• Contractor's fees 7 
• Contingency 27 

Total indirect cost: 95 

Fixed capital investment (FCI) PE&I + DC + IC 

Working capital (WCJ 47 

Total capital investment (TCI) FCI + we = 360% PE&I 

Annualized costs included variable costs, plant overhead costs, general 

and administrative expenses, and fixed costs. The variable costs included 

costs for labor, maintenance, materials, chemicals, and hazardous contracted 

sludge disposal. The fixed costs include taxes, insurance, and capital 

recovery costs. 

The chemical requirements for each ·treatment were based on stoichiometric 

requirements. The cost for chemicals were obtained from the Chemical 

Marketing Reporter. In deriving annualized costs, a certain set of 

assumptions were made. These assumptions are listed below: 14• 44- 47 

• Plant overhead operating costs are 5.8 percent of the total capital 
investment costs. 

• Taxes and insurance costs are 1 percent of total capital investment 
costs. 

• Labor costs are based on 4 hrs/sbift at $20/hr. 

• Maintenance costs are at 6 percent of total capital investment costs. 

• Power costs are at 2 percent of total capital investment. 

• The nonhazardous contracted sludge disposal costs are based on 
$200/ton. 

• The sludge transportation costs are based on $0.25/ton-mile and a 
transportation distance of 15 miles. It is further assumed that all 
hazardous solid wastes generated by the treatment processes would be 
encapsulated and disposed of as nonhazardous wastes. 
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In all cases, capital recovery was calculated at a 12 percent interest 

rate over a period of 10 years. The capital recovery factor (CRF) was 

estimated as follows: 

where: 

CRF = 

i interest rate 

i(l+i)n 

(l+i)n-1 

n = number of years. 

0.177 

Costs for items which were not in the size range of available information 

extrapolations were made using the following eQuation: 46 

Cost A cost B 
X 

Capacity A 
Capacity B 

The exponent, "x", was determined with available information and LS presented 

where necessary in the footnotes to the cost summary tables. 

The capital costs for the base equipment in hydroxide treatment train 

have been adapted from cost figures and tables contained in "Reducing Water 

Pollution Costs in the Electroplating Industry." The base system discussed 1n 

this section is designed to handle an aqueous waste stream containing 200 rng/L 

at heavy metal ions. The flow rates for this system were developed for three 

different sizes: 1,000, 10,000, and 100,000 gal/hr. Operation of this system 

is assumed to be 24 hrs/day, 300 days/year. ~ixed reactor construction costs 

for the first stage flow/concentration equali~ation tank are presented in 

Figure 10.1.7. The equalization tank has been sized for 1-hour of retention 
- - 7 time and was fabrLcated from reLnforced concrete. 

The precipitation reaction tank consists of a continuous neutralization/ 

precipitation vessel equipped with pH control, rea~ent stora~e, and reagent 

feed systems. The reagent feed and storage system is sized for a 1-week 

supply and uses hydrated lime as a precipitation agent. Sulfuric acid 

capability is also included in case of pH overshoot. Fi~ure 10.1.8 presents 

the mixed reactor construction and installation costs. The reactor has been 

sized for a minimum of 30 minutes of retention time to ensure a complete 

precipitation reaction. 
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Assuming complete reaction between the heavy metal ions in the waste 

stream and the hydroxide ions in the precipitation reactor, some sort of 

separation will be necessary to remove the metal hydroxides and other 

insoluble pollutants from the reactor effluent. Figure 10.1.9 shows the 

hardware and installed costs for a flocculatio~/clarificatjon unit used to 

enhance the settling characteristics of the suspended solids. The unit is 

assumed to have a separate flocculation tank, a polymer feed system, a 

"lamella" or slant-tube separator, and a zone in which the sludge collects 

before being discharged. The costs like those of the equalization and 

precipitation reactors are a function of flow rate. The solids concentration 

of the underflow is assumed to .be 2 percent, while the overflow is assumed to 
. f 14 be so ll.ds- ree. 

Typically, the underflow from the. flocculation/clarification unit must be 

stored onsite in sludge holding tanks before the sludge is shipped to a 

disposal site or transferred to another dewatering stage. The investment cost 

for sludge tanks is presented in Figure 10.1.10. The tanks are of carbon 

steel construction and the cost is a function of tank volume. The sludge 

holding tanks for the hydroxide treatment base case have been sized for 
14 

10 hours of clarifier underflow. 

In many cases, further concentration of thickened sludge through the use 

of mechanical dewatering equipment is desirable in reducing sludt(e disposal 

costs. Figure 10.1.11 presents the unit costs for a recessed plate filter 

press as a function of the feed volume capacity (filter cake volume is also 

given). The feed solids concentration in this case is assumed to be 

2 percent, the cake solids concentration is 20 percent, with an 8-hour 
14 press-cycle. Items not included, but will contribute to the cost of 

installation include: 

• High pressure feed pumps; 

• Filtrate return lines (to clarifier); and 

• Cake solids handling eQuipment. 

Table 10.1.19 details the costs develQoed f~r the continu~us h~d~ated 

lime precipitation system previously shown in Figure 10.1.10. The high cost 

of ~he 1,000 gph continuous syste~ ~ela~ive to :he c:her t~o o~etreatment 
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TABLE 10.1.19. CONTINUOUS HYDRATED LIME PRECIPITATION COSTSa 

1,000 

Purchased equipment and installation (PE&I} ($} 

Equ i la zat ion tank 
Precipitation reactor 
Flocculator/clarifier 
Sludge molding tank(s) 
Filter Press 

Total capital investment (360% PEl) 

Operating costs ($) 

Operating 1aoor ($20/hr) 
Maintenance (6% TCI) 
General plant overhead (5.8% TCI) 
Utilities (2% TCI) 
Taxes and insurance (1% TCI) 
Chemical costs ($40/ton) 
Sludge transportation ($0.25/ton-mi1e) 
Sludge disposal ($200/ton) 
Annualized capital (CFR = 0.177) 

Total cost/year 

Cost/1,000 gallon 

Source: Reference 44. 

a1987 Dollars. 

l0-50 

17,000 
24,000: 
18,000 
3,000 

10,000 
72,000 

259,000 

iZ,OOO 
15,500 
15,000 
5,200 
2,600 

500 
200 

12,000 
45,800 

168,800 

23 

Flow rate (gph) 

10,000 100,000 

29,000 50,000 
40,000 69,000 
50,000 140,000 

6,000 48,000 
25,000 100,000 

150,000 407,000 

540,000 1,465,200 

72 ,OQO 72,000 
32,500 8 7. 900 
31,400 85,000 
10,800 29,000 
5,400 14,700 
5,300 53,000 
2,300 22,500 

120,000 1,200,000 
95,800 259,000 

375,500 1,823,100 

5 2.5 



processes illustrates why precipitation systems under 50,000 gpd (2,000 gph) 

are typically batch in nature to reduce eQuipment costs. In addition, the 

large costs attributed to sludge disposal in every system demonstrates the 

main drawback to hydroxide precipitation. As land disposal costs increase, 

treatment processes such as hydroxide precipitation, which generate large 

quantities of hazardous sludge will lose their cost advantage over the more 

expensive recovery technologies. 

10.1.2.4 Process Status--

Hydroxide precipitation is a widely used and well developed technology 

for reducing metals effluent concentrations to acceptable levels. The process 

operates at ambient temperature and pressure and is well suited to automatic 

control. Its ability to treat a wide variety of industrial waste streams has 

been well demonstrated in bench, pilot, and full-scale systems. Environmental 

impacts can result from emissions during the precipitation process and the 
48 production of large volume of potentially hazardous sludge. Exit gases 

can be scrubbed by using a control system, however, sludge reduction methods 

( d . d"l . . f"l . ) 48 •49 h 1 . 11 see 1ng, 1 ut1on, vacuum 1 tratton, etc.·, ave on y psrtta y 

offset the problems associated with sludge generation. Therefore, new methods 

of sludge disposal and reduction and recycle/reuse options (such as 

agricultural liming) should be considered. The ad.,antages and disadvantages 

of lime-precipitation and caustic sods precipitation are summarized in 

Tables 10.1.20 and 10.1.21, respectively. 

10.1.3 Sulfide Precipitation 

10.1.3.1 Process Description--

The basic principle of sulfide precipitation is similar to that of 

hydroxide treatment, in that the precipitation process converts soluble metal 

ions into insoluble (sulfide) compounds. Some advantages over hydroxide 

precipitation are that with sulfides, heavy metals can be removed to extremely 

low concentrations at a single pH. In addition, the use of sulfides allow 

precipitation of contaminants, even in the .presence of chelating agents. 

however, due to the toxicity and odor of hydrogen sulfide (H
2

S) evolved from 
. . . . 1 tne prec1pttat1on process. 
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TABLE 10,1.20, ADVANTAGES AND DISADVANTAGES OF LIME PRECIPITATION 

Advantages 

Proven technology with documented neutralization efficiencies. 

No temperature adjustments normally necessary. 

Modular design for plant expansion. 

Can be used in different configurations. 

Able to coprecipi~ate a mixture of metal ions to achieve residual 
metal solubilities lo~er than that achieved by precipitating each 
metal at its optimum pH. 

Reagent is easy to handle, and has treatment effectiveness for ~ide 
range of dissolved materials. 

Disadvantages 

The theoretical minimum solubilities for different metals occur at 
different pH values. For a mixture· of metal ions, it must be 
determined ~hether a single pH can produce sufficiently lo~ 

solubilities for the metal ions present in the wastewaters. 

Hydroxide precipitates tend to resolubilize if the solution pH is 
increased or decreased from the minimum solubility point; thus 
maximum removal efficiency will not be achieved unless the pH is 
controlled within a narrow range. 

The presence of complexing ions, such as phosphates, tartrates, 
ethylenediaminetetraacetic acid (EDTA), and ammonia may have adverse 
effects on metal removal efficiencies when hydroxide precipitation 
is used. 

Hydroxide precipitation usually makes recovery of the precipitated 
metals difficult because of the heterogeneous natnTe of most 
hydroxide sludges. 
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TABLE 10.1.21. ADVANTAGES AND DISADVANTAGES OF CAUSTIC SODA PRECIPITATION 

Advantages 

Proven technology with documented neutralization efficiencies 

Strong alkali with rapid reaction rate 

Smaller tanks and retention times than comparitive reagents 

Inventory and storage handling procedures are less complicated due 
to liquid form 

Storage does not require continuous agitation to maintain homogeneity 

Does not require complex slaking or slurrying equipment 

Produces more soluble by products in low pH applications 

Disadvantages 

Chemical costs are significantly higher ($205/ton vs. $46/ton for 
hydrated lime) 

Does not impart any buffering capacity to industrial waste streams 

Close attention must be given to the design of the pH control 

Caustic soda precipitation will result in a fluffy gelatinous floc 
increasing-the size of the clarification chambers and sludge 
dewatering equipment. 

Cannot effectively precipitate sulfate waste streams due to 
solubility of sodium sulfate. 

Source:· Reference 3. 
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Sulfide precipitation is used to remove lead, copper, silver, cadmium, 

zinc, mercury, nickel, thallium, arsenic, antimony, and vanadium from 

wastewaters. Ty~ically, the precipitation reaction is conducted under near 

neutral conditions (pH 7.0 to 9.0). Exceptions to this rule are arsenic and 

antimony which require a pH below 7 for optimum precipitation. 1 As with 

hydroxide treatment, cyanides are usually oxidized prior to precipitation. 

The first step in the sulfide precipitation process is the preparation of 

a sodium sulfite solution. The solution is then added to the reaction tank 

( 3 0 
. . . ) 44 . -

m1nutes retent1on t1me 1n excess to precipitate the pollutant metal 

as illustrated in the following reaction: 

Sodium 
Sulfide 

Nickel 
Sulfate 

NiS 

Nickel 
Sulfide 

Sodium 
Sulfate 

(1) 

The process is controlled by means of a feedback control loop employing 
. . 50 . 
10n-select1Ve electrodes. Phys1cal separation of the metal sulfide takes 

place in thickeners or clarifiers, with reducing conditions maintained by 

excess sulfide ions. The final step is usually oxidation of the excess 

sulfide ions through aeration or hydrogen peroxide addition. 44 Currently, 

two methods of delivering sulfide ions to the process reactor are available. 

The first method utilizes soluble-sulfides such as a sodium sulfide (Na
2

S) 

or sodium hydrosulfide (NaHS). A second method (Sulfex process) uses a 

sparingly soluble metal sulfide such as ferrous sulfide (FeS) as a source of 

sulfide ions. Each process will be discussed individually in the following 

subsections. 

Soluble sulfides--Pure sodium sulfide (sodium sulfuret) is a white, 

crystalline solid (mp llSO"C, sp gr 1.856). 51 
Commercial material is white 

to light yellow or pink. It crystallizes from aqueous solutions as the 

nortahydrate, Na
2

S.9H
2
o. In air, sodium sulfide slowly converts to sodium 

carbonate and sodium thiosulfate and is deliquescent •. Reactions with strong 

- f 51 oxidizing agents g1ve elemental sul ur. 
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Pure sodium hydrosulfide (sodium sulfhydrate, sodium hydrogen sulfide,. 

sodium bisulfide) is a white, crystalline solid (mp 350"C, sp gr 1.79). It is 

highly soluble in water, alcohol, or ether. The commercial product occurs in 

different shades of yellow and is highly deliQuescent. Exposure to air 

converts it to sodium thiosulfate and sodium carbonate. In the presence of 

organic matter, combustion can occur. Heating releases hydroj!en sulfide, 

which is a toxic gas. 

Sodium sulfide is marketed as 30 to 34 weight percent fused crystals and 
51 60 to 62 weight percent flakes. Each container has a corrosive label and 

a product label stating that the product causes severe burns to eyes or skin, 

and th~t contact with acid liberates poisonous hydrogen sulfide gas. The 

material is nonflammable, noncombustible, and nonexplosive. Sodium 

hydrosulfide is marketed as 70 to 72 weight percent flakes and 44 to 60 weight 

percent li~uor in the high purity grades, and as 10 to 40 weight percent 

liQuor from recovered caustic wash in the oil-refining desulfurization 

processes. Shipment labeling is the same as for sodium sulfide. The product 

is shipped either as flake in drums or as solutions in tank cars or tank 

trucks. 

The lower freezing points of solutions of sodium hydrosulfide provide an 

advantage over those of sodium sulfide in shipping by tank truck and tank 

car. Recently, systems have been designed to enable customers to make their 

own sodium sulfide solutions by reaction of NaHS and NaOH. 

The high solubilities of sodium sulfide and sodium hydrosulfide eliminate 

the. need for slaking and slurrying apparatus. Reagent is added either from 

storage in the case of liQuid reagents or from rapid-mix tanks when usin~ 
2 52 solid reagents. ' Reagent demand is determined through a specific-ion 

sulfide reference electrode pair, which is set to a preselected 

potential. 50 Normally, sulfide reagent demand depends on the total metal 

concentration contained in the effluent waste stream. For continuous 

processes where metals concentrations are constant, electrode set points can 

be set at the potential which corresponds to the maximum electrical 

pocencial-sulfide concentration gradient and where the wastewater solution has 
2 50 

the least detectable odor. ' For batch processes, a simple jar ~est prior 

:o ~ca&cu: addi~io~ ca~ accurateiy determine optimai sulfide dosa~es. 
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Since sodium sulfide and sodium hydrosulfide have such high solubilities, 

dissolved sulfide concentrations are correspondingly high. This high 

concentration of dissolved sulfide causes a rapid precipitation of the metals 

dissolved in the ~ater as1metal sulfides. However, it often results in the 

generation of small particle fines and hydrated colloidal particles. 50 The 

rapid precipitation reaction tends more discrete particle precipitation than 

toward nucleation precipitation (the precipitation of a particle from solution 

onto an already existing particle). The resulting poor-settling or 

poor-filtering floc is difficult to separate from the wastewater discharges. 

This problem has been solved by the effective use, separately ~r combined, of 

coagulants and flocculants to aid in th~ formation of large, fast-settling 
53 

particle floes. 

One major disadvantage of the soluble sulfide precipitation method LS the 

formation of hydrogen sulfide (H
2

S) from dissolved sulfide ions. 

Figure 10.1.12 is a graph developed by Centec Corporation for determining the 

percentage of the dissolved sulfide in the form of H
2

S as a function of the 

pH of the solution. According to Centec, the relationship shows that at a pH 

of 9, H
2

S accounts for only 1 percent of the free sulfide in solution.
52 

The rate of evolution of R
2

S from a sulfide solution per unit of water/air 

interface will depend on the temperature of the solution (which decermines the 

H
2

S solubility), the dissolved sulfide concentration, and che pH. In 

practice, considering typical response lags of instruments and incremental 

reagent addition, control of the level of dissolved sulfide and pH would 

require fine tuning and r~gorous maintenance to prevent an H
2

S 

. k 52 I 1 . ~n the wor area. n current y operat~ng treatment systems, 

odor problem 

odor problem is eliminated by enclosing and vacuum evacuating the process 

vessels. 

Insoluble-sulfides--The insoluble-sulfide (Sulfex) process precipitates 

dissolved metals by mixing the wastewater with an FeS slurry in a solid/liquid 

contact chamber. The FeS dissolves to maintain the sulfide Lon concentration 
2 

at a level of 2 mg/L. Due to its instability, the ferrous sulfide has to 

be generated onsite from sodium sulfide and ferrous sulfate. The sulfide is 

released from ferrous sulfide only when ocher heavy metals with lower 

equilibrium constants for their sulfide form are present in solution (see 

Table 10.1.22), 
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Figure 10 .l. 12. Percent of dissolved sulfide in the H2s farm. 

Source: Reference 52. 
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TABLE 10.1.22. SOLUBILITIES OF SULFIDES 

Sulfide 
Ksp concentration 

Metal sulfide (64° to 77 OF )a (mol/L) 

Manganous sulfide 1.4 K 10-15 3.7 K 10-8 

Ferrous sulfide 3. 7 X 10-19 6. l K 10-10 

Zinc sulfide 1.2 K lo-23 3.5 K lo-12 

Nickel sulfide 1.4 K lo-24 1.2 K 10-12 

Stannous sulfide 1.0 K 10-25 3.2 X 10-13 

Cobalt sulfide 3.0 X lo-26 1.7 X 10-13 

Lead sulfide 3.4 X 10-28 1. 8 X l0-14 

Cadmium sulfide 3. 6 )! 10-29 6.0 X Io-15 

Silver sulfide 1.6 K lo-49 3.4 X to-17 

Bismuth sulfide 1. 0 X 10-97 4.8 X to-20 

Copper sulfide 8.5 X lo-45 9.2 X 10-23 

Mercuric sulfide 2.0 X lo-49 4.5 X lo-25 

asolubility product of a metal sulfide, Ksp• equals 
the product of the molar concentrations of the metal 
and sulfide. 

Source: References 54 and 55. 



When the pH is maintained between 8.5 and 9, the liberated iron will form 

a hydroxide and precipitate as well. The unreacted ferrous sulfide is 

filtered or settled out with the metal sulfide precipitate, while the effluent 

is practically sulfide free. Anionic polymers aid settling of metal sulfide 

precipitates. The sludge is easily dewatered by conventional techniQues, In 

chelated systems, s 4-molar excess of ferrous sulfide is reQuired to obtain 

maximum heavy-metal removal {see Table 10.1.23 for operating parameters). 

The following reactions occur when FeS is introduced into a solution 

containing dissolved metals and metal hydroxide: 

FeS ~ Fe+2 + s-2 

M+2 + s-2 • MS 

M(OH)2 • M+2 + 2(0H)-

Fe+2 + 2(0R)- = Fe(OH)2 

(2) 

(J) 

(4) 

(5) 

The addition of ferrous ions to the wastewater and their precipitation as 

ferrous hydroxide [Fe(OH) 2J results in a considerably larger Quantity of 

solid waste from this process than from a conventional hydroxide precipitation 

process.· 

When the Sulfex process was compared to hydroxide precipi·tation in a 

series of jar test studies and pilot plant demonstration tests, the following 
2 conclusions were reported. 

• When treating the same infl-uent, the Sulfex process obtains lower 
residuals of copper, cadmium, nickel, and zinc than can be obtained 
with the hydroxide process. 

• Satisfactory effluen.t Quality is usually obtained with the Sulfex 
process within the 8.5 to 9.0 pH range which is within the 6.0 to 
9.5 pH range permitted by EPA for discharge. 

• The removal of a particular heavy metal is more effective when it is 
in a solution containing other heavy metals than when it is the only 
metal in solution. 
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TABLE 10.1.23. SUMMARY OF TYPICAL INSOLUBLE-SULFIDE PRECIPITATION 
OPERATING PARAMETERS 

Parameter 

Reaction temperature 

Reaction pH 

Reagent excess 

Influent metal 
concentration 

Retention time 

Sedimentation rate 

aTube settler. 

Source: Reference 2. 

Unit 

s.u. 

% 

mg/L 

Minute 

gpm/ft2 

Operating 
range 

Room 

6.0 - 9.0 

0 - 400 

1 - 500 

30 - 60 

0 - 2 

Optimum 
range 

8.5 - 9.0 

100 - 300 

20 - so 

30 

2a 



• The Sulfex process can be applied in preci~itators (and similar 
devices) at surface rates up to 2.0 gpm/ft when tube settlers are 
used. 

• The reQuired dosage of ferrous sulfide reactant is dependent upon 
the type of waste bein~ treated. It should normally vary from about 
1.5 times theoretical requirement for wastes with no complexin~ 
a~ents to three or more times theoretical for wastes containing 
complexing agents. 

• The concentration of settleable ferrous sulfide solids in the mixin~ 
zone, the pH of the process, and use of certain polyelectrolyte& are 
important to obtaining satisfactory results in the Sulfex process. 

• It may be more economically desirable to pretreat wastes containin~ 
high concentrations of dissolved heavy metals (i.e., a total heavy 
metal concentration greater than 50 mg/L} by hydroxide before 
polishing with Sulfex. 

10.1.3.2 Process Performance--

While not as prevalent as hydroxide treatment, sulfide precipitation has 

seen increasing usage in recent years due to improvements in both rea~ent 

dosage and hydrogen sulfide emission controls. The following are 

illustrations of soluble, insoluble, and calcium sulfide precipitation 

technologies. 

Soluble sulfide precipitation--At a 37 ~allan/minute (gpm), industrial 

pretreatment facility a full-scale demonstration of the soluble sulfide 

precipitation process for the pretreatment of a metal finishing wastewater was 

performed. Soluble sulfide precipitation was selected because the lower 

solubility of metal sulfides was expected to result in better metal removal 

efficiency than conventional hydroxide precipitation. 56 

Three segregated wastes were treated separately. Cyanide-containing 

wastes were treated in a two-sta2e alkaline chlorination process for complete 

cyanide oxidation. Chromium-containing wastes were acidified to pH 2.5 and 

treated with sodium metabisulfite to reduce hexavalent chromium to the less 

soluble trivalent form. Following separate treatment, these wastes were 

combined with the acid/alkali and metals contaminating wastes for treatment by 

soluble sultide precipitation. 
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This treatment system consists of pH adjustment with caustic soda, 

addition of ferrous sulfate and anionic polymer as coagulants, addition of 

sodium sulfide to precipitate metals, flocculation, parallel plate 

clarification, ~ravity sand filtration, and peroxide destruction of residual 

sulfide. Sludge processing consists of gravity thickening and dewaterin~ in a 

plate and frame filter press. Table 10.1.24 compares limitations for a 

6 month period. 

Insoluble sulfide precipitation--In 1980,· three plants using the Sulfex 

process to remove heavy metals from wastewater discharge were investigated to 

assess system performance. Two of the plants (Plants A and B), use the Sulfex 

process singularly, while the third (Plant C) uses the process as a polishing 

step after hydroxide precipitation and clarification.
52 

Plant A uses both electroless and electrolytic plating processes to plate 

plastic components. The heavy metals in the wast~water (copper, nickel, and 

chromium) are complexed/chelated with a variety of proprietary a~ents. 

Plant B manufactures carburetors for the automotive industry. Wastewater from 

the metal finishing portion of the process contains chromium, zinc, iron, 

phosphates, organic chelating agents, and assorted plating chemicals. Plant C 

treats wastewater from a barrel-dip, zinc-phosphating line. 
' 

Table 10.1.25 presents the chemical consumption and sludge gerieration 

rates for Plants A, B, and C. While Plants B and C were successful in 

lowering metallic contaminants to effluent discharge requirements, Plant A was 

unable to treat both hexavalent and total chromium. The poor performance in 

chromium removal was primarily due to an increase in the level of hexavalent 

chromium in the mixer/clarifier without a commensurate increase in the FeS 

feed to compensate for the increased demand. Consequently, the level of 

unreacted FeS in the sludge blanket was gradually depleted and eventually, 

insufficient FeS was present in the blanket to achieve the nprmal high level 

of removal. The FeS store~ in the sludge blanket prior to reagent depletion 

was able to maintain the high removal efficiency. 
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TABLE 10.1.24. TOBYHANNA ARMY DEPOT WASTE AND TREATED 
EFFLUENT ANALYSIS (mg/L) 

Effluent Daily max 1mum 
Waste 

Parameter average Average Maximum Design Permit 

Cadmium 1.34 0.09 0.25 1.2 0.69 

Chromium 1.14 0.31 1.15 7 2. 7 7 

Copper 2.35 0.07 0.47 4.5 :3.38 

Lead 0.43 0.19 0.4 0.6 0.69 

Nickel 1.61 0.08 0.35 4.1 3.98 

Silver 0.01 0.02 0.43 

Zinc 3.4 0.37 4.2 2.61 

Cyanide 1.08 0.04 0.12 0.8 1.2 

Aluminum 6.67 4.3 18 1 

Tin 0.003 0.01 1.0 2.5 

Suspended solids 18.8 60 

Oil and grease 12.8 22 52 

aExceeds permit limit. 

- Indicates data not available or no standard specified. 

Source: Reference 56. 
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Daily average 

Bes ign Permit 

0.5 0.26 

2.5 1.71 

1.8 2.07 

0.3 0.43 

1. 8 2. 38 

0.24 

1.8 l. 48 

0.23 0.65 

o.s 

l 

31 
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TABLE 10.1. 25. WASTEWATER TREATMENT PROCESS CHARACTERISTICS 
FOR PLANTS A, B, AND ca 

Characteristic 

Wastewater 

Average flow rate (gal/min) 
pH: 

Feed 
Effluent 

Average feed concentration (ppm): 
Nickel 
Copper 
Hexavalent chromium 
Total chromium 
Zinc 
Iron 
Phosphorus 

Average effluent concentrdtion (ppm): 
Nic ke 1 
Copper 
Hexavalent chromium 
Total c":-1romium 
z £71::: 

Iron 
Phosphorous 

Treatment chemicals 

Lime:b 
lb/h 

Calciu~ chloride (for phosphate removal):b 
lb/h 

Cationic polymer:b 
lb/h 

Anionic polyrner:b 
lb/h 

Ferrous sulfide: 
1b/h 

Slud2e generation factors 

Dry goods generation: 
1 b /h 

First s~age 
Second stage 

lb/1,000 gal wastewater 
Underflow volume (gal/hat 0.75% solids) 
Filter cake volume (gal/h at 30% solids) 

Plant A 

39 

2.0 - 4.0 
9.0- 10.0 

31 
28 
76 
SB 
NA 
NA 
NA 

0.54 
0.03 
0.10 
0.20 

8.8 

NA 

0.1 

NA 

23.7 
NA 
NA 
10.1 

380 
7.9 

Value 

Plant B 

21 

4.5 - 6.0 
8.5 - 9.5 

NA 
NA 
27 
39 
48 

1.4 
NA 

0.005 
0.13 
0.02 
0.05 

2.0 

NA 

0.17 

NA 

i. 2 
~· '" NA 

5. 7 
114 

2.4 

aAll three plants use an ISP process to remove metals from wastewater, 
but Plant C uses ISP as a polishing system. 

bObserved 

cEased on three times the s~oichiometric re~uirement. 

dBased on four times the stoichiometric requirement. 

Source: Reference 52. 10-64 

Plant C 

16 

2.5- 3.0 
7.5 - 8.5 

NA 
NA 

0.07 
8 

24 
127 
289 

0.02 
0.10 
0.12 
0.60 
0.3 

8.1 

17.0 

0.02 

0.01 

o.Job 

16.4 
16 
0.4 

17 
262 
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Calcium sulfide--Many of the problems associated with soluble and 

insoluble sulfide precipitation (i.e., excess reagent requirements and a
2
s 

evolution) can be minimized with calcium sulfide as the sulfide 
50 57 source. ' Solid CaS can be added to the wastewater as a slurry. The 

addition of CaS as a slurry produces easily settleable precipitates: calcium 

sulfide particles act as nuclei for production of metal sulfide particles, and 

the dissolved calcium ion functions as a coa~ulant. Since calcium, which is 

added as CaS, is mostly dissolved in the wastewater after reaction, the 

increase in the sludge volume is minimal. For the same reason, unlike FeS, 

the CaS r~quirement is near stoichiometric. 

Calcium sulfide is stable only in dry solid form. In aqueous solution, 

it reacts with water to produce Ca(HS)
2 

and Ca(OH)
2

. 

2CaS + 2H2o = Ca(HS) 2 + Ca(OH)z 

or: 

The main reactions involved in the precipitation of metal sulfides after 

adding the CaS solutions are: 

Research conducted by the General Electric Company, Schenectedy, 

New York, investi~ated the effectiveness of calcium sulfide as a precipitation 

agent. The investigation involved batch treatment of the wastewater by 

sulfide precipitation with the addition of lime until the pH reached 7 and 

next, 0.1 h CaS solution to a desired pH value, normally 9.0. The 

precipitates were flocculated with 2 mg/L Nalco 7763 polyelectrolyte. 

Vigorous mixing (600 rpm) of the solution for 2 minutes fdllowed by moderate 

mixing (30 rom) for 1 minute was sufficient for effective flocculation. The 

floes were settled for 30 minutes before sampling supernatant liquid for 

analysis. The solution was further filtered with 0.2 urn Acropor filter to 

remove any suspended solids. 
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Both actual and simulated metal finishing wastewaters were treated using 

hydroxide and calcium sulfide (a mixture of Ca(OH)
2 

and Ca(HS)
2

) 

solutions. In addition, both treatment methods were evaluated on wastewaters 

containing chelating agents to test their effe~ts. The calcium sulfide 

preparation system produced the CaS solution from H
2

S and Ca(OH)
2

• The 

ratio of Ca and S was controlled by measurLng the pH of the solution. Vessels 

for pH adjustment, sulfide precipitation, and flocculation were included in 

the system. 

The results of these experiments, showed that sulfide precipitation is 

very effective for the removal of heavy metals such as Cd, Cu, Pb, Az, and 

Zn. The method works in the presence of chelating agents and removes metals 

to extremely low concentrations. The calcium sulfide slurries, prepared by 

reacting lime with hydrogen sulfide or sodium hydrosulfide, are effective 

sulfide sources. The addition of calcium sulfide can be controlled simply, in 

most cases, by measuring the pH. The processes employing such techniques have 

been demonstrated in bench-scale experiments using wastewater samples. The 

two-stage process may be employed when the wastewater contains a large amount 

of iron and nontoxic suspended solids. 

10.1.3.3 Process Costs--

Table 10.1.26 presents the cost data developed for a 'continuous soluble 

sulfide precipitation system. The purchased equipment and installation costs 

are based on the treatment process shown in Figure 10.1.6 and the assumptions 

made in Section 10.1.2. An additional aeration vessel consisting of a 

reinforced concrete reactor, 4-6 acid resistant spargers ($82/sparger), and 

30 feet of 6 inch pipe ($2.40/ft) has been included in the treatment train to 

reduce the·quantity of H
2

S fumes evolved. 

Operating labor requirements have been increased from 4 to 6 hours per 

shift due to the greater need for process control (to prevent excess sulfide 

dosing) associated with this process.
2

• 52 •
58 

Maintenance, overhead, 

utilities, taxes and insurance have all remained constant; however, rea~ent 

chemical costs have increased dramatically. Since sodium sulfide flake costs 

$410/ton vs. $40/ton for hydrated lime, an equivalent influents metals 

concentration would result in a greater than 10 fold increase in reagent cost 

when comparing the two systems. 
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TABLE !0.1.26. CONTINUOUS SOLUBLE SULFIDE PRECIPITATION COSTSa 

1,000 

Purchased Equipment and Installation (PE&I) ($) 

Equalization Tank 
Precipitation Reactor 
Flocculator/Clarifier 
Aeration Vessel 
Sludge Holding Tank(s) 
Filter Press 

Total Capital Investment (360% PE&I) 

Operating Costs ($) 

Operating Labor ($20/hr) 
Maintenance (6% TCI) 
General Plant Overhead (5.8% TCI) 
Utilities (2% TCI) 
Taxes and Insurance (1% TCI) 
Chemical Costs Na2S ($410/ton) 

Feso4 ($145/ton) 
Sludge Transportation ($0.25/ton-mile) 
Sludge Disposal ($200/ton) 
Annualized Capital (CFR = 0.177) 

Total Cost/Yr 

Cost/1,000 gallon 

a-1987 Dollars. 

10-67 

17,000 
24,000 
18,000 
17,400 
3,000 

10,000 

89,400 

321,800 

108,000 
19,300 
18. 700 
6,400 
3,200 
4,050 

350 
300 

13,800 
57,000 

231,100 

32 

Flow Rate (gph) 

10,000 100,000 

29,000 50,000 
40,000 69,000 
50,000 140,000 
29,500 50,500 
6,000 48,000 

25,000 100,000 

179,500 457,500 

646,200 1,647,000 

108,000 108,000 
38,800 98,800 
37,500 95,500 
12,900 32,900 

6,500 16,500 
40,500 404,800 

3,600 35,700 
2,600 25,600 

138, 100 1,380,000 
114,400 291,500 

502,900 2,489,300 

7.0 3.5 



Sludge disposal costs. are roughly equivalent for sulfide and hydroxide 

precipitation, while annualized capital costs are slightly greater due to the 

requirement of an additional reaction vessel. Overall costs for sulfide 

precipitation, based on the assumptions presented in this section, are 

approximately 40 percent greater than those associated with hydrated lime. 

However, sulfide precipitation economics become more favorable when compared 

to the more expensive hydroxide reagents such as sodium hydroxide ($175/ton 

for 30 percent solutidn) or magnesium hydroxide l$0.78/lb). If lower 

dissolved heavy metal concentrations were desired, the most economically 

efficient use of sulfide precipitation would be as a final polishing step to, 

or in conjunction with (co-precipitation), hydroxide precipitation, 

10.1.3.4 Status of Technology--

Sulfide precipitation has been demonstrated to be an effective 

alternative to hydroxide precipitation for removing various heavy metals from 
. d .- l 2,52,58-61 T'- . d f h lf"d 1n ustr1a wastewaters. ue maJor a vantage o t e su 1 e 

precipitation process is that because of the extremely low solubility of metal 

sulfides, very high metal removal efficiencies can be achieved. The major 

limitations of the sulfide precipitation process are the evolution of toxic 

hydrogen sulfide fumes and the discharge of treated wastewaters containing 

residual levels of sulfide
52

•
57 

(see Table 10.1.27 for summary of advantages 

and disadvantages of sulfide precipitation). 

The use of ferrous sulfide (insoluble sulfide process) as a source of 

sulfide reduces or virtually eliminates the problem of hydrogen sulfide 

evolution. 2 The use of ferrous sulfide, however, requires reagent 

consumption considerably higher than stoichiometric and significantly higher 

sludge generation than either the hydroxide or soluble sulfide treatment 

processes. 

The use of calcium sulfide as a source of sulfides reduces the problems 

the previous (H
2
s evolution and excess reagent requirements) associated with 

. 57 H two technolog1es. o~ever, as ~ith ferrous sulfide, calcium sulfide 

precipitation results in high solids generation. These solids must be removed 

in a subsequent treatment step, such as sedimentation or fil~ration. Sulfide 

sludges are less subject to leaching than hydroxide sludges. Many landfills 

now requ1re post-treatment of the residuals through such technologies as 

stabilization or encapsulation be performed prior to land disposal. 
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TABLE 10.1.27. ADVANTAGES AND DISADVANTAGES OF SULFIDE PRECIPITATION 

Advantages 

The sulfide process has the ability to remove chromates and dichromates 
without preliminary reduction of the chromium to the trivalent state. 

The high react1vity of sulfides with heavy metal ions anJ the 
insolubility of metal sulfides over a broad pH range are attractive 
features compared with the hydroxide precipitation process. 

Sulfide precipitation, unlike hydroxide precipitation, is relatively 
insensitive to the presence of most chelating agents and eliminates the 
need to treat these wastes separately. 

Disadvantages 

Sulfide reagent will produce hydrogen sulfide fumes when it comes in 
contact with acidic wastes. This can be prevented by maintaining the pH 
of the solution between 8 and 9.5 and may require ventilation of the 
treatment tanks. 

As with hydroxide precipitation, excess sulfide ion must be present to 
drive the precipitation reaction to completion. Since the sulfide ion 
itself is toxic, sulfide addition must be carefully controlled to 
maximize heavy metals precipitation with a minimum of excess sulfide to 
avoid the necessity of post-treatment. Where excess sulfide is present, 
aeration of the effluent stream would be necessary to oxidize residual 
sulfide to the less harmful sodium sulfate (NazS04). 

The cost of sulfide precipitants is high in comparison with hydroxide 
precipitant, and disposal of metallic sulfide sludges may pose problems. 

Source: References 2, 52, and 57-61. 
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10.1.4 Carbonate Precipitation 

10.1.4.1 Process Description--

Carbonate precipitation may be used to remove metals either by direct 

precipitation using a carbonate reagent such as calcium carbonate (limestone) 

or sodium carbonate or by converting hydroxides into carbonates using carbon 

dioxide. The solubility of most metal carbonates is intermediate between 

hydroxide and sulfide solubilities; in addition, carbonates form easily 

filtered precipitates. 

Calcium Carbonate--Limestone is available in either high calcium 
30 

(Caco
3

) or dolomitic (Caco
3 

MgC0
3

) form. Both types of limestone 

are available as either a powder or crushed stone. Crushed stone diameters 

are typically 0.074 mm (200 mesh) or less since both the reactivity ~nd 

completeness of the reaction increase proportionately to the available surface 

area.
3 

High calcium is most commonly used because of its greater reaction 

rate and its more widespread availability. Dolomitic limestone reactivity 

will increase if it is finely ground, and sludge production will be minimal 

due to the formation of soluble magnesium sulfate. However, its reactivity ~s 

generally too slow even with grinding, and hence not suitable for most 
. . 30 

appl~cat~ons. 

The inherent problem with calcium carbonate precipitation 1s that it is 

only effective for reducing metallic species such as trivalent chromium and 

iron in its operational pH range (5.0 to 7.0).
62 

In addition, the 

inhibition of the stone particles in the presence of high quantities of 

sulfate and/or metallic ions make it less attractive than other reagents. 

Limestone is a solid-based reagent that liberates CaO for precipitation 

through surface dissolution. The inhibition of the particle surface through 

calcium sulfate precipitation increases retention times, reagent purchases, 

· · · d h h 29 63 64 I . equ~pment s1z1ng, an lowers waste t roug put. • • mproved react~on 

kinetics can be achieved by increasing the available solid surface area 

h h 1 . l d. 65 b h t roug greater 1mestone oa 1ng. Ho~ever, at reagent purchase and 

sludge disposal costs will increase proportionately with the excess limestone 

appiieci. 
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The prLmary advantage of limestone neutralization ia that limestone is a 

low cost and widely available reagent. However, limestone is limited in its 

ability to neutralize over pH 6.0 or treat acid concentrations greater than 

5,000 mg/L.
62 • 65 There have been attempts to use limestone in combination 

with lime in a dilute, dual alkali mode. The limestone is used as a 

pretreatment to raise the pH to approximately 3.0 or 6.0 with lime completing 

the process of precipitation. 
15 

The limestone/lime process is usually more 

complicated than a simple lime slurry process, resulting in higher projected 

costs and limited application. However, in high volume applications the 

savings in reagent (when used in pebble form) may offset any increase in 

capital expenditures. 

Sodium Carbonate--Sodium carbonate (Na
2
co

3
) 1s a highly reactive 

soluble alkali that is marketed most often as an anhydrous powder. Wet 

crystal bulk storage typically facilitates solution feeding. In dry form it 

is also easily fed from hoppers.
5 

Positive provision for dissolution is 

desirable for dry feed applications. Suitable materials for handling the 

compound or its solutions include plastic, iron, rubber, and steel. Shipment 

is made in bags, barrels, or in bulk with transfer usually performed by 

pneumatic conveyor. 

In the chemical trade the terms "ash," "soda ash," ''soda," and "calcined 

soda" are used for the anhydrous salt, although soda ash is the most common 

name in English-speaking countries. Sodium carbonate is moderately soluble in 

cold water and soluble to approximately 30 percent of solution weight in hot 

water the solution is strongly alkaline.
30 

(Melting point, 851°C; heat 

capacity at 25°C, 1043.01 J/(kg-K) [249.3 cal/(kg-K)]; heat of fusion, 

315.9 kJ/kg (75.5 kcal/kg); density at 20°C, 2533 kg/m
3 . Bulk densities of 

various commercial grades range from 576 to 1072 kg/m
3 (36-67 lb/ft 3). 30 

Ordinary light soda ash produced by calcining crude bicarbonate is 

satisfactory for many uses. Dense soda ash is most often manufactured by 

hydration of light ash to produce larger sodium carbonate monohydrate crystals 

followed by dehydration. Hydration may be accomplished by either feeding 

light ash and water to mixers or blenders or by adding light ash to a saturated 

solution of soda ash containing a slurry of monohydrate crystals. The 

monohydrate crystals are fed to a continuous dryer. The dehydrated product 

from the dryers needs only screening before packing and shipping. Most dense 

ash is shipped in bulk to large industries. 
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Sodium carbonate is an alternative to sodium alkali for acidic-metals 

wastestreams lacking buffering capacity such as deionized acid-bath 

rinsewaters. The use of sodium carbonate (a weak base) with strong acids, 

such as sulfuric, will impart a buffer to the .wastewater stream, thereby 

facilitating pH control and pretipitation within the neutral range. These 

buffering reagents will produce a smaller change in pH per unit addition than 

comparable unbuffered, strong bases such as high calcium lime or caustic 
37 soda. This phenomena can be seen in Figure 10.1.13, which illustrates the 

neutralization of a l percent sulfuric acid solution with caustic soda and 

soda ash. A small incremental addition of caustic soda caused the pH to 

change from 2 to 11 standard units. Alternatively, approximately three times 
. 6 9 . 37 the quantity of soda ash resulted ~n a modest pH change from to un1ts. 

Due to its carbonate-based reaction mechanism, the neutralization/ 

precipitation metals-containing acidic rinsewaters with soda ash (as with 

limestone) proceeds at a much slower pace than comparable hydroxide-based 

reagent systems such as lime or caustic 'soda. Accordingly, continuous flow 

reactors must be sized to provide a minimum of 45 minutes hydraulic retention 
37 

in each stage. In addition, soda ash is commercially available only in a 

dry form. Consequently, onsite batch mixing and solution preparation 

facilities, similar to those of hydrated lime, are mandatory when using this 

chemical as a neutralizing agent. The solubility of soda ash also limits its 

use since a chemical solution feed strength of only 20 percent by weight can 

be maintained at ambient temperatures without salt recrystallization. 

Continuous mixing of the prepared solution is recommended to maintain 
. 5 

homogene~ty. 

An advantage of soda ash is lower sludge generation since sodium-based 

end products are more soluble than calcium-based products. However, 

sodium-based sludges do not filter as readily or to as high solids content as 

calcium-based sludges. In addition, the clarified liquid effluent may not be 

as low in metals content or total dissolved solids as insoluble end product 

systems such as lime. All these factors must be carefully weighed before 

selecting sodium carbonate or any other alkaline reagent as a precipitating 

agent. 

10-72 



,...... 
c. 
I 

" i....' 

I 
n 

11 0 ·-

12.0 

11.0 

10.0 

N<1011 50 °/0 

No CO 
__ 2 __ .3 

9.0 

0.0 

___ f ______ -- -·-----
., 

7. 0 

6.0 

5 0 ·-

., 0 

.3.0 

2. 0 

I. 0 

NEUTRAL nANGE 

__ _t ___ ---- -··-----

__1.---~-L _______ I L 
---~---------'---------'----------L-------~ 

1.0 2.0 .3.0 4.0 5.0 6.0 1.0 0.0 

Gll/\MS OF llEAGENT ADDEO 

Figure 10.1.13. Titration curve for the neutralization of a 1% H2so4 solution 
with sodium hydroxide and sodium carbonate. 

Source: Reference 37. 

9.0 10.0 



Carbon Dioxide--Carbon dioxide is a relatively old but, as of yet, 

undeveloped technolo~y for treating metals-containing ~astestreams. 

Typically, carbonic acid is generated directly in the 

neutralization/precipitation chamber by injecting carbon dioxide into the 

wastewater solution. Upon hydration, the carbon dioxide will form carbonic 

acid and react with available hydroxides to form less soluble carbonates. 

H2C03 + Ni(OH)2 NiC03 + 2H20 (1} 

Carbonic Nickel Nickel 
acid hydroxide carbonate 

H2C03 + Ca(OH) 2 CaC03 + 2H 2o (2) 

Carbonic Hydrated Calciu,m 
acid lime carbonate 

pH 9.4 
(saturated) 

Compressed (liquid) carbon dioxide is stored and transported at ambient 

temperatures in cylinders containing up to 22.7 kilograms. Larger quantities 

are stored in refrigerated, insulated tanks maintained at -1s•c and 
66 

20 atmospheres. Transportation is by insulated tank truck and rail car. 

The standard method of applying compressed carbon dioxide for 

precipitation is to vaporize carbon dioxide in a heat exchanger or across a 

flash valve. The pressurized gas is forced through porous diffuser tubes 

placed along the bottom of a batch treatment tank. Carbon dioxide gas is 

released from the diffusers as fine bubbles (15 microns) which are 

preferentially absorbed by the surrounding wastewater. This type of treatment 

requires a slow-moving effluent stream with a treatment tank of sufficient 

depth to ensure that the carbon dioxide is fully absorbed before reaching the 

surface.
67 

Since hydration of carbon dioxide forms carbonic acid, it is 

recommended that the diffuser assembly be constructed of a corrosion-proof 

material. 
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The primary advantages of compressed carbon dioxide are minimal capital 

requirements, uncomplicated piping, and the inability to over-acidify the 

wastewater. Its primary disadvantages are a low dissolved oxygen content 

(4.5 percent) at the point of injection, and a high reagent cost on a 

neutralization equivalent basis (approximately $200 to $300/ton. However, for 

large volume users of 200 tons or more per year, the unit cost per ton of 

d b d . "d d $90 to :tl00/ton.
68 • 69 

cornpresse car on lOXl e raps to 

10.1.4.2 Process Performance--

Carbonate precipitation technology is sometimes preferred over hydroxide 

precipitation because in some instances it provides superior precipitation 

properties; i.e., with cadmium it produces cadmium carbonate which is 

preferred cadmium hydroxide for recovery purposes. Also, nickel and lead 

precipitation with carbonate gives lower final levels than precipitation with 
. 70 

hydrox1de. 

Treatment of cadmium with sodium carbonate (soda ash) will give good 

levels of removal at a slightly lower pH than hydroxide, typically in the 

range of 9.5-10. Due to the value of cadmium, it is often desirable to send 

the precipitated sludge to a reprocessor for recovery of the cadmium, or to 

reuse it. Whether the cadmium is in the hydroxide or carbonate form may be 

important to the reprocessor plant operator. 

h - d I . d R f" . C 7l Bene -scale tests conducte by Nassau Sme t1ng an e 1n1ng o. 

studied lead precipitation by caustic, lime and caustic soda/soda ash. It was 

found that both lime and caustic soda/soda ash gave good results. The optimum 

pH was 9.0 to 9.5. Influent lead was 5 mg/L and final lead was 0.01 to 

0.04 mg/L. 

Figure 10.1.14 shows solubility levels of lead with different alkali 

agents. As can be seen, the soda ash/caustic soda systems produced slightly 

better results than the straight-line system. Separan AP 30 was used as a 

l "d 71 coagu ant al • 

Investigators at the Illinois Institute of Technology performed a series 

f l "1" . 72 . o so ub1 1ty exper~ments. ln thLs series, precipitation experiments were 

performed over 24-hour periods at constant pH and CT (total carbonate). Two 

ieveis oi carDonate were evaiuateci irom each metai: a iow Dackgrounci 
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carbonate level of 

carbonate level of 

-3 8 -
less than 10 • M( 2 mg/L inor~anic carbon) and a 

approximately 10- 3· 2 M(7.6 mg/L inorganic carbon). 

Values of pH ranging from pH 6 to pH 13 were tested. In addition; hydroxide 

experiments were performed under the same conditions for cadmium, copper, 

lead, and zinc. 

Cadmium Solubility--Minimum cadmium solubility of 0.08 'mg/1 was obtained 

at pH 10-10.5. In the pH range of 6.5 to 8.5, the carbonate system yielded a 

soluble cadmium concentration range of 81.0 mg/L to 0.66 mg/L. The hydroxide 

system, over the same pH range of 6.5 to 8.5, yielded a much greater soluble 

cadmium concentration range of 8 x 104 
mg/L to 129 mg/1. Lower soluble 

cadmium concentrations are observed in the test system with carbonate 

present. At higher pH values of 9-10, the soluble metal 'concentrations are 

_comparable for both systems. This suggests that both systems are controlled 

by hydroxide solubility at pH 9-10 rather than pH near 10. At pH above 10.0 

there is a significant difference in soluble cadmium concentrations. Soluble 

cad~iurn concentrations for the carbonate system were much lower. This appears 

to be due to a slight increase in carbonate concentration at pH 9.5, which 

would decrease soluble cadmium concentrations. 

Copper Solubility--The minimum soluble copper concentration attained was 

0.005 mg/L at pH 8.9 to 9.3. Over the pH range 6.7 to 7.9, soluble copper 

concentrations were reduced from 3.5 mg/L to 0.016 mg/L. 

~inimum solubility of 0.015 mg/1 to 0.018 mg/1 was obtained in the 

carbonate test system in the pH range of 8.6-10.4. From pH 7.5 to 9.5 the 

soluble copper concentration in the hydroxide test system ranged from 0.021 to 

0.005 mg/L. With an increase in carbonate con~entrations to CT ~ 

10-3 "2 M, the soluble copper concentration in the carbonate system ranged 

from 0.061 to 0.016 mg/1. 

Lead Solubility--It is apparent that the carbonate induces lower soluble 

lead concentrations than occur in the hydroxide system, at pH below 8. At 

pH 7.0 to 7.5, the carbonate system yielded a minimum soluble lead 

concenLrarion of G.U25 mg/L while che Oyriroxicie syscem prociuced a lead 

concentration of 0.131 mg/1. Ab~ve pH 8, carbonate functions as a ligand co 

increase lead solubility. 

10-77 



Zinc Solubility--Solubility patterns for both systems are similar, with 

data points for the carbonate system generally below those of the hydroxide 

system, but higher than the theoretical carbonate solubility curve. There 1s 

some evidence that the zinc carbonate precipitation system approaches 

equilibrium extremely slowly, perhaps requiring more than 10 days to near 

eQuilibrium solubility.s This has been postulated to result from the more 

rapid kinetics of zinc hydroxide precipitate formation, even 1n a system 

thermodynamically stable for zinc carbonate. The subsequent kinetics of zinc 

solubility then would be limited by the slow transformation of solid phase 

zinc hydroxide to zinc carbonate. 

10.1.4.3 Process Costs--

Table 10.1.28 details the cost data developed for a continuous sodium 

carbonate precipitation system. The purchased eQuipment and installation 

costs are equivalent to those of the hydrated lime precipitation system except 

that a retention time of 1 hour instead of 30 minutes has been used to size 

the precipitation reactor ldue to the slower reactivity of sodium carbonate). 

In addition, chemical reagent costs and useages are significantly higher for 

sodium car.bonate when compared to hydrated lime. For example, approximately 

2.9 lbs of sodium carbonate (at $120/ton) are required to precipitate 1 lb of 

heavy metal, while only 2.2 lbs of hydrated lime (at $40/ton) ai@ required 

per lb of metal. However, due to the higher solubility of the sodium cation 

in the sodium carbonate complex sludge generation is only 7 percent higher (on 

a dry weight basis). 

Overall costs for sodium carbonate, based on the cost data presented in 

this section, are only 1 to 18 percent greater than those presented for 

hydrated lime. The viability of this technology as an alternative to either 

hydroxide or sulfide precipitation is enhanced due to the lower pH 

requirements (usually 8-9) for carbonate precipitation. The lower pH 

requirement will result in lower alkali demand for neutralization and 

consequently less sludge generation. Therefore in any consideration of 

alternate precipitation technologies, influent pH should also be examined. 
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TABLE 10.1.28. CONTINUOUS SODIUM CARBONATE PRECIPITATION COSTSa 

1,000 

Purchased Equipment and Installation (PE&I) ($) 

Equalization Tank 
Precipitation Reactor 
Flocculator/Clarifier 
Sludge Holding Tank(s) 
Filter Press 

Total Capital Investment (360% PE&I) 

Operating Costs ($) 

Operating Labor ($20/hr) 
Maintenance (6% TCI) 
General Plant Overhead (5.8% TCI) 
Utilities (2% TCI) 
Taxes and Insurance (1% TCI) 
Chemical Costs ($120/ton) 
Sludge Transportation ($0.25/ton-mile) 
Sludge Disposal ($200/ton) 
Annualized Capital (CFR = 0.177) 

Total Cost/Yr 

Cost/1,000 gallon 

3 1987 Dollars. 
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17,000 
24,000 
18,000 

3,000 
10,000 

72,000 

259,000 

72.000 
15,500 
15,000 
5,200 
2,600 
2' 100 

200 
12,800 
45,800 

171,200 

24 

Flow Rate (,e;ph) 

10,000 100,000 

29,000 50,000 
60,000 150,000 
50,000 140,000 

6,000 48,000 
25,000 100,000 

170,000 488,000 

612,000 1,756,800 

72,000 72' 000 
36,700 105,400 
35,500 101,900 
12,200 35,100 
6,100 17,600 

20,600 206,400 
2,100 21,400 

128,400 1,284,000 
108,300 311,000 

421,900 2,154,800 

6 3 



10.1.4.4 Status of Technology--

Carbonate precipitation has been demonstrated to be a viable alternative 

to either hydroxide or sulfide precipitation for removing various heavy metals 

from industriat wastewaters. The solubility of most metal carbonates is 

intermediate between hydroxide and sulfide solubilities. In addition, the 

reagent cost is also intermediate. The main advantages of carbonate 

technology are buffering capability, superior handling characteristics 

(i.e., little dust, good flow, and no arching in the feeder), and widespread 

availability. Main disadvantages are slow reaction time (typically a minimum 

of 45 minutes retention) and low solubility (20 percent by weight). Since 

carbonates are not particularly corrosive and soda ash generates less sludge 

than comparable calcium-based technologies, environmental impacts are few. 

See Table 10.1.29 for summary of advantages and disadvantages of carbonate 

precipitation. 
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TABLE 10.1.29. ADVANTAGES AND DISADVAN1AGES OF CARBONATE PRECIPITATION 

Advantages 

Carbonate reagents have a relative ease of handling and can be 
obtained in bulk by railcar or truck or in 100 lb bags 

Calcium carbonate forms easily filtered precipitates 

Sodium carbonate imparts buffering capacity and generates less sludge 

Disadvantages 

Retention times are longer due to slower reacting carbonate-based 
chemistry 

Carbonates do not mix eas11y into solution ana nave the potential for 
evolving carbon dioxide which, without aeration, will slow reaction 
times further 

Calcium carbonate particles have the potential to become deactivated 
if calcium sulfate precipitates on particle surface 

Sodium carbonate sludges do not filter as readily or to as high 
solids content as calcium-based sludges 

Calcium carbonate is only able to achieve an operational pH range 
of 5-7 

Source: References 62, 66, 70, and 72. 
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10.2 COAGULATION AND FLOCCULATION 

Chemical coagulation and flocculation are two terms often used 

interchangeably to describe a process whereby a chemical addition is made to 

enhance sedimentation (removal of solid particles from suspension by 

gravitational settling) operation. Coagulation and flocculation are often 

used to remove the insoluble and colloidal heavy metal complexes formed by 

precipitation. In this text, chemical coagulation is defined as particle 

agglomeration brought about by the reduction of electrostatic particle surface 

charges. Flocculation is a time-dependent physical process of aggregation of 

fine particles into solids large enough to be separated. 

Tbe coagulation process involves the destabilization of the suspension by 

neutralizing or decreasing the repulsive forces on the particles, so that the 

particles will approach each other and agglomerate. 
1

•
2

• 3 

The charge on organic, inorganic and biocolloids is typically negative 

when suspended in water. The. negative charge attracts positive ions due to 

electrostatic forces which are distributed as shown in Figure 10.2.1. The 

lnner layer (termed the stern layer) contains adsorbed ions and is typically 

about the thickness of a hydrated ion. The second diffuse layer contains a 

shear plane within which ions move with the particle. Outside the shear plane 

ions move independently of the particle as dictated by fluid and thermal 

motions.
2 

The electrical potential difference between the shear plane and 

the bulk solution is termed the Zeta potential. Zeta potential is a 

measurable quantity and can be used qualitatively to predict the potential for 

1 ' 1,2 . 1 . coagu atlon. As the Zeta potentLa approaches zero, coagulatlon should 
' 2 1ncrease. 

However, the overall success of the coagulation/flocculation process is 

ultimately dependent upon the flocculating and settling characteristics of the 

particles. The rate at which coagulated particles coalesce is primarily 

related to the frequency of the collisions between the particles. Collisions 

occur as a result of heavier faster particles overtaking lighter slower 

particles. The collision frequency is proportional to the concentration of 
' . . 2 ' 

particles and the difference in settl1ng veloc1t1es. S1nce the total 

number of collisions increases with time, the de~ree of flocculation also 

generally increases with residence time in the reaction chamber. 
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Figure 10.2.1. Double layer charge distribution. 

Source: Reference~-



The rate of flocculation cannot be predicted from collision freQuency 

alone. The coalescence of particles depends upon many factors, such as the 

nature of the surface, the presence of charges, shape, and density. At 

present, there is no adeQuate theoretical model to predict the rate of 

flocculation in a suspension. 

As with precipitation, most coagulation/flocculation processes operate 

under the same fundamental chemical principles and utilize similar types of 

. f. . 5 F 1 eQutpment and process con ~gurat1ons. or examp e, 

coagulation/flocculation processes typically entails the following three steps: 

1. Addition of the coagulating/flocculating agent·to the treated 
wastewater. 

2. Rapid mixing to disperse the coagulating agent throughout the liquid. 

3. Slow and gentle mixing to allow for contact between small particles 
and agglomeration into larger particles. 

Coagulant Addition--Probably the most important oarameters to be defined 

in the design of a coagulation/flocculation system are the type of and dosage 

of the coagulant, the pH and the mixing characteristics. The most common 

method of determining these parameters is through a jar test (described in 

references 1 and 6). The jar test is a laboratory scale test where the 

wastewater to be treated can be subjected to variable conditions of pH, 

coagulant type, dosage and mixing, flocculating and settling_ times. The 

effect of various coagulant aids can also be investigated in this test. The 

results of the test provide the following· types of information:
4 

• Optimum pH value for efficient coagulation with different coagulants. 

• Optimum coagulant dosages for effective flocculation. 

• Effectiveness of coagulant aids. 

• Most effective order of chemical addition. 

• Correct mixing times. 

• Flow settling characteristics. 
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• Quantity of sludge requiring disposal. 

• Quality of clarified water to be expected from a particular 
treatment. 

From these data the chemical requirements and unit s1zes for coagulation, 

flocculation and sedimentation can be determined. 

Rapid Mix--Rapid (flash) mixing residence times have been reported as 

30 d 5 
. 7 . 7 

secon s to m1nutes, · 2 to 5 m1nutes, and 0 3 
1, 8 

1 to 0 seconds. 

Mixing characteristics are determined by the velocity gradient in the mixer (a 

measure of the shear intensity). Insufficient mixing will affe·ct the 

performance of subsequent step~ and overmixing can break up previously formed 

floc or the incoming wastewater solids. 
1 

Static mixers can also be employed 

although the mixing characteristics are a function of the flow which cannot be 

controlled. The velocity gradient, G, is usually chosen at about 

300 ft/sec/ft. 

Slow and Gentle Mixing--The slow and gentle mixing stage is usually 

carried out in a flocculator/clarifier. Clarification is defined as a 

quiescent flow condition with a hydraulic flow velocity sufficiently low to 

allow particles with some minimum settling velocity to separate from the waste 

overflow. The solids collect in the base of the chamber where a rake or 

suction device is used to remove the collected solids .. 

Sometimes, sludge recycle is practiced to gently mix the treated 

wastewater with a slurry of previously settled .sludge solids. The recycle 

solids present a dense concentration of nucleation sites to promote particle 

growth. 

Flocculator/clarifiers used for the removal of heavy metal contaminants 
. 9-14 

come in three bas1c types: 

• Basic settling chambers, ~here the feed is distributed at one 
and overflows at the other. This type of unit often requires 
mixing zone to flocculate the particles before clarification. 

end 
a 
Units 

are available in rectangular or circular shapes with either flat or 
conical bottoms. 
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• Mixer-clarifiers where the incoming feed is mixed with the slud~e 
maintained in the unit. This unit basically combines a flocculating 
chamber with sludge back-mixing and a settling chamber. 

• Plate settlers (Lamella) where inclined plates reduce the distance 
particles must fall to be removed. These units are often well 
suited to application where space to house the equipment is limited 
since the units are mostly vertical rather than horizontal. 

Mixers_commonly used in flocculation/clarification units are typically 

either oscillating or rotary types. The oscillating t'ypes are most applicable 

to flocculation processes where very gentle flocculation is required. The 

rotary types consist of the paddle wheel and turbine designs. Typical desi~n 

values for mixin~ and flocculation are shown in Table 10.2.1. 

TABLE 10.2.1. MIXING AND FLOCCULATION DESIGN CRITERIA 

Mixing 
Flocculation 
Fragile floes (e.g., 

(e.g., biological floes) 
Medium stren~th floes 

(e.g., floes as encountered 
in turbidity removal) 

High strength chemical 
floes (e.g., floes encountered 
in precipitation processes) 

Source: Reference 15. 

Detention time 
(minutes) 

0.2 - 2 
5 - 30 

The major design parameters of a flocculator are: 

• Residence time, t seconds; 

• Velocity gradient, G, ft/sec/ft or sec-1; and 

Velocity ~radient (G) 
(m/s/m or sec-1) 

300 - 1,500 
10 - l 00 

10 - 30 

20 - 50 

40 - 100 

• Ratio of floc to total volume of suspension, C, dimensionless • 
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Residence time 1s determined from the total flow rate and total flocculator 

volume. The velocity gradient for mechanically stirred units can be 

determined from: 

G 

where: p po~er requirement, ft-lb/sec 

lJ fluid viscosity, lbf-sec/ft2 

V = flocculator volume, cu ft 

p 

JJV 

1/2 

. 4 
Power requirements are determ1ned from: 

where: A paddle area, ft2 

p = fluid density 

p = 
3 

CoApV 
2 

v relative velocity of paddles in fluid, fps, usually about 
0.7 to 0.8 of paddle tip speed 

14 
The velocity gradient can also be expressed as: 

G = (power/viscosity x volurne)l/2 

where: N = force (N) 

m distance (m) 

s = time (s) 

Values of G from 20 to 90 s-l are typical for flocculation units. 

( l ) 

( 2) 

( 3) 

Tapered flocculation employs high entrance values of G and lower values as the 

flow progresses to the exit. Values of G x t (where t = seconds of residence 

time) ranging from 30,000 to 150,000 are commonly employed for flocculation in 

domestic water treatment. Flocculator retention times of 5 to 30 minutes are 

typical. Experimentally derived values of G and G x t are advocated for 
. . 14 

industrial waste appl1cat1ons. 
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10.2.1 Process Description 

The coagulant/flocculants currently in commercial use are conveniently 

classified as inorganic, synthetic organic, and naturally occurring organic 

polymers. The following subsections are organi~ed according to these three 

categories. Each subsection will highlight the unioue aspects and typical 

uses of each coagulant/flocculant type. 

10.2.1.1 Inorganic Flocculants--

lnorganic coagulants are used primarily for waste streams having dilute 

concentrations of constituents that become insoluble during neutralization/ 

precipitation treatment. A major disadvantage of this technology is that it 

adds to the quantity of sludge generated by the precipitation process. 

Many soluble salts can function as indifferent electrolytes, typically 

following the Schulz-Hardy rule for coagulation effectiveness, 

i.e., coagulation of sols is caused by the ions with charges opposite 1n s1gn 

to the charges on the sol particles; the flocculating power of bivalent ions 

1s about 20 to 80 times greater than that of univalent ions, and the 

flocculating power of trivalent ions is many times greater than that of 

bivalent ions (see Table 10.2.2). 15 •
16 

Generally, inorganic coagulants destabilize colloidal particles in the 

following manner: 

• Repression of the double layer. 

• Charge neutralization. 

• Entrapment by sweeping floc. 

Repression of the double layer involves increasing the ionic strength of 

the solution. As ionic strength increases, the thickness of the layer is 

reduced, thus allowing particles to come in closer proximity to each other at 

1 . 16 . f which point VanderWaal forces may cause coagu at~on. Repuls~ve orces can 

be reduced by charge neutralization. Destabilizing chemicals are added to the 

colloid within the stern laver so that the effective charge outside the shear 

layer is reduced. 8 In this case, overdosing can cause a charge reversal and 

re~tabi!ization. Ent~~·pm~nt reauires the use of large doses of coagulants 
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TABLE 10.2.2. THE RATIO OF THE FLOCCULATION POWER OF SALTS 
WITH Me+, Me++ AND Me+++ IN SOLUTIONS 

Sol Salts 

Ag 

Au 

Me = metal 

Source: Reference 15. 
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Ratio of the 
flocculation power 

1:60:10000 
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which form gelatinous hydrolysis products. These products can effectively 

mesh the suspended matter. CBecause massive amounts of coagulants are used in 

this procedure, the volume of sludge created is greatly increased, 

The three main classifications of inorganic coagulants are: 

1. Aluminum derivatives, 

. 2, Iron derivatives. 

3. Lime. 

Aluminum Derivatives--In the literature of coagulants the term alum 

refers to a commercial aluminum sulfate hydrate, Al
2

<so
4

)
3

.7H
2
o. It 

also is called papermakes' alum or filter alum, and is available either in the 

dry form or in solution. Dry alum is available in several grades, with a 
17 

minimum aluminum content of 17 percent expressed as Al
2
o

3
. . Liquid 

alum is about a 49 wt percent solution of A1
2

<so
4

l
3

.14H
2
o, or about 

8.3 wt percent ~luminum as Al 2o3 . 
. . 11 . 

deter1orat1on. Alum lS the most 

Although alum may be considered as 

It can be stored indefinitely without 

widely used inorganic flocculant. 
3+ 

Al for calculating the composition of 

the pure salt that ion does not exist in water environments. It forms 
3+ 

complexes with water to give a compound such as Al(H
2
ol

6 
and then 

loses protons by hydrolysis to assume a range of either positive on negative 
17 

charges. 

The best range for alum coagulation is pH 5.5 to 8.0, however, actual 

removal efficiency depends to a large extent on competing ion and chelant 

concentrations. However, if the coagulation rate is too low, increasing the 

particle concentration throu~h the use of synthetic organic polyelectrolytes 
18 

can improve system performance. 

An alternative to aluminum sulfate is sodium aluminate which ~s 

commercially available either in dry form or in solution, with an excess of 

base present. It provides a strongly alkaline source of water-soluble 

aluminum, particularly useful when addition of sulfate ions is undesirable. 

Sometimes it is used in conjunction with alum for pH control. Another 

aluminum derivative is polyaluminum chloride (PAC) which is a partially 

hydrolyzed aluminum chloride solution with an aluminum content of 
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10 we percent expressed as Al 2o3 • It is reported to provide faster and 

stronger floes than alum in some applications but has yet to achieve 

'd d 17 w1 esprea use. 

Iron 
. d. 17 ac1 1c, 

Derivatives--Compared with aluminum, the hydrated ferric ion is more 

it forms stronger complexes with simple anions, and its amorphous 

hydroxide is less acidic but the two show a gross similarity in hydrolysis 

reactions. Aging characteristics of the polynuclear products of the ferric 

ion are more dependent on the anions. 
17 

Minimum solubility of ferric 

hydroxide occurs in the pH range 

F I Ill ) . . 1 o- 11 • 5 
e, spec1es 1s about 

species in solution may be slow. 

6.8 to 8.4, where concentration of soluble 

M, but equilibration with polynuclear 

Ferrous ions form analogous mononuclear 

spec1es but comparable data on tendency to form polymers are not available. 

Minimum solubility of ferrous hydroxide occurs 

concentration of soluble (Fe(II) species would 

near pH 10. 7, where 
-6.5 be about 10 M, but a 

tendency for air oxidation to the ferric species complicates the system. 

Because of the color of iron compounds, they tend to be used in waste streams 

rather than in water supplies. 

Liquid ferric chloride, a dark brown oily-appearing solution which is 35 

to 45 wt percent FeCl
3

, is the customary form for flocculant use. Ferric 

chloride also is available in solid form. Ferric sulfate is marketed as dry 

granules, Fe
2

Cs0
4

)
3

.7H
2
o. Ferrous sulfate, also known commercially as 

copperas, is generally available in dry form with the nominal composition 
17 FeS0

4
.7H

2
o. 

Lime Derivatives--~hile lime is used primarily for pH control or chemical 

precipitation, it is also used as a co-flocculant. For a summary of 

properties, see hydroxide precipitation. 

In general, inorganic coa~ulants are used sparingly in industrial waste 

treatment applications. Primary usage is in the precipitation/coagulation of 

soluble phosphates and trace metals at municipal POTW's. See Table 10.2.3 for 

summary of manufacturers of inorganic flocculants. 
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TABLE 10.2.3. MAIN PRODUCERS OF INORGANIC FLOCCULANTS IN THE UNITED STATES 

Company 

Allied Chemical Corp. a 

American Cyanamid Company a 

Associated Metals & Minerals Co. 

Burr is Chemical, Inc. a 

Catco, Inc. 

Cities Service Company, Inc. a 

Conservation Chemical Co. 

The Cosmin Corp. 

Diamond Shamrock Corp. 

The Dow Chemical Company 

E.l. duPont de Nemours & Co., Inc. a 

Essex Chemical Corp. a 

Filtrol Corp. a 

Philip A. Hunt Chemical Corp. 

Imperial West Chemical Co. a 

Nalco Chemical Co. b 

NL Industries, Inc. 

01 in Corp. a 

Pennwalt Corp. 

Pfizer, Inc. 

Philadelphia Quartz Co. 

Q:.tality Chemicals, Ltd. 

Reynolds Metals Co. b 

Southern California Chemical Co. 

Stauffer Chemical Co. a 

K. A. Steel Chemicals, Inc. 

Vinnings Chemical Co. b 

aa alum; b =sodium aluminate; c = ferric chloride; d 
e = ferrous sulfate; f = sodium silicate. 

Source: Reference 19. 
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10.2.1.2 Synthetic Organic Flocculants--

Synthetic organic polymers are used almost exclusively in the coagulation/ 

flocculation of industrial heavy metal precipitates. Typically, synthetic 

organic coagulants/flocculants are water-soluble polymeric substances with 

average molecular weights ranging from about 103 
to greater than 5 x 106

. 

If some subunits of the polymer molecule are charged, it is termed a 
. 19 

polyelectrolyte. When the charge on the subunits is positive, the polymer 

is termed cationic; when the charge is negative, it is termed anionic. 

Polyelectrolytes containing both positive and negative charges in the same 

molecule are termed polyampholytes. Some water-soluble polymers contain 

little or no charged subunits (less than l percent). These are termed 
19 

nonionic polymers. 

Polyelectrolytes operate through the mechanism of chemical bridging and 

physical enmeshment. The polymer is usually a long organic chain which 

contains many active sites with which particles can interact and adsorb. 

Bridging occurs where the polyelectrolyte acts as a bridge, joining colloidal 

particles together to form a larger particle. Destabli~ation occurs by 
. 15 16 

slowing down particle mot1on. ' 

The coagulant/flocculant most generally used in the agglomeration of 

metals-containing wastewaters is an anionic organic polyelectrolyte. This is 

because metallic precipitates and metal hydroxides in particular, possess a 

slight electrostatic positive charge resulting from charge density separation. 

The negatively charged reaction sites on the anionic polyelectrolyte attract 
. . . . 20 

and adsorb the sl1ghtly pos1tive charged prec1p1tate. However; 

d . 21 . . 
stu 1es have been conducted that show that an1on1c polyelectrolytes adsorb 

onto electronegative suspended particles as well. It is hypothesized that the 

attractive adsorption energies between the anionic polyelectrolytes and the 

electronegative particles are stronger than the repulsive electrical energies. 

Synthetic organic polyelectrolytes are commercially available in the form 

of dry power, gr.'lnules, beads, aqueous solutions, aqueous ·gels, and 
6 

oi1-in-water emulsions. High (M.W. l-5 x 10 ) .'lnd very high (M.W. 

5 x 10
6

) molecular weight polymers such as anionic polyelectrolytes tend to 

be sold as dry products or as oil-in-water emulsions due to increases in 

Ge::"=::.e.lly, 

lU-::!8 



they require less floorspace, reduce the labor involved, and reduce the 

potential for side reactions because the concentrate can be diluted as used 1n 
. . . 20 

automat1c d1spens1ng systems. 

Dosages for treatment of metals-containing wastes generally fall 1n the 
22 

range of 0.5 to 2 mg/L with a mg/L being the most common. The 

polyelectrolyte and wastewater are initially combined in the rapid-mix section 

of the clarifier. Usually, rapid-mix chambers. provide a reactor volume equal 

to 5 to 30 seconds of the design flow rate. Excess polyelectrolyte dosing at 

this point could be detrimental in that it may waste chemicals and result in 

restabilization of the metallic precipitates. 

The most commonly used commercial anionic polyelectrolytes are 

poly(acrylic acid-co-acrylamide) and hydrolized polyacrylamide.
19 

Polyacrylamides are infinitely soluble in water but are limited in practical 

applications by viscosity. As a polyelectrolyte, polyacrylamide exhibits 

sensitivity to salts and variations in pH. For example, excess salt will 

cause an exponential decrease in viscosity with increasing salt 

concentration. 
19 

In addition, at alkaline and intermediate pH's, the 

flocculating power will increase but at pH's lower than 4.5 flocculating power 

is decreased. Bridging theory suggests that by increasing the number of NH
2 

groups hydrolyzed to OH groups, the effectiveness of the polymer should 

. 1 d 21 E . 1 increase because the polymer co1 becomes more extende • xper1menta 

evidence (see Figure 10.2.2) shows that at pH 6.0, the chain is fully extended 

(20 percent hydrolysis) while at pH 4.5, the OH groups are unionized and hence 

increasing the hydrolysis level does not extend the length of the chain, thus 

decreasing effectiveness. 

Table 10.2.4 lists typical properties 
. ) . 22 10 percent an1onicity polyacrylam~des. 

of two lo~ anionic charge (1 to 

The liquid polyelectrolyte is an 

oil-in-water solution which is diluted to 3 percent concentration upon use. 

High shear action (above 475 rpm) is not recommended durin~ make-up since it 

can cause degradation of the high molecular weight flocculant. Fifteen to 

30 minutes of mix time in a flocculent make-up tank is recommended to insure 

complete dissolution and partially hydrolyze the polymer, prior to 

introduction into the rapid-mix tank.
22 

The dry polyacrylamide is usually 
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TABLE 10.2.4. PROPERTIES OF LIQUID AND DRY ANIONIC POLYACRYLAMlDESa 

Typical Propertiesa 

Appearance 
Specific gravity at 25•c 
Typical effective viscosity 

as is*, at zs•c, cps 
Typical viscosity,** 

as % solution, cps 

Freezing point 
Flash point, 

Tag Closed Cup 
Shelf life 

Environmental Properties 

BOD, mg/L 
COD, mg./L 

Typical Propertiesb 

Appearance 
Degree of anionic charge 
Bulk density 

0.5 
1.0 
2.0 

870 
7,060 

pH of 0.5% solution@ 25°C (77°F) 
Viscosity***, cps 

% solution o·c 

o. 1 
0.5 
1.0 

50 
300 

1,400 

Environmental Properties 

BOD 
COD 

approximately 0 
9,800 mg/L 

Opaque white liquid 
1.0 ... • 02 

J00-600 

o•c 2o•c 4o•c 

670 585 400 
1,295 1, 130 790 
5. 300 . 4,530 3,945 

o·F (-l5.cl 

>zoo·F (93°C) 
9 months 

40 
250 

1,200 

White powder 
Low 
43-45 lb/ft3 
(688-720 kg/m3) 
5.4 

30 
200 

1,000 

*Viscosity at infinite shear speed (approximates the pumping situation). 
**Brookfield. 
***Brookfield. 
aMagnifloc i82UA, American Cyanim1a. 
bMagnifloc 834A, American Cyanimid. 
Note: Based on a 1 percent solution. 
Source: Reference 22. 
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after 30 minutes. For best results, it is recommended that the solution be 

further diluted (100:1) with clean water prior to feedin~ into the rapid-mix 

tank. Stock solutions are usually 
. 22 

stable for at least 2 weeks. 

10.2.1.3 Natural Organic Polymers--

Current tlocculants derived from natural products include starch, starch 

derivatives, plant gums, seaweed extracts, cellulose derivatives, proteins, 

and tannins. Starch is the most widely used of these products, followed by 
23 

guar gum. Although price/kilogram for natural products tends to be low 

relative to synthetic flocculants, dosage requirements tend to be high. In 

addition, the composition of natural products tends to fluctuate, and they are 

more susceptible to microbiological attack which creates stora~e 
23 

problems. In recent years, the most promising of natural organic polymer 

flocculation technologies is a process utilizing insoluble starch xanthate 

(1SXJ.
24 

The lSX process was originally developed at the U.S. Department of 

Agriculture under a grant from the EPA. Production of ISX involved xanthating 

a relatively inexpensive chemically cross-linked, insoluble natural starch 

compound to form an .. anionic polymer capable of coagulating/flocculating heavy 
13 metals. 

The ISX process has been demonstrated to be capable of producing an 
25 

effluent with very low residual metal concentrations (see Table 10.2.5). 

The resulting lSX-metal sludge is said to dewater to 50 to 90 percent solids 

because it is nongelatinous. In addition, claims indicate that metal can be 

recovered from the ISX-metal sludge by acidification or incineration of the 
26 

sludge. 

Two methods of ISX treatment have been applied on a commercial scale. 

The first method used in conjunction with commercial treatment, involves 

mixing an lSX slurry with neutralized/precipitated wastewaters in a reaction 

tank. The treatment is effective over a wide pH range, but for optimum 

coagulation/flocculation performance, this technology is typically operated at· 

pH 9 in conjunction with a cationic polymer. In the coagulation reaction, lSX 

acts as an ion exchange liquid, bonding with heavy metal ions in exchange for 

ISX and nickel: 
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TABLE 10.2.5. HEAVY METAL REMOVAL EFFICIENCIES USING STARCH XANTHATE 
AS DETERMINED BY USDA 

Concentration, mg/L 

Metal Influent Effluent 

Copper 31. 8 0.007 

Nickel 29.4 0. 019 

Cadmium 56.2 0.009 

Lead 103.6 0.025 

Trivalent Chromium 26.0 0.003 

Silver 53.9 0.245 

Zinc 32.7 0.046 

Iron 27.9 not detectable 

Manganese 27.5 1.630 

Mercury 100.0 0.004 

Source: Reference 25. 
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s 
II 

2ROCSNa + + 

The second method involves ,using ISX as a filter precoat to polish 

effluent. In a typical operation, a sludge slurry ~auld be pumped from a 

holding tank or clarifier to a precoated filter for dewatering of the sludge 

and removal of the metal ions remaining in solution. Table 10.2.6 contains 

removal efficiencies for a facility using ISX as a filter precoat. 

(4) 

Since ISX is susceptible to biological attack, it is typically shipped 

and stored under refrigeration (40"F)~ Shelf life. is approximately 6 months 

and typical costs are $1.95 lb for a 25 lb container and $1.70/lb for a 250 lb 
. 27 

contatner. 

Daily preparation of the ISX slurry ~auld involve mixing predetermined 

amounts of ISX powder and water in a chemical feed tank. The slurry should be 
27 

prepared at the ratio of approximately 2 pounds of ISX per gallon of water. 

ISX dosage is determined from· laboratory testing. Calibration of the 

metering system involves monitoring the flow rate and adjusting the control 

system to deliver slurry in the required amount. The average capacity of ISX 

is in the range of 1.1 to 1.5 mi1liequivalents of metal ion per gram ISX. 

Thus, for a divalent nickel ion, one gram of ISX would remove 32 to 43 mg of 
. . 25 

ntckel ions from solut1on. Maintenance of this system involves periodic 

flushing of the lines to prevent build-up of ISX and restriction of the lines, 

and periodic checks of the metering system calibration. 

In addition to storage and handling difficulties, disposal of process 

residuals or sludges is a major problem associated with the starch xanthate 

process. Laboratory test results 

is approximately 0.0011 moles per 

indicate that heavy metal removal capacity 
28 

gram of starch. Consequently, 

relatively large sludge volumes will be produced for the quantity of heavy 

metals removed. Conventional land disposal does not appear to be an 

environmentally acceptable alternative because the organic structure of the 

starcb xanthate-metal sludge can decompose rapidly and release the metal to 

the environment. Incineration is being considered for possible metal recovery 

but off-gas scrubbing facilities would be necessary to insure that heavy 
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TABLE 10.2.6. METAL REHOVAL RESULTS USING ISX AS A FILTER PRECOAT 

Initial ISX Treated 
Concentration8 Concentration 

He tal \ mg/ L) (mg/L) 

cr+3 0.8 0.02 

cu+2 7.0 0.02 

Ni+2 2. 5 0.10 

8 Before ISX treatment. 

Source: Reference 28. 
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these stack gas control facilities may be prohibitive. Also, the heavy metals 

collected in the scrubber liQuor would again have to be removed before the 

liquor could be reused or discharged to a receiving stream. 

10.2.1.4 Pretreatment and Post-Treatment Requirements-

Coagulation/flocculation is a well established technology, and in 

general, is very reliable. lt is used primarily to treat aqueous metals-laden 

waste streams. The properties of the waste being treated which can affect 

performance include: 

• Flow variations; 

• Solids concentration variations; 

• pH variations; 

• Temperature variations; 

• Cyanide content; 

• Hexavalent ch,omium concentration; and 

• Oil and grease concentration. 

The effect of flow variations appears mainly in the sedimentation step. 

Temperature variations can also cause upsets in sedimentation by creating 

undesirable thermal currents. Changes in solids concentration and pH can 

affect the performance of the coagulation and flocculation process 1n systems 

where the agglomeration rate is a function of these parameters. Also, 

compounds in the wastewater that interfere with coagulation (such as sulfides 

and mercaptides) can result in reduced agglomeration effectiveness. To 

m1n1rn1ze these effects, equalization basins are generally recommended. 29 In 

addition to creating an influent of more consistent Quality, sulfides or 

rnercaptides can be oxidized to a less reactive or inert state. Also, in 

systems where p~ influences the agglomeration rate, pH adjustment may be 

required. For a discussion of cyanide destruction, chromium reduction, and 

oil removal technologies refer to Sections 13.0, 10.3 and 10.1, respectively. 
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10.2.2 Process Performance 

As previously indicated, most heavy metal coagulation/flocculation 

applications involve the use of an inorganic or polymeric reagent. The many 

disadvantages of naturally occurring organic polymers has currently limited 

their use to a few select applications. For example, insoluble starch 

xanthate which was once used at over 100 facilities is now utilized at less 
27 

than 50 as a result of storage, application, and disposal problems. 

Process performance and costs for heavy metal coagulation/flocculation 

systems are very sensitive to coagulant dosage, type, and flow rate. 

Figures 10.2;3 and 10.2.4 illustrate the effect of iron dose and clarifier 
. . f. . . 30 over flow rate on arsen1c and selen1um removal ef 1ctenc1es. An anionic 

polyelectrolyte was introduced into the feed line to the clarifier to assist 

in flocculation. These results show that arsenate removals exceeded 

90 percent at clarifier overflow rates up to 1,200 gpd/ft
2

• Selenium 

removal (56 to 89 percent) was limited by the fraction of selenate (which is 

not adsorbed by Fe(OH)
3

) in the waste stream. Minimum iron and polymer 

doses for good performances were 14 mg/1 and 0.15 mg/L (pH range 6.2 to 6.5), 

respectively. 

Tables 10.2.7 through 10.2.9 demonstrate the various treatment options 

available for effectively removing such heavy metals ~s lead, zinc, cadmium, 

manganese, copper, and nicke1. 31 In Table 10.2.7, lime (for precipitation 

and coagulation) was combined with either of two polymers, Magnifloc 1561/1820 

or Percol 728 for flocculation. Both types of polyelectrolyte worked equally 

as well as a flocculant in removing lead, zinc, and cadmium. The optimum 

dosage for Magnifloc 1561/1820 was determihed to be 1.5/0.5 mg/L, 

respectively, while 1.0 rng/1 of Percol 728 was sufficient for greater than 

99 percent removal. Table 10.2.8 shows the removal of cadmium, copper, iron, 

lead, manganese, nickel, and zinc using alum (35 mg/L) as a coagulant and an 

anionic polyelectrolyte (1 mg/L) as a flocculant. Sodium hydroxide is used to 

adjust the influent pH (7.3 to 8.9) to the 8.4 to 9.25 range for precipitation. 

Table 10.2.9 presents performance data for a system using ferrous sulfate 

(Fe:Ni ratio= 0.7) as a coagulant to remove nickel from an aqueous waste 

gtrea~. 32 B~th 2~ 2~i~~ic ~a!y~er a~~ ~ ~~~i0~i~ ?~!y~~~ w~~~ ~valua~~~. 
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TABLE 10.2.7. METALS REMOVAL USING LIME AND ANIONIC POLYELECTROLYTES 

Parameter 

pH, units 
Suspended solids, mg/L 
Calcium, mg/L 
Leaa, rng/L 
Zinc, mg/L 
Dissolved solids, mg/L 
Cadmium, mg/L 

Clarifier 
production operation 

Influent Effluentb 

5.65-6.78 10.00 
640 35 

60 60 
59 0. 77 
72 1. 26 

535 450 
0.45 0.01 

aTypical ~ilter effluent coal/san~. 

bTypical clarified effluent lime/polymer treatment. 

Source: Reference 31. 
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Dual media 
filter 8 

Effluent 

7.0 
7.0 

0.25 
0.41 



TABLE 10.2.8. METALS REMOVAL USING ALUM AND AN ANIONIC POLYELECTROLYTE 

Parameter (mg/L) 

Cadmium 

Copper 

Iron 

Lead 

Manganese 

N ic ke 1 

Total suspended solids 

Zinc 

a35 mg/L Alz(S04)3 

Before new 
treatment plant 

0.036 

0.084 

12.0 

1.5 

2.2 

LT 0.13 

16 ( avg.) 

8.2 

1 mg/L anionic polyelectrolyte 
PH = 8.4-9.25 
Flow rate = 10 mgd 

Source: Reference 31. 

After newa 
treatment plant 

0.029 

0.02 

0.25 

0.09 

0.25 

0.66 

6.0 

0.29 

TABLE 10.2.9. RESIDUAL NICKEL CONCENTRATIONS FOR VARIOUS POLYMER 
ADDITIONS: Fe:Ni = 0. 7, CT = 0 rng/L 

pH = 9 
Soluble 
Total 

pH = 10 
Soluble 
lata 1 

Source: 

An ionic poLymer 
concentration [mg/L) 

0. 1 0.5 l.O 

5.1 1. 25 0.60 
5.6 1. 30 0.70 

0.22 0. 12 0. 10 
0.40 0.15 0.20 

Reference 32. 

Cationic polymer 
concentration (mg/L) 

0. 1 0.5 l.O 

0. 73 0. 70 0.70 
0.91 0.80 0.85 

0. 12 0.15 0.12 
0. 31 0.32 0.30 

10-lll 

No polymer 
(control) 

1.6 
l.8 

0.12 
0.50 



It was concluded that the addition of cationic and anionic polymers slightly 

enhanced settleability at both pH 9 and 10. Lime was used as the 

precipitat~on and neutralization reagent. 

10.2.3 Process Costs 

Table 10.2.10 contains the purchased equipment and installation costs, 

and annualized operating costs for a continuous coagulation/flocculation 

treatment system. The system consists of a continuous flocculation/ 

clarification unit, sludge holding tank(s), and a filter press. The 

flocculation/clarification unit size is a function of the volumetric flow 

rate. The influent to the unit is assumed to contain 200 mg/L of heavy metals 

which have been previously precipitated with sodium hydroxide to form 

approximately 400 mg/L of suspended solids. The overflow from the 

clarification section is assumed to be solids-free, while the underflow ~s 

assumed to contain 6 percent solids. The coagulant alum is added (150 mg/L) 

along with the flocculant, Magnifloc 1820A (1 mg/L) in the flocculation tank 

prior to the clarifier. The sludge holding tanks (10 hours retention) and the 

filter press (8-hour cycle) have been sized to handle the solids content in 

the underflow. Capital and annualized operating costs are based on 

assumptions previously presented in Section 10.1.2. 

A large percentage of total annual costs for the continuous coagulation/ 

flocculation system developed for this section are a result of sludge disposal 

costs. Sludge production is increased roughly 20 percent by the addition of 

alum with an eQuivalent increase in sludge transportation and disposal costs. 

A 30 percent savings in reagent costs can be realized by using FeS04 
($145/ton) instead of Al

2
(so

4
)

3 
($205/ton), but sludge generation will 

be equivalent, if all the aluminum is precipitated in the clarification 

section as an hydroxide. 

Labor costs for this treatment technology are also a large percentage of 

the overall annual operating costs. This is due to the high operator skills 

required in making the coagulant/flocculant reagent additions. In addition, 

since the dosage requirements for coagulants such as alum, ferric chloride, 

and ferrous sulfite -~~~~'!:':::--·· ...... 
--~--~ .......... ~) 

prevent underdosing or overdosing. 
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TABLE 10.2.10. CONTINUOUS COAGULANT/FLOCCULANT COST DATAa 

Purchased equipment and installation (PE&I) $ 

Flocculator/clarifier 
Sludge molding tank(s) 
Filter Press 

Total capital investment (360% PEI) 

Annual operating costs ($) 

Operating labor ($20/hr) 
Maintenance (6% TCI) 
General plant overhead (5.8% TCI) 
Utilities (2% TCI) 
Taxes and insurance (1% TCI) 
Chemical costs: Al2CS043 ($205/ton) 

1820 A ($1.29/lb) 
Sludge transportation ($0.25/ton-mile) 
Sludge disposal ($200/ton) 
Annualized capital (CFR = 0.177) 

Total annual costs 

Cosc/1,000 gallon 

al987 Dollars. 
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1,000 

18,000 
3,000 

11,000 
32,000 

115,200 

72,000 
6,900 
6,700 
2,300 
1,200 

900 
100 
200 

ll' 300 
20,400 

122,000 

17 

Flow rate (gph) 

10,000 

50,000 
3,000 

15,000 
68,800 

244,800 

72,000 
14,700 
14,200 
4,900 
2,500 
9,200 

BOO 
2,100 

112 '600 
43,300 

276,300 

4 

100,000 

140,000 
20,000 
60,000 

220,000 

792,000 

72,000 
47,500 
45,900 
15,800 

7,900 
92,300 

7, 700 
21,000 

1, 126. 100 
140,200 

1,576,400 

2 



10.2.4 Overall Process Status 

Coagulation/flocculation is a well-developed process widely used for many 

industrial ~astewaters containing suspended and colloidal solids. The 

equipment used is relatively simple, readily available, and can often be skid 

mounted in a modular design. In many cases, coagulation/flocculation can be 

added to existing process trains with only minor modifications. For high 

volume applications, the cost of this technology drops dramatically improving 

economic viability. In addition, the process is often improved by high ionic 

strength and is applicable to high influent metal loadings. 

Disadvantages and primary environmental considerations result from a 

metals laden high-water-content sludge which must be treated (i.e., 

solidification, encapsulation, etc.) and then disposed. In addition, the 

process is also not readily applied to small intermittent flows and many of 

the coagulants used (Al
2
tso

4
l

3
, Fec1

3
, etc.) form corrosive 

solutions. Finally, process efficiency is highly sensitive to initial 

contaminant concentration and the surface area of the primary floc formed ~n 

the rapid-mix chamber. 
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10.3 CHEMICAL REDUCTION 

Chemical reduction is a reaction in ~hich one or more electrons are 

transferred to the chemical being reduced (reductant) from the chemical 

initiating the transfer (the reducing agent). 1 Chemical reduction can also 

be defined as a change in oxidation states where the oxidarit (reducing agent) 
. 1 . . . 2 
lS an e ectron donor such as Zlnc 1n the reactlon: 

Zn • zn++ + 2e 

The reductant is the substance which accepts electrons: 

Cu++ + 2e = Cu 

The overall reaction is called a reduction-oxidation (redox) reaction: 

Zn + Cu++ = Cu + zn++ 

Redox processes are very common in aqueous systems since most organic and 

many inorganic reactions involve oxidation and reduction.
3 

In reactions 

involving covalent bonds, the gain or loss of electrons by an element may not 

be clearly defined. The assignment of electrons to an atom is thus carried 

out according to rules. If two atoms share electrons in a covalent compound, 

the electrons are arbitrarily assigned to the atom that is more 

electronegative. If an electron pair is shared by two atoms of the .same 

electronegativity, the electrons are split between them. After this division 

of charges has been made, the charge remaining on the atom is known as its 

oxidation number or state. The sum of oxidation numbers is equal to zero for 

molecules and is equal to the formal charge for ions. 2 

In principle, the equilibrium composition of a redox system can be 

determined from a thermodynamic analysis as in the case of acid-base 

reactions. Many inorganic redox reactions have fast reaction rates and 

chemical equilibrium is approached within typical process times. Redox 

reactions involving organic compounds, however, are often slow at ambient 
. . 2 

cond~tlons. 
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10.3.1 Process Description 

Chemical reduction as a waste treatment process is an established and 

well-developed technology. The reduction of hexavalent chromium's valence 

state to decrease toxicity and encourage precipitation is presently used as a 

treatment technology in numerous electroplating facilities. Major advantages 

of chemical reduction when used to reduce hexavalent chromium is operation at 

ambient conditions, automatic controls, high reliability, and modular process 
. 1 

eQuLpment. Process equipment typically requires a tank for pH adjustment 

and reduction, metering equipment, ORP (oxidation-reduction potential) and pH 

controls and instrumentation, mechanical agitation, adequate venting, and 

separate tanks for subsequent.precipitation and sedimentation.
4 

The 

retention time in the reduction tank is pH dependent but should be at least 

four times the theoretical time for complete reduction. 

A number of chemicals are used as reducing agents. The most common 

include; sulfur dioxide, sodium metabisulfite, sodium bisulfite, ferrous 

sulfate, and sodium borohydride. Other reducing agents which can potentially 

be used for wastewater treatment are dithiocarbonate, hydrazine, aluminum, 
5 

zinc, and formaldehyde. The prevalent reducing agents are discussed in the 

following subsections. 

Sulfur Dioxide--

For waste streams which contain chromate&, gaseous sulfur dioxide is a 

widely used reducing agent. The net reaction involves chromic acid and 

sulfurous acid (produced through the reaction of sulfur dioxide and water) as 

follows: 

Because the' reaction proceeds rapidly at low pH, an acid (typically 

sulfuric) is added to maintain the pH between 2 and 3.
6 

To prevent the 

release of sulfur dioxide during treatment, a pH of approximately J is 
1 6 

recommended. • At pH levels above 5, the reaction rate slows drastically 

(see Figure 10.3.1). 
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Figure 10.3.1. Effect of pH on chromium reduction rate. 

Source: Reference 7. 
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Figure 10.3.2 shows a typical wastewater treatment process schematic for 

the reduction of chromates. The ORP control set point for this process varies 

by approximately 150 millivolts per change in pH unit, with So
2 

6 7 
automatically metered to maintain ORP in the 250 to 300 range ' (see 

Table 10.3.1). Consumption of so
2 

will normally average 50 to 100 percent 

of stoichiometric requirements. Dissolved oxygen or reducible organics will 

consume a significant portion of the reducing agent if the reaction vessel is 

open to air. 

Sulfur dioxide as with all reduction processes can be employed either as 

a batch treatment or as a continuous proceas. Retention time is typically 30 

to 45 minutes at a pH of 3, and reactor vessels should be sized accordingly. 

Theoretical chemical requirements per pound of chromium reduced are 2 lbs of 
7 so2 plus 35 mg for each liter of water being treated. These 

relationships, however, should be confirmed by field tests (see Table 10.3.2 

for summary of treatment levels). 

Sodium Metabisulfite and Sodium Bisulfite--

Sodium Metabisulfite (Na 2s
2
o

5
) and Sodium Bisulfite (NaHS03 ) are 

soluble sulfite salts used as alternatives to gaseous so2 for the reduction 

of hexavalent chromium. These salts (see Section 10.1.3) for a description of 

physical properties) are available 

72 weight percent) or solution (44 

either as a dry powder 
. ) 8 to 60 wetght percent • 

flake (70 to 

The product ~s 

shipped either as flake in drums or as solutions in tank cars or tank trucks. 

Reagent is added either from storage in the case of liquid reagents or from 

rapid-mix tanks when using flakes. The reaction when using sodium bisulfite 

as a reducing agent is: 

Sulfuric acid is added to depress the pH of the wastewaters to the 

optimum pH range of 2-3 (see Figure 10.3.1) as well as provide the required 

hydrogen for reaction completion. Table 10.3.3 lists a summary of treatment 
6 9 

levels obtained by this technology. ' 

metals waste streams and collected in a flow equalization chamber where flow 

and pR deviations a~e ave~aged. The equalization chamber is equipped wicn a 
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TABLE 10.3.1. RELATIONSHIP BETWEEN ORP AND HEXAVALENT CHROMIUM CONCENTRATION 

ORP cr+6 

590 40 ppm 

570 10 ppm 

540 5 ppm 

330 1 ppm 

300 0 

Source: Reference 7. 

TABLE 10.3.2. SUMMARY OF TREATMENT LEVELS REPORTED FOR HEXAVALENT 
CHROMIUM WASTES 

Reduction 
agent 

Sulfur dioxide 

Source: Reference 6. 

Chromium+6 Concentration (mg/L) 

Initial 

1,300 

0.23-1.5 
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Final 

0.3-1.3 
1.0 
0 
0.01 
0.05 
0.1 



TABLE 10.3.3. SUMMARY OF TREATMENT LEVELS REPORTED FOR HEXAVALENT CHROMIUM 

Reduction Agent 

Bisulfite 

Bisulfite 

Bisulfite plus 
hydrazine 

Metabisulfite 

Metabisulf i te 

Metabisulfite 

Metabisulfite 

Source: Reference 7. 

Chrorniurn+6 Concentration (mg/L) 

Initial Fin a 1 

140 0.7-1.0 

0.05-0.1 

8-20.5 0 .l 

70 0.5 

0.025-0.05 

0. l 

0. 00 1-0·. 4 
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level cont~olled pump that delive~s the wastewate~ to the ~eduction unit. 

Retention time is typically 30 to 60 minutes. Acid, usually sulfuric, is 

added at a point just p~ior to the ~eduction tank. Bisulfites are added 

directly to the reduction chamber by means of a mete~ed feed system with pH 

and ORP controls. Retention times fo~ the ~eaction tank are typically 

10-60 minutes with theo~etical reagent ~equirements of 1.5 lbs of NaHS03 and 
7 

l lb of H
2
so

4 
pe~ pound of Cr reduced. The t~ivalent ch~omium is 

removed by precipitation. Usually lime or caustic is added to increase the pH 

between 7.5 and 8.5 for minimum solubility of chromium hyd~oxide. Theoretical 

reagent 

NaOH or 

requirements for precipitation would be 2.2 lbs Ca(OH) 2 or 2.5 lb 
7 

3 lb Na 2co3 (see Section 10.1 for retention times and equipment 

specifications). 

Treated wastewater is discharged to a mixer/clarifier where a flocculant 

may be added to improve hydroxide precipitate settling characteristics, The 

overflow from the clarifier is then discharged to the sewer system, while the 

solids in the underflow are collected in a holding tank for subsequent 

dewatering (see Section 10.2). 

While this type of system is prevalent, many plants experience excess 

consumption of reducing agents. The major cause of excess sulfite consumption 

is hypothesized to be the dissolved oxygen present in the chromium 

wastewaters. For example, based on stoichiomet~y, one mole of oxygen will 

consume two moles of sulfite ion: 

Oxygen molecules from the gas phase are transferred to the liquid phase 

1n proportion to the difference between the existing concentration and the 

equilibrium concentration of gas in solution.
10 

Since chromium reduction 

reaction vessels are usually open and the reaction is not instantaneous, 

oxygen diffusion into the chromium waste solution will continuously consume 

reducing agent. Therefore, to prevent excess reagent consumption due to 

dissolved oxygen and eliminate hydrogen sulfide odor problems, it is 
10 . 

recommended that process vessels be enclosed and adequately vented. 

sys-

terns) is an excess consumption of acid and bases. Since historically chromium 

reduction has consisted of first a pH depression to reduce chromium to a 
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trivalent state followed by a pH elevation to precipitate the chromium ions as 

hydroxides, acid and base reagent consumption adds significantly to the 

operation and maintenance of a chromium reduction system. This problem is 

compounded by the sodium sulfite salts which often form sodium hydroxide as a 

reaction byproduct, thus requiring an even greater excess of acid during the 

pH depression step. Therefore, chromium-bearing waste streams are typically 

segregated and treated separately to reduce reagent consumption. The reduced 

chromium-bearing stream can then be either precipitated/clarified separately 

or combined with other metal-bearing streams for further treatment. 

Ferrous Sulfate--

Ferrous sulfate 

blue-green crystals 

heptahydrate solids (Feso
4

.7H
3

o) are 

having a density of 1.898 g/cm and a 

water soluble, 

meltin~ point of 

64°C. Most ferrous sulfate is waste product derived from the pickling of 

steel surfaces in the steel industry. Supply exceeds the demand, and the 

major portion of the waste presents a serious disposal problem. Ferrous 

sulfate is available either in flakes or solution form. In moist air the 

flakes oxidize to basic iron (Ill) sulfate (Fe
2

Cso
4

)
3

). Aqueous 

solutions are also subject to oxidation and are very sensitive to alkalis, 

temperature, and light. 

In waste treatment applications, ferrous sulfate has been used in a 

variety of ways. Three methods reported in literature are acid reduction, 

alkaline reduction, and ferrite coprecipitation. 

Acid reduction of hexavalent chromium with ferrous sulfate consists of 

adding ferrous sulfate 

(pH 2-3). The ferrous 

heptahydrate to 
+2) . ion (Fe w1ll 

an acidic hexavalent chromium solution 

react with the hexavalent chromium, 

reducing the chromium and oxidizing the ferrous ion to basic iron (III) 

sulfate. The reaction occurs as follows: 

2HzCr04 + 6FeS04 + 7H20 + 6H2so4 

In terms of reaction rate retention times, pH and chemical metering 

controls, acid ferrous sulfate reduction is similar to other sulfur-based 

reduction systems such as sodium metabisulfite and sodium hydrosulfite. The 
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maio advantage of this process is an abundant and inexpensive supply of 

ferrous sulfate. Disadvantages include excess acid and base requirements to 

adjust the ~astewater pH to 2 for reduction and then back to 8.5 to 9 for 

precipitation. 6 Another disadvantage is that three moles of ferrous ions 

are required per mole of hexavalent chromium reduced. In addition the 

. . . . . CF +)) 
prec~p~tat~on of the ferrLc ton e as a hydroxide contributes greatly 

6 
to the amount of sludge generated. One study found that the use of ferrous 

sulfate rather than a soluble sulfite such as sodium hydrosulfite, for the 

reduction of hexavalent chromium results in a sludge product 31 times as great 

f . f. . 12 as the volume o sludge produced by the btsul Lte process. 

Alkaline reduction of hexavalent chromium with ferrous sulfate was a 

d b 
. . . 13,14,15 

process evaluated un er a grant y Artzona State Untverstty. The 

main advantages to this process are a rapid reduction of chromate at pH levels 

between 8 to 10 (eliminating the acid depression step) and a reduction of 

process equipment since the process can be accomplished in the same reactor as 

the neutralization/precipitation process. Disadvantages include sludge 

generation and a lack of control in chemical metering. 

This process, like acid ferrous sulfate reduction is capable of reducing 

chromate concentrations to 0.05 mg/L. The process produces considerably more 

sludge and is consequently more expensive than the conventional process of pH 

reduction and the use of so
2

• However, for hexavalent chromium 

concentrations of 10 mg/L or less, ferrous sulfide reduction economics may be 
. . 15 

worth consLdertng. 

Ferrite coprecipitation is a process similar to acid ferrous sulfate 

reduction for the conversion of soluble metal ions to insoluble metal 

hydroxides or ferrites. The process, which was developed in Japan, involves 

the mixing of ferrous sulfate heptahydrate with a heavy metal-bearing 

wastewater. 16 The ferrous ion will coexist with the heavy metal ions in 

solution. Alkali is added to neutralize the acidic solution and a dark green 

hydroxide is formed as follows: 

X 1, 2, 3 
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In a variacion on the traditional ferrous sulfate reduction process, 

oxidation ~ith air is performed during which dissolution and complex formation 

occur yielding a black ferrite as follo~s: 

Tables 10.3.4 and 10.3.5 contain data from a test facility which uses a 

batch process to treat ~astewater (4.5 gprn) and an installation ~hich treat 

off-gas scrubber liQuor from a municipal refuse incinerator (20 gpm). These 

data show that ferrite coprecipitation is an effective process for the removal 
16 

of heavy metals. However, little published data exist on the success of 

this process in the United States. lt is reported to be labor intensive and 

like all iron precipitation technologies generates a voluminous sludge 
16 

product. 

Sodium Borohydride--

Sodiurn borohydride (NaBH
4

) is a mildly alkaline reducing agerit 

available either as a 97 percent free-flowing powder or as a stabilized ~ater 

solution of 12 percent sodium borohydride and 40 percent sodium hydroxide. 

The basic reduction reaction involves the donation of 8 electrons/molecule of 

SBH to an elec~ron deficient metal cation. The net reaction is: 

Since one mole of sodium borohydride (SBH) can reduce four moles of 

divalent metal ion (or eight moles of monovalent), relatively lo~ amounts of 

reagent usage can result in a substantial reduction of metallic 
. 17 18 

contam~nants. ' Table 10.3.6 illustrates theoretical usage levels and 

the overall quantities of metals recovered. In practice, the metal/SBH ratio 

is lower since other reducible compounds (aldehydes, ketones, etc.) may react 

~ith borohydride, increasing reagent consumption. Typically, SBH requirements 

are 1.5 to 2 times the theoretical use leve1. 19 

Figure 10.3.3 illustrates a sodium borohydride treatment system, 

~-~~-----~~-~ -~-.... ~;;; ..... :;...u~ ...... o ,_ .&.a•)<;:, ,_lfc -- ... ~:
J..LI ~U.LO 

system, tne pH is maintained bet~een 6 and 7, although SBH can reduce under pH 
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TABLE 10.3.4. PERFORMANCE DATA FROM A FERRITE COPRECIPITATION 
TEST FACILITY (CONCENTRATION, mg/L) 

Metal Influent E ffl uen t 

Mercury 7.4 0.001 
Cadmium 240 0.008 
Copper 10 0.010 
Zinc 18 0.016 
Chromium 10 0.010 
Nickel 1, 000 0.200 
Manganese 12 0.007 
Iron 600 0.06 
Bismuth 240 0. 100 
Lead 475 0.010 

Source: Reference 16. 

TABLE 10.3.5. PERFORMANCE OF FERRITE COPRECIPITATION IN 
OSAKA UNIT (CONCENTRATION, mg/L) 

Metal 

Mercury 
Arsenic 
Trivalent Chromium 
Hexavalent Chromium 
Lead 
Cadmium 
Iron 
Zinc 
Copper 
Manganese 

Source: Reference 16. 

Influent 

6 
0.7 

25 
0.5 
480 

15 
3,500 

650 
23 
60 
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Effluent 

0.005 
0.01 
0.01 

not detectable 
0.05 
0.01 
0.04 
0.5 
0.08 
0.5 



Metal 

Copper 
Lead 
Nicke 1 

Gold 
Silver 
Cadmium 
Mercury 

Palladium 
Platinum 
Cobalt 
Rhodium 
Iridium 

TABLE 10.3.6. THEORETICAL SODIUM BOROHYDRlDE USE LEVELS AND 
QUANTITIES OF METALS RECOVERED 

Oxidation 
State 

Powder 

Sodium Borohydride 
Theoretical Use Levels 

sws 
(g SBH/kg metal) (mL SWS/kg metal) 

cu 2 143 850 
Pb2+ 46 270 
Ni 2+ 167 1000 

Au 3+ 16 430 
Ag+ 72 260 
Cd2+ 62 370 
Hg2+ 48 280 

Pd2+ 91 540 
Pt4+ 100 600 
Co2+ 167 1000 
Rh3+ 143 850 
Ir4+ 100 600 

Metal 
Recovery 

(lb metal/lb SBH 

7 
22 

6 

14 
23 
12 
21 

11 
10 

6 
7 

10 

Treatment levels shown are for 97% active SBH powder and SWS", a stabilized 
water solution of 12% SBH and 40% NaOH (by weight). 
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conditions as low as 4.5 and as high as ,11. Sodium bisulfit,; is added prior 

to sodium borohydride to lower the oxidation states of competing species, but 
. 17 

do,;s not totally reduce the metal cations present. 

In the second stage SBH solution is added. The stabilized water solution 

can be handled in a similar fashion to 50 percent sodium hydroxide (see 

Section 10.1.2). It is suitable for ORP control and can be metered from a 
17 

storage tank or directly from a 55-gallon drum. Some users further dilute 

the SBH solution 10:1 with deionized water prior to addition. Dilution allows 

for faster mixing and helps to prevent over-dosing which may impede downstream 

flocculation and settling. The solution can be used in processes with flow 

rates ranging from 5 gal/min up to 1,500 gal/min and metal concentrations from 
19 as low as 2 mg/L to as high as 20,000 rng/L. 

The sodium borohydride added in the second stage reacts with any residual 

b . lf' f f d' . h' 17 
~su 1te rom stage one to orrn so 1um d1t 10nate: 

The sodium dithionate further reduces any oxidizing agents left in the waste 

stream, partially reduces metal cations, and regenerates bisulfite which 

provides a mildly reducing environment. 17 Contact time between the SBH 

solution and wastewater can be as low as 5 minutes or as long as 60 depending 

on the metals concentration. the precipitated metal must be removed from the 

treat,;d wastewater quickly (in less than 1-hour) because redissolution of the 
5 metals can occur. The sludge produced is high in metal content, finely 

divided and of lower quantities than comparable technologies (68 percent less 

1 . . . ) 12 than ~me on a dry we1ght bas4s . • 

In this system a binary flocculation system is used to agglomerate the 

finely divided metallic fines. A cationic polymer (a polyamine) is added in 

stage 2 and an anionic polymer (hydrolyzed polyacrylamide) is added to a flash 

mix tank just prior to the clarifier. 
17 

This treatment method is capable of 

producing a high quality effluent without filtration, and when filtered with 

industrial filter media is capable of reducing many metallic contaminants to 

below detection limits. 

The t~o main disadvantages of this process are high reagent cost and the 

introduction of boron to the effluent flow stream. The high cost of sodium 

borohydride solution ($2.40/lb vs. $.023/lb for hydrated lime) has limited 
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this treatment technology to applications either low in competing reducible 

species or situatidns which require extremely low metallic effluent 

concentrations. In addition, SBH is unable to break cyanide complexes and it 

is necessary to first destroy the complex (via hypo~hlorite or chlorine 

oxidation) prior to treatment. Sodium borate, a by-product of the SBH 

reaction, introduces boron at 3 to 10 percent of the level of metals removed. 

Further treatment such as filtration or ion exchange may be necessary before 

discharge. 

Pretreatment and Post-Treatment Requirements--

A pretreatment in itself, chemical reduction is typically applied to 

chromium bearing aqueous waste streams segregated from other process 

flowstreams. An exception to this is sodium borohydride reduction which is 

used to reduce a wide variety of metallic contaminants, although on a limited 

scale. The properties of the waste being treated which can affect performance 

include: 

• Flow variations; 

• pH variations; 

• Presence of chelator/complexants; 

• Competing nonpriority reducible species; 

• Cyanide content; and 

• Oil and grease concentration. 

In facilities which experience a wide variation ~n flow rates, pH values, 

or pollutant concentrations of the wastewater, flow equalization as 

pretreatment is often used. A variety of process options exist (see 

Section 10.1), but all systems basically provide some sort of flow resistance, 

stream segregation, or influent concentration averaging to prevent waste 

treatment system overloading. In all methods of flow equalization, care must 

be exercised during the wastewater analysis to completely characterize any 

.Qrl--'.; .. .;...,~ -------··, 
should be provided for any future expansion, change in location, or deviation 

. 20 
i:-.. ~10~ L"o.::es. 
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Oil and grease, cyani~es, chelator/complexants; and nonpriority 

reducibles, are all factors which will increase reagent consumption and 

impede, if not prohibit, chemical reduction operations. Oil and grease 

removal is typically the first process step in any waste treatment train. A 

wide variety of treatment equipment and chemicals currently exists in both the 

literature and in industry. Cyanides also effect the feasibility of chemical 

reduction technologies by forming strong cyano-complexes or evolving toxic 

hydrogen cyanide gas at the acidic conditions required for many of the 

reduction technologies. Treatment of cyanide waste streams typically consists 

of segregation followed by oxidation (see Section 14). Chelator/complexants 

and nonpriority reducibles present a difficult problem when chemically 

reducing metallic contaminants such as hexavalent chromium. Since these 

compounds are often an integral part of the chromate waste stream, waste 

stream segregation is difficult if not impossible. Two established methods of 

pretreatment for the removal of chelator/complexants and nonpriority 

reducibles are pH depression and binary reduction systems. In the pH 

depression methods, the pH of the waste stream is lowered to approximateiy 2.0 

through the use of acid. The low pH helps to break complexes and since it is 

already a part of the overall chromium reduction process eliminates the need 

for additional equipment. The second technology, binary reduction, uses a 

less expensive reductant such as hydrazine, dithiocarbonate, or sodium meta

bisulfite to "prereduce" waste streams containing excess chelators/complexes 

or oxidized compounds. The prereducer acts as a scavanger while the primary 

reductant works to reduce the metallic contaminants of concern. 

Chemical Reduction in itself does not produce any res.iduals. However, to 

completely remove metallic species from the waste stream, chemical reduction 

is usually followed by precipitation, coagulation/flocculation, sedimentation, 

and sludge consolidation. The resulting toxic sludge must often then be 

treated (i.e., encapsulation) and land disposed. For a discussion of 

post-treatment techniques see Section 10.1. 

10.3.2 Process Performance 

Sulfur-based chromium reduction technologies have gained wide acceptance 

1n industry for reducing waste stream hexavalent chromium concentrations. The 

most prevalent reduction reagents are sodium sulfite salts, sulfur dioxide, 
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and sulfuric acid. However, iron salts such as ferrous sulfate have also 

shown potential fo~ reducing chromium wastes. As demonstrated in Table 10.3.7 

sulfur-based chromium reduction technologies operate under a wide range of 

. fl . . 10,15,21-24 v . bl fl (5 140 ) 1n uent cond1t1ons. ar1a e owrates to gpm , pH 

conditions (2 to 10 standard units), and hexavalent chromium concentrations 

(2.23 - 136 mg/L) were all successfully treated by the reduction technologies 

examined. The most prevalent method of treatment cited among the numerous 

examples in the literature is sulfuric acid adjustment to pH 2.0 followed by 

sodium bisulfite reduction and hydroxide p~ecipitation. 

The chromium reduction processes examined are very efficient in nature 

with complete reduction typically achieved in less than 1 hour. In addition, 

these technologies are able to successfully treat a wide range of chromate 

wastes as demonstrated in Table 10.3.8. 

Since most of the reduction technologies examined utilize the same 

process equipment and are capable of reducing hexavalent chromium 

concentrations to less than 0.01 mg/L, system selection is usually based on 

economic considerations. Criteria such as reagent cost/lb Cr+
6 

reduced, 

excess reagent requirements, sludge generation, and pH adjustment costs will 

all influence the overall economics of the system selected. 

Sodium borohydride (NaBH4 ) has _also shown promise in chromium and other 
. 17 26-2.8• 

heavy metals reduction. ' Table 10.3.9 presents sodium borohydride 

performance data for a wide variety of waste streams and metallic 

contaminants. The success of sodium borohydride reduction is hiRhly dependent 

on mixing,_ residence time, pH, nonpriority reducible concentrations, and 

reaction kinetics. Sodium borohydride treatment at facilities A-F removed to 

acceptable levels all metallic constituents of concern enabling the facilities 

to meet discharge standards. The design of the systems, as with sulfur-based 

technologies, is based on standard, automatically controlled (ORP) equipment,. 

tcaditionally used in industrial wastewater treatment. 

For facilities whose waste streams contained chelators and/or complexants 

(Facilities A, D, and F) pH adjustments and sodium bisulfite or ferric 

chloride were required to improve SBH reduction efficiencies. All metals 

except for nickel (50 percent or less removal efficiency) were removed 

effecttvely. All facilities reported improved sludge characteristics with the 

purity of the recovered metal limited only by the presence of other reducible 

species. 
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TABLE 10.3.7. 

Parameter 

Wastestream 

Influent pll 

Influent 
flowrate (gpm) 

Type of acid 

Reduction pH 

Reduction Reagent 

Retention 
Time (min) 

Precipit2tion 
Reagent 

Precipitation pH 

171fluent cr+6 
Concentration (~g/L) 

Effluent Cr+6 
Concentration (mg/L) 

Effluent pH 

NA = not available 

8 Source: Reference 

bsource: Reference 

csou-::-ce: Reference 

d Source: Reference 

eSOL!.!."Ce: Rc:erence 

& 

Reference •source: 

21. 

10. 

2 2. 

23. 

15. 

24. 

PERFORMANCE DATA FOR SULFUR BASED REDUCTION SYSTEMS 

Facility 
--------------------------------------------------------------------

A a ab cc Dd Ee rf 

Nickel/ Simulated Chromium Chromium Simulated Chromium 
chromium chromiUm rinse r1nse chromium r1nse 
rinse rinse rinse 

7.1 6.0 2.5 2.2-3.0 7. 0 NA 

12 35-140 10 90 5 70-87 

Sulfuric Sulfuric Sulfuric Sulfuric 

2.5 2.0 6.5-7.0 2.5 7.0-10.0 2.0 

Sodium Sodium Ferric Sodium Ferrous Sulfur 
bisulfite bisulfite chloride( bisulfite suflate/ dioxide 

Sodium Hydrazine Sodium 
Sulfide Sulfide 

60 10 240 NA In-line NA 
mix1ng 

Caustic Hydrated Soda Caustic Lime 
soda lime ash soda 

9.5-10.0 8. 7 7.0-8.5 7.0-10.0 NA 

2.23 6.60 136 8-21 5-50 NA 

0.01 0.01 0.01 . 1 0.05-1.8 0.05 

7.5-8.0 8. 7 6.5-7.0 7. 1 7.0-9.0 6. 0-8. 5 



TABLE 10.3.B. HAZARDOUS WASTES TREATED BY CHROMATE REDUCTION 

Soluble 

Insoluble 

Waste code 

U032 

D007 

F019 

KOOZ 

K003 

K004 

K005 

K006 

K008 

K086 

F006 

Source: Reference 25. 

Description 

Calcium chromate 

Chromium (hexavalent with chromic acid) 

Sludges from chemical conversion coatings 

Production sludges from: chromium yellow 

molybdate orange 

zinc ;rellow 

chromium green oxide 

chromium green oxide 

Oven residues from chromium greenoxide 

Pigments and inks 

Insoluble chromates 
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TABLE 10.3;9. 

Parameter A B 

~aiSte.s tream 

SODIUM BOROHYDRIDE PERFORMANCE DATA 

Facility 

c 

Tetraalkylb 
Lead 

D 

Lithographicb 
F'i lm 

E 

Printed 0 

Cit"euit 
Boards Electrolytic ~{snu:acture 

Printedr 
Circuit 
Boards 

Influent 
Flo..,ra te ( gpm) 

lst Stage 

pH 

Retention 
Time (rnin) 

Reagent 

2r.d Stage 

pH 

Retention 
Time (min) 

Reagent 

5.5 

20-~ 0 

Sodium ~ 

Bisulfite 

8.0 

20-30 

Sodiurn 
BorohvdTide 
(SBH). 

lnfluent MeL~ls 
Concentration (mg/L) 

Cop?er 
Lead 
Nickel 
Zi.nc 
t-iercury 
Silver 
Cadmium 

20. 0 

Effluenr Metals 
Conctnt:..i2tion (mg/L) 

Coppe:
Lead 
Nickel 
Zinc 
Me:-c~.;.ry 

Silver 
Cadmi u~, 

a Reference l7. 

bReference 26. 

1.0 

10-20 

NA 

15-30 

SBH 

10-50 

0.1-0.S 

900-1,500 

9.0 

15-20 

SBH 

5.3S 

0. 1 

10-138 

50-210 

ll. 0 

15 

Ferric 
chloride 

11.0 

30 

SBH 

10-120 
S-60 

0.09 
o. 09 

23 

8.0-ll 

30 

SBH 

786.0 
0.57 
0.06 
3.86 

1. 4 9 
0.10 
0.03 
0.03 

F 

Comrnerc i a 1 d 
\.Jastetrearment 
Plant 

B·a tch 
(7,900 gal) 

5. 5 

l5 

Sodiua~ 

Bisulfite 

8.0 

30-1,5 

SBH 

237.0 
0.32 
0.96 
5.10 

24. 0 
0. 12 

0.4 7 
0.14 
0. '- 2 
O.OB 

0.01 



As with sulfur-based ~hemical reduction technologies, sodium borohydride 

implementation is influenced by overall process economics. Reagent costs are 

high, and several facilities (A, B, D, and F) reported impaired economic 

performance due to required pretreatments and/or excess reagent usage. All of 

these factors must be considered when evaluating sodium borohydride as either 

a primary or secondary treatment system for control of heavy or precious metal 

waste streams. 

10.3.3 Process Costs 

Figure 10.3.4 illustrates the basic process train developed for a 

continuous chromate reduction and precipitation system. The equipment for 

.this system includes a flow equalization tank, a continuous chromate reduction 

tank, a precipitation reactor, a lamella type flocculator/clarifier, sludge 

holding tanks, and a plate and frame filter press. The continuous chromate 

reduction tank includes high level alarms, portable pH and oxidation-reduction 

potential CORP) meters, ·a portable mixer, and storage tanks and feed pumps to 

add sodium metabisulfite and sulfuric acid. Reactor retention time is 

30 minutes. The capital equipment cost data for the chromate reduction system 

LS based on Figure 10.3.5.
29 

The equipment specifications and cost 

assumptions for the remaining operations are based on assumptions previously 
. . 0 30 presented Ln SectLon 1 .1. 

The influent stream to the chromium waste treatment system LS assumed to 

contain 200 mg/L of hexavalent chromium at pH of 6.0. Approximately 7.1 mg/L 

of sulfuric acid is required to depress the chromate reduction influent stream 

to a pH of 2.0. Sodium metabisulfite is added to the waste stream of a 

stoichiometric rate of 15:1 and a complete reaction is assumed to occur. 

Approximately 400 mg/L of hydrated lime is required to raise the pH and 

precipitate the trivalent chromium as an hydroxide. This reagent addition 

will result in the formation of 400 mg/L of chromium hydroxide sludge on a dry 

weight basis and a small quantity (1.4 mg/L) of calcium sulfate precipitate. 

In reality the quantity of sludge produced will be very much a function of the 

calcium added as hydrated lime and the quantity of sulfates present in the 

waste stream. In this hypothetical model the only sulfates present are those 

that were introduced by the sulfuric acid. 

10-139 



WASTE WATE~--~ 

I 

ECUALIZ.ATION 
TANK 

I 
r PH CONTROL 

REACTION 
TANK 

I 
r 

I 

NEUTRALIZt.. TION AND 

SODIUM METABISULFITE 

SULFURIC ACID 

CHROMIC HYDROXIDE ~HYDRATED LIME 
PRECIPIT t.. TION 

I 
r 

CLARIFIER 
OVE~FLOI'I 

I U~DERFLDI'l r 

FlLT~FI 

I 
7REATEO 
SLUDGE 

T' 

i::NCAPSULA TION 

I 

I ~;,~;;,~"'"' 
r 

ACIUEOUS 
P!-o:.l..SE 

EFFLU~117 
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Table 10.3.10 presents the annual costs for the continuous chromate 

reduction system illustrated in Figure 10.3.4. Flow rates are 1,000, 10,000, 

and 100,000 gal/hour. As with all waste treatment systems which rely on 

chemical precipitation as the primary method of contaminant removal, sludge 

disposal costs constitute a large percentage of the total annual costs. In 

addition the high cost of treatment chemicals may prohibit the use of this 

technology at high influent metals concentrations. As land disposal becomes 

increasingly expensive in anticipation of land disposal restrictions, waste 

treatment options such as chromium reduction which generate large quantities 

of potentially hazardous sludge will become less viable from both an economic 

and liability standpoint. 

10.3.4 Overall Process Status 

Chemical reduction of hexavalent chromium through sulfur-based reagents 

is a well established and fully-developed technology. Environmental 

considerations result primarily fro~ residuals generated in the 

precipitation-sedimentation process following chromium reduction. In 

processes which use ferrous sulfate as the reducing agent, sludge generation 

can be significant. In addition, a potential hazard in reagent storage and 

handling is present for those facilities using gaseous sulfur dioxide. 

Table 10.3.11 contains a summary of the advantages and disadvantages of 

hexavalent chromium reduction. 

Sodium borohydride, which has been applied on a limited basis as an 

alternative chemical reduction process in some chloralkali and metal finishing 

fa~ilities, has ~ potential as a viable waste treatment ~ption. Sludge 

production is less than comparable technologies and with the exception of 

ni~kel, metal removal efficiencies are sufficient to meet effluent limitation 

guidelines. The main limitations to this technology are high reagent costs, 

the introduction of boron into the effluent waste stream, and the evolution of 

hydrogen gas as part of the reduction process. None-the-less, as land 

disposal costs continue to increase, sodium borohydride's ability to produce a 

compact, high density, pure sludge product will enhance its selection as an 

alLernaLe meLals reriucL1on process. 
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TABLE 10.3.10. ANNUAL COSTS FOR A CONTINUOUS CHROMATE REDUCTION SYSTEMa 

1000 

Purchased Equipment and Installation CPE&I) 

Equalization Tank 
Reduction Tank 
Precipitation Reactor 
Flocculator/Clarifier 
Sludge Holding Tank(s) 
Filter Press 

Total Capital Investment (360% PE&I) 

Annual Operating Costs ($/Yr.) 

Operating Labor ($20/hr.) 
Maintenance (6% TCI) 
General Plant Overhead (5.8% TCI) 
Utilities (2% TCI) 
Taxes and Insurance (1% TCI) 
Chemical Costs: 

Lime ($40/ton) 
Sulfuric Acid ($72/ton) 
Sodium Metabisulfite ($32/lOOlb) 

Sludge Transportation ($0.25/ton-mile) 
Sludge Disposal ($200/ton) 
Annualized Capital (CFR-0.177) 

Total Cost/year 

Cost/1000 gallon 

a1987 Dollars. 

17,000 
15,000 
24,000 
18,000 
3,000 

10,000 
87,00 

313,200 

72,000 
18,800 
18,200 
6,300 
3' 100 

200 
2,200 
1,500 

200 
9,600 

55,400 

187,500 

26 
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10,000 

29,000 
66,000 
40,000 
50,000 

6,000 
25,000 

216,000 

777,600 

72,000 
46,700 
45' 100 
15,600 

7,800 

1,800 
21,600 
15,200 

1,800 
96,400 

137,600 

461,600 

6 

100,000 

50,000 
114,000 
69,000 

140,000 
48,000 

100,000 
521,000 

1,875,600 

72,000 
112,500 
108,800 
37,500 
18,800 

18,500 
216,100 
152,200 

1,800 
963,800 
332,000 

2,034,000 

3 



TABLE 10.3.11. ADVANTAGES~~ DISADVANTAGES OF CHEMICAL REDUCTION 
OF HEXAVALENT CHROMIUM 

Advantages 

Well proven technology with documented reduction 
e ffic ienc ie s. 

Operates at ambient temperature and pressure lowering 
energy requirements. 

Process equipment is modular and widely available 
from a variety of manufacturers and suppliers. 

Is applicable to a wide range of chromium wastewaters 
from numerous industrial sources. 

Disadvantages 

For high concentrations of influent chromium, the high 
cost of treatment chemicals may be prohibitive. 

Chemical in:erfe:-ence by o>:ici iz:..:1g ag_e~~s i:1 r::ixed 
waste streams may add substantially to reagent 
requirements. 

Sludge production is relatively high and in the case 
of ferrous sulfite can be significant. 

Storage and handling of gaseous sulfur dioxide ~s 

somewhat hazardous. 

10-144 



REFERENCES 

l. U.S. EPA. Trea~ability Manual. Vol. Ill. Washington, DC. 
EPA-600/8-80-042c,d. July 1980. 

2. Sundstrom, D.W., and H.E. Klei. Wastewater Treatment. Prentice-Hall, 
Inc., Englewood Cliffs, NJ. 1979. 

3. Stumm, W., and J.J. Morgan. Aquatic Chemistry. John Wiley & Sons, 
New York, NY. 1970. 

4. M.A. Chillingworth, et al., Alliance Technologies Corporation. 
Industrial Waste Management Alternatives Assessment for the State of 
Illinois. February 1981. 

S. R.E. Wing. Cornplexed and Chelated Copper-Containing Rinsewaters. 
Plating and Surface Finishing. July 1986. 

6. G.C. Cushnie, Centec Corporation. Navy Electroplating Pollution Control 
Technology Assessment Manual. Naval Civil Engineering Laboratory 
CR 84.019. February 1984. 

7. K.H. Lanouette. ·Heavy Metals Removed. Chemical Engineering. 
October 17, 1977. 

8. Kirk-Othmer Encyclopedia of Chemical Technology, Vol. 22, 3rd. Edition, 
John Wiley & Sons, New York, NY. 1981. 

9. U.S. EPA. Proposed Development Document for Metal Finishing. 
EPA-440/l-82-09lb. 1982. 

10. Taylor, C.R., and S.R. Quasim. More Economical Treatmen't of Chromium
Bearing Wastewaters. Proceedings from the 37th, Industrial Waste 
Conference, Purdue University. 1982. 

11. Kirk-Othmer Encyclopedia of Chemical Technology, Vol. 10, 3rd, Edition, 
John Wiley & Sons, New York, NY. 1981. 

12. 

13. 

J.R. Aldrich, et al. Hazardous Sludge Reduction. 
Technical Conference proceedings, Indianapolis, IN. 

70th. AES Annual 
June 1983. 

Higgins, T.E., and V.E. Sater. 
Wastes. Environmental Progress. 

Combined Removal of Cr, Cd, and Ni from 
March 1984. 

14. Higgins, T.E., and S.G. TerMaath. Treatment of Toxic Metal Wastewaters 
by Alkaline Ferrous Sulfate and Sodium Sulfide for Chromium Reductions, 
Precipitation, and Coagulation. 36~h. Industrial Waste Conference, 
Purdue University. 1982. 

lS. Higgtns, T.E., and B.R. Marshall. Combtnea Treatment of Hexavalent 
Cnromium with Other Heavy Metals at Alkaline pH. 17th. Mid-Atlantic 
Industrial Waste Conference. June 1985. 

10-145 



16. U.S. EPA. Sources and Treatment of Wastewater in the Nonferrous Metals 
Industry. EPA-600/2-~0-074. April 1980. 

17. Lindsay, M.J., and M.E. Hackman, Morton Thiokol, Inc. Sodium Borohydride 
·Reduces Hazardous Waste. Purdue Research Foundation, West Lafayette, 
IN. 1985. 

18. J.A. Ulman. Control of Heavy Metal Discharge in the Printed Circuit 
'Board Industry with Sodium Borohydride. AES SUR/FIN Annual Technical 
Conference and Exhibit. 1984. 

19. Ven Met Brochure, Morton Thiokol, Inc., Ventron Division. 1984. 

20. MITRE Corporation. Manual of Practice for Wastewater Neutralization and 
Precipitation. EPA-600/2-81-148. August 1981. 

21. Rabosky, J.G., and T. Altares. 
Plating Shop: A Case History. 
University. 1983. 

Wastewater Treatment for a Small Chromium 
38th. Industrial Waste Conference, Purdue 

22, R.S. Talbot. Co-Precipitation of Heavy Metals with Soluble Sulfides 
Using Statistics for Process Control. 16th. Mid-Atlantic Industrial 
Waste Conference. 1984. 

23" J.J. Martin. Chemical Treatment of Plating Waste for Removal of Heavy 
Metals. U.S. EPA-R2-73-044. May 1973. 

24. Anonymous. Cleaning Up an Industrial Discharge. 
and Technology. August 1973. 

Environmental Science 

25. D.W. Grosse. A Review of Alternate Treatment Processes for Metal-Bearing 
Hazardous Waste Streams. Journal of the Air Pollution Control 
Association. May 1986. 

26. M.M. Cook, et al., Morthon Thiokol, Inc. Case Histories: Reviewing the 
Use of Sodium Borohydride for Control of Heavy Metal Discharge in 
Industrial Wastewaters. 34th. Industrial Waste Conference, Purdue 
University. 1979. 

27. Palmer, S., and T.J. Nunno. Case Studies of Existing Treatment Applied 
to Hazardous Waste Banned from Landfill: Facility B Draft Final Report. 
Contract No. 68-03-3243. 

28. Palmer, S., and T.J. Nunno. Case Studies of Existing Treatment Applied 
to Hazardous Waste Banned from Landfill: Facility A Draft Final Report. 
Contract No. 68-03-3243. 

30. Versar Inc. Technical Assessment of Treatment Alternatives for Wastes
Containing Metals and/or Cyanides. Contract No. 68-03-3149, U.S. 
EPA/OSW. October 1984. 

10-146 



10.4 FLOTATION 

Low density suspended material may often be separated from a liquid 

matrix by flotation. In this operation, fine air bubbles introduced into the 
1-3 

solution result in the attachment of the bubbles to the particles. The 

attached bubbles cause the particles to rise to the liquid surface, where they 

are removed by skimming. This process is referred to as dissolved or 

dispersed·air/foam flotation. 4 • 5 

For materials that are dissolved and not suspended, other steps are 

needed to precipitate the contaminant prior to flotation. For example, a 

surfactant such as carboxylic acid, can be added. This process is referred to 

as ion flotation. 1 • 3 • 6 The "collector" reacts with the dissolved material 

to form an insoluble product and facilitates the attachment of bubbles to the 

particle surface. Improved cost-effectiveness can be achieved if the ion is 

precipitated first, and then floated with a subsequently smaller quantity of 

collector required. This is called precipitate flotation and is ideally 

carried out in a flotation column. Another technology, adsorbing colloid 

flotation, removes dissolved materials by adsorbing them onto colloidal 
' particles which are then removed by flotation. 

Since dissolved air flotation by itself is incapable of removing 

dissolved metallic contaminants, recent research efforts have centered on the 

technologies of ion, precipitate, and adsorbing colloid flotation. Therefore, 

the remainder of this section will be devoted to these technologies. 

10.4.1 Process Description 

The principal components of an air flotation system are a pressurizing 

pump, air supply, retention tank, and flotation unit, as shown in 

Figure 10.4.1. The system may also be operated with recycle as shown 1n 

Figure 10.4.2. In the recycle system, a portion of the clarified effluent is 

contacted with the dissolved air and pumped to the retention tank.
2 

The 

aerated recycle stream is then mixed with fresh sludge at the entrance of the 

flotation unit. A recycle system avoids the shearin~ action of the 

pressuriziug p~wp on the inf~uenr waste which impairs performance due to floc 

break-up. Table 10.4.1 summarizes typical operatin~ parameters for this type 

of system. 
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Figure 10.4.1. Schematic diagram of dissolved air flotation system 
without recycle. 
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Figure 10.4.2. Schematic diagram of dissolved air flotation system 
with recycle. 

Source: R.eference 2. 



TABLE 10.4.1. TYPICAL OPERATING PARAMETERS FOR DISSOLVED AIR FLOTATION UNITS 

Parameter Unit Range 

Air Pressure psia 45 - 95 

Air-co-Solids Ratio mass/mass 1: 10 

Recycle Ratio o!o 20 - 150 

Overflov Rate gpd/ft2 700 - 2,500 

Solids Loading lb/day ft2 25 - 100 

Detection Time min 20 - 60 

Source: Reference 1' 2. 
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Central to any flotation technology, regardless of the separation 

mechanism used (i.e., ionic bondin~, precipitation, adsorbtion), is the 

addition of a surfactant. Table 10.4.2 lists several commonLy used flotation 

surfactants. 

There are currently two physical models for the description of the 

attachment of contaminant particles to air-water interfaces in the presence of 

surfactant. 
7

•
8 

In the columbic model, ionic surfactant is adsorbed on the 

air-water interface resulting in a surface charge density on the bubbles 

.<usually negative, because of the use of an anionic surfactant). The 

dissolved ion, precipitate, or absorbing floc is then given a surface charge 

by adjusting the pH or the concentration of other potential-determining ions. 

The adsorption mechanism involved is the electrostatic attraction between the 

ionic surfactant (collector) and the metallic contaminant of opposite charge. 

In the contact angle model, surfactant ions adsorb to the primary layer 

of the metallic particle, presenting the ionic head of the surfactant to the 

solid and the long hydrophilic, hydrocarbon tail to the solution. The 

interfeci2l free ene~gies (surface tensions) are no~ such tha~ the contact 

angle of the air-water interface on the metallic particle i& different from 

zero which permits the attachment of the pariicle 

Some basic conclusions common to both models 

to a bubble. 
8 are: 

• Increasing ionic strength tends to decrease flotation efficiency. 

• Increasing the length of the surfactant hydrocarbon tail decreases 
the bulk liquid concentration (moles/liter) of surfactant required 
to produce flotation. 

• Increasing particle size increases flotation efficiency. 

• Increasing temperature increases the concentration of surfactant 
required. 

Re~ent advances 1n flotation equipment design have involved substituting 

vertical columns for 
4 

flotation systems. 

the open, agitated vessels commonly used in conventional 

Figure 10.4.3 illustrates a pilot 

Thackston et. al. at Vanderbilt University, Nashville, 

plant developed 

TN.B-12 
by 

In tn1s system, simulated wastewater is pumped from the storage tank 

through the ptlot plant at the desired flow rate. The addition of the 

coagulant and NaOH, for pH control, occurs upstream of the ma1n pump. The 
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TABLE 10.4.2. TYPICAL FLOTATION SURFACTANT$ 

Type 

Sulfhydryl collectorsb 

xanthate 
dithiophosphate 
monothiocarbarnate 
thiol (mercaptan) 
dixanthogen 
thiocarbanilide. 

Colloidal electrolytes0 

fatty acids and their soaps 
alkyl or aryl alkyl sulfonates 
alkyl sulfate 
primary amine salt 
secondary amine salt 
quaternary ammon1um salt 

bFor sulfides, R ~ Cz - C5. 

Formulaa 

ROCSSNa 
( RO) zPSSNa 
RHNCSOR 
RSI:l 
(ROCSS)2 
(C 6HsNH)zCS 

RCOOI:l, RCOONa 
RS0 3Na 
ROS03Na 
RNI:l3Cl 
R2NHzCl 
RN(CH3)3Cl 

Charge on the soluble ion 

anionic 
anionic 

anionic 
an~on1c 

anoinic 
cationic 
cationic 
cationic 

ccenerally straight chain c12 to Cl8> or a ben~ene or naphthalene rLng 
may be incorporated into the R group. 

Source: Reference 3. 
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~igure 10.4.3. Schematic diagram of adsorbing foam flotation pilot plant. 
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coagulant is fed at the required ri~e by a variable feed.pump. The NaOH 

sol~tion flows by gravity thro~~h a solenoid valve connected to a pH 

controller set to produce the desired pH in the first mixing-flocculating 

chamber. After passing through the main pump, the wastewater enters a series 

of three mixing-flocculating chambers, after which NLS (sodium lauryl sulfate, 

an ~nionic surfactant) is injected at the required rate. The waste is then 

sent through the top of the flotation column to a spray nozzle. The 

wastewater then flows downward through t~e rising foam over an arrangement of 

19 baffles installed to prevent foam over't~rning. The air is supplied through 

a fitted glass disk in the bottom of the column. The treated effluent leaves 

the column through the bottom and the foam is piped out of the top of the 

column to a rotating disk foam breaker. The effluent pH is monitored 

continuously. 

Table 10.4.3 contains operating parameters for three colloidal adsorption 
8 11 

foam flotation pilot plants. • All three studies were continuous flow 

applications which focused on lead removal from synthetic and industrial waste 

streams. Subsequent case studies have focused on removing Cu, C~. M~. Zn, c~, 

and arsenate at both the bench and pilot scale. 

Pretreatment reQuirements reported in the literature for chemical 

flotation include: 

• Flow equalization; 

• pH adjustment; 

• Coagulation (adsorbing collold foam flotation); and 

• Precipitation (precipitate flotation). 

Some method of flow equali~ation (see Section 10.1) should be provided to 

average waste stream influent concentrations to prevent. system overloading and 

maintain optimum performance characteristics. Other pretreatments such as pH 

adjustment (see Section 10.1), coagulation (see Section 10.3), and hydroxide 

precipitation (see Section 10.1) are all technolo~y specific and have been 

extensively reported in the literature. Typical req~irements would be a 

mixer-r~actor ior prt acijustment (equippeci witn appropriate reagent tanks and 

controls) followed by a precipitation or coagulation reactor depending on 

which-flotation technology is utilized. 
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TABLE 10.4 .3. OP1IMUM OPERATING PARAMETERS 

Parameter, units 

pR 

Fe(III), mg/L 

NLS, mg/L 

H~draulic loading 
m /dm2 
gal/min/sQ ft 

Air supply 
m3/min/m2 
cu ft/min/sQ ft 

Effluent Lead 
Concentrations (mg/L) 

From Hanson 

5.5-6.5 

150 

35-40 

118-176 
2-3 

0.2-0.3 
0.66-0.98 

0.1 

Source: Adapted from References 8, 11. 
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From Miller 

6.o-7.0 

100-150 

34-40 

148-178 
2.5-3.0 

0.4-0.5 
1.31-1.64 

0.4 

From Thackston 

6.9-7.1 

90 

25 

326 
5.5 

0.2 
0.7 

0.1 
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Oil and grease, cyanides, chelator/complexents, and.competing 1ons for 

surfactant sites (i.e., carbonates) have not been considered in literature in 

any great detail. There is a real research need for work to determine whether 

or not these factors vill make the vaste acceptable for chemical flotation 

treatment. Most of the research to date has focused on lou concentration 

(1,000 mg/L or less) simulated waste streams prepared by dissolving four or 

less metallic salts (alone or in combination) in tap water. If chemical 

flotation is to achieve wide acceptance in industry, more realistic (and 

consequently difficult to separate) vaste streams uill have to be investigated. 

Residuals produced by chemical flotation consist primarily of a metals 

laden foam layer which is skimmed or dravn off the top of the reaction 

vessel/column. Post-treatment typically consists of sedimentation and sludge 

consolidation. The resulting hazardous sludge must often be treated 

{i.e., encapsulation) and then land disposed. In addition, air stripping of 

the foamate to recover surfactant may be desirable to reduce surfactant 

consumption (approximately 60 to 70 percent). 

10.4.2 Process Performance 

While most current research has focused on precipitate and absorbing 

colloid foam flotation techniques, Eastern European research has also 

encompassed the technology of ion flotation of dissolved metallic 

contaminants. For example, Skyleu et al. at I. I. Mechnivkov State 

University, Odessa, investigated the r~moval colloidal suspensions of metallic 

mercury (25 to 50 mg/L) using flotation apparatus.
13 

The collectors were 

0.01 to 0.1 percent aQueous solutions of potassium salts of pentadecoanoic, 

palmitic, heptadeconoic, and stearic acids. The best collector for mercury in 

ionic flota~ion treatment of these solutions was found to be potassium stear

ate, giving 98 percent extraction of a simulated uaste stream containing 20 to 

SO mg/L Hg and 10,000 to 15,000 mg/L NaCl and 78 percent extraction from a 

simulated waste stream containing 50 mg/L Hg, 1,000 mg/L NaCl, 3,000 mg/L NaOH, 
+2 -2 

500 mg/L Na
2
co

3
, 10 mg/L CA , and 500 mg/L so

4 
• Houever, as uith 

most ionic flotation technologies, collector consumption was greater than 

sto~cn~ometric requirements. Actual collector consumption reported by Skyleu 

et al. was 1.9 moles of potassium stearate/mole of mercury removed. The 

process was carried out at 25"C and required 10 to 12 minutes for completion. 
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In the United States, heavy metal removal through precipitate and 

absorbing colloid foam flotation treatment of industrial waste streams has 

received the most attention. In the early 1970's, Zeitlin's group at the 

University of Hawaii demonstrated the effectiveness of absorbing colloid 

flotation for removing zinc, copper, phosphate, and arsenate from seawater 

using dodecyl sulfate as a surfactant. 14 • 15 In the mid 1970's to the 

present, Wilson's group at Vanderbilt University investigated and refined 

Zeitlin's method using sodium lauryl sulfate (NLS) as a surfactant with iron 
16-19 

and aluminum as coagulants. 

Using the apparatus shown in Figure 10.4.3, Wilson and Thackston, et al. 

investigated lead, copper, zinc, trivalent and hexavalent chromium removal 

using absorbing colloid flotation on actual and simulated industrial 

wastewaters. Table 10.4.4 describes optimum operating conditions as 

determined by pilot plant data for copper and zinc removal. Tables 10.4.5 and 

10.4.6 illustrate foam flotation results for wastes containing a binary 

mixture of copper and zinc and a tertiary mixture of copper, divalent zinc, 

and trivalent chromium, respectively (influent metals concentrations 20 mg/L 

each). Tables 10.4.7 and 10.4.8 contain pilot plant data on hexavalent 

chromium and lead removal. 

According to the researchers, for mixtures of metals, the optimum pH for 

metals removed is displaced to a higher value than those obtained for each 

individual metal. For example in the copper-zinc system, residual copper 

concentrations below 0.1 mg/L were obtained in pH range of almost one unit 

when using chemical doses of 100 mg/L Fe(III), 100 mg/L AL(III), and 70 mg/L 

NLS. Even when the chemical doses are reduced to 50 to 75 mg/L of Fe(III) and 

Al{III), and 40 to 50 mg/L of NLS, residual copper concentrations 

substantially below 0.2 mg/L were consistently achieved in the same pH range. 

Residual zinc concentrations below 1.0 mg/L were obtained in a pH range of 7.4 

to 8, and values close to 0.5 mg/L were obtained even at the low coagulant

adsorbent and NLS dose concentrations indicated above for copper. When only 

Fe(III) was used as a coagulant-adsorbent, and no Al{III) was used, poor zinc 

removal was obtained. The presence of Al(OH) 3 exhibits some complementary 

beneficial effect on copper removal, and Fe(OH) 3 improves zinc removal, 

although the main effect is on copper. 
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TABLE 10.4.4. OPTIMUM OPERATING CONDITIONS AS DETERMINED IN THE 
29- BY 244 CH PILOT PLANT 

Parameter 

Effluent pH 

Coagulant - adsorbenta 

Hydraulic loading 

Air flow rate 

Copper· removal 

6.9-7.3 

90-100 m,g/L 
Fe( III) 

15-20 mg/L 

7-14 m3 /m2 /t-.r 
(3-6 gal/ft2/hr) 

12-14 N m3/m2/hr 
(40-45 ft3/ft2/hr) 

Zinc removal 

7.5-7.8 

100 mg/L 
A Hill) 

30-40 mg/L 

7-14 m3/m 2/hr 
(3-6 gal/ft2/rnin) 

12-14 N m3/m2/hr 
(40-45 ft3/ft2/hr) 

arhese values correspond to an initial metal concentration of 20 mg/1. 

bThese values refer to a floc concentr~tion correspondin~ to the Fe(lll) and 
Al(III) doses given in the table. • 

Source; Reference 10. 
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TABLE 10.4. 5. FOAM FLOTATION OF WASTES CONTAINING Cu(I)+ Zn(II) 8 

Residual Residual 
Fe( III) Al(III) NLS Copper Zinc 

pH (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

7.0 100 100 70 0.09 2.3 

7.2 100 100 70 o. 09 1.1 
7.2 100 100 50 0.15 1.2 

7.4 100 0 35 0.33 9.6 
7.4 150 0 45 0.29 6.6 
7.4 75 75 50 0.10 1.2 
7.4 lOO 100 70 0.04 0.8 

7.5 50 50 50 0.13 1.2 
7.5 75 75 50 0.17 0.9 
7.5 100 100 70 o. 03 0.4 

7.7 50 50 40 0.11 0.9 
7.7 100 100 70 0.03 0.6 

8.0 50 50 40 0.10 0. 7 

8 A11 runs with initial copper and zinc at 20 mg/L each, influent flow rate 
at 6.9 m3;m2/hr, and air flow rate at 14 N m3/m2/hr. 

Source: Reference 10. 
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TABLE 10.4. 6' FOAM FLOTATION OF WASTES CONTAINING Cu(ll)+ Zn(ll)+ Cr(lll)a 

Residual Residual Residual 
Fe( III) Al(III) NLS Copper Zinc Chromium 

pH (mg/1) (mg/1) (mg/1) (m.l(/1) (mg/1) (mg/L) 

7. 0 100 100 70 0.10 2.00 0. 12 

7.2 100 100 70 0.07 0.90 0.13 
7.2 115 75 50 0. 12 1.10 0.13 
7.2 150 100 85 0.07 0.60 0. 12 

7.3 75 75 50 0.42 2.40 0.60 
7.3 100 100 70 0.08 0.56 0.20 
7.3 115 75 70 0.08 0.56 0.20 
7.3 115 75 50 0.14 0. 75 0.33 
7.3 150 100 85 0.06 0.40 0.12 

7.4 115 75 70 0.07 0.16 0.20 
7.4 150 100 85 0.11 0.30 0.21 

7.6 100 100 70 0.22 0.20 0.26 

aAll runs made with initial copper, zinc, and chromium at 20 mg/L. each, 
influent flow rate at 6.9 m3/m2/hr, and a~r flow rate at 14 N m3/m2/hr. 

Source: Reference 10. 
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TABLE 10.4. 7. INFLUENCE OF Fe(Il) DOSE AND pH ON CHROMIUM AND IRON REHOVALa 

pH controller 
lower set point 

Steady-state 
effluent pH 

Fe( II) dose 
(mg/L) 

Effluent Cr 
(mg/L) 

6.0 5.2 70 

6.0 5.2 64 

6. 5 6.0 70 

6. 5 5.9 64 

6. 5 6.0 60.5 

b.S 6.0 57.6 

6.5 6.1 51.2 

aoperating conditions: initial Cr(VI)=20, NLS=40 mg/L, 
(2 gal/min), H.L.R.=6.8 m3fm2 h (2.8 gal/min ft2), air 
rate = 21.5 N m3Jm2 (50 SCFH), 

Source: Reference 9. 
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0.26 
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TABLE 10.4.8. EFFLUENT Pb(II) CONCENTRATION VERSUS pH 

pH 

5.5 

5.6 

5.8 

6.0 

6.4 

6.5 

6.6 

6. 7 

6.8 

6.9 

, _,},,0, .- -G• "'"" 

7. l 

7.2 

Note - Q 
Hydraulic loading rate 
Fe( Ill) 

NLS 
· Air flo" 

Pb (II) 
concentration (mg/L) 

>4.0 

4.0 

3.4 

3. 1 

2.0 

1.3 

l.O 

0.30 

0.20 

0.10 

<.0. 10 

<0.10 

< 0.10 

7.61 L/min 12 gal/mina) 

. ~·-~-

163 m3/d m2 (2.77 gal/min/so 
90 mgfL 

= 25 mg/L 
850 std L/min (30 SCFH) 

asame trend occurs at 15 L/min (4 gal/min). 

~ource: Reference 11. 
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In the copper-zinc-chromium system good results were obtained over a 

reasonably wide pH range at 100 to 115 mg/1 Fe(III) and 75 to 100 mg/1 

Al(III), and adjusting the N1S dose as a function of the total floc 

concentration in the system. Zinc removal was more effective at pH values 

higher than 7.3 in the range studied. Copper and chromium were better removed 

at pH values between 7 and 7.3, although very good results were achieved 

throughout the experimental range. Similar low effluent concentrations were 

obtained for the hexavalent chromium (0.22 mg/1) and lead (<0.1 mg/1) single 

component systems when iron was used as the coagulant. However, Wilson 

et al., did not determine the effect of greater than 100 mf!./L influent metal 

concentrations, metallic precipitates, and chelation agents, on filtration 

removal efficiencies. 

Bench-scale experimentation was performed by Brooks et al. in 1984 to 

examine the effect of these factors on the potential for separation and 

concentration of strategic metals, such as chromium, copper, zinc, and 

nickel. 20 Specific waste systems selected for the evaluation tests were 

electrochemical machining solids from high nickel-alloy processing and 

electroplating wastes, as well as brass industry pickling waste sludges. 

The experiments which simulated waste metal hydroxides using alkali 

precipitation from the salts of'·the individual metals (see Table "10.4.9) 

indicate that without coagulants (i.e., iron or alum), only nickel provided 

any measure of efficient flotation. Similarly, when chelation agents were 

used in conjunction with N1S (see Table 10.4.10) only the nickel-dimethyl 

glyoxime system obtained a high selectivity in flotation separation. 

Clearly, while flotation techn~logies offer promise as an efficient 

method for r-emoval of low concentrations (<100 mg/1) of soluble metals in 

wastewaters, further research remains to be performed. 

10.4.3 Process Costs 

Realistic costs for the foam flotation process can not be developed at 

this time due to the lack of commercial-scale testing. It is expected that 

the primary cost would be for the flotation column. Operating costs would be 
__ .; ..... ... L._ .. ~~ ~ ,: __ 
W ..L LLL L1LCll L U J.... .J.. ..LWC: precipitation, 8.Ltd savings wouici 

be realized in reduced disposal costs and reduced purchase costs for recovered 
. . . 10. 12 
cnem~ca1s. -

10-162 

.-,,..._-



TABLE 10.4.10. METAL HYDROXIDE FLOTATION WITH CHELATION AGENTS COMBINED 
WITH SODIUM LAURYL SULFATE (200 ppm) 

Hydroxide 
tl,OOO ppm 
metal) 

Nickel 

Zinc 

Copper 

Iron 

Chromium 

Chromium 

Chelation Agent 

Dimethyl Glyoxime 

Zinc on 

Neocuproine 

Batbophenanthroline 

Diphenylcarbazide 

Aliquat 336 

Source: Reference 20. 

'""~-~----·-~· ---~----·"'-

..,_~~-'--- . - •-_· --o----"c-- '• --- ·-"' 

Weight ratios 

Surfactant 
solids 

.0. 2 

0.2 

0.2 

l.O 

0.8 

l.O 
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Chelate 
solids 

0.3 

0.36 

0.4 

2.5 

1.7 

1.0 

Flotation 
pH performance 

8 Good 

8 Partial 

8 Partial 

9.5 Poor 

9.5 Poor 

9 Poor 



Preliminary cost estimates for adsorbing foam flotation metal treatment 

systems have been prepared by the developer (Wilson, et al.) based on 

pilot-scaling testing. Capital tosts (1983) for a 50,000 gpd plant treating 

60 mg/L of heavy metal was hypothesized to be approximately $20,000. However, 

until a full-scale commerical unit is actually in place, the economic 

feasibility of adsorbing foam flotation has yet to be adequately determined. 

10.4.4 Process Status 

Chemical flotation, while currently at the bench and pilot-scale level of 

development, shows promise for reducing low concentrations (..--100/mg/L) o'f 

effluent metals to acceptable levels. The process operates at ambient 

temperature and pressure and is well suited to automatic and computer 

control. Its ability to treat both singular and mixed metals waste streams 

has been well demonstrated by researchers at the University of .Hawaii and 

Vanderbilt University. ·However, further research is necessary before this 

technology is applicable on a wider scale. 

Environmental impacts result primarily from the production of potentially 

hazardous sludge. The sludge product is generated during the foam breaking 

process in the supernatant clarifier. little 

information is available in the literature on the quality and composition,of 

the sludge product produced. Research dissertations outlining experimental 

results have focused primarily on metals removal. However, foam flotation is 

reported to generate less sludge than comparable precipitation processes, 

approximatley 2 to 3 percent of the influent voluoe. The demonstrated 

performance, and possible lower sludge generation rates for this waste 

treatment technology warrant further research efforts. 
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SECTION 11.0 

BIOLOGICAL TREATMENT FOR METAL-CONTAINING WASTES 

Biological treatment is a separation process rather than a destruction 

technology for metal-containing wastes. Biological separation mechanisms 

include sulfide precipitation, adsorption, and bioflocculation. The types of 

biological treatment technology vary considerably. Those that are considered 

in this section are activated sludge, anaerobic digestion, and algal 

treatment. Common parameters for the design and operation of these 

technologies are outlined and information on recently developed biological 

organ~sms is presented. 

High concentrations of heavy metals are toxic to most microorganisms and 

often cause serious upsets in biological systems. Thus, influent heavy metal 

concentration which can be tolerated and removed is the major criterion on 

which these technologies are evaluated in· this· section.· In addition, factors 

such as type of influent, its strength, and the extent of system acclimation 

are also used to evaluate the viability of bioloical treatment as a 

technology for the removal of heavy metals from wastes. 

11.1 PROCESS DESCRIPTION 

As previously stated, several mechanisms can affect the removal of heavy 

metals during biological treatment include sulfide precipitation, adsorption, 

and bioflocculation. The first mechanism, hydrogen sulfide precipitation (see 

Section 10.1), is initiated by the pH dependent generation of hydrogen sulfide 

by bacteria.l Soluble metal ions react with the hydrogen sulfide and are 

precipitated as insoluble metallic sulfid"es. The second mechanism, adsorption 

of cationic metallic ions, may result from the anionic nature of certain 

cellular material, clay particles, and industrial waste constituents.2 
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Also, the organic part of organo-metallic complexes may be adsorbed through 

the cell walls of the biological organisms, thus trapping the metals. 3 • 4 

The third mechanism, bioflocculation,
5

•
6 

is related to the synthesis of 

insoluble extracellular polymer strands. These extracellular polymers can act 

as non-specific sorbers f~r metal ions. 

Typically, the removal of heavy metals ~n a biological system and the 

type of mechanism which dominates are dependent on the species of heavy metal 

present (see Table 11.1.1). 7 
The distribution of a particular heavy metal 

among various chemical forms, however, largely depends upon the physical and 

chemical properties of the environment established by the treatment process 
. 7 . 
ttself. Upon introduction tnto the biological treatment system, species of 

heavy metal wake adjustments toward a new equilibrium state defined by 

chemical environment parameters such as pH, oxidation reduction potential 

(ORP), the presence of complexing agents, and 

ligands.
8 

At this point, 

intracellular storage can 

adsorption to 
10 12 

occur. ' 

solid 

concentrations of precipitant 

8 b' 9 d phases or tomass, an 

It has been found that the microbial removal of heavy metals consists of 

initial rapid uptake followed by slow, but consistent long-term uptake.
13 

The ~:ate of up·t'ake is greatly affected by solution pH)
4 

Sl'udge· age, as 

well as the extent of acclimation, can also affect the extent of metal removal 

in an activated sludge system. 

The following is a brief description of the three main technologies used 

in biological treatment of heavy metals. More details can be found in 

standard texts and the references cited herein. 

ll.l.l Activated Sludge 

The a-ctivated sludge process. uses biological populations in a completely 

mixed, oxygen-rich environment to treat wastes. Dissolved·oxygen·and mixing 

are provided by mechanical aerators or fine-bubble air diffusers. A settlin~ 

tank 1is then used to remove the biological floc, part of which is mixed with 

incoming waste in 
. 15 

the aeratton tank. 

A variation to the activated sludge process is the use of high purity 

oxygen instead of air for aerobic treatment. Oxygen can be supplied from 

onsite gas generators with liquid oxygen storage as back-up~ In addition to 
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TABLE 11.1.1. POSSIBLE SPECIES OF HEAVY METALS 
IN BIOLOGICAL TREATMENT 

Soluble 

Ionic 
Organic complexes 
Inorganic complexes 

Co-precipitate,s in metal oxides 

Precipitates 

Adsorbates 

Physical 
Chemisorption 
Clay lattice 

Biological residues 

Sautee: R~ference 7; 
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oxygen use, the aeration -tank is covered which helps to-eliminate odors and 

maintain temperatures in cold-weather periods. 

There are many design variations to the conventional activated sludge 

process besides the use of high purity oxygen. These include: multiple units 

with series and/or parallel flow patterns; a tapered distribution of air along 

the tank length; stepwise addition of raw waste; reaeration of the recycled 

sludge before mixing with 

hours or longer) used for 

the raw influent; and extended 
15 small wastewater flows. 

aeration (e.g., 24 

Activated sludge systems lack stability because of the microbial growth 

pattern within the tank. A high rate of growth exists at the influent but 

decreases along the length of the tank. This problem is greatly amplified 

during flow surges. Variation of pH, temperature, and the presence of toxic 

waste constituents can all contribute to instability. Extended aeration and 

the use of high purity oxygen can help eliminate the effects of shock 
. 16-20 

load~ngs. An extended aeration system is depicted in Figure 11.1.1. 

Table 11.1.2 presents typical ranges in values for activated sludge 
. . 20 

system des1gn parameters. Additional design factors to be considered 

include sludge settling and accumulation rates and air requirements. These 

factors· wi 11 va-ry. depending upon the type of was.tec. to. be. handled.. Other J : • • ' ,_. 

factors which may limit the viability of the activated sludge process include 

climate/temperature conditions, available land area, and variations in flow 

rate and organic loading. 

11.1.2 Anaerobic Digestion 

Anaerobic digestion is a process commonly used to convert raw wastewater 

sludge into inoffensive forms by decreasing its organic content. The process 

biologically reduces the amount of volatile suspended solids that must be 

handled by subsequent dewatering and disposal operations rendering the organic 

material nonputrescible. In addition, its major gaseous end product, methane, 

can be harnessed to supply plant energy needs and the digested sludge can be 

d '1 . . 15 use as a SOl cond1t1oner. 

The biodegredation mechanism proceeds in two discreet steps. First, 

facultative organisms called "acid formers" degrade the complex organics of 

wastewater sludge to volatile organic acids, pri-marily acetic acid. In the 
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TABLE 11.1.2. TYPICAL ACTIVATED SLUDGE DESIGN PARAMETERS 8 

Process 
modification Flow regime 

Conventional Plug 

Complete mix Complete mix 

Step aeration Plug 

Contact 
stabilization Plug 

Extended 
aeration 

Pure. oxygen 
systems 

Complete mix 

Complete mix 
reactors in 
series 

Sludge 
retention 

time 
(days) 

5-15 

3-10 

5-15 

5-15 

20-30 

8-20 

Food to 
microorganism 
ratio-1/BOD s/ 

MLVSS/day 

0.2 - 0.4 

0.2 - 0.6 

0.2 - 0.4 

0.2 - 0.6 

0.05-0.15 

0.25-1.0 

Aerator 
loading /IBDOs/ 

1,000 ft 3 

tank volume 

30-40 

50-120 

40-60 

30-75 

10-15 

100-250 

~slues given are for organic removals only; no nitrification. 

bContact unit. 

cStabilization tank. 

\Reference 20. 

Mixed liquor 
suspended 

solids (mg/1) 

1500-3000 

3000-6000 

2000-3500 

1000-4000b 

4000-lOOOOc 

2000-6000 

4000-8000 

Detention 
time 
(hr) 

4-8 

4-6 

3-6 

0.5-1.5c 

24 

1-4 

Recircu!ation 
ratio 

0.25-0.75 

0.25-1.0 

0.25-0.75 

0. 5-1.5 

0.5-2.0 

0.25-0.5 





second step, these volatile acids are fermented to methane and carbon dioxide 

by a group of strict anaerobes called "methane bacteria." 

Two main anaerobic digestive processes are used: the standard rate and 

the high rate systems. Schematics of these processes, as well as their 

operating criteria are provided 1n Figure 11.1.2. A modification of these 

systems, the two-stage process, has also been successfully used (see 

Figure 11. 1.3). A brief description of each of these systems follows. 

In a standard-rate system, the tank is not mixed and, in some cases, 1s 

not heated. Sludge is added at the top and withdrawn at the bottom. During 

progress1on from top to bottom of the digestion tank, the sludge is compressed 

and gradually dewatered. Stratification develops- within this plug-flow system 

due to a lack of mixing. As a result, much of the digester volume is wasted, 

and many operational problems result. Acidification sometimes takes place in 

the top and middle layers while methane fermentation is confined to the lower 

layers. This can lead to areas of low and high pH in the system, which 

restrict optimum biological activity. Also, chemicals added for pH control 

are not dispersed throughout the tank, and their effectiven~ss is therefore 

limited. Grease breakdown is poor because the grease tends to float to the 

,top of the digester while the meth~~~-bacteria are.confined to the:~ower 

levels. Methane bacteria are removed with the digested sludge and are not 

recycled to the top, where they are required. 21 

The high-rate system differs from the low-rate system 1n that the 

contents are well mixed, either continuously or intermittently, and the 

digester is heated. This procedure avoids most of the difficulties inherent 

in low-rate systems. Consequently, this system demonstrates improved 

operation at lower retention times and higher organic loadings. 21 

The two-stage process evolved as an attempt to provide additional gas 

production and a separate settling and thickening process in the secondary 

digester. The process can be used successfully whe·n the feed consists of 

primary sludge or combinations of primary sludge and limited amounts of 

secondary sludge. With the advent of wastewater treatment systems that are 

more efficient than simple sedimentation, large quantities of activated and 

sometimes advanced waste treatment (AWT) sludges a~;e produced. When placed ,_n 

a two-stage anaerobic digestion process, this additional sludge can cause high 

operating costs and poor plant efficienci~s since the·additional solids do not 

readily settle afte~; digestion. 21 
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3. LOADING 0.10- 0.50 lb. VSS/cu. ft./day 
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Figure 11.1.2. Srandard rate and high rate digestion. 

Source: Reference 21. 
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Anaerobic digestion is,suitable for nontoxic, organic-containinl!; sludges 

resulting predominately. from.primary settling. It is in widespread use, 

accounting for 60 to 70 percent of biological treatment applied for primary 

and secondary sludge in plants having a capacity of 1 mgd or more. The 

two-stage system, while having roughly twice the capital cost of single-stage 

digestion, is gaining in popularity. This is attributable to the increased 

gas production, clearer supernatant liquor, and lower heat requirements (due 

to smaller tank size) associated with its use. Anaerobic digestion is very 

sensitive to process upsets due to the difficulty the bacteria have 1n 

adjusting to_, environment a 1 changes. Ro..,ever,, despite its· operating 

sensitivity, anaerobic digestion is widely used due to the production of 

methane. 

Since a biological mechanism is involved, the applicability of this 

treatment process to the digestion of any.given industrial sludge can only be 

determined by specific pilot plant studies. Chemical factors are of greatest 

importance to industrial sludge treatment. Close pH control is required 

because methane bacteria are extremely sensitive to slight 6hanges in pH. The 

usual pH range required is 6.6 to 7.4, and the pretreatment of incoming sludge 

to a pH of 7:0 "i.:s' desirable.l
5 

The optimum temperature for sludge digestion is related to the 

temperature response of the methane bacteria. The .rate of bacterial growth 

and, therefore, the rate of process stabilization incr~ase and decrease with 

temperature within c•rtain limits. Systems operated at high temperatures cost 

more to heat, but may be justified by ~ncreased efficiencies. Essentially all 

digesters in the United States ,operate between 80°F and ll0°F. More important 

than selection of a parti~ular temperature is maintaining it at a constant 

level. A temperature change of 1 or z•c is sufficient to disturb the dynamic 

,balance between the acid and methane formers. T6is will lead to an upset 

because the acid formers will respond much more rapidly to changes in 
. 15 

temperature than "'ill the methane bacteria. 

•Knowledge of the specific nutritional requirements of methane bacteria is 

limited. Domestic wastewater appears to contain all of the nutrients reQuired 

by these organisms. However, due to the uncertainty of the precise 

nutri~ional mix required, difficulty may be encountered when treating 

wastewater of industrial ~rigin. 
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11.1.3 Algal Biodegradation Technology 

Recent research indicated that algae may be used to remove metal ions 

from wastewater or possibly concentrate valuable metals. from dilute 
. . 22 23 

solut1.ons. ' 
23 ' 

Filip et al. found that when algae grown in a sewage 

lagoon were mixed with heavy metal solutions and subsequently dewatered by an 

intermittent sand filter, 98 percent of the copper in solution and 100 percent 

of the cadmium had been removed. Kerfoot and Jacobs 24 reported rapid uptake 

of cadmium by algae used in the first stage o£ a tertiary treatment system. 

Typically, algae is contacted with the influent metals-containing 

wastewater in an aerated lagoon. The lagoon is usually a lined, flat~bottom 
. 15 . 

pond enclosed by earthen d1.kes. Oxygen transfer between the a1.r and water 

is accomplished through algae photosynthesis, although platform-mounted 

mechanical aerators can be used to enhance transfer. Influent wastewater 

enters near the center of the lagoon and effluent discharges at the windward 

side. 

Advantages of this type of system relative to previously mentioned 

biological processes include lower capital and operating costs. In.addition, 

operational flexibilityisinc._r~ased !Iince the effluent flow can.~; 

regulated. Disadvantages include extensive physical space requirements, poor 

industrial waste treatment capacity, and seasonal performance variations. 

Table 11.1.3 presents the major desi~n parameters and typical values for algae 

lagoon processes for aerobic and facultative systems, with and without 

supplemental mechanical aeration. 

11.1.4 Pretreatment and Post-Treatment Requirements--

Industrial influents to biological waste treatment plants are often 

characterized by periodic changes in waste volume, strength, and composition, 

all of which can have a detrimental impact on maintenence of desirable 

conditions. Flow equalization can be used to lessen the chance for system 

upset by dampening changes in waste quantities and qualities. Similarly, 

concentrated sludge discharges can be mixed with the feed to maintain constant 

solids concentration. 
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TABLE ll. 1. 3 • EMPIRICAL DESIGN CRITERIA FOR WASTE STABILIZATION LAGOONS 
L ~ ----

Parameter 

Flow regilne 
Lagoon size (acres multiples) 

. Operation 
Hydraulic retention time (days) 
Depth (ft) 
Hydraulic loading (in. /day) 
DODs loading: 

(lb/day/acre) 
(lb BOD/day/1,000 ft 3

) 

Optimum temperature (°C) 
Temperature range (°C) 
BOD 5 removal efficiency (%) 
6lgal concentration (mg/l) 
Coliform removal i. 

Algae 
Hicroorgnn!sms 
Other 

Effluent BODs (mg/1): 
. Soluble BODs 
· Insoluble BODs 

· Typical effluent quality, (mg/ 1) : 
. BODs 
ss 

i pll 
. Oxygen source 
. Aerator design goals 

i • influent, e -effluent. 

Source: Reference 15. 

Aerobic 

10 acre multiples 
Series or parallel 

10-40 
3-4 
3-5 

60-120 
-

20 
0-40 

80-95 
80-200 

>99 
(0.4-1.2)(BODi)i 
(0.2-0.S)(BODs)i 

Low 

(0.02-0.l)(BODs)i 
(0.3-1.2) (SS)e 

15-40 
25-50 

6.5-10.5 
Algae 

Facultative 

.?-10 multiples 
Beries or parallel 

7-30 
3-6 

0.5-1.5 

15-50 
-

20 
0-50 

80-95 
40-160 

>99 
(0.2-0.B)(BODs)i 
(0.2-0.5)(BODs)i 
(0.1-0.4) (SS)i 

{0.02-0.l)(BODs)i 
(0. 3-1.0) (SS)e 

15-t,o 
25-50 

·.;_ 6.5-9.0 
Algae 

Aerated 

Aerobic 

Completely mixed 
2-10 multiples 
Series or parallel 

3-20 
6-20 

20-400 
-

20 
0-40 

80-95 

(0.02-0.l)(BOD&)£ 
(0.2-0.5)(BODs) 1 
(1.1-1.4) (SS)i 

(0.02-0.l)(BODs)i 
(0.5-0.B)(SS)e 

20-70 

6.5-8.5 
Aerators· 

Aeration plus mixing 

Facultative 

Mixed surf. layer 
2-10 multiples 
Series or parallel 

7-20 
3-8 

20 
0-50 

B0-95 

(0.02-0.l)(BODs)i 
(0.2-0.S)(BODs)i 
(0.1-0.4) (SS)i 

(0.02-0.l)(BODs)i 
{0.3-0.B) (SS)e 

20-70 

.6 .5-8. 5 
Aerators 
Aeration 

• 
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Where the equalization basins are not on-line with the continuous waste 

flow, special overflow weir or sensor-actuated flow gates must be provided for 

temporary diversion of flows to the basin structure. Where the basin is used 

for protecting the on-line biological treatment processes, methods must be 

provided for anticipating qualitative changes so that the appropriate waste 

volume can be' diverted before the normal treatment sc.heme can be restored. 

The acidity or alkalinity (pH) of the waste stream introduced to the 

bioreactor must be maintained within a specific range to preserve microbial 

populations. To accomplish this, different industrial waste streams may be 

combined for treatment based on their neutralizing effects, or chemicals may 

be purchased and added to the influent wastes. In the former &ituation, lower 

operational costs are realized (no chemicals must be purchased), but 

maintenence of pH is dependent on the consistency of each component stream. 

The stockpiling of chemicals such as sulphuric acid, caustic soda or lime will 

increase chemical costs, but will also provide the capability for responding 

to variations in waste stream characteristics or flows by adjusting chemical 

additions. Neutralization of highly concentrated waste streams may be most 

effectively achieved before they are mixed with other, more dilute waste 

streams. 
- )I•• 

Other pretreatment techniques may also be practiced in order to enhance 

the biodegradation of problematic waste streams. The use of cooling towers 

should be considered as an effective weans of enhancing biodegradation. If 

inlet wastes are not cooled .to at least 40°C co 45°C, they may adversely 

affect the microorganisms in the bioreactor. Some technologies,. such as 

solvent extraction, are best applied to individual process waste streams 

before they are combined with other industrial waste streams prior to 

treatment. Other techniques applicable to single or mixed waste flows 

include: reverse osmosis, chemi~al precipitation, evaporation, ion exchange, 

distillation, resin adsorption, and gravity separation. Powdered activated 

carbon has been shown to be effective in adsorbing and attenuating compounds 

thereby limiting the. toxic effects of concentrated wastes. 

Post-treatment of biological residues containing heavy metals are often 

restricted by the presence of these metals. For ex•mple, high metal levels 

can result in air pollution, ash disposal, and me~hanical operating problems 

during sludge incineration (see Section 12). The presence of cadmium and 
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other metals at excessive-levels can prevent the siudge -fr~m-·b,eing disposed 
- ' . 25 ~ 

v1a land appl1cat1on. Depending on the level of heavy metals accumulated 

within the sludge product, the most likely method of disposal would be 

solidification followed by landfilling. Note that. these sludges are unlikely 

to contain metals at concentrations which would prohibit them from being land 

disposed under the 1984 HSWA regulations. Alternatively, extraction for 

metals removal or incineration may be the most viable post-treatment methods. 

11.2 PROCESS PERFORMANCE 

Numerous research studies have been conducted to investigate the toxic 

effects of heavy metals on conventional biological treatment.processes. The 

following is a brief summary, by metal type, of the adaption of biological 

systems to heavy metals removal. This is followed by a discussion of the 

effects of synergism and recent developments concerning the use of novel 

organisms for biological treatment. While the available literature emphasize 

activated sludge treatment, anaeorbic and algal systems have been increasingly 

1 d - d l d. d 26 exp ore 1n recent years an are a so lSCusse • 

11.2.1 Zinc 

The percent removal of z1nc in activated sludge treatment is normally 

very good compared to other metals. Typical values range from as low_as 

22 percent to as high as 68 percent, averaging better than 50 percent. Both 

soluble and insoluble ZLnc is removed mainly in the aeration basin absorbed by 

the microbial floc. 
' 27 

Pilot plant studies on activated sludge treatment 

showed zinc removals ranging from 74 to 95 percent at concentrations ranging 

from 2.5 to 20 mg/L. BOD removals for these zinc concentrations were only 

slightly affected. It is net expected that municipal plants achieve these 

removals, but it is interesting to note that the pilot studiei have no 

supernatant recycle. 

Anaerobic digestor operation has been found to be tolerant of zinc 

in£ luent levels u;;-ta2·o~;/L .2 7 Zinc-cyanide complexes can cause d iges tor 

problems if the digester is not previously acclimated to low cyanide levels. 

--An aLgal system using Ch.lore·lla -pyrevoidosa was ·reported· ·to toler·ate up to 

10 mg/1 zinc over a 24-hour period. However, removal efficiency was poor 

(29 percent) and 103 mg/L of Chlorella was required.
28 
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11. 2. 2 Copper 

In municipal treatment plants, copper is often encountered as copper 

-sulphate or copper cyanide complex since these are common plating wastes. A 

field survey of treatment plants 29 .showed influent copper values ranging 

from 0.2 to 6.8 mg/L. While copper removals of only 37.2 percent were 

obtained at a full-scale facility (the Ukima Treatment facility in Japan) 30 , 

results in Table 11.3.1 from pilot plant studies 31 show 50 to 75 percent 

removals are obtainable when copper is provided as copper cyanide. Of 

interest in this study are the-low Cu residuals obtained at 1.2 mg/L Cu feed 

levels. It was also found that 1 mg/1 Cu actually increased sludge 

settleability leaving BOD and COD removals essentially unchanged 

(Table 11.3.2). In another study, an algal system using Nostoc muscorum on 

influent copper concentration of 10 mg/L reported a 48 percent reduction over 

a 24-hour period. 
. i 

These results tend to support the theories of Wood et al. concerning 

the growth of filamentous organisms which can enhance metal removal through 

adsorption. Sludge feed doses of copper sulfate were largely absorbed by the 

activated sludge and then r~leased slowly, minimizing toxic effects on the 

microorganisms. 

11.2.3 Nickel 

~ickel removals by activated sludge were found by McDermott, et al., 32 

to be roughly 30 percent for influent concentrations ranging from 2.5 to 

10 mg/L. The BOD removal efficiency was reduced only 5 percent at these 

concentrations, however, a sludge dose at 200 mg/L was found to have 

significant adverse effects on system operation. Anaerobic digestion was 

found to reduce soluble Ni content of sludge to a constant level of 8 to 14 

mg/L, regardless of the initial feed levels. However, these results were 

h f . d. f h . . 33 contrary to t e ~n ~ngs o ot er ~nvest~gators 

Another experiment tested six strains of algae and Eugleve ~· for their 

ability to bioaccumulate nickel. 4 Tne researchers found that, at pn 8.0, 

algae could tolerate up to 7.8 mg/L of nickel before cell lysis would occur. 

--~--_..__ ...... · ~- -------- ......,..,- --- -- ---=:_-~·~..:.""-"-__ .... _, 
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TABLE 11.2.1. FATE OF COPPER FED AS COPPER CYANIDE COMPLEX 
IN ACTIVATED SLUDGE TREATMENT 

Copper in sewage feed (mg/L) 

Type of check sample Location of check sample 0.4 

Copper fed found in 
outlet (%) 

Primary sludge 
Excess activated sludge 
Final effluent 43 
Unaccounted for 

Efficiency of copper 
removal (%) 

Soluble copper in Total 
primary effluent (mg/L) Reactive 

Soluble copper in 
effluent (rog/L) 

Source: Reference 31. 

Total 
Reactive 
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57 

0.22 

0.12 

1.2 2.5 5 

12.5 10.7 7 
43.3 25.6 23 
25.1 43.3 50 
20.0 20.0 20 

75 57 50 

0.19 
2.56 

0.10 
0.67 0.92 
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TABLE 11.2.2. EFFICIENCY OF ACTIVATED SLUDGE 
TREATMENT OF SEWAGE-CONTAINING 
COPPER FED CONTINUOUSLY 

BOD COD 
Copper removal, averaJ!:e removal, average 
(mg/L) (%) {%) 

0 95 85 

0. l 95 85 

1.2 93 84 

2.5 91 85 

5.0 89 76 

10.0 88 69 

Source,::· · Re,ference·Jl. .. 
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11.2.4 Lead 

·. . 34 
Lead removals obtained by Brown, et al.,. were on the order of 

55 percent for secondary plants. Lead removal was found to be enhanced by 

longer settling times and larger floc size in the activated sludge process. 
28 Lead removals using Anabaena Flos-Aquae investigated by Sloan et al. , were 

on the order of 65 percent when initial lead concentrations were 4.0 mg/L. 

11.2.5 Cadmium 

Cadmium removals are normally not very high in biological treatment, 

partly due to the low concentrations usually encountered. Low removals of 

cadmium can be attributed to its high solubility, ability "to form other 

complexes at the pH of sewage, and competition from other metal ions in the 

influent. However, when an influent concentration of 2.0 mg/L of cadmium was 

contacted with the algae Anabaena Flos-Aquae, a removal efficiency of 

70 percent was reported over a 24-hour period. 28 . 

11.2. 6 Ch romi·urii 

Chromium removals by operating activated sludge plants are generally 
34 35 

around 40 to 60 percent. ' Hexavalent chromium is normally reduced to 

the trivalent state before it 

pilot-plant study by Moore, et 

is removed 
2 al., the 

by microbial floes. However, in a: 
0 d 0 f +6 

pr~or re uct~on o Cr by means 
+6 of biological reduction showed approximately 92 percent removal of CR at 

feed levels of 46.5 mg/L. The biological reductor is a complete mix reducing 

basin, with chromate serving as the principal source of oxygen. The BOD 

removals of the activated sludge process 1n conjunction with the biological 

reductor were around 94 percent, indicating little decrease in efficiency due 

to presence of the metal. Gas production in the digester was also not 

affected by chromium 

those found by other 

in the sludge, although 
• 0 36 
1nvest~gators 
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11.2.7 Synergistic Effects 

29 
Barth, et al., wrote a summary re~ort on the effect of heavy metals 

on various biological units. Using the data compiled from an activated sludge 

pilot plant, they concluded that the aerobic biological treatment system could 

tolerate a total heavy metal concentration of up to 10 mg/L (Cr, Cu, Ni, and 

Zn), either singly or in combination, with only about a 5 percent reduction of 

h OD 1 f f . - 2 9, 3 7 T f l -t e B remova e ~c~ency. hey urther cone uded that a small dose 

of metal could noticeably reduce the treatment efficiency, but this effect 

diminished with larger doses. Nitrifying microorganisms were also reported to 

be sensitive to heavy metals. The investigators reported that 5 mg/L of 

copper in influent sewage was the highest dose that could still allow 

satisfactory anaerobic sludge digestion. Finally, they reported that limited 

metals could have beneficial effects; e.g., reducing the degree of sludge 

bulking problems in aerobic systems. These conclusions have been confirmed 
. . . 36 J . 38 other studies 1nclud~ng Dawson and Jenk1ns, enk1ns, and T 

. 39 arv1n. 

11.2.8 Recent Developments 

·• ''· 

In the past 5 or 6 years, researchers have been working on the 

development of specific organisms designed primarily for the bioaccumulation 

of heavy metals. The following is a brief discussion of some of the more 

promising technologies. 

in 

Researchers at the Hebrew University in Rehovot, Israel, have developed a 

ne~ method for removing metals 
- 40 

from wastewater using water ferns. Azolla, 

a water fern found in Asia, East Africa and Central America, can be used to 

remove metals such as copper, zinc, chromium, cadmium, nickel, silver, 

titanium and uranium from industrial waste. It can be grow~ in settling ponds 

and, when harvested and dried, used as filtering material in paint and 

metals-processing plants. 

In the United States, a process developed by Kerr-McGee of Oklahoma City, 

0 1 . . 1 . f 40 k ahoma, was used to b1olog1cally remove se en~um rom wastewater. The 

researchers found that selenium can be removed from uranium-mine wastewater by 

anaerobic Clostridium bacteria. At a scale of 100 gal/d, selenium 
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concentrations hav~ been lowered from 1.6 mg/L to below 0.5 mg/L. The 

organism is proving to be more effective in this application than ion exchange 

and reverse osmosis which were also tried. 

At New Mexico State University in Las Cruces~ Dennis Darnell and his 

research group are using green algae, Chlorella vulgaris, to recover metals 

from waste streams at a cost that is a mere 1 percent to 2 percent of the cost 

of exchange resins which are currently used. The researchers immobilized the 

algae on silica gel and have run as many as 20 cycles with no decrease in 

effectiveness. Acidity and salt content of solutions can reportedly be 

adjusted to retrieve metals selectively. Chromium, silver, mercury, platinum, 

and other metals have been removed in trials, but gold was found to be the 

most tightly bound by the algae. More than 90 percent of gold was removed 

from a test solution, although the inlet concentration was not specified in 

the reference.
40 

Researchers at Austria's Institute of Microbiology at the University of 

lnnsbruck have discovered that certain fungi and bacteria are able to ''filter" 

silver from dumped waste material and store. it in their cells. 

could .lead to the recovery of precious metals from industrial 

'I'his discovery 
40 

sewage. 

ln,Sweden,''Rolf <0•' Hal-lberg li·a··s ai:scovered a proc·e·;s 'tar· removing 'tieavy" 
metals from wastewaters containing sulfate ions by means of sulfate-reducing 

. 41 
bacten.a. The bacteria can be any of the known sulfate reducers, 

including Desulfovibrio and Desulfotomaculum. The bacteria reduce the.sulfate 

to sulfides, producing hydrogen sulfide gas, leaving the heavy metals to 

precipitate out as sulfides. Two vesse{s are used, one for culturing the 

bacteria in a nutrient and the wastewater, and the other for precipitation. 

Holding time in the culture vessel may be 10 to 40 hours. AQueous solution of 

hydrogen sulfide produced in the culturing vessel is fed continuously into the 

precipitation vessel along with the rem2inder of the waste,..ater. The 

resulting precipitate is flocky and settles easily. 

An example presented in a patent for the process used simulated 

wastewater with a sultate ion content of about 600 mg/L, 10 mg/~ copper, 

600 mg/L zinc, and 500 mg/1 iron. Unfiltered water from the precipitation 

vessel contained up to 0.1 mg/L copper, 0.1 mg/L zinc, 10 mg/L hydrogen 

sulfide, and 10 to 50 mg/L iron. Iron content could be decreased to zero by 
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adjusting pH in the precipitation vessel. Another possible process variation 

would be to aerate the output to oxidize residual hydrogen sulfide to sulfate, 
+2 +3 41 

and iron to Fe and Fe for reuse. 

A strain of Pseudomonas fluorescens that reduced chromate ions to a 
41 

precipitatable form has been found by Lawrence H. Bopp. The strain, 
' +6 +3 

designated LB300, reduces Cr to Cr , which precipitates and is thus 

removed from the wastewater. The organism can be used to detoxify chromate 1n 

a contaminated sewage digester in which rnicroflfora have been killed by 

chromate-bearing sewage. After detoxification with LB300, normal microflfora 

growth can be reestablished. 

LB300 is resistant to potassium chromate concentrations as high as 

2,000 ppm in a minimal salts medium. That is ~igh enough to include most 

industrial effluent of chromate, such as chrome plating wastes or wastes from 

chromate ore processing. LB300 can be used·under aerobic or anaerobic 

conditions at temperatures between -4" and +35"c.
41 

11.3 PROCESS COSTS 

~idespread use of aerobic biologjcal treatment systems has led to well 

developed cost estimation procedures basing capital, operational, materials, 

and labor costs on system capacity. Estimated treatment system outlays can be 

determined using Table 11.4.1 and Figures 11.4.1 and 11.4.2, although these do 

not include the additional costs of seed chemostatic organisms to be used in 

bioaugmented processes. More complete and up-to-date cost information can be 
• • • II .·"' • . It 42 

found ~n the EPA publ~cat~on Est1mat1ng ~ater Treatment Costs • 

Although the breadth of this document prevents its inclusion in this section, 

the data presented here do show the relative costs and scaling factors used 
' 43 44 

for var~ous cost elements. ' All costs have been updated to 1987 
. . 45 

dollars, using the Chemical Eng1neer1ng Index. 

Standardized cost data for anaerobic treatment systems were not found. 

An example of a modern anaerobic system is the "Celrobic" process developed by 

Celanese. 4~ In 1983, a 1.08 million gallon/day waste stream with an 

influent COD of 3.3 g/L, incurred outlays of $8,100,000 in-capital costs and 

$400,000 in annual operating costs (1982 dollars). This plant was expected to 

produce 220 million cubic feet of methane gas annually which considerably 

reduced its net annual operating costs. 

ll-21 

-- - ·---~. 
·, ';IJ'-~"F~·c~-



li 
I 

\\ 
I,: 

I 

' I, 
, I 
II 

>--' 
>--' 
I 

N 
N 

TABLE 11.3 .1. ESTHIATED CAP1 TAL COST fOR HASTEHATER TREATMENT UNITS 

Tt:"eatment unit 

Raw wastewater pumping 

Screening, grit removal and 
flow measurement 

Equalization 

Primary sedimentation or 
secondary clarification 

Aeration-basin 

Aet:"ation-diEEused air system 

Aeration-surface 

Trickling filter 

Recirculation pumping 

'-

Sludge digesters and buildings 

Lagoon 

Vacuum filtration 

Centrifugation 

1 nc inera t ion 

Source: References 43 and 44. 

Parameter 

Capacity (mgd) c 

Capacity (mgd) c 

Volume ( Mga 1) c 

Surface area (in i,OOO ft2) c 

Volume (in 1, 000 ft 3) C 

Blower capacity (in 1,000 cfm) C 

Capacity (horsepower) 

Media volume (in 1,000 ft3) 

Capacity (mgd) 

Sludge volume (in 1,000 ft3) 

Volume (Mga l) 

Filter area (ft2) 

Capacity (gpm) 

Dry solids capacity (lb/hr) 

c 

c 

c 

c 

c 

c 

c 

c 

Model cost 
( 1987 dollars) 

6.5 x 103 (mgd)l.O 

67.5 x 104 (mgd)0.62 

1 8 • 0 x 1 o4 ( Mg a l) 0 • 5 2 

7.0 x 104 (A)0.88 

10.5 x 103 (v)0.79 

22.5 x 104 (cap)0.72 

2.5 X 103 (hp)0.89 

8.5 x 103 (v)0.84 

6.3 x 104 Cmgd)0.70 

3.5 x 104 (v)0.64 

18.0 X 104 (y)0.71 

14.8 x 103 (A)0.67 

8.3 x 104 (gpm)0.54 

3.5 x 104 (cap)0.56 

·,·1 
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Figure 11.3. l. Estimated annual operating and materials costs as a 
function of wastewater treatment facility capacity. 

Source: References 43 and 44. 
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Actual treatment costs will depend on specific characteristics of the 

waste stream. Pertinent data needed for cost estimation are: waste stream 

volumetric rate, organic compound constituents and concentrations, other waste 

characteristics such as influent BOD, COD, or level of toxins,. treatment 

design, and overall treatment objectives. 

11.4 OVERALL STATUS OF BIOLOGICAL TREATMENT 

A large number of companies exist that specialize in the design and 

construction of biological treatment systems. Aerobic systems are the most 

readily available, and their design and operation are complex, but 

manageable. The total number of facilities using some sort of aerobic 

biological treatment is over 2,000.
46 

Conversely, the number of companies 

offering expertise in bioaugmentation and anaerobic treatment is relatively 

small, but this segment is expected to grow rapidly. 

Biological treatment of metals using conventional equipment and 

acclimated strains is typically only capable of treating combined heavy metal 
37 

influents of 10 mg/L. While improvements in process tolerance for 

inorganic priority pollutants is encouraging, most advancements are still in 
. 41 

the developmental stage and have yet to be widely applied. 
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SECTION 12.0 

THERMAL TREATMENT/RECOVERY PROCESSES 

Processes included here may be used to treat hazardous wastes containing 

many of the toxic heavy metals. Processes such as incineration and the 

"pyrometallurgical" processes such as calcination or smelting, and recovery 

processes such as evaporation and crystallization, may be used to separate the 

metal compounds from the other waste constituents. The application of these 

processes will allow either their recovery (e.g., by crystallization) or 

concentration and ultimate disposal through techniques such ss encapsulation 

of incineration ash that are most appropriate for concentrated wastes. Since 

the metal compounds cannot be "broken down" in the same manner as, for 

example, an organic compound may be broken down through pyrolysis to simpler 

compounds or oxidized to form co
2 

and water, the usefulness of the thermal 

destruction processes as a means of concentrating metal wastes strongly 

depends upon the nature of the other waste constituents. To a lesser extent, 

the applicability of a thermal technology may also depend upon the volatility 

of the metals, and the physical form of the waste. 

In this chapter, the available technologies to be discussed are as 

follows: 

• Incineration; 

• Calcination/Smelting (Pyrometallurgy); 

• Evaporation; and 

• Crystallization. 

The last two processes are recovery processes which are more physical 

than thermal in nature. Evaporation depends upon removal of a volatile, 
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nonmetallic component of the waste, usually water, to concentrate metallic 

·salts. Crystallization, often used in conjunction with evaporation, involves 

cooling a solution to reduce the solubility of the metal salts and brin~ about 

precipitation. 

While many hazardous wastes containing heavy metals may be ~ood 

candidates for thermal destruction processes, as classified above, there are 

some which should definitely never be handled in this manner. Such wastes 

include: 

• Organoarsenic compounds, which when combusted yield arsenic Ill 
oxide, which has a fairly low boilin1 point. To effectively capture 
this material from combustion vent gases, the gases need to be 
cooled to near ambient temperatures before dry or wet collection of 
particulate arsenic III oxide can be satisfactorily conducted. 

e Selenium compounds; the selenium dioxide generated is a low boiling 
compound which, like arsenic oxide, will be difficult to contain. 

• Wastes containing chlorides and chromates which, during incineration, 
may generate chromyl chloride (CrOzCl2) 1 vhich has boiling point 
of only ll7"C. For this substance, the same problems as those 
discussed for organoarsenic compounds are encountered. 

• Explosives; explosive mixtures should not be handled by incineration 
for obvious reasons. 1 

ln general, there are several disadvantages inherent in using thermal 

destruction processes to handle metal-bearing wastes, including the following: 

• 

• 

All thermal destruction processes will create air emissions, in many 
cases including heavy metal particles or vapors; 

Thermal destruction processes will often form chemical by-products 
such as hydrochloric acid which may be damagin1 to·the systems 
themselves, or which, like dioxins, may present serious 
environmental hazards which are as significant as those posed by the 
toxic heavy metal wastes; 

• Thermal destruction processes require the generation or removal of 
heat energy throu1h fuel burning or consumption of electrical power 
and therefore may not be economically attractive. 

12-2 

·; 

..• 





In this chapter, the amenability of metal wastes to_the specific 

processes will be reviewed, focusing on specific performance test results to 

develop an understanding of which physical/chemical parameters dictate the 

acceptability of each process. 

12.1 INCINERATION 

Incineration is the process of applying sufficient heat ~nergy and oxygen 

to cause the oxidation and/or pyrolysis of compounds such that1 they are broken 

down to form more "basic" chemical species such as ~o~ater, C0
2

, HCl, 

elemental metals or metal oxides, etc. lncineration·'processes are often 

considered an attractive management alternative for hazardous ~o~astes because 

they possess many advantages over other technologies, including the follo~o~ing: 

• Thermal destruction by incineration provides the ultimate disposal 
of hazardous wastes, minimizing future liability from land disposal; 

• Toxic components of hazardous wastes can be converted to harmless or 
less harmful compounds; 

• The volume of waste material may be reduced significantly by 
incineration; and 

• Resource recovery (i.e., heat value recovery) is possible through 
combustion. 

Unfortunately, because metals are not destroyed by incineration and have no 

heat recovery value there is little tncentive to treat most metal bearing 

wastes by incineration. An exception might be an organometallic compound 

containing waste such as tetraethyl lead or a cyanide complex which is highly 

toxic and not readily treated by more conventional methods. 

Several problems must be faced when incinerating metal-wastes. A primary 

consideration is the extent to which air emissions of toxic heavy metal 

particles or vapors will be generated. Certain metals and their oxideSsuch as 

mercury, lead, selenium, and arsenic are volatile, particularly ~t the 

elevated temperatures of incineration. A significant percentage of the input 

of these relatively volatile metals will be emitted as a vapor or as fine 

particulates which are difficult to control. A second problem involved in the 
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incineration of such was~es is the generation of_an incinerator ash or slud~e 

containing metals or metal oxides, which will require safe disposal. Third, 

wastes containing high concentrations of noncombustible materials requ~re 

greater energy input via auxiliary fuel combustion, th~s inc~easing ~rocessing 

costs significantly. Finally, such wastes may be difficult to handle in 

certain incineration systems. Liquid injection incinerators may not be used, 

for example, should the solids content of the waste be such that the injectors 

will be come clogged. 

Although numerous studies of incinerator performance have been conducted 

in which organic wastes containing metals were burned, the available data are 

limited in content relative to the effect of metals on combustion. Based on 

the available data, it does not appear as though the presence of-metals in 

small concentrations will hinder the destruction of organics. The data do 

show, however, that certain metal species may present more of a concern 

relative to potential air emissions than do others. 

Incineration facilities permitted to operate by EPA under RCRA are 

required to achieve at least a three tiered environmental standard:
2 

l. They must achieve a destruction and removal efficiency (DRE) ·of 
g9,99 percent for each pri~cipal organic hazardous consrituenr 
(POHC); 

2. They must .achieve a 99 percent HCl scrubbing efficiency or emit less 
than 4 lbs/hr of hydrogen chloride; and 

3. They musr not emit particulate matter in excess of 0.08 grains/dscf, 
(0.18 grams/dscm) corrected to 7 percent oxygen. 

The HCl and particulate matter standards will be exceeded by most uncontrolled 

incinerators burning even relatively clean wastes. For. example, the HCl 
6 

standard- of 4 lb/hr will be exceeded by units larger than 3.8 x 10 Btu/hr 

burning a 19,000 Btu/lb waste containing 2 percent chlorine. The ash content 

corresponding to the 0.18 g/dscm particulate emission standard would be about 

0.3 percent assuming incineration of a similar high Bt~ fuel at 7 percent 
3 

oxygen. Thus, in order to comply with the particulate emission standard, 

control devices will be required to reduce a1r emissions when burning a waste 

containing higher concentrations of metals For example, a control device of 

about 90 percent efficiency will be needed to achieve the standcard for a waste 
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containing 3 percent metal .• 

value and composition of combustibles .in the waste (and auxiliary fuel) and ,,.. ' 

the fraction of the metal input emitted with the flue gas. 

According Oppelt, 
4 

than half of the incinerators operating in to more 

1981 used no air pollution control system at a 11. These uncontrolled 

incinerators would not be suitable for the incineration of metal bearing 

wastes. Standards for emissions of toxic air pollutants such as toxic metals 

may also limit incineration of metal•bearing wastes. 

12.1.1 Process Description 

Hazardous waste incineration technologies range from those with 

widespread commercial application and many years of proven effective 

performance, to those currently in development. As many as 67 companies may 

be involved in the design and development of hazardous waste incinerators, 

with more expected as limitations on land disposal of hazardous wastes 
. 5 
~ncrease. 

As mentioned previously, the're are several incineration -t'echnologies. 

which have become established commercially as the primary options available 

for the incineration of hazardous wastes. These technotogi.es' -h~v'e be~n 

demonstrated extensively for a wide range of hazardous wastes. They comprise 

about 80 percent (by number) of the ·u.s. market.
6

• 
7

•
8 

They include: 

• Liquid injection incinerators; 

• Rotary kilns; 

• Fluidized-bed incinerators; 

• Fixed hearth incinerators, ·particularly the starved air or pyrolysis 
type units; and 

• Multiple hearth incinerators. 

Liquid injection (64 percent), rotary kiln (12.3 percen~), and fixed 

hearth incinerators (18.5 percent) are the most widely used for the disposal 

of hazardous wastes. A detailed discussion of the design and operation of 

these systems can be found in Reference 3, or in the open literature. 
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The relative ease with which hazardo~s wastes containing toxic heavy 

metals or metal compounds may be incinerated has been studied within the 

context of a general study of hazardous waste incinerability conducted by 

EPA. 9 A summary of the "incinerability" ratings developed by EPA for such 

wastes is presented in Table 12.1.1. As shown, almost all of the 

metal-bearing hazardous wastes are perceived to be "poor" candidates for 

incineration. The 

for EPA in 1981 by 

results of a study analyzing "incineration risk" conducted 
10 

ICF, however, showed that 35 of a total of 139 

hazardous waste streams currently incinerated (25 percent) contain toxic 

metals or metal salts. The metal-containing wastes do not, however, account 

for a significant percentage of the total volume of hazardous waste 

incinerated. In fact, the study showed that approximately 90 percent of the 

volume of wastes incinerated are characterized as DOOl and D002 wastes, about 

which little is known. It is not expected that such waste would contain an 

appreciable amount (if any) of heavy metal. 

The primary characteristic of metal-bearing hazardous wastes which might 

limit incinerability is the concentration of the metal itself. Other limiting 

factors relate to the characteristics of the other waste constituents, 

e.g., organic solvents. A detailed disctis~i6ri of those components is 

presented in Reference 3. Most commercial incineration facilities surveyed by 

Alliance indicated metals concentration limits in the 1 to 500 ppm 
ll-20 range. Most are limited to such low feed concentrations by air 

emission regulations or effluent guidelines. Thus, although a higher metals 

concentration may not necessarily render a waste less combustible, the air 

emissions and/or ash or effluents generated may preclude the incineration of a 

particular waste. 

As a result of this limitation, many commercial facilities blend 

metal-bearing w.a"s"tes with other "compatible waste streams in order to achieve a 

proper concentration level. Blending may also serve to enhance the 

combustibility of the waste stream (i.e., raise the heat value). No other 

form of pretreatment appears to be used by the commercial incineration 

industry. 
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Waste 
code 

D004 
000.5 
0006 
0007 
0008 
D009 
DOlO 
DOll 
F006 
F007 
F008 
F009 
FOlD 
FOll 
F012 
F019 
K002 
KOOJ 
K004 
KOOS 
K006 
K007 
K008 
K021 
K031 
K046 
K053 
KOS4 
K055 
K056 
K057 
K058 
K059 
K060 
K061 
K062 
K063 
K065 
K066 
K067 
K068 
K069 

TABLE 12.1.1. METAL ~ASTE INCINERABILITY 

Arsenic 
Barium 
Cadmium 
Chromium 
Lead 
Mercury 
Selenium 
Silver 

Description 

Wastewater treatment sludges from electroplating 
Spent bath solutions from electroplating 
Plating bath sludge from electroplating 
Spent stripping and cleaning sol~tions from electroplating 
Sludge from metal treating 
Cleaning solutions from metal treating 
WW trtmt. sludge from metal treating 
Conversion coating sludge from metal treating 
Chromium pigment production sludges 
Chromium pigment production sludges 
Chromium pigment production sludges 
Chromium pigment production sludges 
Chromium pigment production sludges 
Chromium pigment production sludges 
Chromium pigment production sludges 
Spent antimony catalyst 
Cacodylic acid production by-products 
Sludge from lead detonator production 
Chromium trimmings from leather tanning 
Chromium trimmings from leather tanning 
Buffing dust from leather tanning 
Screenings from leather tannigg 
WW trtmt sludges from leather tannning 
WW trtmt sludges from leather tanning 
WW trtmt sludges from leather tanning 
Lime sludge from coking operations 
Furnace dusts 
Spent pickle liouor 
Lime treatment sludge from steel finishing 
Surface impoundment solids from primary lead smelting 
WW trtmt sludge from primary zinc production 
Electrolytic anode sludge from primary zinc production 
Cadmium plant leach residue from lead smelting 
Lead smelting dusts 

(continued) 
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Ratinga 

Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 





Waste 
code 

K071 
K084 
K086 
K087 
KlOO 
KlOl 
Kl02 
K106 
P006 
POlO 
POll 
P012 
POlS 
P036 
P038 
P065 
P073 
P074 
P087 
P092 
Pl03 
Pl07 
PllO 
Pll3 
Pll4 
Pll5 
Pll9 
Pl20 
Pl22 
U032 
Ul36 
Ul39 
Ul44 
Ul45 
Ul51 
U204 
U205 
U214 
U215 
U216 
U217 

a Low 
Poor 
Blank 

TABLE 12.1.1 (continued) 

Description 

Muds from mercury chloroalkali cell 
Organarsenic production wask 
Slude from ink and pigment manufacturing 
Tars, sludges from coking operations 
Lead processing leachate 
Organoarsenic production waste 
Organoarsenic production waste 
Mercury chloroalkali cell sludge 
Aluminum phosphide 
Arsenic acid 
Arsenic pentoxide 
Arsenic trioxide 
Beryllium dust 
Dichlorophenylarsine 
Diethylarsine 
Mercuric fulminate 
Nickel carbonyl 
Nickel carbide 
Osmium tetroxide 
Phenyl mercuric acetate 
Selenourea 
Strontium sulfide 
Tetraethyl lead 
Thallic oxide 
Thallous selenite 
Thallous sulfate 
Ammonium vanadate 
Vanadium pentoxide 
Zinc phosphide 
Calcium chromate 
Cacodylic acid 
Iron dextran 
Lead acetate 
Lead phosphate 
Mercury 
Selenous acid 
Selenium disulfide 
Thallium acetate 
Thallium carbonate 
Thallium chloride 
Thallium nitrate 

= Low potential 
"' Poor potential 

No information provided 
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Rating8 

Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Low 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 
Poor 





12.1.2 Performance of Incinerators Burning Metal-Bearing Hazardous Wastes 

Numerous studies have been conducted to assess the effectiveness of 

incinerators in destroying various hazardous wastes. These studies, and the 

accompanying available performance data have, however, focused upon the extent 

to which organic waste constituents are destroyed (i.e., the destruction and 

removal efficiency, or ORE), and thus in the majority of cases the wastes 

tested are organic waste streams. While those wastes may contain metals in 

very low concentrations, few if any could be considered equivalent to the 

metal-bearing wasteft generally considered here. The available data which show 

the effect of toxic heavy metals on hazardous waste incinerator performance 

are, therefore, auite limited. 

Although the concentrations of metals in the wastes tested are not 

generally significant,
4 

some valuable conclusions may be drawn from an 

evaluation of metals analysis data derived from several of the available 

performance tests. Tables 12.1.2 and 12.1.3 
21 obtained from studies conducted by MRI and 

present summaries of data 

GCA C . 22 Th orporatlon, ese 

data indicate the fate of metals introduced with the waste feeds, showing 

their resultant concentrations in stack emissions and effluents (which include 

incinerator ash, and control system effluents such as wet scrubber sludges). 

The data, while obviously not conclusive, suggest that many metals are 

retained as bottom ash and that the amount of metal in the fly ash which is 

not caught by the air pollution control systems and is thus emitted from the 

incinerator stack may be significant (i.e., as high as 10 percent or more). 

These phenomenon appears to be related to both the concentration of metal in 

the waste feed and the volatility of the metal species. The ratio of 

emissions to input were higher for lead, for example, than other metals. 

While not shown in the table, it was concluded that in all cases, the 

organics under study were destroyed well beyond the required limits. On the 

basis of these studies, therefore, it appears that incineration can be an 

effective means of managing certain metal-bearing wastes, particularly in its 

ability to significantly reduce the overall waste volume to be handled, to 

convert much of the other toxic components of such wastes to harmless or less 

harmful compounds, and to render a metal-bearing waste more amenable to land 

disposal. 
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TABLE 12. 1. 2. SUMMARY OF METALS ANALYSIS DATA - MASS INPUT AND OUTPUT RATES (G/MIN) 
FOR TOXIC HEAVY METALS STIJDY 

Metals 
------------------------------------------------------------------------------

Facility Stream Arsenic Cadmium Chromium Mercury Nickel Lead Selenium Thallium 

Rossb Input 5.04 20.1 0.33 19.7 71.7 0.65 

Effluent from absorber 23.4 14.4 56.7 6.08 248.0 113.4 

Emissions from stack 0.071 0.187 0.004 0.032 6.93 0.011 

Plant B Input 0.90 O.ll 0.84 0.50 0.16 2.1 5.2 0.9 

Control device ash 0.03 0,04 0.1 0.06 0.03 0.9 5.1 0.05 

Em iss ions 0.035 0.069 0.47 0.037 0.32 1.5 4.5 0.06 

American lnpu tC 0.024 0.002 o. 555 0.009 0. 377 0.002 0.022 0.011 .... Cyanamidd N 
I Emissions 0.005 0.188 0.064 0.188 0.016 0.04 .... 

0 
DuPontb,d Input 0.007e 0.016e 0.155 0.117 

Emissionsb 0.049 0.007 0.007e 0.01 0.032 0.146 0.17 0.009 

TWJd,f Input 0.100 0.141 0.234 0.050 2. 51 

Emissions 0.020 0.044 0.012 0.020 0.004 0.810 o.soo 0.040 

8 Where no data are shown, no data were available. 

bAverage for three test runs. 

ccalculated from concentration data. 

dNo effluent ~ata given. 

eone test run only. 

fAverage for four test runs. 

Source: Reference 21. 





TABLE 12.1.3. CONCENTRATIONS OF METALS IN COMBUSTIBLE WASTE FEED AND 
COMPARISON OF INPUT RATES TO EMISSION RATES 

Average concentration Average Average Ratio of emission 
in combustible waste feed rate emission rate to input from 

(ug/g) (mg/min) ( mg/min) combustible waste 

Arsenic 19.30 88.90 40.10 0.45 

Barium 121.00 558.00 56.20 0.10 

Beryllium 4.67 21.50 1.31 0.06 

Cadmium 4.06 18.70 23.70 1.30 

Chromium 166.00 765.00 34.20 0.05 

Iron 20,800.00 95,900.00 5,370.00 0.06 

Lead 458.00 2,110.00 2,340.00 1.10 

Mercury 0.52 2.40 0.02 0.01 

Selenium 0.50 2.30 0.82 

Source: Reference 22. 
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12.1.3. Costs 

The overall costs associated with ha~ardous waste incineration, whether 

onsite or at commercial incineration facilities, are high relative to other 

hazardous waste treatment or disposal methods. Incineration facilities 

require lar~e capital costs due to the size and complexity of the systems 

involved, and the requirements associated with the handlin£ of hazardous 

wastes and their combustion products. Operating costs are high due to the 

lar2e energy input reauired, and 'also due to high raw materials and 

environmental control costs. Incineration costs are· difficult to specify Ln 

general, because in each situation the number of factors impacting costs is 

large. These factors may be classified fundamentally as follows: 

• Waste characteristics; 

• Facility design characteristics; 

• Operational characteristics. 

A ·detailed discussion of. th.ese factors is. presented in Reference 3. 

Costs for commercial incineration of metal-bearing hazardous wastes were 

obtained by Alliance within a survey conducted for commercial 

incinerators.
11

-
20 

In general, it can be stated that incineration costs are 

higher and in certain cases ·much higher depending upon the type of metals 

involved and the metal concentrations involved (see Table 12.1.4). It is 

useful to note that the costs of incinerating such wastes at a commercial 

facility employing a cement kiln are significantly lower than those for 

standard incinerators. 

12.1.4 Overall Process Status 

As discussed in Reference 3, there are a number of companies actively 

involved in the development, manufacture, and installation of hazardous waste 

incineration systems. There are also numerous commercial facilities which 

operate hazardous waste incinerators capable of handlin~ wastes containing 

toxic heavy metals, up to certain limits. A telephone survey ~f several such 
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TABLE 12.1.4. SUMMARY OF INFORMATION OBTAINED IN ALLIANCE SURVEY OF 
COMMERCIAL HAZARDOUS WASTE INCINERATORS 

Type of 
incinerator 

Fh•idi:!.ed Bed 

State 

Colorado 

Liquid lnjection/ Illinois 
Rotary Kiln 

Types .of metal 
wastes handled 

Organic wastes 
(e.g., T"efinery 
\Jastes), Paint 
sludges, waste oil. 
Blend all \JBStes. 

Any except those 
containing cyanides. 
Blend Bll ~astes. 

Liquid Injection New Jersey Organic wastes 
(no 'irfo-rgan.id···::-. 
No c:::yanides 

Ceroent Kiln Ohio 

Source: References 11-20. 

Blend all ~astes. 

Any. No cyanides. 
Blend all wastes. 

J 

limitations 

Based on metal 
concentrations. 
T,_,o examples: 
Lead • 500-bOO ppm 
Chromium • 1000 ppm 
Also somewhat based 
on volatility of metals 
(e.g., metal hydrides 
are more volatile. and 
they may not choose co 
handle them due to 
potential air emission). 
Wi'll burn "'ast.es con
taining cyanides up to 
2000 ppm CN. 

Only limitations on 
lead and mercury, as 
sho;.m: Lead • 
if concentration is 
ovet" 100 ppm 1 

container si~e is 
limited to 50 lbsl 
container. 
Mercury., if cone. is 
over 100 ppm, must limit 
to 300 mg/container. 

Costs 

Could not specify. 
Metal concentration 
~ill be directly 
proportional to cost 
increase factor. 

Typical cost is 
S85/5 lb for 
l~ad-bearing sludges. 
Costs are proportional 
to metal concentration 

Bas~d o~ metal concen- Could not sp~cify. 
--r:r;ir.i·on-;· · Exa·mp·l~-~·:,.__,,..._,_..:.: .... -... ~_::...:..._~~-.;.';,~~-
Chromium a 100-200 ppm 
Lead • 100-200 ppm 
Mercury ~ ng/kg 
Cadmium ; ) mg/kg 

Limitations exist on 
~astes containing Pb, 
:C~~r-, Zn, Cr (most 
prevalent, also have 
li~its on others). 
Gene~al limit to these 
species is 4000 ppm 
Can handle up to 
10,000 ppm and red~ce by 
blending. Only bulk 
'-"·astes bu't'ned 

Based on rcetal 
concen:.ra:.o01. 
Typical costs as 
follot.~s: 

Base = SZO/gal 
4-600 ppm= S25-35/gal 
6-!0, ODD PP" • 

535-45/gal 
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facilities nationwide was ~onducted to determine the prevalence of 

incineration of metal-bearing wastes and the associated incineration 
ll-20 

costs. T~e results from four facilities in this survey are presented 

in Table 12.1.4. 

Overall, it may be concluded that incineration appears to be a limited 

and potentially costly alternative for the ~reatment of hazardous wastes 

containing heavy metals. The wastes which may be handled in this manner are 

limited to organic wastes (including organometallic compounds such as cyanides 

and tetraethyl lead) which contain metals in fairly low concentrations. Most 

commercial incineration facilities will handle such wastes, but will charge a 

premium based on metals concentration. 

12.2 PYROMETALLURGICAL PROCESSES 

12.2.1 Process Descriptions 

Most of the pyrometallurgical processes identified for metal waste 

treatment are classified as "calcination" or "smelting" operations. 

Calcination processes are generally those which 'form metal oxides, while 

overall realm of the pyrometallurgical processes may be depicted as shown in 

Figure 12.2.1. The first step shown in the figure eliminates volatiles from 

the waste matrix. The oxidation step is similar to incineration, where 

combustible materials such as organics will be eliminated. From this point 

on, the various available pyrometallu~ical technologies are numerous, and, in 

some cases, quite different from one another. 

Calcination is essentially comprised of Steps 1 and 2 of the flow process 

depicted in Figure 12.2.1. The product or products of calcination are metal 

oxides. Metal oxides may be separated for use by further chemical processing 

or may be disposed of through encapsulation. Generally, if the purpose of 

treating the metal waste stream is to render it more amenable to land 

disposal, calcination is conducted. Smelting essentially involves Steps 3 

and 4 of the flow diagram. The product of a smelter is the pure metal, The 

feed to a smelter may be the metal oxides formed through calcination of metal 
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STEP 1 

STEP 2 

STEP 3 

STEP 4 

METAL WASTES) 

APPLICATION OF HEAT 

WASTE MATERIALS ARE 
HEATED TO A POINT 
BELOW THE TEMPERATURE 
OF FUSION. VOLATILES 
ARE DRIVEN OFF. 

OXIDATION 

OXIDATION OF METALS, 
OTHER COMPONENTS ENSUES 
VIA REACTION WITH AIR, 
FLUXING AGENTS. 

REDUCTION 

REDUCTION OF METAL OXIDE 
VIA REACTION WITH REDUCING 
AGENT TO FORM PURE METAL-- -

' 

PHYSICAL SEPARATION 

METAL IS EXTRACTED 
THROUGH VARIOUS MEANS 
(e.g.' ELECTROLYSIS) 

-- ·- --

HEAT ENERGY INPUT 

VOLATJLES, WATER 
DRIVEN OFF 

FLUXING AGENT 
INPUT 
(e.g., LIMESTONE) 

REDUCING AGENT 
INPUT 
(e.g., COKE) 

-•' -~ .. , 

OTHER WASTE BY-PRODUCTS 

RECOVERED HETAL 

Figure 12. 2. 1. Flow diagram for pyrometa llurgical processes. 
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wastes, or wastes containing metal oxides. In many smelt_ing operations, coke 

is employed as a reducing agent. The most common smeltin!!: operations involve 

recovery of iron, lead, or copper. 

Usually, the waste matrix cannot be reduced to the metal in a single· 

operation and a preparation process is needed to modify the physical or 

chemical properties of the raw material. Furthermore, most pyrometallurgical 

reductions do not yield a pure metal and an additional step, refining, is 

needed 

of the 

to achieve the chemical purity that is specified for the commercial 
24 

metal. 

use 

Drying and calcination are usually carried out in various types of kilns 

such as rotary kilns, shaft furnaces, and rotary hearths. Smelting operations 

are conducted in blast or reverberatory furnaces as described in reports and 

texts dealing . 1 . 23-25 f b w1th meta process1ng. Many non errous metals can e 

extracted by reduction smelting: copper, tin, nickel, cobalt, silver, 

antimony, bismuth, and others. Blast furnaces are sometimes used for ·the 

smelting of copper or tin, but reverberatory furnaces are more common for most 

metals. 

One of the newer pyrometallurgical processes to be developed is one which 

employs the ultra-high temperatures of a plasma arc furnace. Waste dusts from 
, __ .- •• ~·:..--_.; ,--:::-•. _..,:--_,;o'"·.,>.,,'!""- --"-"0-'-"" -~-- ~--,..:,,_ .. ·---~.:~;.___;__.,. _________ ·':>--------'""' .,_J; --~-·, -·- '\oi~---- -~-··-.;:--... ,._ -,, __ 

furnace operations may be fed to a plasma burner operat~ng at temperatures as 

high as 5000°C. The high heat will pyrolyze (break apart) the molecules of 

the waste mixture. Recovery may then be effected throu~h selectively 

precipitating metals at their appropriate CO':_l_(j_ensation points. This is a 

proposed method for handling solid, metallic wastes, particularly those in, 

which a variety of metals are contained, such as dusts from specialty 

steelmaking furnaces. A flow dia~ram of one such system, the PLASMADUST 

process developed by SKF Industries, is shown in Figure 12.2.2. 

Plasma Energy Corporation (Raleigh, N.C.) is testing and demonstrating a 

plasma ladle-reheating system for maintaining or increasing the temperature of 

molten steel drawn from basic oxygen or electric arc "furnaces. The plasma 

maintains the necessary temperature for vertical and horizontal continuous 

casting. The company is testing prototype plasma systems for recovering 

precious metals from automobile catalysts and electronic scrap, for making 

fused Quartz and superalloys, and for destroying PCBs. It also is conducting 

refuse conversion tests for the Canadian government. 
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12.2.2 Process Performance 

Because the ·potential for recovery of metals and other valuable waste 

constituents often constitutes the primary incentive for selection of a 

pyrometallurgical process, it is most meaningful to evaluate their performance 

on that basis. While the amount of available performance data for such 

systems are limited, several studies of pyrometallurgical process performance 

were reported in the literature. The results of three such studies 26- 28 

have been summarized below, Overall results are as follows: 

• The three test studies represent both a variety of metal-bearing 
wastes and technologies. The different metal-bearing hazardous 
wastes tested include electroplating bath sludges, metal 
manufacturing sludges, and furnace dusts from specialty steelmaking 
operations. The results presented may be skewed somewhat, however, 
due to the fact that only a limited number of the metals were 
represented (i.e., only the recovery of chromium, nickel, and lead 
were shown). Both bench-scale and full-scale tests were conducted. 

• In all cases, the percentage of metal recovered was high, ranging 
from approximately 70 percent to 99 percent. In most cases, this 
represented recovery as essentially pure metal. In certain cases, 
reco.y.e·ry .. ,wa,s,..-a.s,._:.a.cme.tca.k~xide.·,.-.. whic.h.,i s .. ,ge.ner,a_l-1·Y·· :.a .-les·s· Nal-ua bl e ... 
material. Several studies were referenced indicating high recovery 
of other waste constituents, primarily, acids from treatment of 
plating wastes. 

• Strong dependency was exhibited between metal recovery yields and 
operating parameters. 

Summary of Performance Test Results: Reco~ery of Chromium and Nickel from 
Speciality Steelmaking, Other Wastes--

A series of tests ~ere conducted by the U.S. Bureau of Mines 26 to 

assess the recovery of chromium and nickel, and other metals, from specialty 

steelmaking dusts (from processes such as stainless steelmaking). The 

smelting process was also tested for the recovery of other metal-bearing 

~astes such as sludges from electroplating. 

Four bench-scale test series were conducted and the results obtained were 

as follows: 
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• In the first series, ~aste feed containing 15 percent AOD dust, 
20 percent EF dust, 20 percen~ mill scale, and 40 percent ~rindin~s 
dust ~ere smelted at different temperatures (ranging from 2850° to 
3050°F), for different times (20 to 30 minutes), and ~ith different 
chromium oxide reductants. The results showed hi~h level recovery 
of chromium and nickel (i.e., greater than 85 percent) in all 
cases. The results also indicated that the recovery of chromium and 
nickel is directly related to temperature, time~ and amount of 
reductant (as well as to the type of reductant). 

• In the second series; feed composition was varied bet..,een a "low 
mill scale" grade and a "high mill scale" grade, which employed 
twice as much mill scale. Pelletizing tests indicated an optimal 
value of 35 percent mill scale, although pellets containing up to 
55 percent mill scale could be produced. Smelting results showed 
high metal recovery (from 82 to approximately 100 percent) for both 
grades. The recovery ~as greater, however, for the "low mill scale'' 
grade. 

• In the third series, smelting of pellets made from another specialty 
steelmaking dust was conducted. This material contained several 
other types of metals in addition to those found in the previous 
tests. The results showed that metal recovery was still high for 
this material, although not as high as in previous tests (i.e., 60 
to 90 percent as opposed to 80 to 99 percent). 

• In the fourth series, the smelting process was applied to several 
chromium and .nickel-bear_ing sju~ge.~., ,J;l,ata,.·from.:,these·'·test'S 'lire-~'"-..;~.~-~~·-·-

'"·"' ,.,"'.~~-~~·"''-'"'-"'" ,..;J:.imited·;"-'"I{E>E8v,;•;:y···'c,·£ '§'5 ·:p~·;:.;;·.,:~t of the nickel in one electroplating 
sludge was reported, however. 

Seven test runs were conducted on five full-scale proces• eouipments. 

Recoveries similar to those found in the bench-scale tests were observed for 

these wastes. 

Summary of Performance Test Results; Recovery of Chromium From Plating 
Wastes--

This test program27 involved evaluation of cori'ditions for recovery· of 

chromium from plating wastes using a roasting (calcination) system.' Soda ash 

(Na
2

co
3

) and limestone (CaD) were used as fluxing agents (i.e., to supply 

oxygen for calcination reaction). In this process, chromium oxide reacts with 

the soda ash to form sodium chromate. Sodium chromate can be recovered 

through acid leaching. A total of four test series were conducted, varying 

soda ash input, lime output, temperature, and reaction time. Recoveries of 

over 90 percent were obtained under optimal conditions. 
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Summary of Performance Test Results: Pilot Testing of the PLASMADUST Process--

SKF. Steel Engineering has a plasma pilot plant at Hofors, Sweden, where 

many different kinds of waste oxides have been tested with very promising 

results. The pilot plant used 1.5 MW plasma generator for heat supply. 

Pneumatic charging systems are used for the raw materials, coal, and the slag 

formers. The plant is equipped with a commercially used splash-type zinc 

condenser and a venturi scrubbe;. 

All tests in the pilot plant have shown that the valuable metals in 

typical waste oxides from steelmaking and other secondary materials can be 

recovered with a high yield (96 to 99 percent) in the PLASMADUST process. 

They also report that the process is stable and simple to control. 28 

12.2.3 Costs 

The economics of using pyrometallurgical processes to treat metal-bearing 

hazardous wastes represent the most significant potential drawback to their 

attractiveness. The systems involved are highly capital-intensive, as 

large-scale furnaces and attendant systems are used. Typically, capital costs _0 _, __ ,.,, 

·.: . ~. ·r· :. , "·~ ; ·. "'-. • -, ~.;,:· .. ,., ':_,', ·.-;;.;•.:,;; .•• ,.;,_.»L ~:,:!"~;:;:: ~-::__- ,_._ :_ .. ~ .•. _,';._, .. ;._,_,. ~-·.· ">.•- • •• ·' ,- .. -.. I--. . ..," ~ ., '··' • ,. 

-_c,,c_,fo_r,cancinsta1le·d'''systeoi·;t:a-lr i:-a~iie'''1rom $0; 5 to 7 million for a full-scale 
29 

pyrometallurgical system. Compounding the high capital cost 

considerations is the fact that such systems are limited by design to fairly 

specific waste streams, and thus may not be attractive to a generator of a 

wide variety of metal-bearing wastes. The operating costs of such systems may 

also be quite high, considering the hi~h demand for energy and raw materials 

(i.e., fluxing and reducing agents). There are also associated costs 

including the cost of disposal of by-products. 

The cost of pyrometallurgical systems may be offset, however, by the 

economic benefits accrued through recovery of metals from specific wastes. Of 

the heavy metals under consideration in this document, the most valuable are 

nickel, selenium, and thallium, while the least valuable are cadmium and 

lead. A listing of prices available for several of the metals is presented in 

Table 12.2.1. 

Cost data for the pyrometallurgical systems are limited. Furnace 

manufacturers were contacted, but none could adeQuately define a cost range 

for such a system without knoYledge of the specifics which uould affect 
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TABLE 12.2.1. PRICES OF METALS, METAL OXIDES 

Substance . Price (8/lb) 

Arsenious Trioxide 0.42 

Cadmium Metal 1.20 

Chromium Oxide 1.90 

Lead Meta 1 0. 28 

Lead Dioxide 0.66 

Mercury Metal (precipitate) 7. 89 

Mercury Oxide 7. 00 

Nickel Metal 3.45 

Nickel Oxide 2.60 

Selenium 13.00 

Thallium 35.00 

Source: Chemical Marketing Reporter, March 1987. 
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p~ocess design and ope~ation. One commercial waste processor known to be 

involved in this type of treatment was contacted, but was unable to give 

specifics on costs without clea~ definition of the natu~e of wastes to be 

handled.' The operating costs of such a facility were estimated by Higley, 

et al., at $78/ton for the specialty steelmaking dusts tested in their study. 

In that study, the value of the recovered materials was also estimated to be 

$280/ton; thus, a resultant economic gain of $0.10/lb could be realized. 26 

An economic evaluation of a similar thermal system was also presented in 

Reference 30. Economic data from this evaluation is presented in 

Table 12.2.2. This system was designed to recover acids, but as described 

realizes some value from the recovery of iron oxide. 

Overall, the key element in evaluating the economic attractiveness of 

pyrometallurgical systems is the value which may be derived from recovery of 

metals. However, systems which can not produce reusable materials may be 

attractive in terms of providing good volumetric reduction of wastes, but may 

not be viable ecooomically. 

", _,_._.,, 

Usage of pyrometallurgical processes for treatment of metal-bearing 

hazardous wastes is not well established. Commercial waste processing by 

pyrometallurgical processes is not extensive, based on a survey conducted of 

waste processors. Due to the potentia~ economic benefits associa-ted with 

metals recovery, some furnace dust wastes are now being recovered. A number 

of examples of facilities where pyrometallurgical systems have been 

implemented were described by Franklin Associates.
23 

12.3 EVAPORATION 

12.3.1 Process Description 

Evaporation is a common unit operation used in the chemical process 

industry to separate materials on the basis of their relative volatilities. 

In the metal finishing and electroplating indust--;:y;-evaporation, is used to 

concentrate and recover plating solutions, chromic acid, nitric 
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TABLE 12.2.2. ECONOMIC EVALUATION OF HYDROCHLORIC ACID REGENERATION 
USING THERMAL DECOMPOSITION 

Item 

Capital Costs 

Operating Costs 

Labor 
Maintenance 
Fuel 
Electricity 
Wat.er 

Cost Savings 

, __ ., Acid value 
'-~~~~oxide value 

Treatment and 
disposal costs 

Cost basis 

TIC* 

1. 8% of TIC 
3% of TIC 
12,000 Btu/gal/waste 
0.10 kwh/gal waste 
l gal/gal waste 

50% of_PMV** 
SlOO/ton 

Caustic soda 

Total 

Total 

Net Annual Savings Savings - operating 

Payback Period 
(years) Capital-Net savings 

*TIC =Total installed cost. 

**PMV = Present market value. 

Source: Reference 30. 

System size (gpd) 

10,000 100,000 200,000 

$3' 907' 000 $14,974,000 $23,487,000 

69' 000 266,000 427,000 
120,000 460,000 720,000 
59,000 225,000 363,000 
11' 000 40,000 65,000 
6, 000 24 000 39,000 

£265,000 $1,015,000 $1,614,000 

.. ",45.7:, 000-·~ ~-" '",1,,-5-W; 000 ' ' ,9-.;·133_; 000' 
3,750,000 187,500 1,875,000 

12,000 120,000 240,000 

$656,500 $6,565,000 $13,123,000 

$391,500 $5,550,000 $11,509,000 

10.0 2.7 2.0 
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acid/hydrofluoril acid pickling liquors, and metal cyanides from spent baths 

.and rinsewaters. 31 It is also commonly used.as a post-treatment following 

reverse osmosis to concentrate metal solutions to the levels needed for 

replenishment of the plating bath. Fractionation of volatile components in a 

distillation column is a procedure that is seldom required when treating these 

metal-bearing wastes. The usual purpose is to achieve satisfactory 

concentration levels by evaporation of water from the aqueous sol'ution. An 

extensive discussion of evaporation/distillation processes can be found in 

Reference 3. 

12.3.2 Process Performance 

The available ·data describing the perfoniJance of systems used for the 

recovery/treatment of metal-bearing hazardous wastes are limited to studies of 

the treatment of pickle liquors, where acids are also recovered. Despite the 

widespread usage of evaporation/distillation in the recovery of volatile 

metals, no detailed studies of performance were described in the literature. 

Numerous references' 'howe~e_r,.< ind icate_d.,. oJ.or ,.eX'!IIIPle_,_, tha t.-;_recove-ry·,"!J·f-·. as,much; ' ' 
,_,. •' ').:!( - ;,.·,!.:;;\I :.:•,'' ··., :,; ' •' '' '·- - , • -. ' :.~~I •.- , '•- •' '.-. -r-_· :. , '-' • _-__,'·.- __ ·, ' ·•. ' , • •: .• •.• - " : ,. . ~ ' ' • •• ,, . .._, . 

as 95 percent of pure mercury is regularly achieved through the distillation 
24 32 

process. ' 

The results of several studies of the distillation of pickle liouor 

wastes were discussed extensively in Reference 30. Summaries of these tests 

are presented in Tables 12.3.1 to 12.3:3, and the results are briefly 

summarized below: 

• High percentage levels of acids and metals (metal salts) were 
recovered; 

• Low temperature operation was maintained (thus reducing energy 
demand I cost); 

• Environmental impacts were negligible; 

• Waste volume was reduced significantly. 
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TABLE 12.3.1. SUMMARY OF PERFORMANCE TEST: SUPERIOR PLATING INC. 

Parameter Result 

Purpose of Test: Recovery of cadmium, sodium cyanide from a cadmium cyanide 
plating solution 

Heat Pump Capacity 

Heat Pump Exit Temperature 

Evaporator Capacity 

Evaporation Temperature 

Chiller Exit Temperature 

Coefficient of Performance (COP) 

Recovered Cadmium Cone. 

Recovered Sodium Cyanide Cone. 

Source: Reference 30. 
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300,000 BTU/hr 

l25°F 

200 - 250 Btu/lb 
water distilled 

ll0°F 

4.35 

2.14 oz./gal. 

15.3 oz./gal. 



TABLE 12.3.2. SUMMARY OF PERFORMANCE TEST: A SINGLE-STAGE EVAPORATOR 
AT A CHINESE STEEL PLANT 

Item 
Volume 

(liters) H+ F-

Concentration (g/1) 

NO) Fe+2 Ni+2 Cr+3 

Purpose of Test: Recovery of acid and metal from pickling liQuor Yastes 

Spent Acid 1140 

Residual Liquid 350 

Regenerated 
Acid 858 

Sulfuric Acid 150 
. --•...•. • ::.:·.~_, -~·-.'.... :'!· :.·_-~_i:>:-::-_ 

Recovery 
Ratio (%) 

Source: Reference 30. 

2.58 2.67 

l3 .47 0.88 

3.23 

32 .40. 
:. ~ -- ' 

92.90 93.90 
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TABLE 12.3.3. SUMMARY OF PERFORMANCE TEST: TESTING OF HIGH VACUUM VAPOR 
COMPRESSION EVAPORATION AT THE CHARLESTON NAVY YARD 

Parameter Result 

Purpose of Test: Recovery of chromic acid from a hard chromium plating 
line rinse 

Compressor Efficiency 
Coefficient of Performance (COP) 
Adiabatic Efficiency 
Capacity 

Total Chrome Recovered 
(70 gals x 54,900 mg/l)/7484 

Dragout Rate· 
(32.1 lb/320 hrs/month) 
x (l gal/2 lb Cr+6) 

Rinse Ratio 
(Ratio of plating bath concentration 

to final rinse.concentration using 
3 ~ount:~~urr~nt rinse tanks) . 

Rinse Flow Rate 

Evaporator Capacity 
(Required Rinse Rate) 
27 gph X 0.05 gph = 1.35 

Recovered Process Water 
Quantity 

Conductance 

Operating Temperatures 

Electrical Requirements 

Source: Reference 30. 
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10.3 
25 :t 

25 gph @ 700 rpm speed 
40 gph @ 1170 rpm speed 

32.1 1b 
(513.5 oz.) 

0.05 gal/hr 

20,000 

27 gph 
per l gph dragout 

'1.35 gph 

8.75 gph 
(33,600 gpy) 

10 mmho 

95 - 122oF 

9 kw 



12.3.3 Process Costs 

Capital costs for an evaporative recovery system will vary with the waste 

type, waste Quantity, process flow rates, type of heat exchanger employed, and 

system size. Operating costs generally include 1-2 hours labor for system 

maintenance and operation (labor requirements will be reduced if the system is 

operated continuously), electrical and fuel energy requirements for heat 

supply, taxes and insurance, and depreciation costs. Approximately 10 lbs of 

low pressure steam (15 psig) is required for every.gallon of liquid 
33 

evaporated. Typical capital equipment costs are shown in Table·l2.3.4. 

Evaporation/distillation processes require large amounts of heat energy, 

which can make the process quite costly. However, efficient use of energy 

systems can lower these costs significantly. Waste heat from other industrial 

processes (diesel generators, incinerators, boilers, and furnaces) within the 

plant can be recovered for use in the evaporation/distillation system. The 

use of multi-effect evaporators and vapor compression systems can also improve 

thermal efficiencies. Cost savings will be realized in reduced neutralization 

costs, reduced slud~e disposal costs, and ~educed purchase requirements for 

fr'esh 'bath 'make'~~' solution·s •·. 

12.3.4 Process Status 

Evaporation/distillation is one of the oldest recovery techniques, and is 

widely used in industry. Over 600 metal waste recovery units are currently in 

. . U . d S 30 • 33 Th 1 d . 1 operat~on ~n the n~te tates. , ey are most COlll!DOn y use ~n meta 

finishing and e~ectroplating industries to recover plating solut·ions, chromic 

acid and other concentrated acids, and metal cyanides. In addition, water 

recovered from the evaporation process is of high purity and can be reused in 

process waters. The percentage of these units used. in various plating 

applications is presented in Table 12.3.5. These systems are most effective 

in recovering acids, bases, and metals from rinsewaters. 

designed cost-effectively with capacities ranging from 20 

Systems can be 
33 gph to 300 gph. 

These system are cost-competitive with conventional neutralization and 

disposal technologies. Greater cost savin~s are realized with larger 

operations. 
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TABLE 12.3.4. TYPICAL CAPITAL EQUIPMENT COSTS FOR VARIOUS."EVAPORATION 
SYSTEM CAPACITIES 

Source: 

Source: 

Evaporator Capital costs 
capacity (gph) ( $) 

20 25,000 

40 33,800 

55 39,199 

120 44,129 

300 115 '000 

Reference 30. 

TABLE 12.3.5. PERCENTAGE BREAKDOWN BY PLATING TYPE OF EVAPORATION 
UNITS CURRENTLY IN OPERATION 

Plating chemical Percent of units 

Chromium 50 

Chromium Etch 10 

Nickel 20 

Cyanide 10 

Other 10 

Reference 33. 
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12.4 CRYSTALLIZATION 

Crystallization is a recovery technique in which metal contaminants ~n 

spent corrosive solutions are precipitated through temperature reduction and 

then are removed by settling or centrifugation. The applicability of 

crystallization as a treatment alternative for metal-bearing hazardous wastes 

is limited to liquid waste with appropriate solubility characteristics. As 

such, crystallization is most applicable to spent acid wastes from pickling, 

plating, etching, or other types of metal finishing operations, such as 

. . f 1 . 30 caust1c soda etch~ng o a um1num. 

12.4.1 Process Description 

The general process employed in crystallization is simple, focusing 

primarily on controlled cooling. A typical crystallization process is 

depicted in Figure 12.4.1. In this proce~s, pickle solution is pumped 

directly to the crystallizer, which is essentially an insulated tank. Cooling 

of the solution is effected and ~rystallizatio~ of metal salts occurs. The, •• 
~ t":t.:' ""''I -.~ • 

crystals settle to the bottom and in some system, flow out of the 

crystallizer. The crystallization process often is conducted over long 

periods of time, e.g., 8 to 16 hours, and involves temperature reductions of 

30 to 100°F. Crystallization may be done on a batch or continuous basis. 

Eventually all crystals are removed from solution and settle out. Acid is 

then recovered by filtration, or centrifugation, or some other physical 

separation operation, and the metal salt crystals are collected for disposal, 

or in some cases, for further treatment for metals recovery. 

The critical operating parameters involved in crystallization processes 

include the solubility of the metal salts in solution, waste composition, 

process time, and temperature. The process is more efficient when 

concentrations and crystallization temperatures are high. Freezing point 

characteristics are also a ;ignifi-~~-;;;;Ideration,~--;;5ome waste constituents 

(most typically water) may begin to freeze at or before the applicable 

crystallization temperature. To counter freezing, pretreatment is often 

conducted. In particular, dewatering of wastes may be done through thermal 
-.. 
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evaporation, countercurrent rinsing, chemical treatment, or air agitation. 

Processes in which evaporation is conducted prior to crystallization are 

thought of as two-stage systems. 

12.4.2 Process Performance 

The performance of a crystallization system is typically evaluated on the 

basis of percentage acid recovery, percentage metals removal, overall product 

Quality (purity), processing time, and overall economics (i.e., recovery value 

va. operating costs). Typical performance data for crystallization are 

summarized in Tables 12.4.1 and 12.4.2. In general, metal recoveries are in 

the 50 to 90 percent range. 

12.4.3 Process Costs 

The costs of such systems are moderate compared to other thermal-based 

recovery processes, primarily due to the great simplicity of crystallization 

systems. Capital costs may typically include construction of tank-type 
~ .. ,.._'.-·~ 

evaporation.,'and crystallization units, 
'- t'"' - ' 

refrigeration system, and connections. 

Operating costs are primarily based on disposal, energy, and maintenance. 

Cost-effectiveness depends strongly on the value of the· acid or other 

substances recovered. A typical economic profile is presented in.Table 12.4.3. 

12.4.4 Process Status 

Crystallization systems have been applied on a commercial scale, 

p~imarily by ~enerators of large volumes of spent solutions (e.g., iron and 

steel plants). There are several different commercially applied processes for 

recovery of sulfuric acid from spenr pickle liquor. All processes, however, 

rely upon the basic principles of crystallization of iron salts (mainly 

ferrous sulfate) from the spent pickle liquor and the addition of enough fresh 

sulfuric acid to return rhe pickling solution to its original acid strength. 

These commercial acid recovery systems allow the free sulfuric acid remaining 

in the spent pickling solution to be reused. The processes differ in the 

methods used ro crystallize the ferrous sulfate. 
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TABLE 12.4.1. TYPICAL OPERATING PARAMETERS AND RESULTS FOR, SULFURIC ACID 
RECOVERY SYSTEM USING CRYSTALLIZATION 

Parameter 

Optimum iron content in the waste feed 

Iron removal efficiency 

Acidity losses in recovered acid 

Average cycle time 

Source: Reference 35. 

Result 

10 to 14% 

80 to 85% 

2 to 3% 

6 hrs 

TABLE 12.4.2. TYPICAL PERFORMANCE OF A T~O-STAGE CRYSTALLIZATION 
SYSTEM FOR THE RECOVERY OF NITRIC-HYDROFLUORIC ACID 

Concentration, weight-percent (lbs/hr) 

Parameter Fe Cr Ni N03 F ~ater 

Feed to evaporator 3.4 l.l 1.6 12.0 6.0 75.9 
(26.5) (8.6) (12.5) (93.6) (4 6. 8) (592) 

Feed to crystallizer 6.5 2. 1 3. l 22.1 10.1 56.1 
(26.5) (8.6) (12.5) (89.9) (41. 2) (228.3) 

Condensed vapor - 1 1.5 97.5 
(3. 7) (5. 6) (363.7) 

Residue from 25 4.6 0.8 6.0 30.8 32.9 
crystallizer (20.0) ( 3. 7) (0.6) (4. 8) (24.6) (26.3) 

Filtrate from 2.0 1.5 3.5 26.0 5.1 61. 7 
crystallizer (6.5) (4.9) (11.9) ( 15. 1) (16.6) (202.0) 

Total concentration 0.9 0.7 1.7 12.7 3.2 80.8 
recovered ( 6. 5) (4. 9) (11.9) (88.8) (22.2) (565. 7) 

Total required (43) (32) (261.1) 
additions 

Source: Reference 36. 
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TABLE 12.4.3. ECONOMIC EVALUATION OF ACID RECOVERY SYSTEM USING 
CRYSTALLIZATION TECHNIQUE 

Item 

Flow rate (gal/day) 

CAPITAL COSTS 

Equipment 

Tank (2 tanks @ $1.25/gal) 

Installation (10% of investment) 

Total capital costs: 

OPERATING COSTS 

Maintenance (6% of investment) 

Taxes b insurance 
(0.5% of investment) 

Depreciation (10% of investment) 

Total operating costs: 

COST SAVINGS 

Neutrali~ation sav1ngs 

Disposal savings 

Process water savings 

Acid makeup savings 

Total cost savings; 

NET SAVINGS: 
(Gross savings-Operating costs) 

PAYBACK PERIOD 
(Capital costs/Net savings) 

Source: References 34, 35, 37. 

Small unit 
( $) 

2,400 

175,000 

5,000 

17,500 

197,500 

10,500 

875 

8,000 

17,500 

36,875 

22,653 

51,025 

2,633 

16,250 

92,560 

55,685 

3.59 yrs 
(43 months) 

12-34 

Medium unit 
($) 

16,000 

460,000 

40,000 

46,000 

546,000 

27,600 

2,300 

Large unit 
($) 

30,000 

850,000 

75,000 

85,000 

1,010,000 

51,000 

4,250 

._.,_ .. _ ··--·- -~~·-·--· ~- '····-···- --... ·-··-------
10,000 12,000 

46,000 85,000 

85,900 152,250 

139' 400 261,375 

314,000 588,750 

16,200 30,375 

100,000 187,500 

569,600 1,068,000 

483,700 915,750 

1. 16 yrs l. 14 vrs 
(14 months) ( 14 months) 



Copper recovery from sulfuric acid-hydro~en peroxide pickle liquors is 

being used more and more in the U.S. and Europe. One of the main advanta~es 

of peroxide is the ability to regenerate spent liou'ors and to recover copper 

electrolytically or by crystallization of copper sulfate. Copper recovery 

regeneration of the sulfuric acid has been accomplished for many years with 

simple sulfuric acid pickling solutions. This method is suitable also for 
. . 23 

peroxide pickles and lo~ perox1de concentrat1on. 
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SECTION l3. 0 

PHYSICAL TREATMENT PROCESSES FOR CYANIDES 

The two treatment processes discussed in this section are based on 

physical methods of separation and do not result in destruction of the 

contaminants in the waste feed stream. The processes discussed are: 

13.1 Ion Exchange 

13.2 Flotation/Foam Separation 

Both of these processes are used to some extent for the treatment of 

cyanide wastes, but differ in their applicability to various types of wastes 

~and, .thei-r., ne.e~·LfO.I">,.pret.!'eatment. :and "PO·S·tc·t·t:earment\ .procedures ... · .. -·However;· sinc·e·- -

successful physical treatment merely concentrates the free and complexed 

cyanides into smaller volume residuals, some sort of secondary .treatment will 

be required prior to disposal. 
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13.1 ION EXCHANGE 

Ion exchange has successfully 

plating, coke plant, and gold mill 

removed metal cyanide complexes from 
l 

effluents. However, backwashing of the 

cyanide complexes from the strong base anion resins has often proved 

difficult, resulting in a continual loss of capacity through repeated 
2 

cycles. This problem has been apparently overcome by the use of weak base 

anion resins or using a three-bed ion exchange installation consistin~ of a 
. . 3 

strong acid cation, weak base anion, and a strong base an1on res1ns. 

Laboratory experiments and pilot testing programs have demonstrated the 

removal of ferrocyanide from synthetic solutions and industrial wastewaters to 

I 
. 4 

below 1 mg L of total cyan1de. 

13.1.1 Process Description 

Ion exchange 1s the process of removing undesirable anions and cations 

from a wastewater by bringing the wastewater in contact with a resin that 

. . ', . 'f . b . . 1 , 5 
".~xc::ha!;ges __ the _1pps 1n<.'tl"!e-1"a_stewat_er .w1ttJ, a.·.s~t ·o JS\l .st1tute -lons. ·-·" 

There are three principal operating modes for ion exchange systems: 

cocurrent fixed-bed, _countercurrent_fixed-bed, and continuous 

countercurrent. Figure 13.1.1 illustrates the three principal operational 

modes, while Table 13.1.1 contains a comparison summary. 

Fixed-bed ion exchange operations_ require a cylindrical ion ·exchange bed, 

tanks for solution storage, and pumps.
1

•
5 

The choice of materials is 

governed by the chemical environment. Continuous ion exchange systems are 

much more complex, requiring solids handling equipment and more intricate 

control systems. Table 13.1.2 gives design parameters and a range of typical 

design values for ion exchange. 

In selective cyanide removal through ion exchange, free cyanide is often 

first complexed with iron and then contacted with a basic anion exchanger 

which is 

cyanides 

highly selective 
6 

as .follows: 

for ferrocyanide. The ion exchange column removes 
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Figure 13.1.1. Operational modes for ion exchange 

Source: Reference 1. 
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TABLE 13.1.1. COMPARISON OF ION EXCHANGE OPERATING MODES 

Criteria 

Capacity for high feed 
flow and concentration 

Effluent quality 

Regenerant and rinse 
requirements 

Equipme~f complexity 

Co current 
fixed bed 

Least 

Fluctuates with 
bed exhaustion 

Highest 

Simplest; can use 
manual operation 

Equipment for continuous Multiple beds, 
operation single regenera

tion equipment 

Relative costs (per 
unit volume: 

Investment 

Operating 

Source: Reference 1. 

Least 

Highest chemicals 
and labor; highest 
resin inventory 
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Countercurrent 
fixed bed 

Middle 

High, minor 
fluctuations 

Somehwat less 
than cocurrent 

More complex; 
automatic con-

Countercurrent 
continuous 

Highest 

High 

Least, yields 
concentrated 
regeneration 
waste 

Host complex; 
completely 

, H-8,"L5, ,j=9J,..,,~·-:·c:~,;,;, · !'~.~pr.n,?E~.(j .. 
regeneration 

Multiple beds, 
single regener
tion equipment 

Middle 

Less chemicals, 
water, and labor 
than cocurrent 

Provides con
tinuous service 

Highest 

Least chemicals 
and labor; 
lowest·resin 
inventory 

• 



TADLE 13.1.2. TON EXCHANGE DESIGN CR1TER1A. 

Units Design criteria 

Ton exchange OEeration 

Bed height m 1.2 to 1.8 
( f t) (4 to 6) 

Wastewater loading rate bed volume/hour 7.5 to 20 

Pressure drop em of water/m 11 
(in. of water/ft) (8.4) 

Cycle time bed volumes* 100 to 150 
bed volumes** 200 to 250 

Regeneration 

Solution flow rate bed volumes/hour 4_. to 10 
'· "··, - , "" .. ·• ,,. "' '• h "' • ,. '"~' , ' ~- ..... :.- ;, • , .. ~. • .• -,<·-" '-'· '·''i'if~'/':,S'~c'/~2'' .... .c, ,-.. ~:- ... "·' •• -·-- c- j'·' ti:)'''7' ' •',o •• 

Total solution volume 

Cycle time backwash 

*For one 1.8 m (6 ft) bed. 
**For two 1.8 m (6 ft) beds. 

Source: Reference 1. 

(gal/min/ft2) (4 to 8) 

percent of treated 
wastewater (or 10 
bed volumes) 

. hours 
liter/sec/m2 
(gal/min/ft 2) 
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2.5 to 5 

1 to 3 
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+ x-
((Resin-N-R3)x + Fe(CN) 6 I + xCl 

where x = 4 in ferrocyanide and x = 3 in ferricyanide. Once the resin is 

exhausted, it can be regenerated with aqueous sodium chloride as follows: 

((Resin-N-R+) + (Fe(CN)x
6
-)) + NaCl 

) X 

+ Na 
X 

x
Fe(CN)6 

+ 
x[Resin-N-R

3 
+ Cl J 

Table 13.1.3 contains a list of suitable anion and chelator exchangers. 

The properties and performance specifications for anionic exchange resins are 

usually fully detailed by the resin manufacturer.
7 

For·a more detailed 

description of ion exchange equipment, materials, and process configurations 

see Section 8.0. 

Ion exchange units are only able to treat contaminants in solution. 

High concentrations of suspended solids which can foul the resin bed are 

typically removed through some form of filtering.
8 

Examples of filters 

,~,,,., . ., ~ -·~ ~- whi"C'h' may· be eai'pl oyed' ':include·· ac ti vat ed '· carb'oh i"·d'ee'p· be·d ,~-d i·atomaceou s -·earth···· •·• 

precoat, and resins. The filters eventually b.ecome clogged with particulates, 

and are replaced when overall cycle time decreases to unacceptable levels. 

The filter size and replacement frequency will depend on the quantity of 

suspended particulates passed through the filter per unit time. 

For large volume systems, which ~equire more frequent changing of the 

filter cartridges, it may be more cost-effective to use a multimedia sand 

filter with a backwashing system to regenerate the filter. Although initial 

capital costs for 

replacement costs 

this type of filtration 

l . d 10 may be rea LZe • 

system are higher, savings in filter 

The use of weak acid and weak base exchangers for treating corrosive 

wastes will require additional pretreatment. The exchange capacity of weak 

acid exchangers is limited below pH 6.0, and weak base exchangers are not 

effective above pH 7. ll Therefore, a pH adjustment system must be 

incorporated prior to feeding the waste stream through weak ion exchangers. 

13-6 
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TABLE 13.1.3. CHELATTNG AND ANTON EXCHANGERS USED 

lon exchanger 

Arnberlite 1RA-45 

Arnberlite lRA-93 

Arnberlite lRA-948 

Amberlite lRC-50 

Amberlite lRC-84 

Amberlite lRC-718 

Amberlyst A-21 

Chelex 100 

Diaion CR-10 

Diaion CR-20 

Diaion CR-40 

Diaion WA-ll 

Diai.;.Jt. WA-21· 

Duo1ite A-6 

Duolite A-7 

Duolite S-30 

Duolite S-37 

Duo1ite ES-63 

Duolite A-368 

Duolite ES-346 

Duolite ES-465 

Duolite ES-466 

Duolite ES-467 

Irnac A-20S 

lrnac GT-73 

Trnac TMR 

Produced by 

Rohrn Haas, U.S.A. 

Bio-Rad, U.S.A. 

Mitsubishi Chemical 

Industries, Japan 

Dia Prosim, France 

I mac t i, Holland 

(continued) 
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Matrix 
structurea 

S + DVB 

S + DVB (M) 

S + DVB (M) 

M + DVB 

A + DVB 

S + DVB 

S + DVB 

S + DVB 

S + DVB 

A + DVB 

S + DVB 

F 

F 

F 

F 

S + DVB 

S + DVB 

S + DVB 

S + DVB 

S + DVB 

S + DVB 

Functional 
group 

-NH2, -NHR, -NR
2 

-NR
2 

-NR2 
carboxyl 

carboxyl 

irninodiacetic 

weak base 

irninodiacetic 

irninodiacetic 

polyamine 

polyethylenimine 

weak base 

~o~eak base 

-NR
2 

-NH 2, -NHR, -NR2 
polyphenol 

-NHR, -NR2 
phosphonic 

-NR
2 

amidoxime 

thio1 

iminodiacetic 

aminophosphonic 

-NR 
2 

S + DVB (M) weak acid type 

S + DVB -SH, -S0 3H 



Ion exchanger 

·Kastel A-101 

Lewatit MP-62 

Lewatit TP-207 

Merck I1 

Relite 4MS 

Relite MGl 

"Thiol resin 

Wofatit AD-41 

Wofat:iL !-JC-50 

Zerolit HXiP 

Zerolit 216 

Zerolit S-1006 

TABLE 13.1.3 (continued) 

Produced by 

Montedison, Ttaly 

Merck, F.R.G. 

Resindion, Italy 

Chemical Industry Works 
A.E., Poland 

Veb. Chemiekombinat 

Bitt~.rfeld, G.D.R. 

Permutit, England 

Matrix 
structurea 

S + DVB 

S + DVB (M) 

S + DVB (M) 

S + DVB 

S + DVB 

A + DVB 

s + DVB 

s + DVB 

s + DVB 

F 

s + DVB 

(M) 

as + DVB = Copolymer of styrene with divinylbenzene; 

Functional 
group 

-NR2 

weak base 

iminodiacetic 

-NH 2, -NHR, -NR2 
~NR 2 
moderate base 

-SH 

-NR 
2 

-NR
2

, -NR
3

0H 

phenylcarboxylic 

EDTA type 

S + DVB (M) = copolymer of styrene with divinylbenzene of macroporous 
matrix structure; 
M + DVB = copolymer of methacrylic acid with divinylbenzene; 
A+ DVB = copolymer of polyacrylic acid with divinylbenzene; 
F polycondensation exchanger of phenolformaldehyde matrix structure; 

no data available. 

Source: Reference 7. 
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Other pretreatment requirements include flow equalization for waste streams 

experiencing flow or pollutant concentration surges and oil separation to 

prevent resin fouling. 

Waste streams from the ion exchange process include: spent regenerant 

solution, wash streams, and solids from the filtering system. Typically, 

s1nce both the spent regenerant solution and the wash stream contain cyanides 

these streams will require treatment and disposal, although in some cases the 

recovered cyanide can be reused or marketed. Solids from the filtering system 
12 

can generally be land disposed without further treatment. The quantities 

of wastes generated will depend on the types and concentrations of 

contaminants present in the solution being treated. 

13.1.2 Process Performance 

Numerous studies have been conducted by various researchers into the 

effectiveness of ion exchange for treating metal/cyanide-bearing waste 

streams. In 1979, Trachtenberg and Murphy described studies on iron cyanide 

removai from le.rtchat~ from a storage dnmo co~ltai_,·.in_P. __ di.:_~~c~~rded linings from 1 

• 

aluminum reduction cells.
13 

Data from the full-scale treatment system 

showed an average redu~tion from 48 mg/1 of ferrocyanide to 0.5 mg/1 

(99 percent removal) at a hydraulic loading of 0.13 mL/min/mL resin. However, 

no information was provided pertaining to wastewater volumes treated before 

regeneration or exchange capacities. 

Bessent et al. reported on the use of ion exchange for the treatment of 
14 

coke plant wastewaters. Pilot-scale, glass columns, 6 1n. x 6 ft high 

with metal headers, were used to simulate the filtration and ton exchange 

systems. Initially, sand was used as the media-irr the filter column. This 

was replaced, following filtration problems, with a media consisting of sand, 

anthracite coal, garnet and granite. In the case .of the ion exchange system, 

early pilot study runs utilized only one resin column. Later pilot study runs 

utilized two ion exchange columns operated in an alternating series mode. 

Backwash, regenerant and rinse facilities consisted of various sizes of tanks 

and containers applicabie to the specific operation being performed. 

Figure 13.1.2 presents a schematic ~f the cyanide removal pilot plant. 
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Figure 13.1.2. Schematic of pilot-plant cyanide removal system. 

Source: Reference 14. 
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The coking effluents were first treated with ferrous sulfate to convert 

the free cyanide to ferrocyanide. The ferrocyanide was then removed by an ion 

exchange process employing a strongly basic ion exchan~e resin, Amberlite 

IRA-958. Based on the pilot-scale studies, they concluded that for a 

full-scale application, the avera~e resin loading would .be ll ml!. CNFe/mL 

resin at a nominal concentration breakthrough of 10 mg/L of iron ferro

cyanide. Breakthrough would occur after 200 bed volumes if the influent 

cyanide concentration was 80 mg/L and the hydraulic loadinl!. rate was 0.13 

mL/min/mL resin. 

Table 13.1.4 presents a summary of the test conditions at the pilot plant 

while Table 13.1.5 presents a summary of the test results. Total cyanide in 

the polishing column effluent was consistently below 10 mg/L and in most 

cases, the free cyanide concentration was less than 2 mg/L. Runs 6 and 7 

closely simulated the equipment confi~uration, hydraulic loading, operational 

mode, and performance recommended for a full-scale system. In runs 6 and 7, a 

filter (sand, anthracite, garnet, and granite) followed .by two exchange 

columns in series was evaluated. The filter replaced a sand filter in an 

attempt to: (a) assess performance of an alternative filtration media, and 

(b) provide greater protection for the ion exchange resin fromsolids with 

maximum run times between backwashes. 

Resin capacity to cyanide breakthrough points were calculated for various 

ion exchange runs from cyanide breakthrough data. Average resin capacity was 

determined to be 17.6 kg C~/M3 • This approaches the lower limit of 

published capacity for Amberlite IRA .958. It should be noted that the runs 

with the 32 bed volume (BV)/hr feed rate showed the highest resin capacity of 

approximately 20.98 kg CN/M
3

• Final hydraulic loading requirements will 

depend on desired throughput. 

In 1985, Vachon investigated the removal of iron cyanide from synthetic 

and actual gold mill.effluents, using the strongly basic anion exchanger 

Amberlite IRA-958. 15 As indicated in Table 13.1.6, ion exchange was 

effective in removing iron cyanide to concentrations of less than 3 mg/L. The 

general trend observed was that exchange capacity increased under conditions 

of increasin~ cyanide concentration, lower hydraulic loading, and increasing 
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TABLE 13. 1. 4. PILOT STUDY RUN SUMMARY - RUNS 1 THROUGH 7 

Purpoae Run 1a Run 2b Run JC Run 4d 

Flow 8 BV/hr 16 BV/hr 8 BV/hr 32 BV/hr 
0.6 gpm 1. 2 gpm 0.6 gpm 2.4 gpm 

Run length 400 BV 400 BV 400 BV 400 BV 

FeS04 dose 500 mg/L 300 mg/L 300 mg/L 300 mg/L 

Anionic Hone 2 mg/L 2 mg/L J mg/L 
polymer dose 

Cationic Non~ None None 15 mg/L 
polymer dose 

type of Sand Sand SAnd Sand 
filtration 

Ion exchange Lead/pol iflhinp, 
Resin col. l 0. 59Et3 resin bed 

L~odfpoliohing Lead/poliohing Lead 
O.S9Et3 reoin bed 0.59Et3 resin bed o.59ft3 reoin bed 

Ion exchan~e None 
Resin col. 2 

None None Polishing 
0.59EtJ resin bed 

Regeneration 4 BV fresh 2 BV reo yo led 2 BV reoyded 2 BV reoyded 
mode NaCL (reg.) (reg.) (reg.) (reg.) 

2 BV fresh (r•g.) 2 BV freoh (reg.) 2 BV freah (reg.) 

aOevelopment of cyanid~ breakthrough curve to determine initial cysnidt! loading to the column. 

bDetermine effect of increa9ing hydraulic loading relative to run length and cyanide removal. 

cVerify breakthrough curve of run 1; determine resin deterioration. 

Run 5e Run 6f 

32 BV/hr 16 BV/hr 
2.4 gpm l. 2 gpm 

400 BV 400 BV 

300 mg/L 300 mg/L 

3 mg/L 3 mg/L 

15 mg/L 15 mg/L 

Sand QuAd-m~diAh 

Polishing Lead 
o.59ft3 resin bed O.S9Et3 resin bed 

Lead Polishing 
o.59ftl resin bed 0.59ftl resin bed 

2 BV recycled 4 BV Ereoh (reg.) 
(reg.) 

S BV freoh (reg.) 

Run 7& 

16 BV/hr 
l. 2 gpm 

400 BV 

JOO mg/L 

3 mg/L 

15 mg{L 

Quad-mediah 

Pol i9hing 
0.59[tJ ~esin bed 

Lead 
o.59£t3 resin bed 

None 

dObserve 2-column operation; determine effect of high hydraulic loadinR on the columns relative to cyanide removal and run length on a virgin resin. 

eDetermine performance of exposed re!Jin col~•mnH operated at a high hydraulic loading; duplicate run 4 cyanide breakthrough curve. 

[Evaluate multi-media filtration system and ion exchange system operated et its lli~ll recommended hydraulic landing. 

Rouplicat~ cyanide breakthrough curve of run 6; determine evidence of any resin deterioration. 

hSnnd, anthracite, garnet, and granite. 

Source: Reference 14. 
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Total Chemic a 1 
Total Free Grease suspended oxygen 

Site cyanide cyanide Ammonia & 0 i 1 Phenol Th iocyn.1tes solirls Total iron demand 
Hun No. No. (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

FeS04 1 36.0 20.0 - - - - 41.0 4.9 
study 

Feso4 l 65.0 48.0 - 136 1150 430 - 4. 1 3,200 
study 

1 53.0 4 2.0 1,300 38 480 - 24.0 - ],100 
2 64.0 - - 47 - 186 110.0 
J 63. 5 0 - 16 - 1611 l '•. 0 lJ.O 
4 1.0 ob 1,006 38 326 170 11.0 12.0 2,400 
1 72.5 - 1, 024 28 475 28 J 5. 0 - 2. 117 
2 80.5 - - 77 - 2 55 196.0 55.0 
3 70.5 o~> - 38 192 226.0 33.0 
4 12.5 ob 922 31 364 275 240.0 45.0 2,195 

2 1 74.0 - - 63 - 4 2. 0 6. 1 4,185 
,_. 3 55. l 35.0 - 57 - - 8.0 5.8 
w lt 31.5 ob - 211 '- - 48.0 14.0 5,952 I ,_. 
w J 1 67.0 - - 43 - - JS.O ],6 2,880 

3 70.0 - - 21 - 21,0 12.0 7. 5 
4 9.0 - 7 325 190 3.0 5.3 2,680 

t, l ]t,. 0 - - '• 7 - - 18.0 5.3 5,214 
2 68.0 - - 26 - - 127.0 6.0 
J 61.9 2 - 20.3 0 310 21· .0 17.0 
4 2.0 3.6 l, 015 12 1,020 2]0 21.0 0.2 4,547 

5 ~ 38.0 - - - - - - 6.1 3,919 
2 - - - - - - 25.0 
J St,. 0 - - - - - 56.0 
4 2.5 - - - 812 JlO - l.9 3,298 

6 1 - - 61, - - 39.0 5.1, 1,680 
2 - - - 22 - - JI.O I 0. 2 
J 62.0 - - l3 - - 40 ll.6 

'• 2.0 - - - - - 2 1.03 1,416 
7 1 61.0 19.0 - - - - 26 6.0 

2 - - - - - 36 
... - - 1,722 - . 14 2 - 2 

asite 1 =Raw phenol pit waste; Site 2 = Clarili~r effluent; Site J = Filtration effluent/ion 
exch,lllge influent; Site 4 ~ Final ion exchangt effluent. 

hNumber actually is negative due to interferences; reported as zero. 

~OIII"CC: llc(crcncc Lf,. 
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TABLE 13.1.6. RESULTS OF CONTINUOUS FLOW TESTS ON GOLD MILL 
EFFLUENTS USING A STRONG BASE ANION EXCHAN~ER 

Test 

1 

2 

3 

,, 

5 

Feed 
soLution 

l'e rrocy:m ide 

Ferricyanide 

Ferra/Ferri 
cyanides 

Iron, cnpper, 
zinc cyanides 

Ha" b.1rren 
bleed 

(of\ Rn" barren 
bleed 

7 R.1l1 bar t·en 
bleed 

8 

9 

10 

11 

12 

Ha" barren 
bleed 

H:ow b:orren: 
bleed 

'!'rented 
barren bLeed 

Tailings Pond 
decant 

Field tc~t 

I nit i.1l 
[CNT) 
(mg/L) 

110 

290 

210 

470 

378 

365 

370 

365 

378 

5/o 

15 

20 

llyd rnul i.e 
loading 

( ml,/min /mL 
resin) 

0 .Lol 

0.41 

0. Jl 

O. JO 

0.30 

O.loO 

0. 2B 

0.09 

1.7 

0.30 

0.)7 

0.38 

llrP.akthrour,h point 

[CNr-,J 
(ong/IJ 

1.8 

J.O 

2.6 

0 

0.5 

0. 1 

2.2 

0 

10 

3.) 

0.1, 

J.o 

[CNT) 
(mg/L) 

1.8 

J.O 

2.6 

3 

64 

. 62 

31.6 

109 

2lo 5 

3.3 

0.6 

16.5 

No. of 
bed 

volumes 

280 

120 

120 

50 

75 

90 

70 

100 

80 

280 

1,480 

1, 840 

CNT 

JO 

34 

25 

24 

26 

27 

26 

26 

Effectiv~ 

exchange capacity 
(mg/ml, res in) 

CNw CNFe Fe cu 

30 11 

)4 lJ 

25 8.2 

11 1] {,. 7 6. 1 

20 5.7 2.0 14 

20 6.8 2. 6 17 

20 6.0 1. 7 lJ 

18 7.6 2.9 15 

-L9 -14 -5 -2 -9 

14 14 4.5 

21 -1 20 10 

,26 6.7 19 7.8 lo.3 

Zn 

8.0 

1.1 

2.6 

-3 

-.. o: m ..... -..._...--~--..-,·---~~.-

Source: Hcfcrl'nce 15. 
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pH. However, for. feed solutions containin~ copper and zinc cyanides (tests 4 

through 9), the number of bed volumes treated prior to breakthrough was 

significantly lowered due to competition for available .exchan~e capacity. 

Limited testing was done using cyanide strea~ from the cyanide leaching 

process to evaluate the resin exchange capacity after multicyclin~. The data 

presented in Table 13.1.7 indicates a 25 percent loss of resin capacity for 

total cyanide after the first regeneration with subsequent losses of about 

1 percent/cycle. This phenomena has been reported by numerous investi~ators 

and presents a continuing problem in us.ing strong base anion exchan~ers to 

remove cyanides. 

Earlier, Union Carbide investigated several anion exchan~e resins 

(16 to 50 mesh) in the chloride form for effectiveness in treating zinc and 

z~nc 
. d . 16 

cyan~ e electroplatlng wastes. The anion exchangers evaluated were: 

• Dowex l - A strongly basic an1on exchanger; 

• Dowex NC-20771 - A weakly basic anion exchanger; 

• Amberlite IRA-93 A weakly basic ani~n exchanger; and 

• Amberlite XE-275 - A macroreticular, weakly basic anion exchange 
resin possessing tertiary amine functionality in a cross-linked 
acrylic matrix. 

Removal of zinc and z1nc cyanide (Table 13.1.8) from the elect.roplating 

waste solutions was greater than 97 percent of equilibrium pH for all four of 

the anion exchange resins tested. However, as indi~ated in Table 13.1.9, 

relatively large concentrations of stripping solution (NaOH) were required to 

regenerate the column except in the case of Amberlite XE-275. 

13.1.3 Process Costs 

Process costs for ion exchange processes have been provided in detail in 

Section 8.2. 

13.1.4 Ove~all P~ocess Status 

Typically, ion exchange for cyanide removal has been applied as a 

polishing step to sorb any ferricyanide or other complexed cyanide residuals 
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TABLE 13.1. 7. RESULTS OF MULTICYCLE ION EXCHANGE STUDIES ON RAW BARREN BLEED 

Breakthrough point Effective 
Ilydraul ic ---------------------- exchange capacity 

Initial loading No. of (mg/rnL resin) 
[CNT] (mL/min/mL (CNFe (CNT] bed -------------------------------

Test Cycle (mg/L) resin) Cmg/L) (mg/L) volumes CNT CNw CNFe Fe Cu 

6A 1 365 0.40 0 62 90 27 20 6.8 2.6 17 

Gil 2 365 0.40 1 134 90 21 14 6.8 2.5 12 

6C 3 365 0.40 12 159 90 19 l3 5.8 2.3 11 

GD 4 365 0.40 8 144 90 20 14 6. 1 2.3 12 

6E 5 365 0.40 11 161 90 18 13 5.9 2.2 9.2 
..... 
w 
I GF 6 365 0.40 5 152 90 19 13 6.4 2.2 11 ..... 

0' 

6G 7 365 O.hO 11 159 90 19 13 5.9 2.2 9.5 

Source: Reference 15. 
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TABLE 13.1.8. SORPTION OF ZINC CYANIDE AND CYANIDE FROM AN 
INDUSTRIAL ELECTROPLATING WASTE SOLUTION 
BY VARIOUS ANION EXCHANGERS 

Percent sorbed 

Anion exchanger Equilibrium pH Zn ctl 

XE-275 11.8 7.0 8.0 

10.4 48.0 53.0 

9. 9 72 97 

9.8 87 97 

9.4 94 97 

Dowex-1 ll. 8 97 97 

9.9 98 97 

8.9 - 7.5 99 97 

IRA-93 8.4 - 7.3 91.0 97 

NC-20771 8.4 - 7.6 87 97 

Source: Reference 16. 
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TABLE 13.1..9. STRIPPING OF ZINC CYANIDE FROM VARIOUS.~ANION 
EXCHANGERS AS A FUNCTION OF NaOH CONCENTRATION 

Zinc stripped (percent) 
---------------------------------------------

NaOH, M XE-275 Do~o~ex-.1 IRA-93 NC-20771. 

10 91.8 97.4 9 7. 0 . 96.5 

8 92.1 96.9 97.7 . 97.0 

6 98.0 96.3 98.3 97.7 

4 99.2 93.8 98.2 97.6 

2 98.8 88.8 97.1 97.9 

l 98.7 74.2 92.5 ..• 94. 7 

0.5 97.9 49.7 79.6 89.0 

o.i 96.7 8.9 40.0 

Source: Reference 16. 
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from oxidation processes such as alkaline chlorination. The environmental 

impact from this technology is that it concentrates cyanides ~n the 

regeneration step, creating a secondary stream that needs to be treated. 

The advantages of this technology are that it has been demonstrated at 

both the bench-scale and pilot-scale. The equipment is compact, versatile, 

and is generally applicable to many different waste treatment situations._ 

Limitations include the high cost of regenerative chemicals and the waste 

streams originating from the regeneration process are relatively high in 

pollutant concentration. In addition, if more than 25 mg/L of suspended 

solids and/or more than 20 mg/L of oil exists in the influent, filtration is 

required as pretreatment. Also, the stream to be treated should not contain 

any materials that cannot be removed by the backwash operation. Some organic 

compounds, particularly aromatics, will be irreversibly adsorbed by the 

resins, and this will result in decreased capacity. 
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13.2 FLOTATION/FOAJLSEPAR.ATION 

Flotation/foam separation is the separation of finely divided solid 

particles from a bulk solution by attachment to fine air. bubbles introduced 

into the solution. The bubbles contact the suspended solids and bring them 

to the liquid surface where they are retained as a foam. 1 •2 • 3 

The mechanism of bubble attachment is accomplished through the addition 

o~.a suitable surfactant called a collector. 3 • 4 The principles and physical 

models used to describe the attachment of contaminant particles to air-water 

interfaces in the presence of a surfactant are well understood and. have been 

previously described in Section 10.4. With respect to cyanide removal through 

flotation/foam separation, iron salts are introduced to the wastewater stream 

to complex free cyanide and reduce its toxicity. When precipitated with 

excess iron, the iron-cyanide complexes can be removed by flotation us~ng a 

cationic surfactant (see Table 13.2.1 for list of commonly used flotation 

surfactants).
3 

A disadvantage 

physical separation 

of this process 
2 5 

techno logy. ' 

is tbat flotation like ion exchange is 

Therefore, use of this technology will 

result in a low volume, but highly concentrated toxic by-product wastestream. 

This wastestream will require either some sort of secondary oxidative 

treatment (ozone and ultraviolet radiation, wet air oxidation, etc.) or 

solidification/encapsulation prior to- land disposal. 

Currently, flotation/foam separatio·n of cyanide bearing .wastestreams· is 

still in a preliminary sta~e of development. Research into possible 

applications has been ongoing for over 15 years, but no large"scale commercial 

applications have been reported in the literature. Therefore, when 

considering flotation for possible industrial utilization, it is important to 

note that furtner research will be needed to determine its applicability to 

specific waste streams. 

13.2.1 Process Description 

The ~eneral process equipment used for the flotation of complexed 

cyan•oes is similar to equipment utilized in the flotation of complexed 

metals. 2 • 5- 7 Figure 13.2.1 illustrates a simple flotation system used to 
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TABLE 13.2.1. TYPICAL FLOTATION SURFACTANTS 

Type 

Sulfhydryl collectorsb 

xanthate 
dithiophosphate 
monothiocarbamate 
thiol (mercaptan) 
dixanthogen 
thiocarbanilide 

Colloidal electrolythesc 

fatty acids and their soaps 
alkyl or aryl alkyl sulfonates 
alkyl sulfate 
primary amine salt 
secondary amine salt 
quaternary ammonium salt 

aR = CH 3(CHz)n 
bFor sulfides, R = C2 - C5. 

Fonnulaa 

ROCSSNa 
(RO)zPSSNa 
RHNCSOR 
RSH 
(ROCSS)z 
(C 6HsNH) 2cs 

RCOOH, RCOONa 
RS03Na 
ROS0 3Na 
RNH3Cl 
R2NH 2C1 
RNCCH3)3Cl 

Charge on the soluble ion 

anionic 
an ionic 

anionic 
anionic 
anionic 
anionic 
anionic 
anionic 

CGenerall straight chain C12 to· Cl8• or a benzene or naphthalene r1ng 
may be incorporated into the R group. 

Source: Reference 3. 
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treat cyanide wastestreams. In this system, the solutions to be treated are 

conditioned over a given period of time 1n ·an agitated conditioning cell.
8 

The resulting slurry is then introduced to the top of a flotation column. Air 

is introduced through a sintered glass diffuser at the bottom of the column 

and the froth product is removed at the top of the column as overflow. 

Important parameters which affect cyanide removal and which must be 

experimentally determined prior to full-scale application include: type of 

surfactant, conditioning tank retention time, flotation column retention time, 
9 

air flow rate, feed concentration, and ·feed pH. The type and dosage of 

surfactant added are important since at low surfactant dosages the recovery 1s 

impaired because there is not enough surfactant present to react with all the 

influent ferrocyanide. At high surfactant dosages the feed becomes emulsified 

and restabilized thereby limiting separation efficiencies. Condition tank 

retention time will vary with the influent feed and type of conditioning 

chemicals used, but generally recovery will increase rapidly with increasing 

conditioning time until a steady state is ~eached (10-30 minutesl. 9 

Residuals produced by chemical flotation consist primarily of the 

cyanide-laden foam which is skimmed or drawn off the top of the reaction 
8 9 vessel/column. ' Post-treatment typically consists of sedimentation and 

sludge consolidation. The resulting hazardous sludge or by-product 

wastestream must often be treated (e.g., oxidation encapsulation) and then 

discharged to the sewer or land disposed depending on the post-treatment 
. . 10 

method ut1l1zed. 

13.2.2 Process Performance 

One of the first experimental investigations into flotation of cyanide 

. f b 1 . . 9 ll bear1ng wastestreams was per armed y Batte le Laborator1es 1n 1 71. The 

experimental apparatus for the study consisted of a specially designed bench 

scale glass flotation cell. In the first series of experiments several 

anionic collectors were screened for flotation effectiveness. The compounds 

selected consisted of primary, tertiary, or quaternary-ammonium compounds 

while the complexing material consisted of either 10.8 ppm cadmium or 5.64 ppm 

nickel in an aqueous stream. 
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The results of .the first series of tests- is shown in Table 13.2.2. It 

was found that the nickel cyanide complexes could be removed much more 

effectively than cadmium cyanide complexes. Subsequent experiments examined 

the effect of a quaternary-ammonium compound collector (tetradecylamine) on 
. . ll 

iron cyanide solutions at various feed pHs and cyanide concentratlons. 

The results presented in Table 13.2.3 are nonconclusive, but do show some 

general trends. For example, high extractions were obtained only when the 

solution was prepared by adding ferrous iron to a basic cyanide solution. In 

slightly acid solution, the complex between ferrous or ferric ion and cyanide 

did not occur and low extractions were obtained. 

Later investigators such as Clarke and Wilson, Bucsh and Lower, and 

Szarawara built on this earlier work by further studying the utility of 

flotation for treatment of cyanide bearing wastestreams. Clarke and Wilson 

reported that adsorbing colloid flotation could remove 92 percent of available 
12 

free cyanide at an optimum pH of 5.5. In this technique, the iron cyanide 

precipitate was adsorbed onto ferric hydroxide flox using sodium lauryl 

sulfate as a collector. Bucsh and Lower used ion flotation to concentrate 
13 

ferrocyanide (pH 4-10) using Aliquot 336 as a surfactapt. Removal~ of 

approximately 70 percent were achieved for both ferri and ferrocyanide while 

free cyanide had only a 28 percent removal. Szarawara reported that upon 

addition of ferrous iron to cyanide solutions, the cyanide concentration would 

be at a 

Fe(CN)
6 

minimum between pH 
-4 

followed by the 

8 and 9 as a result of the formation 

precipitation of Fe
2
Fe(CN)

6
•

14 
of the complex 

ln 1983, researchers at Michigan Technological University performed an 

evaluation of the removal of cyanide from coke making waters by precipitate 

flotation of iron cyanides.
8 

Parameters investigated included type of 

surfactant, surfactant dosage, interference of salt concentration, pH, and 

reaction time. Table 13.2.4 lists the type of flotation reagents used, while 

Table 13.2.5 reports the effect of surfactant type for ARMAC 12D- and Sodium 

Lauryl Sulfate (NLS). As shown, much higher recoveries were obtained with the 

amine collector then with the sulfate collector. Subsequent tests indicate 

that the most efficient collector was the primary amine, dodecylamine acetate 

(pH 8.0). The quaternary amine, aliquat A-336 was effective up to pH 6.0, but 

recoveries dropped sharply at higher pH values. The investigators ultimately 

concluded that recovery efficiencies of 95 to 99 percent could be expected 
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TABLE 13.2.2 

Col L~cLor Usc(l 

(I) llod.,cy1 amine IIC1 

(2) T<•tr·~dccylnminc IICI 

(J) ll~x;O<lccylnmin" IICl 

(1,) N,N .. flimethyldodccylnminc IICL 

(5) lh~cyl trilllethylanunonium bromicle 

EXPERIMENTAL DATA ON VARIOUS COLLECTORS FOR FLOTATION OF CADMIUM 
CYANIDE AND NICKEL CYANIDE COMPLEXES 

Cndmillm cyanirle runs Nickel cyanide rl•ns 

Amount 

ust;d 
eel a) 

~.0 

2.0 

2.0 

4.0 

4.0 

ppm CN 

Initia1(b) Final 

10.0 5. 2 5 

10.0 6. 25 

10,0 7.50 

10.0 6. 75 

10.0 '•. 2 5 

Indicated 
percent 
remova 1 

47 

37 

25 

32 

57 

Amount 

us~rl j 
cc~a 

2.0 

3.0 

2.0 

ppm CN 

Initial(c) 

10.0 

·1o.o 

10.0 

Final 

0. 7 5 

0. 75 

0.50 

(6) Ethylhcxn<lccylc.limethy1nmmonium bromide 0.5 10.0 7. 75(<1) 22 0.5 10.0 o.5o(d) 

(7) IIL~x:ulecylpyridinium chloride 0.5 10.0 1. 5o<<~> 25 1.0 10.0 1. oo(d) 

Indicated 
percent 
removal 

9J 

93 

9.) 

95 

90 

(a) Sol••tions were m.1de by dissolving collector 
t ll .a pi I u r 7. 

in isopropanol and adjusting to 20 gal/L. n,e amine collectors alBa were neutralized "'ith IICl 

(b) Initial solutions also contained 10.8 ppm cadmium .09 cadmium chloricle. 

(c) lniLial solutions also cont.aineJ 5.64 ppm nickel ns nickel sulfate. 

(,1) Exc•~ssivc foaming OCCUI"l-cd during these. runs causing loss of ~orne: solution. 

Source: Refcrcnc~ 11. 



TABLE l3. 2 .3. FLOTATION DATA ON IRON CYANIDE SOLUTIONS 

Expt. 
No. 

16A 

16B 

16C 

17A 

17B 

17C 

l7D 

18A 

18B 

18C 

l8D 

Initial Solution 
ppm C~ ppm Fe pH(a) 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

3.58 ferrous Basic 

3.58 ferrous Acid 

3.58 ferric Basic: 

3. 58 ferrous Basic: 

3.58 ferrous Basic: 

3.58 ferrous Basic: 

3.58 ferrous Basic 

3.58 ferrous Basic: 

5.37 ferrous Basic 

7.16 ferrous Basic 

3.58 ferrous Acid 
3.58 ferric 

pH During 
Flotation (a) 

4.0 

4.3 

4.0 

8.4 

6.5 

5.1 

4.0 

==4 

:o4 

"4 

Final 
Solution 
Analyses, (b) 

ppm c~ 

1.25 

7. 75 

6. 25 

2.35 

1. 95 

2.10 

2.65 

2. 70 

l. OS 

1. 25 

9.50 

(a) Adjustments of pH were made by adding dilute HC1 or NaOH. 

Apparent 
Percent 

Extraction 

87.5 

. 22.5 

37.5 

76.5 

80.5 

79.0 

73.5 

73.0 

89.5 

87.5 

5.0 

(b) Solutions ~;ere floated by adding 0.5 c:c: of tetradec:ylarnine collector 
and aerating.~Gr 10 minutes. 

Source: Reference 11. 
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TABLE 13.2.4 FLOTATION REAGENTS 

Reagent name 

ARMAC 12D 
Dodecylawine 
Ethyl acetate 

Sodium Lauryl. 
Sulfate 

Aliquat 336 
Tricaprylyl Methyl 
Ammonium Chloride 

4-Methyl ·2-Pentanol 

Manufacturer 

Armour Industrial 
Chemical Company 

A-ldrich Chemic;al 
Company 

General Mills 
Chemical Division 

Unknown 

M.W. 

245 

288 

X 442 

1-2 

TABLE 13.2.5 EFFECT OF TYPE OF COLLECTOR 

Run Surfactant 

29 NLS 
30 12D 
31 NLS 
32 l2D 
33 NLS 
34 l2D 
36 NLS 
37 l2D 

100 mg/L Total CN 
215 mg/1 Total Fe II 
Fr fraction removed 

Level rng/L (mH) 

46.2(0.16) 
156(0.64) 

23.1(0.08) 
31.3(0.13) 
46.2(0.16) 

156(0.64) 
23.1(0.08) 
31.3(0.13) 

Rf = removal factor = l - cyanide in tne underflow 
cyanide in the feed 

Source: Reference 8. 

13-29. 

pH 

4 
4 
4 
4 
6 
6 
6 
6 

Formula 

R3NCH3Cl 
R = C8 - C10 carbon 

Fr Rf 

.45 .28 

.90 .88 

.42 .28 

.87 .85 
• 91 .89 
.94 .80 
. 84 • 80 
.90 .89 



from cyanide solu~ions containing little or no competing ions. For actual 

cyanide ~astewaters such as coke plant effluents, maximum efficiencies were 

reduced to 91 percent. 

13.2.3 Process Cost 

Presently, little cost data has been reported on flotation/foam 

separation as a treatment process for the physical removal of cyanides from 

wastestreams. While capital and operating costs associated with this 

technology are expected to be low, no precise costs have·been developed. A 

primary cost (and environmental liability) anticipated from the use of 

flotation/foam seperation is for the secondary treatment and final. disposal of 

the iron-cyanide flotation sludge. Secondary treatment will consist either of 

a destruction technology (e.g., wet air oxidation or UV ozonation) which can 

successfully treat iron cyanides or a solidification/encapsulation technology 

which will immobilize the cyanide pollutants contained in the flotation 

sludge. The inclusion of these secondary treatment costs are expected to add 

significantly to the overall tr~atm~nt costs. 

13.2.4 Overall Process Status 

Flotation/foam separation of cyanide bearing wastewaters has not yet been 

tested on a pilot-scale at an actual commercial facility. Most of the 

research that has been performed to date with flotation has focused on 

equipment development and process parameter definition. Although preliminary 

research has demonstrated the technical feasibility of the process, 

pilot-scale testing is needed to determine if sufficient cyanide recoveries 

can be achieved. Flotation could prove to be a cost-effective alternative to 

conventional treatment practices because of its minimal operating requirements. 
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As with ~11 physical ~eparation processes, any proc~ss which will 

concentrate the cyanide waste material should be followed by•~ process which 

will detoxi"fy or immobilize the concentrate. Since the concentrate of the 

process considered here contains precipitated ferri- and ferrocyanide which 

are not amenable to conventional oxidation technologies such as alkaline 

chlorination, alternate technologies such as wet air oxidation or UV/ozonation 

may be more appropriate. In addition, solidification or encapsulation of the 

residuals may be required prior to land disposal. 
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14.0 CHEMICAL DESTRUCTION OF CYANIDES 

The cyanide destruction processes discussed in this section are based on 

chemical methods of separation and destruction of cyanide contaminants in the 

waste feed stream. These unit processes are: 

14.1 .Alkaline Chlorination 

14. 2 Ozona t ion 

14.3 Wet Air Oxidation 

14.4 Sulfur-Based Technologies 

14.5 Miscellaneous Processes 

The cyanide ~aste streams treated by these processes are produced by 

several industries including ore ~xtractiorr (cyanide' le•ching), ~hotoiraphic· 

processing, synthetic organic and inorganic compound manufacturing, and metal 

finishing. The most significant sourc~ of hazardo~s cyanide waste is the 

metal finishing industry. Aqueous solutions with free cyanide., ionic 

cyanides, and highly soluble metal cyanide complexes are of major 

environmental concern. Aqueous cyanide ~aste solutions from the metal 

finishing industry include contaminated rinse water and spent process 

solutions. 

14.1 ALKALINE CHLORINATION 

14.1.1 Process Description 

Alkaline chlorination of dilute cyanide waste streams is a waste 
1 

treatment technology which has been in commercial use for over 25 years. 

The process is suitable for destroying free dissolved hydrogen cyanide and for 
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-· :·-;.:c.::.,-.l~,-t: ~~:, :- · :~·--,~r":;·;::-•<~~~?-:~-1:·::~ 
oxidizing all simple-,~and most complex inor!!;~~rc cyanide'~':in· ~q~eous 

---,::: 

The process is operated at ambient temperature; ~ith ~?.?~.pil::~-~d 

media. 

oxidation-reduction pote~tial 
. ,_· .1 2 

CORP) control, ;:the· efflu~nf,!~yp~ca lly contains 

less than 1.0 ppm cyanide. ' "' 

The destruction reaction is an oxidation pr-ocess in -~hich one or more 

electrons are transferred from the chemical being oxidized (cyanide) to the 
. 3 4 . 

chemical initiating the transfer (oxidizing agent). ' ·.Chlorine in 

elemental form or hypochlorite salt are the two most ·common oxidizing agents 

used in industrial cyanide oxidation systems. 

The mechanism of cyanide destruction by alkaline chlorination 1s shown hy 

the following equations: 

Cl 2 (g) + NaCN ~ CNCl + NaCl 

CNCl + 2NaOH ~ NaCNO + NaCl + HzO .-

3Clz (g) + 2 NaCNO + 6 NaOH = 2NaHC03 + Nz (g) + 6 NaCl + 2Hz0 

In this reaction chlorine gas (Cl 2) plus sodium hydr6xide (NaOH) are 

used to oxidize cyanides to cyanates··-{CNO-) and ultimately to' carbon dioxide 

and nitrogen. The formation of cyanide chloride (CNCl) is essentially 

instantaneous. Sodium hypochlorite (NaOCl) is.ofte~ used in place of chlorine 

gas due to the danger and higher equipment costs involved with chlorine 

usage. The stoichiometry is the same in terms of equivalents of chlorine 

added, but alkali additions and unit reagent costs (sodium hypochlorite is 

approximately twice as expensive as chlorine gas)- will·v~ry- with the oxidizing . '.''.: -

agent used, 

Alkaline chlorination treatment of cyanide solutions can be conducted in 

1,2,5 I 1 d one or two stages. n the more common y·use two stage process, 

solution pH is initially raised to a pH of 10-of_higher' • Hydrolysis of the 

cyanogen chloride complex is rapid and the reaction is typically 80-90 oercent 

complete vithin two minutes. In the second stage, the pH of the solution is 

reduced to the 8.0-8.5 range for rapid oxidation of cyanate. Retention time 
. . . 

in the second stage is generally 30 minutes to 1 hour.i~ ord~r to ensure 

1 . d d . . 6 Al . 1 . d.. ,_, H b comp ete cyan1 e estructtpn. ternat1ve y, an 1nterme late p etween 

8.5 to 10.0 can be maintained in a single tank for simultaneous cornpleti6n of 
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both stages. In the single stage system close pH control is essential, and 

retention time will depend upon the selection of pH and the amount of 

hypochlorite present. Figure 14.1.1 illustrates a conventional two-stage 

cyanide oxidation system. The system features separate pH controlled addition 

of caustic and ORP controlled addition of chlorine to each stage if 

necessary. Table 14.1.1 presents treatment levels for cyanide wastewaters 

using both single and two-stage chlorination processes. 

are 

Reagenr requirements for the theoretical oxidation of cyanide to cyanate 

2.7 lbs. of chlorine and 3.1 lbs of caustic per pound of cyanide.
6 

Overall reagent requirements for the complete destruction of cyanides are 

6.8 lbs of chlorine and 7.3 lbs of caustic per pound of cyanide. Practical 

experience, however, has demonstrated that typically 8 lbs of chlorine or more 

(a 10 percent excess) 

ff . d 1. 6 e luent gu1 e 1nes. 

are required to completely destroy cyanide and meet 

The excess chlorine is used to account, for side 

reactions (organics and reduced metals) and ensure rapid and complete 

hydrolysis of cyanogen chloride. 

The rate equation for the hydrolysis of cyanogen chloride to cyanate 
. 7 
1S: 

-d [CNCl]/dt k1 [CNCl j [OHJ 

As indicated by the presence of the hydroxyl group [OHJ. the rate equation 

shows cyanogen hydrolysis to be pH dependent. The greater the concentration 

of hydroxyl ions, the more rapid the reaction rate. The reaction has been 

found experimentally to be most rapid above pH 10, a region of high alkalinity 

(i.e., excess of hydroxyl ions). 

Hydrolysis of cyanogen chloride ~s greatly accelerated by the presence of 

hypochlorite, which apparently has a catalytic effect. Competition between 

CNCI and CNO for excess hypochlorite may result in incomplete cyanogen 

hydrolysis ar low pH values. However, at high pH values (greater chan 

pH 10.0) cyanogen hydrolysis is complete before significant CNO oxidation 
7 

occurs. 
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Figure 14.1.1. Treatment flow schematic for 2-stage oxidation process. 
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TABLE 14.1.1. TREATMENT LEVELS FOR CYANIDE ~ASTEWATERS 

Cy~nide Concentration mg/L) 

Treatment process Initial Final 

Alkaline chlorinat:ion8 1.7 

Alkaline chlorinationa 0. 1 

Alkaline chlorinationb 0.4 

Alkaline chlorinationb 700 0.0 

Alkaline chlorination 32.5 0.0 

Alkaline chlorination 5.1 0.1 

8 Single-stage chlorination. 

bTwo-stage chlorination. 

Source: Reference 2. 
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Percent 
Removal 

100 

100 

98 





-~~;~ •. 
:r:·· 

·~~{%:; ... 
General processing eQuipment an·dtconstruction materials for cyanide 

_-}:~"' .. .:· ::.- ., 

oxidation units are identical to tho-~e .Jf· precipitation, reduction, and 
-- ·- .· 

coagulation/flocculation processes •. ',,,t(f~lly engineered two-stage cyanide 
'~~.-~::' . 12 8 

oxidation system would consist of the follow1ng components: ' ' 

• 2 treatment tanks 

• 3 reage~t storage tanks (caustic, chlorine, acid) 

• 5 agitators .. -~ 

• 6 pumps 

• 2 pH controller/probes 

• 2 ORP controller/probes 

• piping and valves 

• electrical fit-up 

- ·-
The two treatment tanks can be fabricated from a wide range of 

construction materials, but most industrial systems use fiber reinforced 

plastic (FRP). 9 • 10 Most vessels are of a flat-bottomed configuration, 

eQuipped with air tight covers or air ducts to minimize exposure to any 

volatile, toxic reaction products which might be evolved. Each stage should 

be designed to provide approximately 1-hour retention volume. 

Agitation serves the purpose of equalizing the concentration profile 

within the reaction vessel as the influe.nt is dispersed in the reaction 

tanks. Vessels with large stagnant areas provide little mixing between 

reactants and causes large disturbances when concentrated materials are 

released into the system. For accurate process control, Hoyle has suggested 

that agitator capacity should be measured as a ratio of the system dead time 

(the interval between the addition of a_reagent and the first observable 

process change) to the retention time·(volume of the vessel divided by the 
12 flow through the vessel). A ratio of dead time to retention time of 0.05 

approaches an optimum value. Typically agitation is provided overhead in line 

with the vertical axis. In addition, mechanical agitation should be provided 
:!';-

in the reagent storage/slurry tanks ... to maintain reagent homogeneitv. 
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Pumps and piping are required for all aspects of fluid transfer within 

the cyanide oxidation system. Pumps are necessary to transport the cyanide 

waste to the first stage, pump it to the second stage, and then displace the 

treated fluid from the second tank to whatever post-treatment processes may be 

appropriate. In addition, a separate chemical metering pump is required to 

transfer reagent from each of the reagent storage tanks (in smaller system it 

is sometimes possible to meter directly from a 55-gallon drum) to the 

treatment system. The many different factors influencing the final choice of 

pump type and size for fluids are discussed in detail by Peters and Timmerhaus 

~n Reference 13. 

At the heart of the alkaline chlorination cyanide destruction system are 

the pH and ORP control systems. The pH control systems for batch 

precipitation processes can be quite simple with only on-off control provided 

via solenoid or air activated valves. Control system designs for continuous 

flow cyanide oxidation system are more complicated because the wastewater 

feeds often fluctuate in both flow and concentration. Systems currently 

available include: proportional, cascade, feedforward, or feedback pH 

control. Each system has distinct advantages and disadvantages which have 

. . 12, 14' 15 h H d ORP 1 been reviewed tn the ltterature. Bot p an contra systems 

consist of a probe (to take the reading), monitor~(to compare~the reading set 

point and make the appropriate adjustment), and a recorder to visually display 

the resultant data. In addition, there is typically a control panel with an 

indicator, starters and controls for metering pumps, all relays, high/low 

alarms, switches, and mixer motor starters. 

Table 14.1.2 summarizes typical operating parameters for a two-stage 

alkaline chlorination systems. Improper chlorination of cyanide ion, hydrogen 

cyanide, or thiocyanate ion, particularly under conditions below pH 10, will 

result in increased evolution of cyanogen chloride, a gas which is considered 

to be at least as hazardous as hydrogen cyanide. Cyanide in combination with 

nickel, cobalt, silver, or gold is oxidized slowly, but is still treatable if 
' 2 

sufficient time is prov1ded. 

A pretreatment in itself, alkaline chlorination is usually applied to 

cyanide bearing aqueous waste streams segregated from other process 

flowstreams. Segregation is essential to prevent the formation of difficult 

to treat wastes or the evolution of toxic gases. 
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TABLE 14.1.2 •. TYPICAL OPERATING PARAMETERS OF A TWO-STAGE ALKALINE 
CHLORINATION CYANIDE DESTRUCTION UNIT 

Parameter 

Influent 

Cyanide concentration 

Influent 

Flowrate pressure 
Pressure 
Temperature 
Agitation 

First-Stage 

pH 
ORP 
Chlorine 
Caustic 
Retention time 

Second-Stage 

pH 
ORP 
Chlorine 
Caustic 
Retention time 

Effluent 

Cyanide 

Unit 

mg/L 

gpm 
atm 
·c 
turnover/minute 

Mv 
lb/1b CN 
1b/1b CN 
Min 

Mv 
1b/1b CN 
1b/1b CN 
min 

mg/L 

Ranl(e 

1 - l,Oooa 

10 - 350 
l 
20-22 
1 

9.5- 11 
350 - 400 
2.7- 3.0 
3.1 - 3.4 
30 - 60 

8.0- 8.5 
600 
4.1 - 4.5 
4.2 - 4.6 
30 - 60 

< 0.1 

ainitial cyanide concentrations of up to 5,000 mg/L are possible, but 
require batch treatment. Optimum influent cyanide concentrations for 
continuous systems are <100 mg/L. 

Source: Adapted from References l, 2, 6, 9. 
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For example, alkaline chlorination cannot effective~y oxidize stable iron 

and nickel cyanide complexes. As most cyanide discharge limits are based on 

total cyanide levels, provisions should be made to ensure that cyanide 

solutions do not mix with iron and nickel compounds. Similarly acid-bearing 

waste streams should be segregated from the cyanide bearing wastestream to 

prevent pH depression and the evolution of toxic hydrogen cyanide gas (HCN). 

Following successful cyanide destruction, the treated cyanide wastestream may 

then be combined with other waste streams for subsequent treatment (i.e., 

metals precipitation, coagulation, filtration, etc.). 

Other properties of the waste being treated that can affect alkaline 

chlorination performance include: 

• Flow variations 

• pH variations 

• Presence of chelators/complexants 

• Competing nonpriority oxidizable spec1es 

• Oil and grease concentration 

In facilities which exper1ence a wide variation 1n flow rates, pH values, 

or pollutant concentrations of the wastewater, flow equalization as 

pretreatment is often used. 1 • 9 A variety of process options exist (see 

Section 10.1) but all systems basically provide some sort of flow resistance, 

stream segregation, or influent concentration averaging to prevent 

wastetreatment system overloading. In all methods of flow equalization, care 

must be exercised during the wastewater analysis to completely characterize 

any peak flows or concentrations. In addition, flexibility in system design 

should be provided for any future expansion, change in location, or deviation 

in flow rates. 

Oil and grease, chelator/complexants; and nonpriority oxidizables, are 

all factors which will increase reag~nt consumption and impede if not prohibit 

chemical oxidation operations. 1 Oil and grease removal is typically the 

first process step in any waste treatment train. The removal of 

chelator/complexants and nonpriority oxidizable compounds present more 

difficult problems since many of these compounds are often an integral part of 
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the cyanide wastestream. The presence of organic compounds_and reduced metals 

can increase chlorine or sodium hypochlorite ·c-onsumption by as much as 25 to 

100 percent over stoichiometric requirements.
2 

In addition the presence of 

cupric cyanide can cause precipitation during the chlorination process. This 

results in a sludge containing cyanide complexes that may require separate 

post-treatment. Other inorganic salts which cannot be effectively treated by 

this process and may require segregation and/or pretreatment include ferro and 

ferric-cyanides, nickel cyanide, and zinc cyanide, 

Residuals generated in the alkaline chlorination process occur from the 

use of caustic with chlorine gas. Smaller quantities of residual product will 

result from alkaline chlorinations using hypochlorites. The sludge product 

consists primarily of insoluble hydroxide compounds generated during the 

hydrolysis of cyanogen chloride in the first-stage reactor. Therefore some 

provision for sludge removal or batch clean-out should be provided. However, 

alkaline chlorination post-treatment is more likely to consist of such unit 

processes as precipitation, coagulation/flocculation/ sedim~ntation, and 

sludge consolidation. The resulting toxic sludge must often then be treated 

(i.e., encapsulation) and land disposed. 

14.1.2 Process Performance 

Alkaline chlorination with chlorine or hypochlorites has become the most 

widely accepted conventional method of cyanide destruction. The stoichiometry 

and rate factors in cyanide destruction by alkaline chlorination have been 

researched ~nd thoroughly reported in the literature. Use of this meth6d 

however becomes increasingly difficult as cyanide and stable inorganic 

salt-cyanide complex concentrations increases. 

Table 14.1.3 summarizes effluent cyanide concentrations for 15 metal 

finishing plants reviewed in the literature.
8 

Total cyanide influent 

concentrations ranged from 0.045 to 1,680 mg/L, with a median. of 77.4 mg/L. 

As can be seen, alkaline chlorination was successful in reducing 65 percent of 

the total cyanide waste streams to a final effluent concentration of less than 

0.10 mg/L. However, two of the facilities were unable to detoxify total 

cyanide concentrations to less than 1.0 mg/~. If was postulated that 

inefficient operation, the presence of stable inorganic complexes (i.e. iron, 
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TABLE 14.1.3. ·EFFLUENT CYANIDE PERFORMANCE DATA USING ALKALINE CHLORINATION 

Plant ID 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Total Cyanidea 
mean effluent 

concentration (mg/L) 

0.04 

0.15 

0.09 

2.20 

0.09 

0.10 

l. 21 

0.05 

0.001 

0.13 

0.46 

0.04 

0.01 

0.06 

Amenable Cyanideb 
mean effluent 

concentration (m~/L) 

o;:og 

0.004 

0.007 

3 Average daily total cyanide influent concentrations ran~ed from 0.045 -
· 1,680 mg/L with a median concentration of 77.4 mg/L. 

bAmenable cyanide influent concentrations ranged from 0-1,560 mg/L with a 
7.63 mg/1 median concentration. 

Source: Reference 8. 
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nickel, zinc cyanide), or excessive influent total cyanide concentrations 

(l;ooo mg/L or greater) were responsible for the poor removal efficiencies 

experienced at these plants. 

Table 14.1.4 presents detailed alkaline chlorination 9peration and 

performance data for five more facilities. Facilities A, B, and D are batch 

d . 1 . f . lk 1. h l . . 16, 1 7, 19 processes use ~n ~eu o cont1nuous a a 1ne c or~nat1on. 

Facility A uses its system to collect and batch treat spent cyanide baths and 

floor spills. Therefore, eQuipment usage is intermittent and process 

conditions are variable. Facility D op·erated a batch pilot plant with limited 

throughput to determine treatment feasibility. Facility B is a commercial 

wastetreatment plant which accepts and treats large volumes of concentrated 

cyanides with lime and sodium hypochlorite. The process is limited by two 
-

factors. First the initial content of cyan ide (CN ) must not· exceed 

2,000 mg/L in order for the process to achieve a final cyanide concentration 

0.5 mg/1. Secondly the total amount of Cl 2 
used should not surpass 

6,000 mg/L in order to limit the levels of cyanogen chloride formed during the 

process. If either process parameter is exceeded, a dilution operation is 

performed. 
. . . . l' 1 . . . 18 20 

Fac~l1t1es C and E are cont1nuous alka 1ne ch or1nat1on operat1ons. ' 

Facility E treats cyanide contaminated ore leaching wastewater generated 

during gold milling operations (see Figure 14.1.2). The gold in the ore 1s 

mainly locked in fine grained arsenopyrite (FeAsS), but also contains copper 

and zinc. The capacity of the treatment plant was 2.5 to 16.8 gpm with tanks 

constructed of protected {lined) mild steel and of plastic. Plastic piping 

and rubber hose were used for ease of changing flow patterns. Process 

operations consisted of oxidation of reduced species (cyanides and arsenites), 

alkaline precipitation of metallic hydroxides, ferric sulfate precipitation of 

pentavalent arsenic, and liquid-solid separation. The levels achieved are as 

follows: 

Cyanide 1.0 mg/L 
Arsenic 0.2 rng/L 
Copper 0.3 mg/L 
Zinc 0.2 mg/L 
Iron 3.0 mg/L 
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TABLL 14.1.4. ALKALINE CHLORINATION PERFORMANCE DATA 

Parameter 

Wastestream 

Influent 
Flowrate (gpm) 

lst stage 

pH 

Retention 

Time (min) 

Reagent 

2nd Stage 

pH 

ORP(MV) 

Metal 
Finishing 

batch 
(1000 gall 

NA 

NA 

Commercial 
wastetreat
Facility 

batch 

11 

250-350 

60 

Lime/ 
Sodium 
hypochlorite 

8.5 

NA 

Retention Time (Min) NA 5-60 

Reagent Sodium Waste acid 
hypochlorite 

Influent Total 
Cyanide Concentration 

Sodium 
hydroxide 
(NaOH) 

(mg/L) 0.5-6.8 

Effluent total 
Cyanide Concentration 0.1 

aReference 16. 
bReference 17. 
C&eference 18. 
dRe ference 19. 
eReference 20. 

2,000 

0.5 
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Coke and 
coke by
products 

167 

9.0-9.5 

120-180 

90 

Chlorine 
NaOH 

83-104 

4.7 

Gold 
mill 
barren 
bleed 

batch 

12 

90 

Lime/ 
Sodium 
hypo
chlorite 

8.5 

Gold mill 
effluent 

2.5-16.8 

11.2-11.8 

82 

Lime/ 
Sodium 
hypo
chlorite 

7.5-10.4 

60 100 

Sulfuric NA 
acid 

63 300 

0.4 0.07 
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Facility C was one of the few facilities to report an inability to 

achieve effluent limits with alkaline chlorination. High influent ammonia and 

thiocyanate concentrations were felt to have reacted with some of the excess 

chlorine. In addition, Facility C reported difficulty in maintainin~ 

efficient automatic ORP control. Subsequent test results indicate that 

chlorine dosage rates of less than 2,000 mg/L should be sufficient to oxidize 

the cyanide to permitted levels while 2500 mg/L was sufficient to oxidize 

thiocyanates to below detection limits. Once the chlorination system is 

effectively automated, it is anticipated that effluent guidelines for cyanide 

will be met. 

While most research on alkaline chlorination has focused on 

stoichiometry, rate factors, and destruction efficiencies, little work has 

been performed on sludge generation and handling characteristics. Researchers 

at the University of Tennessee and Illinois have investigated sludge and 

supernatant quality following cadmium cyanide destruction and precipitation. 7 

The first objective in the investi~ation was to examine the alkaline 

chlorination of cadmium cyanide solutions in the pH region of carbonate 

precipitation. Previous research and field data have shown that carbonate 

precipitation results in reduced metal solubilities and improved sludge 

characteristics (see Section 10.1.3). 21 •22 As shown previously, an 

equivalent level of carbonate is produced from the destruction of the cyanide 

radical. 

The second objective was to investigate the effects of two forms of 

hypochlorite on cadmium solubility and solid phase characteristics. The two 

forms of hypochlorite investigated were sodium (NaOCl) and calcium 

(Ca(OC1)
2

) hypochlorite. Previous work has indicated that sludge produced 

from calcium hypochlorite oxidation dewater more effectively than the more 

gelatinous sodium hypochlorite oxidation sludges. This is primarily due to 

the coprecipitation of calcium carbonate and metallic carbonate which due to 

calcium granular nature results in distinctly different filterability 

characteristics. 

In the pH region between 7 and 10 for the calcium hypochlorite system 

both cadmium carbonate and calcium were formed as separate crystals. However, 

in the optimum range for cyanate oxidation (pH 8.5-9.0) twice as much calcium 

carbonate as cadmium carbonate was precipitated (on a molar basis). This 

resulted in a dry weight sludge product of only 22-30 percent cadmium. In 
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contrast sodium hypochlorite cyanate oxidation in-· the pH .range of 8.5-9.0 

resulted in 70 to 100 percent of the precipitate formed consisting of cadmium 

carbonate. This represents a dry weight sludge yield of approximately 

65 percent cadmium. Therefore while calcium-based hypochlorite systems may 

produce a precipitate which filters more readily and to a higher solids 

content, sodium-based hypochlorite systems theoretically yield a sludge which 

is more amenable to metals recovery. 

14.1.3 Process Costs 

Figure 14.1.3 illustrates the process flow schemati~ developed for the 

continuous alkaline chlorination system costs contained in this section. The 

influent waste water stream is assumed to contain 50 mg/L of cyanide ion and 

200 rog/L of heavy metal ions. Three flow rates were casted 1,000, 10,000 and 

100,000 gallons per hour. These systems were assumed to operate 24 hours per 

day, 300 days per year. Complete reaction in the cyanide chlorination tanks 

is assumed to occur and the heavy .metals are rendered insoluble in the 

precipitation reactor. 

Cost data and design and operating cost assumptions for the equalization 

-·rank,· >precipitation··react·or, Elbccul.3to'r'/c"larifier; Sludge h"o"li:lin'g""'tanks,- and .. 
. . . S · o O l 5,13,23,24 Th 

f~lter press have been presented prev1ously 1n ect1on l o • e 

capital costs for the alkaline chlorination unit has been adapted from 

Figure 14.1.4. The unit uses sodium hydroxide for pH adjustment and sodium 

hypochlorite as the oxidizing agent. The operations are conducted in two 

series-connected reaction tanks in which reagent demand in each stage is 

determined by measuring pH and ORP. The reaction time in each stage is 

assumed to be 60 minutes to ensure complete cyanide destruction. The cost for 

the system also includes storage and feed systems for the treatment reagents. 

Table 14. 1. 5 contains the capita-l and operatill-~ costs for the continuous 

alkaline chlorination system developed for this section. It is immediately 

apparent that at the higher flow rates chemical and sludge disposal costs-can 

constitute up to 60 percent of the total annual costs. In addition, the 

presence of other oxidizable species, stable complexes, or higher influent 

cyanide concentrations could render this process economically nonviable. 

~,-;£c--:-- -----------
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Installed cost = 1.25 >< haraware cost. 
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TABLE 14.1.5. CONTINUOUS ALKALINE CHLORINATION TREATMENT COSTSa 

Purchased Egulpment and Installatio~ (PE&I) 

Equilization Tank 
Cyanide Oxidation Units 
Precipitation Reactor 
Flocculator/C1arifier 
Sludge Holding Tank(s) 
Filter Press 

Total Capital Investment (360% PE&I) 

Annual Operating Costs CS/Yr.) 

Operating 'Labor ($20/hr.) 
·Maintenance (6% TCl) 

General Plant Overhead (5.8% TCI) 
Utilities (2% TCI) 
Taxes and Insurance (1% TCI) 
Chemical Costs: 

NaOH ($175/ton) 
NaOCl ($0.38/gal) 
Lime ($40/ton) 

Sludge Transportation ($0.25/ton-mile} 
Sludge Disposal ($200/ton) 
Annualized Capital (CFR-0.177) 

Total Cost/year 

Cost/1000 gallon 

al987 dollars. 

1,000 

17,000 
28,000 
24,000 
18,000 
3,000 

10,000 

100,000 

360,000 

72,000 
21,600 
20,900 

7,200 
3,600 

1,900 
7,800 

500 
200 

12,000 
63,700 

211,400 

~2"9 

Flow rate (gph) 

10,000 100,000 

29,000 50,000 
81,000 267,000 
40,000 160,000 
50,000 203,000 
6,000 48,000 

25,000 100,000 

231,000 828,000 

831,600 2,980,800 

72,000 72,000 
49;900 178,800 
48,200 172,900 
16,600 59,600 
8,300 29,800 

19,200 191,700 
78,200 781,700 
5' 300 ' 53,000 
2,300 22,500 

120,000 1,200,000 
147,200 527,600 

567,200 3,289,600 

8 5 
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14 .1.4 of Technology 

Alkaline chlorination systems have generally proven reliable if well 

maintained and eQuipped with well-designed ORP control. The treatment 

technology cannot oxidize stable cyanide complexes such as ferrocyanides and 

has difficulty treating nickel cyanides. The most widespread application of 

cyanide oxidation through alkaline chlorination is in facilities using 

cyanides in electroplating operations. 

The evolution of toxic hydrogen cyanide gas may·be a problem if pH levels 

are lowered excessively. In cases where alkaline chlorination is used to 

treat dissolved complex cyanides and dissolved cyanides of heavy metals, 

sludges of metal hydroxides and carbonates are generated. These sludges·can 

be recovered by filtration and treated by chemical fixation/solidification. 

Many of the chemicals used in this process have potential for hazardous 

and or toxic effects if catastrophically released during shipment, storage, or 

than 40 percent) and concentrated 

Chlorine gas and hypochlorite 

salts are powerful oxidizers and must be segregated to avoid reac~ion with 

other chemicals. For a summary of the advantages and disadvantages of 

alkaline chlorinat~pn see Table 14.1-6. 
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TABLE 14.1.6. ADVANTAGES AND DISADVANTAGES OF ALKALINE CHLORINATION 

Advantages 

Proven technology ~ith documen~ed cyanide destruction efficiencies. 

Operates at standard operation temperatures and pressures and is well 
suited to automatic control. 

Modular design allows for plant expans1on and can be used in 
different configurations. 

When treating dissolved HCN, calcium, potassium, or sodium cyanide ~o 
sludges are generated. 

Disadvantages 

.Need for careful pH and ORP control. 

Possible chemical interference in the treatment of mixed vastes 
(i.e., large oxidation chemical excesses required for complete 

.. reactions"). 

Process is not selective and therefore restricted to specific product 
wast~st:r~ams. 

Potential hazard of shipping, storing, and handling of chlorine gas, 
hypochlorite salts, sodium hydroxide, and concentrated sulfuric acid. 

Unable to treat ferro and ferricyanides and has difficulty treating 
nickel cyanide. 

Potential for creating toxic residue vhich will require 
post~treatment (i.e., fixation/solidification/ encapsulation). 

Source: Adapted from References 1, 2, 6, 7, and 11 • 
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14.2 OZONATION 

Chemical oxidation has the potenti-al for removing from wastewaters 

or~anic materials which are resistant to other treatment methods, 

e.g., refractory materials which are toxic to biological systems. Ozone 

(0
3

) is one of the strongest oxidants available, as shown in Table 14.2.1, 

which lists the oxidation potential and relative oxidation power of a number 

of oxidizing agents. Ozone, as an oxidant, is sufficiently strong to break 

many carbon-carbon bonds and even to cleave aromatic ring systems. 

Ozone has been used for years in Europe to purify, deodorize, and 

disinfect drinking water. 1 More recently, it has been used in the waste 

treatment area to oxidize cyanide wastewaters. Cost and mass transfer 

considerations restrict usage of ozone to the treatment of wastewaters with 

· · 1 1 2 • 3 s· ·d · b 1 percent or lower contamLnant concentrat1on eve s. 1nce oxL at1on y 

ozone occurs nonselectively, it is also generally used only for aQueous wastes 

which contain a high proportion of hazardous constituents versus nonhazardous 

oxidizable compounds, thus focusing ozone usage on contaminants of concern. 

Ozonation may be particularly useful as a final treatment for waste streams 

which are dilute in oxidizable contaminants, but which do not ·quite meet 

s.tandards .. 

14.2.1 Process Description 

Ozone is generated on site by the use of corona discharge technology. 

Electrons within the corona discharge spilt the oxygen-oxygen double bonds 

upon impact with oxygen molecules. The two oxygen atoms formed from the 

molecule react with other oxygen molecules to form the gas ozone, at 

eQuilibrium concentration levels of roughly 2 percent in air and 3 percent 1n 

oxygen (maximum values of 4 and 8 ~ercent, respectively). Ozone must be 

produced onsite tozone decomposes in a matter of hours to simple, molecular 

oxygen4 ) and ozonation is restricted co treatment of streams with low 

quantities of oxidizable materials. Using a rule of thumb, two parts of ozone 

are reQuired per part of contaminant. A large commercial ozone generator 

producing 500 lb/day of ozone could treat 1 million gallon/day of wastewater 

containing 30 ppm of oxidizable matter, or eQuivalenr:ly, 3.,000 gallons/day of 

··.14:.::24 
-, --- -- ~ 
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TABLE 14.2.1. RELATIVE OXIDATION POWER OF OXIDIZING SPECIES 

Oxidation Relative 
potentail, oxidation 

Species volts power8 

Flourine 3.06 2.25 

Hydroxyl radical 2.80 2.05 

Atomic oxygen 2.42 1. 78 

Ozone 2.07 l. 52 

Hydrogen peroxide 1.77 1. 30 

Perhydroxyl radicals 1. 70 1. 25 

Permanganate 1. 70 . 1. 25 

Hypochlorous acid 1.49 1. 10 

Chlorine 1. 36 1. 00 

aBased on chlorine as reference (= 1.00). 

Source: References l and 2. 
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2 
wastewater containing l percent of oxidizable matter. Extensive 

information relaied to the generation of ozone and its application to the 

treatment of industrial wastewaters can be found in References 5 through 9. 

While direct ozonation of industrial wastewater is possible and is 

practiced commercially, other technologies. have been combined with ozonation 

to enhance the efficiency and rate of the oxidation reactions. These 

technologies, which supply additional energy to the reactants, involve the use 

of ultraviolet light or ultrasonics. 

Cyanides are decomposed by ozone according to the general rate expression: 

( l) 

where l0
3

] and [CNtl are the concentrations of ozone and the total cyanide 

(including thiocyanates) and k is the reaction rate constant. Pilot plant and 

bench-scale data indicates that the reaction is 

ozone, and fractional order with respect to the 

first order with respect 
. . 10 Th. cyanLde Lon. LS 

to 

fractional order of the cyanide ion indicates the ozone-cyanide reaction is 

not a simple, bimolecular reaction but involves the. formation and reaction of 

free radicals. React.ions of OH 
. 10 

react1ons. 

and HO; with 0
3 

can initiate the 

radical chain Therefore, pH considerations, as indicated by 

the following rate relation for the decomposition of ozonei are important in 

determining the overall rate equations: 

(2) 

However, it should be noted that the limiting factor Ln ozone rate 

equations is the mass transfer of ozone gas to the liqui~ phase. Pilot plant 

data will be required to determine mass transfer characteristics. Research at 

Drexel University has focused on these rate relations in an efforts to 

generate fundamental kinetic and mechanistic data for the reactions of ozone 

with cyanide by distinguishing between mass transfer of ozone and the 
ll 12 

oxidation and decomposition reactions of ozone. ' Figure 14.2.1 

illustrates the profiles obtained for total cyanide, cyanate, and ozone 

residuals using an ozone bubble column and pHs of 11.2, 7.0, and 2.5. The 

results show that reaction rate increases with increasing pH and demonstrates 

a varying dependence on cyanide concentrati6n at different pH values. 
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Upon oxidation of eac~ mole of cyanide, .1.2 ~ 0.2 mol of ozone is 

consumed and l mole of cyanate is produced .as the reaction product. At pH 

11.2, the removal rate of cyanide is mass transfer limited because of its very 

high oxidation rate with ozone, as indicated by the zero-order behavior of the 

cyanide profile. Cyanate appears ·in the solution at a rate which is equal to 

the rate of removal of cyanide. After cyanide is oxidized completely, cyanate 

starts to react with ozone at a much slower rate. During the course of the 

experiment at this pH, ozone does not appear in solution because of its rapid 

consumption by the oxidation and the decomposition reactions. It is postulated 

that if the ozone and cyanate were allowed to react further, the cyanate would 

b d . h 1 . 11 e completely decompose 1nto arm ess const1tuents. 

The removal rate of cyanide at pH 7.0 is eQual to the rate at pH 11.2 and 

is mass transfer limited for the first 12 min. of ozonation. However, after 

the tot.al cyanide concentration is reduced to about 0.8 mM, the oxidation 

reaction becomes the rate-limiting step. Ozone appears in solution as soon as 

the system becomes reaction rate limited and accumulates until reaching a 

plateau at about 14 mg/L. Cyanate is produced at an eQual to cyanide rate 

oxidation; however, oxidation of cyanate starts while cyanide still exists 1n 

solution. 

At pH 2.5, volatilization of HCN contributes more to the removal of 

cyanide than its oxidation by ozone, as demonstrated by independent 

experimentations with pure oxygen. Nevertheless, oxidation of cyanide 

produces equal moles of cyanate. Due to slow oxidation and decomposition of 

ozone at this. pH, ozone appears in solution instantaneously and stabilizes at 
. 11 12 

a saturatlon value of about 14 mg/L. ' 

To effectively bring about the reaction of ozone with reactive 

contaminants, it is important that mass transfer of ozone and its reactants 

through the gas-liQuid interface be maximized. Also, to increase ozone 

solubility in water, temperatures should be maintained as low as possible and 

pressures as high as possible. Under conditions leading to maximum.reactivity 

rates, costs may also increase due to less efficient use of ozone. Decisions 

will have to be made on a case-by-case basis to establish the most effective 

operating conditions. 

Several commercial designs are available for the conduct of gas/liQuid 

reactions which bring reactants into contact as effectively as possible (see 
13 

Table 14.2.2 for a list of some commercial equipment vendors). The types 
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TABLE 14.2.2. MAJOR U.S. MANUFACTURERS'OF OZONE GENERATING EQUIPMENT 

Manufacturer 

Crane Cochrane 

Emery Jnduatries, lnc., 
02:one TP.chnology Grnup 

Ozone ReseaTch & 
Equipment Co'[poration 

PCI Ozone Corporation 

Welsbsch Ozone Systems 
Corporation 

lnfilco Degremont, Inc. 

Union Carbide 
Linde Divis ion 
~nvironmental Syotems 

U.S. O~onair Corp. 

Source: Reference lJ. 

Add rees 

P.o. ftox 191 
King of Prussia, PA 19406 
(215) 265-5050 

4900 Estee Avenue 
Cincinnati, Oil 45232 
(HJ) 482-2100 

3840 North 40th Av@nue 
Phoenix, AZ 8~019 
(602) 272-2681 

One Fairfield Creacent 
Weot Ca1d~e11, NJ 07006 
(Z01) 57S-7052 

3340 Stok@ly Str@et 
Phi1odelphio, PA 19129 
(215) 226-6900 

Koger Executive Center 
Boll R-7 

Richmond, VA 23288 
(804) 285-9961 

P.O. Box 44 
Tonawanda, NY It. I .50 
(716) 877-1600 

464 Cabot Rood 
S. San F£ anc is co 1 CA 94080 
(415) 952-1420 

Equipment 

Conceot ric tube a 
SS/glaeu/aluminum 
Series C - cabinet 
Series P - akid 
mounted 

Conc~ntric tubes 
SS/glaea/nichrome 
Sk; rl mounted 

Concentric tubes 
SS/glass/SS 
Seriee V, B & D 
cabinet 

Series U ekid 
mounted 

Concentric tube& 
SS/glaso/silver 
Series G - cabinet 
Se£iee B - skid 

mountPd 

Conc.ent ric tubes 
SS/glaoo/55 
Serie8 CLP 6 GLP 
Both skid mounted 

Conccnt ric tubes 
SS/glaoo/eluminum 
Skid mounted 

Para 11 e l ceramic 
coated eteel 
Lowther platea 

Conc.ent ric tubeo 
Titanium/ceramic/ 

aluminum 

Models
capacities 

1b OJ/day
air feed 

Series C, 
1-18 1b/doy 

Seriea P, 
18-122 1b/day 

Seriel!l 9270, 
1-2] lb/day 

Series 9260. 
Zl-400 1b/day 

Series 8 & V, 
1/4-2 1b/day 

Seriea D & il 
4-250 1b/day 

Seriel!l C, 
1-28 1b/day 

Series B, 
JS-1400 1b/day 

Series CLP, 
24-127 1b/day 

Series GLP, 
170-122 1b/day 

No model 
deaignatione, 
10-600 lb/day 

No model 
designations, 
1-1200 lb/day 

Serie11 HF, 
5-570 1b/day 

Cooling 
method 

Water on 
ollter 
electrode 

Water on 
outer 
el~ctrod!:! 

Water on 
ollter 
electrode 

Water on 
inner 
el~ctrod~ 

Oil on 
nutP.r 
electrode 

Wa.t~r on 
outer 
elecl£ode 

Water on 
outer 
electrode 

Air on 
out&ide both 
electrodes 

Water on 
inner 
electrode 
Ail" on outer 
electrode 

Typioal 03 
conc~ntrA

tion in air, 
percent 
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of reactor designs available range from mechanically agitated reactors to more 

complex spray, packed, and tray type towers. Their advantages and limitations 

are discussed in detail in many standard texts and publications (for example, 

see References 2 through 5). 

The process of UV/ozone treatment operates in the following manner. The 

influent to the system is mixed with ozone and then enters a reaction chamber 

where it flows past numerous ultraviolet lamps as it travels through the 

chamber (see Figure 14.2.2). Flow patterns and configurations in the UV 

exposure chamber are designed to maximize exposure of the total volume of 

ozone-bearing wastewater to the high energy UV radiation. Although the nature 

of the effect appears to be influenced by the characteristics of the waste, 

the UV radiation enhances oxidation by direct dissociation of the contaminant 

molecule or through excitation of the various species within the waste 

stream, In industrial systems, the system is generally equipped with recycle 

capacity. Gases from the reactor are passed through a thermo catalytic unit, 

destroying any volatiles, replenished with ozone, and then recycled back into 

the reactor. The system has no gas emissions. 

Another alternative process involves the coupling of ultrasonic energy 

with ozonation. It has been shown that significant increases in the rate of 

oxidation can be obtained by the use of ultrasonic energy as apposed to ozone 

alone. Experimental details were not available in Reference 3, although 

different oxidation pathways were reported operating in the presence or 

absence of ultrasonics. Regardless of the reaction mechanisms, there appears 

to be no doubt that the combination of ozonation with either UV or ultrasonic 

excitation leads to increased oxidation rates. Typical design data for one 

40,000 gal/day UV/ozone treatment process are shown in Table 14.2.3. 14 

In addition to reactor design, contactor system optimization and UV 

radiation utilization, two key factors in ozone equipment selection and design 

are power consumption and ozone generator cooling.
13 

Typically; the major 

operating cost for ozone manufacturing ia the cost of electric power. Power 

consumption figures in facilities using air as the source of ozone range from 

6 to 8 kWh/lb o3 for the ozone generator alone, and 10 to 13 kWh/lb 03 
total consumption including air handling and preparation. Using oxygen as 

feed gas reduces these ranges to 3 to 4 kWh/lb o3 for ozone generation and 

7 to 12 kWh/lb 03 total consumption (depending on the source of 

) 13 . oxygen • However, when pure oxygen ~s used as the ozone manufacturing 

reagent, chemical costs will also have to be included. 

14-30 
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Figure 14.2.2. 
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Schematic of top view of ULTROX pilot plant by 
General Electric (ozone sparging system omitted) 
(Edwards, B. H., 1983). 

Source: Reference 4. 
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TABLE 14.2.3. DESIGN DATA FOR A 40,000 GPD (151,400 L/DAY) ULTROX PLANT 

Reactor 

Dimensions Meters: (LxWxH) 

Wet volume, liters 

UV lamps: 

Number of 65 watt lamps 

Total power, RW 

Ozone generator 

Dimensions Meters: (LxWxH) 

gms ozone/minute 

kg ozone/day 

Total power, kW 

Total energy required (KWH/day) 

Source: Reference 14. 
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2.5 X 4,9 X 1.5 

14,951 

378 

25 

1.7 X 1.8 X 1.2 

5.3 

7.7 

7.0 

768 
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Ozone generator cooling costs arise since ozone generators must be 

continuously cooled to maintain optimum efficiency and to avoid deterioration 

of the dielectric. Generators are usually air- or water-cooled. All 

manufacturers but one use water to cool their medium and large size 

generators. Typical generator cooling fluid requirements are 100,000 ft 3 

air/lb o
3 

or 500 gal water/lb 0 3 for systems using air as the ozone source. 

Due to the nonselective nature of the ozonation reactions it is important 

that the concentration levels of nonhazardous, but oxidizable, contaminants in 

the feed stream be reduced as much as possible prior to treatment. The strong 

electrophilic nature of ozone imparts to it the ability to react with a wide 

variety of organic functional groups, including aliphatic and aromatic 

carbon-carbon double and triple bonds, alcohols, organometallic functional 

groups, and some carbon-chlorine bonds. It is important to recognize that 

many functional groups can be present which compete for the ozone reactant and 

can add significantly to the cost of the treatment. 

The waste to be treated should also be relatively free of suspended 

solid_s, since a high concentration of suspended solids can foul the equipment 

normally used to bring about contact between ozone and the aqueous phase 

co~tamin,ants.,,, .. ,W'en __ 0_zonation_ is combined .with U\!._:r:-adiation-. or ultrasonics, a.-

high concentration of suspended solids also can impede the passage of UV 

radiation or attenuate the energy supplied by_ultrasonics to enhance the 

oxidation rate. Other pretieatments include flow eQualization, neutralization, 

and oil and grease removal. 

Post-treatment of industrial wastewaters that have been contacted with 

ozone will involve elimination of residual ozone, usually by passing the 
effluent through a thermocatalytic unit. Some by-product residuals may be 

formed in the feed water and some contaminants, if present, will not undergo 

reaction. Compounds considered unreactive include many chlorinated aliphatic 

compounds. If these compounds are present in the waste, technologies other 

than ozonation should be considered. 

14.2.2 Process Performance 

Although there has been a great deal of research into the ozonation of 

cyanide in the last 30 years, only a fe~ commercial plants have been 

installed. Data are limited and additional studies are needed to establish 

the utility of ozone treatment. 
14-33 
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Two applications of ozone for the oxidat-ion of cyanides that have been 

reported in the literature are those at San Diego Plating, San Diego, 

California, and Sealector Corporation, Mamaroneck, New York. The San Diego 

Plating System was installed by Ozodyne Corporation to treat wastewaters from 

an automobile recycling operation. The Sea lector system was installed by PCI 

Ozone Corporation under funding from EPA's R&D branch in Cincinnati.l5,J6 

San Diego Plating's ozone system consists of 300 gallon reactor, a vacuum 

precoat filter, and a solids collection unit. Prior to the ozone reactor, 

ozone gas under negative pressure is drawn into the waste stream to be 

treated. The wastewater containing dissolved ozone and ozone gas is then 

formed into fine particles to enhance mass transfer using a spinning dial 

type aspirator. The treated wastewater is then pumped to the filter where the 

solids are dewatered while the filtered effluent is discharged to the sewer. 

Table 14.2.4 summarizes sampling results for the ozone system at San Diego 

Plating. Cyanide effluent concentrations were consistently reduced to very 

low levels. In addition, oxidation of the metal hydroxide solids reduced the 

degree of hydration and improved the dewatering characteristics (74 percent 

solids versus 20-30·percent for conventional precipitation solids). 

The treatment system at Sealector was similar except that the ozone 

reaction tank consisted of two separate compartments. One tank was used to 

treat the wastewater with ozone while the second tank recovered unreacted 

ozone from the off-gas and recycled it back to the incoming cyanide waste 

stream. However, constant equipment failure, operation problems, and 

process unreliability resulted in the ozone system being replaced with more 

conventional alkaline chlorination technology.17 San Diego Plating has also 

taken its ozone system out of cyanide oKidation operations and replaced it 

with a batch chlorine unit.l8 The main drawback of the commercial systems 

discussed above was high capital investment and operational costs. 

Figure 14.2.3 which compare conventio~al waste treatment costs with those of 

ozone oxidation at San Diego Plating. Figure 14.2.3 indicates that ozone 

oxidation appears to be more expensive than conventional treatment systems 

over the range shown.l6 



TABLE 14.2.4. SUMMARY OF SAMPLING RESULTS - SAN DIEGO PLATING 

In fluent: Effluent Average 
------------------------ ----------------------- and 

Paramet:er Range Average Range Average removal 

Cyanide 3.75 - o.os l. 02 0.87 - <0. 02 0.08 > 92.5 

Total chrome 6.62- 0.82. 1.41 l. 55 - 0.05 0.40 > 71.6 

Copper 33.0 5.05 9.45 1.32 - 0.04 0.05 99.5 

Nickel 60.0 - 10.2 20.32 0.37 - <0.10 0. 13 > 99.4 

TSS 559 - 35 135 93 - < 1 11.6 > 91.5 

pH 12.2 3.4 6.43 12.4 5.8 8.4 3 

3 Median. 

Average solids content of sludge = 74 percent. 

Influent and effluent values, except pH, in mg/L. 

Source: Reference 16. 
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14.2.3 Process Costs 

Table 14.2.5 lists the costs for a 40,000 gpd UV/Ozone plant for ~hich 

design data were shown in Table 14.2.3. Cost estimates were based on 

~aste~ater containing 50 ppm PCB, designed to achieve an effluent 

concentration of l ppm. Costs were considered to be competitive with 
. 14 19 

act~vated carbon. ' The unit cost for treatment of the waste is greatly 

affected by whether or not the cost for a monitoring system is included. The 

cost of PCB destroyed is in excess of $10/pound. PCB data were used for 

costing purposes because of its availability. However, the costs will increase 

substantially if ozonation is to be used as treatment for a waste containing 

1 percent organic contaminants. This is 200 times the concentration used to 

develop the costs in Table 14.2.5. Assuming capital equipment costs follow a 

simple "sixth-tenths" factor scaling relationship,
20 

the costs of the 

reactor and generator would be about $3,000,000 (or 24 times the costs shown 

in.Table 14.2.5) for treatment of this higher concentration. Scale factors 

would be variable for the operating and maintenance cost items listed in 

Table 14.2.5. However, the net result of scale-up to handle the more 

concentrated waste would drastically in~rease the cost/1,000 Rallons. treated, 

but would also result in far lower costs when calculated on the basis of the 

amount of contaminant destroyed. Costs of roughly $10/pound of contaminant 

destroyed would be reduced to an estimated $1/pound, assuming comparable 

efficiencies. However, d~struction ~ffici~nci~s may be adversely aff~ct~d at 

higher concentrations due to mass-transfer and other.considerations. Thus, 

the cost benefits per pound of contaminant destroyed, as stated above, may not 

be fully achievable. An optimal trad~off must b~ made on th~ basis of 

pilot-scale or full scale test results. 

14.2.4 Overall Status of Process 

Availability--

Ozonation equipment is available commercially from several manufacturers 

within the United States. The Chemical Engineering Equipment Buyers' Guide 

published by McGraw niii lists nine manufacturers of ozone generators and 

10 manufacturers of ozonators. The latter classification includes firms that 

usually provide the ozone generator, the reactor, and auxiliaries such as the 



TABLE 14.2.5. EQUIPMENT PLUS OPERATING AND MAINTENANCE 
COSTS: 40,000 GPD UV/OZONE PLANT 

Reactor $ 94,500 
Generator 30,000 

0 & 11 costs/day 

Ozone generator paver 
UV lamp power 
Maintenance 
(Lamp replacement) 
Equipment amortization 
(10 years at 10 percent) 
Monitoring labor 

Total/day: 

Cnst per l,OOO'gallons (3,785 liters) 
with monitoring labor 

Cost per 1,000 gallons without 
monitoring labor 

Source: Reference 14. 

$124,500 

$ 4.25 
15.00 
27.00 

41.90 
85. 71 

$ 173.86 

$ 4.35 

$ 2.20 



catalytic unit for des.truction of ozone from the treated stream. The status 

of UV/ozonation is far less advanced. Processes such as the Ultrox 

process 4 • 14 • 19 have been concerned with highly refractory compounds such as 

PCBs. Equipment specifically designed and available for UV/ozonation of 

industrial wastewaters, is not available as a standard commercial item. 

Application--

Ozonation appears best suited for treatment of very dilute waste streams, 

similar to those streams treated by the ozone based water disinfection 

processes now used in Europe. It does not appear to be cost competitive or 

technically viable for most industria~ waste streams where or~anic 

concentration levels are 1 percent or higher. However, it may be viable for 

certain specific wastes with hi~h levels of a contaminant of special concern 

and high reactivity. 

Environmental Impact--

Assuming adequate destruction of a contaminant by ozonation, the 

principal environmental impact would appear to be associated with ozone in the 

effluent vapor and liquid streams~ However, thermal decomposition of ozone is 

effective and is used co=ercial1y to destroy ozone prior to discharge. 

Unreacted contaminants or partially oxidized residuals.in the aqueous effluent 

may be a problem necessitating further treatment by other technologies. 

Presence of many such residuals will generally result in selection of a more 

suitable alternative technology. 

Advantages and Limitations--

There are several factors which suggest that ozonation may be a viable 
. . "1 1,4 technology for treat1ng certaLn dL ute aqueous waste streams: 

• Capital and operating costs are not excessive when compared to 
incineration provided oxidizable contaminant concentration levels 
are less than 1 percent. 

• The system is readily adaptable to the onsite treatment of hazardous 
waste because the ozone can and must be generated onsite. 



• 

• 

Ozonation can be used as a final treatment for certain wastes since 
effluent discharge standards can be met. 

It can be used as a preliminary treatment for certain wastes (e.~., 

preceding biological treatment). 

However, there are limitations which often will ~reclude use of ozonation 

as a treatment technolo~y. These include: 

• Ozone is a nonselective oxidant; the waste stream should contain 
primarily the contaminants of interest. 

• Certain compounds because of their structure are not amenable to 
ozonation, e.g., chlorinated aliphatics. 

• Ozone systems are generally restricted to 1 percent or lower levels 
of toxic compounds. The system is not amenable to bulky wastes. 

• Toxic intermediates may persist in the waste stream effluent. 

• Ozone decomposes rapidly with increasing temperature, therefore, 
excess heat must be removed rapidly. 

• Ozone oxidation is currently not as cost effective or reliable as 
alkaline chlorination. 
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14.3 WET AIR OXIDATION 

Wet air oxidation (WAO) is the oxidation of dissolved or suspended 

contaminants in aqueous waste streams at elevated temperatures and pressures. 

It is generally considered applicable for the treatment of certain 

organic-containing media that are too 

'l . . . 11 1,2 d1 ute to 1ncLnerate economLca y. 

toxic to treat biologically and yet too 

A leading manufacturer of commercial 

available WAO equipment reports that WAO takes place at temperatures of 175 to 

320"C (347 to 608°F) and pressures of 2,169 to 20,708 kPa (300 to 3,000 psig).
1 

. Although the process is operated at subcritical conditions (i.e., below 374"C 

and 218 at~ospheres), the high temperatures and the high solubility of. oxygen 

in the aqueous phase greatly enhances the reaction rates over those 

ex~erienced at lower temperatures and pressures. In prictice, the three 

variables of pressure, temperature and time are controlled to achieve the 

desired reductions in contaminant levels. 

In addition to serving as the source of oxygen for the process, the 

aqueous phase also moderates the reaction rates by providing a medium for heat 

transfer and heat dissipation through vaporization. The reactions are 

exothermic and proceed·without the need for auxilliary fuel at feed chemical 

oxygen demand (COD) concentrations of 20 to 30 grams per liter.
3 

14.3.1 Process Description 

A schematic of a continuous WAO system is shown in Figure 14.3.1.
4 

The 

Zimmerman WAO System, 5 as shoWn in the figure, has been developed by Zimpro, 

Inc. Rothschild, Wisconsin. It represents an established technology for the 

treatment of municipal sludges and certain industrial wastes. While. 

industrial applications of cyanide destruction through wet air oxidation have 

been few, a wet-air oxidation unit developed by Zimpro Corporation was placed 
. 3 6-8 

into operation in 1983 for commercial off s1te treatment. ' During test 

runs the unit e·ffectively treated cyanide wastes; a destruction efficiency of 

99.7 percent of the influent cyanide was achieved with cyanide concentrations 

of 25,000 mg/L reduced to 82 mg/L. 

I~ ~h€ ~AO process sho~n in Figure 1~.3.1 2 the waste stream containing 

oxidizable contaminants is pumped to the reactor using a positive 

displacement, high pressure pump. The feed stream is preheated by heat 
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exchange with the hot, treated effluent stream. Steam is added as required to 

increase the temperature within the reactor to a level necessary to support 

the oxidation reactions in the unit. As oxidation proceeds, heat of 

combustion is liberated. At feed COD concentrations of roughly 2 percent the 

heat of combustion will generally be sufficient to bring about a temperature 

rise and some vaporization of volatile components. Depending upon the 

temperature of the effluent following heat exchange with the feed stream, 

energy recovery may be possible or final cooling may be required. Following 

energy removal, the oxidize& effluent, consisting mainly of water, carb6n 

dioxide, and nitrogen, is reduced in pressure throug~ a specially designed 

automatic c~ntrol valve. The effluent liquor is either suitable for final 

discharge (contaminant reduction achieves treatment standards) or is now 

readily biodegradable and can be piped to a biotreatment unit for further 

reduction of contaminant levels. Similarly, noncondensible gases can either 

be released to the atmosphere or passed through a secondary control device 

(e.g., carbon adsorption unit) if additional treatment is required to reduce 

air contaminant emissions to acceptable levels. 8 

The continuous reactor can reportedly take two forms: a tower reactor 1 

or a reactor consisting of a cascade 6f completely stirred tank reactors 

(CSTRs). 
10 

The bubble to..,er reactor available commer-cially from Zimpro is a 

vertical reactor in which air is passed through the feed. The reactor is 

sized, based on feed rate, to provide the holding time required for the 

reactions to proceed to design levels. The stirred tank cascade reactor 

consists of a series of horizontal reactor chambers contained within a 

hori~ontal cylinder. The wastewater cascades from one chamber to the next, 

and then is released for"discharge or post-treatment. Air is generally 

injected into each of the CSTRs. 

Although operation of a WAO system is possible, by definition, under all 

subcritical conditions; i.e., below 374°C and 218 atm (3220 psig), commercially 

available equipment is designed to operate at temperatures ranging from 175 to 

320°C and at pressures of 300 to 3,000 psig.
1 

Of all variables affecting WAO, temperature has the greatest effect on 

reaction rates. ln most cases, about 1so•c (300°F) is the lower limit for 

appreciable reaction. About 250"C (482°F) is needed for 80 percent reduction 



I .. -
of COD, and at least 300"C (572"F) is needed for 95 percent reduction of COD 

within practical reaction times. Destruction rates for specific constituents 

may be greater or less than that shown for COD reductions. 2 

Initial reaction rates and rates during the first 30 minutes are 

relatively fast. After about 60 minutes, rates become so slow that generally 

little increase in percent oxidation is gained in extended reaction times. 2 

An increase in reaction temperature will lead to increased oxidation but 

generally will require an increase in system pressure to maintain. the liquid 

phase and promote wet oxidation. A drawback to increasing the temperature and 

pressure of the reaction is the greater stress placed on the equipment and its 

components, e.g., the increased potential for corrosion problems. 

In addition, increased temperatures and pressures increase both capital 

and operating costs as well as greatly decreasing liquid phase equilibrium 

oxygen concentration. Decreased equilibrium oxygen concentrations decrease 

gas mass transfer rates which thereby restricts overall reaction rates. 

As noted by Zimmerman, et al., the object of WAO is to intimately mix the 

right portion of air with the feed, so that under the required pressure, 

combustion will occur at a speed and temperature which will effectively reduce 

the organic waste to desired levels. Pressures should be maintained at a 

level that will provi·de an oxygen rich liQuid phase so that oxidation is 

maintained. 5 Charts and curves are provided in this reference
5 

to aid in 

the determination of waste heating valve, stoichiometric oxygen requirement, 

and the distribution of water between the liquid and vapor phases at given 

temperatures and pressures. More information can be obtained·from the 

manufacturer. 

A model has been developed to gain insight into the key system parameters 

using a common industrial waste stream and fixed temperature, residence time, 

and COD reduction. The model was used to estimate costs for the system. 11 

Its value, as a predictive tool, along with that of supplementary kin~tic 

studies 12 of batch wet oxidation, is limited by the sparsity of experimental 

data concerning reaction products and their phase distributions at the 

elevated temperatures and pressures encountered during WAO. 

Very little discussion is found in the literature concerning the physical 

form of wastes treacablc by ~no. However~ ~AO equipment and designs have been 

d f f . . . . l d 13 use success ully to treat a number o munLcLpal and LndustrLal s u ges. 

According to a representative of the leading manufacturer of WAO systems, 

wastes containing up to 15 percent COD (roughly equivalent 

organics) are now being treated ·successfully in commercial 

to 7 to 8 percent 
. 14 

equLpmen.t. 

""----"·- ----- -,-_----.- -· 



Treatment of solid bearing wastes is dependent upon_selection of suitable 

pump designs and control devices. ~AO units used for activated carbon 
14 

regeneration now operate at the 5 to 6 percent solids range. Treatment of 

higher solid levels is not precluded by fundamental process or design 

limitations. Column design must also be consistent with the need to avoid 

settling within the column under operating flow conditions. Thus, pretreatment 

to remove high density solids (e.g., metals by precipitation) and accomplish 

size reduction {e.g., filtration, gravity setting) would be required for some 

slurries. It should be noted that the WAO unit operated by the California 

facility does not accept slurries or sludges for treatment. 

result of design factors precluding their introduction into 

This may be a 
15 

the system. 

Under typical WAO operating conditions it is likely that both contaminant 

residuals and low molecular weight process by-product residuals may be present. 

While it is entirely possible that imposition of more stringent operating con

ditions will serve to reduce these residuals to acceptable levels, the manufac

turers and users of commercial WAO system stress that the major applications 

involve the pretreatment of waste, usually for subsequent biological treatment. 

Even under conditions that are favorable for wet oxidation, it is also 

likely that certain contaminants, particularly some of the more volatile 

components, will partition·between the vapor phase and the liquid phase. 

Empirical testing will be necessary to establish vapor and liquid phase 

residuals and some post-treatment of both streams may be necessary. Existing 

post-treatment methods for the liquid generally involves bacteriological 

treatment. Although the results of post-treatment schemes for vapors from the 

WAO system have not been found in the literature, a two-stage water 

scrubber/activated carbon adsorption system has been used to treat ~AO vapor 

emissions.
3 

Presumably carbon adsorption or scrubbing systems could be 

routinely employed if necessary. 

14.3.2 Process Performance 

Tables 14.3.1 and 14.3.2 summar~ze cyanide wet a~r oxidation 

demonstration test results conducted in 1983 at a commercial waste treatment 

facility in California.
16 

The WAO unit is currently still in operation at 

this site. Table 14.3.3 contains cyanide oxidation data for the WAO treatment 

of spent caustic scrubbing liquor from a natural gas based ethylene plant. 17 
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TABLE 14.3.1. RESULTS OF WET AlR OXIDATION UNIT- OXIDATION OF CYANIDE WASTE 

Sample 

COD, g/L 

COD Reduction, l 

Cyanide, mg/L 

Cyanide Reduction, % 

pH 

Zinc, mg/L 

Nicke 1, mg/L. 

Copper, mg/L 

Log Book No. 

Source: Reference 16. 

Influent 

32.2 

28,630 

12.9 

15,700 

120 

1,900 

.2082-66-1 

Effluent 

9.3 

71.1 

0.82 

99.99 

9. 1 

3,500 

15 

536 

2082-66-2 



TABLE 14.3.2. WET AIR OXIDATION DEMONSTRATION OF CYANIDE WASTEWATER 

A. Oxidation Conditions 

Oxidation Tempe·ratu:re 495"F (257°C) 

*Nominal Residence Time 80 minutes 

Waste Flowrate 7.5 gpm 

Reactor Pressure 1200 psig 

*Nominal Residence Time Reactor Volume Divided by Waste Flowrate 

B. Oxidation Results 
Raw Influent Oxidized Effluent 

COD, g/L 37.4 4.2 

COD Reduction, % 88.8 

Total Cyanide, mg/L 25,390 82 

Total Cyanic!,e Reduction, % 9.9. 7 

C. Off-Gas Grab Sample Analysis 

Carbon Dioxide 1. 5% 

Oxygen 8.5% 

Nitrogen 82.8% 

Ca:rboo Monoxide Not detected 

Methane 9.0 ppm 

Total Hydrocarbons 61.1 ppm as methane 

Source: Reference 16. 



TABLE 14.3.3. TREATMENT OF SPENT CAUSTIC SCRUBBING LIQUOR FROM NATURAL GAS 
BASED ETHYLENE PLANT, 608°F, 3000 PSIG (320°C, 210 Kg/cm2) 

pH 

COD, g/L 

BODs, mg/L 

Sulfide Sulfur, mg/L 

Cyanide, mg/L 

Source: Reference 17. 

Influent 
liquor 

12.7 

21.0 

5.8 

110 

Effluent 

12.5 

1.0 

650 

< o. 001 

0.035 

1 
Reduction 

95.2 

> 99.99 

99.97 

-'- "'-...... __ _ 



As shown in the tables, the treatment of cyanide bearing waste streams at 

high temperatures achieves almost complete cyanide destruction in addition to 

high sulfides and COD removal. As indicated by the data, cyanide destructions 

of 99.7 percent are typical and, in some cases, total cyanide reductio~s as 

high as 99.995 have been observed. 

At present two, cornrnerc ia 1 Zimpro wet oxidation units, one in Japan and 

the other Europe, are engaged in treating spent caustic scrubbing liquors from 

petrochemical plants. Another unit, presently under construction in the U.S., 

will be using pure oxygen as the oxygen source. In addition, five WAO units 

are currently in service in Japan for the treatment of cyanide-bearing 
18 wastewaters from acrylonitrile production plants. 

14.3.3 Process Costs 

Treatment costs for wet air oxidation systems will be affected by a 

number of parameters including the amount of oxidation occurring, the 

hydraulic flow, the design operating conditions necessary to meet the 

treatment objectives, and the materials of construction. These factors 

account for the band of capital co~ts shown in Figure 14.3.2 ... The figure was 

taken from Reference 2 and updated to reflect changes in the 1982 to 1986 

Chemical Engineering (CE) plant cost index. The costs do not include any 

costs associated with pretreatment of the feed or post-treatment of the vapor 

phase compone~t of the treated liquor. However, post-treatment costs were 

included in another capital cost estimate of $2.45 million (adjusted to 1986 

using the CE plant cost index) for a 20 gpm plant.
4 

This estimate is within 

the capital cost band shown in Figure 14.3.2. 

Operating costs for the wet oxidation unit area shown in Figure 14.3.3. 

These data were also derived from data given in Reference 2 with adjustment 

made for the costs of labor and cooling water. As noted in Reference 2, power 

accounts for the largest element of cost. Tnis power cost is primarily the 

result of air compressor operation. Additional power for supplying energy for 

the oxidation of very dilute wastewaters would be at most 500 Btu/gallon. The 

associated costs for this energy would be less than one (1) cent/gallon. 

The use of pure oxygen instead of compressed air will help to lower power 

costs, particularly with respect to handling and consumption. However, 

increased reagent costs may more than offset decreased operating costs and 

decisions should be made on a case by case basis. 
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Total costs, capital plus operating, on a per unit of feed basis, 

requires assumptions on life cycle, depr.eciation, taxes, and current interest 

rates for the capital cost. One avenue for financing that has been used 

commercially, common lease terms, are 5 years and 20 percent value at end of 

term.* Table 14.3.4 illustrates the effect on total costs per unit of feed. 

TABLE 14.3.4. WAO COSTS VERSUS FLO~ 

Cost elements per gallon, cents 
Hydraulic -------------------------------
flow tgpm) Operating Capital Total 

2.0 23 31 54 
10 6 7 13 
20 3 5 8 
40 2-3 4-5 6-8 

At Casmalia Resources, the prices, (April, 1985) for treatment of wastes 

are computed based on the oxygen demand of the material. Prices ran~e from a 

minimum of t120 per tan to .. a maximum of $700 per ton ver~us $15 per ton for 

the land disposal of low risk ~astes. 15 

14.3.4 Status of Technology 

The WAO process is available commercially, and reportedly well over 150 

units are now operating in the field treating municipal and various industrial 

sludges. 14 The process is used predominately as a pretreatment step to 

enhance biodegradability. Only a few units are now being used to treat 

industrial cyanide wastes. These include the unit in California and six other 

units currently operating in Japan and Europe. 

*Assume lease charges of $17/1,000 per month based on total installed cost. 



The oxidation of specific contaminants in waste streams by the wet 

oxidation process is not highly predictable. EQuipment manufacturers rely 

largely on the result of bench-scale· results to tailor the design of 

full-scale WAO continuous units for specific wastes. Full-scale data confirm 

the results of WAO performance data obtained in bench and pilot-scale 

d . l 
stu l.es. 

As noted, the process is thermally self-sustaining when the amount of 

oxygen uptake is in the 15-20 g/liter range. Below this range, some energy 

input will be reQuired to initiate and sustain reactio·n. However, the energy 

requirement will be appreciable less than that required for incineration. 

The environmental impacts of WAO will hinge upon the residuals remaining 

after treatment. Wet scrubbing and carbon adsorption cleanup systems have 

been used to treat the HCl formed as a product of chlorinated organic 

oxidation and to remove volatile organics from the waste off gases. Residuals 

in the liQuid phase may also require post treatment if, for example, 

100 percent conversion to co
2 

and H
2

0 is not realized when treating 

hydrocarbon contaminants. The available data do suggest that some form of 

post treatment of both liquid and vapor phases will be required to meet EPA 

treatment standards. 

There are several advantages associated with the use of WAO as noted by 

the developer and stated in Reference 2. 

1. The process is 'thermally self-sustaining when the amount of oxygen 
uptake is in the 15-20 gram/liter range. 

2. The process is well suite_d for wastes that are too dilute to 
incinerate economically, yet too toxic to treat biologically. 

3. Condensed phase processing requires less equipment volume than gas 
phase processing. 

4. The products of WAO stay in the liquid phase. Off~gases from a WAO 
system are free of NOx• SOz, and particulate. Water scrubbing 
and, if need be~ carbon adsorption or fume incineration are used to 
reduce hydrocarbon emissions or odors. 

5. WAO also has application for inorganic compounds combined with 
organics. The oxidation cleans up the mixture for further removal 
of the inorganics. WAO can detoxify most of the EPA priority 
pollutants. Toxic removal parameters are in the order of 
99+ percent using short-term, acute, static toxicity measurements. 

14~~5-5,. __ ,., 
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Limitations of the WAO process relate to the sensitivity of destruction 

effie iency associated with the chemica 1 nat-ure of the contaminant, the 

possible influence of metals and other contaminants on performance,_ the 

unfavorable economics associated with low and high concentration levels, and 

the presence of residuals in both the vapor and liquid phases which may 

require additional treatment. Costly materials of construction and design 

features may also be required for certain wastes which will form corrosive 

reaction products or require extreme temperature/pressure conditions to 

achieve destruction to acceptable treatment standard levels. In particular, 

chlorinated aromatic compounds are more resistant to degradation and can 

result in the production of HCl byproduct. 



REFERENCES 

1. Dietrich, M. J., T. 1. Randall, and P. J. Canney. 'Wet Air_Oxidation of 
Hazardous Organics in Wastewater, Environmental Progress, Vol. 4, No. 3. 
August 1985. 

2. Freeman, H. Innovative Thermal Hazardous Treatment Processes, U.S. EPA, 
Hazardous Waste Engineering Research Laboratory, Cincinnati, Ohio. 1985. 

3. California Air Resources Board, Air Pollution Impacts of Hazardous Waste 
Incineration: A California Perspective. December 1983. 

4. Wilhelmi, A. R., and P. V. Knopp. 
Incineration, Chemical Engineering 

\ 

Wet Air Oxidation - An Alternative to 
Progress. August 1979. 

5. Zimmerman, F. J., and D. G. Diddams. The Zimmerman Process and its 
Applications in the Pulp and Paper Industry, TAPPI Vol. 43, No. 8. 
August 1960. 

6. Copa, W., J. Jeimbuch, and P. Schaeffer. Full Scale Demonstration of Wet 
Air Oxidation as a Hazardous Waste Treatment Technology. In: 
Incineration and Treatment of Hazardous Waste, Proceedings of the Ninth 
Annual Research Symposium, U.S. EPA 600/9-84-015. July 1984. 

7. Copa, w., M. J, Dietrich, P. J. Cannery, and T. L. Randall. 
Demonstration of Wet Air Oxidation of Hazardous Waste. In Proceedings of 
Tenth Annual Research,. Sympo~ium, U.S., EPA 60_0/9-84-022. September 1984 .. 

8. U.S. Environmental Protection Agency, Background Document for Solvents to 
Support 40 CFR Part 268, Land Disposal Restrictions, Volume II. 
January 1986. 

9. Radimsky, J., et al. California Department of Health Services, Recycling 
and/or Treatment Capacity for Hazardous Waste Containing Cyanides. Staff 
Report, March 1983, 

10. Baillod, C. R., and R. A. Lamporter. Applications of Wet Oxidation to 
Industrial Waste Treatment. Presented at 1984 AICHE National Meetin2, 
Philadelphia, PA. August 19-22, 1984. 

11. Baillod, C. R., R. A. Lamporter, and B. A. Barna. Wet Oxidation for 
Industrial Waste Treatment, Chemical Engineering Progress. March 1985. 

12. Baillod, C. R., B. M. Faith, and D. Masi. Fate of Specific Pollutants 
During Wet Oxidation and Ozonation, Environmental Progress. March 1985. 

13. Randall, T. R. Wet Oxidation of Toxic and Hazardous Compounds. Zimpro, 
Inc. Technical Bulletin 1-610. 1981. 

14. Telephone conversation with A. Wilhelmi on April 3. 1986. 

~ 

li 



15. Metcalf & Eddy, Inc. Haza~dous Waste Treatment Storage and Disposal 
Facility - Site Evaluation Report, Casmalia Resources, Casmalia, 
California, Publication NS J-1074. April 8, 1985. 

16. McBride, J. L., and J. A. Heimbuch. Casmalia Resources. 
Treatment Using Wet Air Oxidation of Casmalia Resources. 

Hazardous Waste 
1983. 

17. Treatment of Spent Caustic Liquors by Wet Oxidation. Zimpro Inc. 
Technical Bulletin 3260-T. 

18. Wilhelmi, A. R. Zimpro Inc. Telephone conversation with Stephen Palmer 
of Alliance Technologies Corporation. March 3, 1987. 

----~....___ ____ - ·-==-.; 



_":__~~~~--- -::...:!~~ -=-~~.s;.......::---=---_:.:,~i;;;, __ --~~-: ... ...:5..:~,ti.~·~"..L.-=-....::::.:.~t~-----:.__.;;_·~\---, __ :"'-, ----.-~--~-------~-

--"' 

•· 
' 

14.4 SULFUR-BASED CYANIDE TREATMENT TECHNOLOGIES 

In recent years, sulfur-based cyanide treatment technologies have been 

the focus of an increasing number of research efforts and commercial 

applications. Sulfur-based cyanide treatment technologies have shown 

potential for removing cyanide from aqueous waste streams and are not subject 

to many of the limitations associated with more conventional cyanide treatment 

technologies. For example, alkaline chlorination, the most common treatment 

procedure for cyanide wastes, has the potential for generating hazardous 

and/or toxic by-pr 0ducts
1 

(i.e., chlorinated aliphatic hydrocarbons) while 

ozonation and wet air oxidation require large capital investments.
2

•
3 

The three sulfur-based cyanide treatment technologies which have shown 

the most promise are polysulfide treatment, the INCO process, and ferrous 

sulfate treatment. The use of polysulfides for treating cyanide waste streams 

was first reported in 1940. 4 
Polysulfide solutions have been recently 

adapted to scrub hydrogen cyanide from fluid catalytic cracking and coking 

gases, treat concentrated cyanide electroplating solutions, and remove 
. . . 4 

cyanides present in coal gas1f1cat12n .. wastewaters. The INCO process and 

ferrous sulfate treatment have also shown promise in_ treating a wide variety 

of cyanide wastewaters such as ore leaching and electroplating effluents. 

14.4.1 Process Description 

14.4.1.1 Polysulfide Treatment--

Polysulfides species are formed when neutral sulfur atoms combine with 

monosulfide species. They .can be represented by the chemical formulas, 

H
2

S , HS , where x = 2 - 5. Equilibrium calculations. show that the. 
X X 

tetrasulfide and pentasulfide species should be the predominant polysulfide 

forms in neutral and slightly alkaline solutions, but recent experimental work 

f
. . 5 

has detected only the pentasul 1de spec1es. 

In the cyanide-polysulfide reaction it has been postulated that 1 mole 

cyanide reacts with l mole of polysulfide to produce 1 mole of less toxic 

thiocyanate. 

•"> 

However, it should be noted that in sufficient quantities, thiocyanates 

can cause toxic inhibition to biological treatment systems. 

• 



During the reaction, one polysulfide sulfur atom, poly-s•, is reduced from 

oxidation state 0 to 1, ~hile the cyanide carbon atom is oxidized from 
+ + 5 

oxidation state 2 to 3. 

The rate eQuation for the change of total free cyanide ([HCN) + [CN-]) 

per unit time in the presence of polysulfide is as follows: 6 

where: 

~ (HCN] + (CN-J, moles/L 
~ polysulfide, moles/L 

reaction rate constant (liter/mole/min) 
time, minutes 

The role of the hydroxyl ion (OH-) 1n the cyanide-polysulfide reaction 

system is unknown at this point in time. The hydroxyl ion may initiate or 

impede the oxidation process via a free radical chain mechanism. The 

following rate relations for the cyanide-polysulfide reaction system were 

derived by researchers at Carnegie-Mellon University to determine the effect 

of pH. 5 

pH 8.2 -d{CNT]/dt ~ 1.41 [CN-]1.04 [pol~s•J0.85 

pH 10.0 -d(CNT]/dt 0.27 (CN-]0.51 (poly-s•j0.87 

pH 12.0 -d[CNT]/dt 0.14 [CN-[0.49 [poly-s•J0.78. 

The initial rate kinetic data shows that the reaction is mixed order and 

that both reaction order and reaction rate change are heavily influenced by pH. 

Three common forms of polysulfides are sodium polysulfide, ammonium 

polysulfide, and calcium polysulfide {limesulfur). Sodium and ammonium 

polysulfide are manufactured according to the following stoichiometric 
. 4 eQuat1ons: 

-:;.-;--:;:-:;:---
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Limesulfur is commercially available as a commonly used pesticide and 

f . .d 7 ung1c1 e. 

Equipment needs are similar to those 4escribed for other chemical 

precipitation processes. Storage tanks, reaction vessels, a~itation, 

materials handling, and process control equipment are standard process items. 

14.4.1.2 INCO Process--

In 1982 lnco ~etals Company announced the development of a technology for 

the destruction of cyanide in gold mill waste streams. The process involves 

the selective oxidation to cyanate of both free and complexed cyanide species 

using a mixture of so
2 

and air at controlled pH in the presence of copper as 

a catalyst. ~etals are precipitated from solution as hydroxides. The process 

also removes iron cyanide, not by~oxidation, but by precipitation as an 
. . 10-12 

insoluble copper or zinc ferrocyan1de. 

The oxidation cyanide occurs according to a simplified reaction as 

follows: 

Based on the stoichiometry of this reaction, the so2 requirement is 2.47 g 

80
2
/g CN oxidized. 

The 80
2
/air oxidation process destroys the metal cyanide complexes 

typically present in metal finishing and gold mining effluents. Based on 

sequential sampling data from batch experiments, the preferential order of 

metal cyanide complex removal is:
13 

Zn > Fe > Ni > Cu 

The S02/air oxidation system has successfully removed iron cyanide complexes 

f . 1 . 10 • 11 D . so I . . . . rom so ut1on. ur1ng 2 a1r treatment, 1ron rema1ns 1n the reduced 

ferrous state and is not converted to the ferric state as occurs in stronger 

oxidizing environments. The iron cyanide complexes are removed from the 

solution by precipitation of metal ferrocyanide compounds of the form 
. 10 11 

~e 2Fe{CN) 6 (where Me= Cu, Zn and N1). ' Metals liberated from the 

cyanide complexes of copper, zinc, and nickel are removed by precipitation of 

metal hydroxides at the reaction pH. 



,·,: 

The cyanide oxidation reaction ~s catalyzed by the presence of copper in 

solution. Copper for catalysis or for precipitation is conveniently added as 

a CuS04 solution. Any free CN present is Quickly complexed as a Cu(I) 

cyanide complex, which apparently is involved as a catalyst ~n the oxidation 

of CN to CNO by so
2 

and 0
2

• The effect of copper concentration in 

batch treatment of a synthetic cyanide effluent containin~ 250 mg/1 CNT is 

shown in Figure 14.4.1. The effect of treatment pH is shown in 

Figure 14.4.2. The optimum copper concentration is 50 mg/L and the optimum 

operating pH is in the range of 9 to 10 which can be achieved by the addition 

f 1 . 14 o ~me. 

14.4.1.3 Ferrous Sulfate Treatment--

The formation of less toxic cyanide complexes such as ferro and 

ferric-cyanides also has been used as a method for detoxifying of cyanide 

wastewaters. This process involves the use of iron salts to form complex 

compounds with the free cyanide in the wastes. Eventually these cyanide 
15 complexes are precipitated and removed as a sludge. 

The major advantage of this treatment method is that it is relatively 

inexpensive in locations where waste ferrous sulfate is available. However, 

~onsid~rabl~"quantities of sludge may be formed ana the--l:~eated solutions ~re 

strongly colored. There also is evidence that ferrocyanides may be decomposed 

to free cyanide by sunlight. The regeneration of the cyanide under these 

conditions would contaminate the receiving stream. 

This method has received very little acceptance by industry in this 

country, but appears to be used in Europe. The complexing process apparently 

does not completely destroy cyanide under practical operating conditions. 

Cyanide levels in treated solutions may be as great as 5 to 10 ppm. Thus, the 

sludges formed would appear to be toxic and will require substantial 

post-treatment prior to final disposal. 

14.4.2 Pretreatment and Post-Treatment Requirements 

Very little information exists in the literature concerning pretreatment 

and post-treatment requirements for these processes and their feed streams. 

Since the processes are aqueous in nature, filtration or some other solids 

removal process may be desirable. Adverse effects such as chemical 
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interaction, interfe~ence with pump operations, abrasion of internal parts, 

and fouling of internal surfaces resulting from existing or formed solids are 

possible problem areas, but have not been considered in the literature. 

Similarly, post-treatment requirements for sulfur-based cyanide treatment 

technologies as reported in literature have been cursory in nature. Residuals 

from polysulfide treatment include thiocyanates and other oxidized sulfur 

compounds,4,5 Investigators have found that at elevated temperatures 

thiocyanates are corrosive.4 Therefore, additional steps may be required 

in process trains to prevent water containing thiocyanate from reaching 

downstream equipment where heat is applied. Residuals from the INCO process 

have not been completely determined as of this time. Further fundamental 

investigations are required to define the chemical reaction mechanisms and 

kinetics, to determine the stability of the precipitated solids, and to 

assess the toxicity of treated effluents. Additional process optimization 

studies are also recommended. 

The ferrous sulfate-cyanide treatment process suffers from the most 

serious residual problems. Since cyanides are merely precipitated from 

solution without appreciable oxidation in a voluminous sludge product, the 

result is a highly toxic sl~dge.lS Some type of cyanide destruction and/or 

encapsulati~n process will be necessary pr1or to final disposa!· 

14.4.3 Process Performance 

14.4.3.1 Polysulfide Treatment--

Currently, process performance data for the polysulfide oxidation of 

cyanide complexes have been limited to bench- and pilot-scale studies. 

Reaction rates and products depend on solution pH the so2 to o2 ratio, and 

the catalytic and inhibitory effects of metal ions and organic compounds. 

Laboratory tests performed by Luthy, et al. to determine reaction pathways 

showed tha~~o reaction occurred between cyanide and sulfide, however sulfur 

in the form of polysulfide reacts relatively quickly with the cyanide. The 

reaction order was determined to be 1.54 + 0.25 with a rate constant of 

approximately 0.24.16 Complex cyanides were evaluated in the presence of 

polysulfide at room temperature. It was observed in a survey test that 

Fe(CN)-J produced no or little thiocyanate in the presence of p6lysulfide.16 

6 
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Subsequent inve~tigations by Trofe, Page and Luthy, _et al. sought to 

5 6 determine the effects of temperature and catalytic/inhibitory compounds. ' 

The rate constant was found to double for every 12•c increase in temperature. 

Certain metals also had an effect on reaction rate. For example, metals ions 

such as 
+2 +2 

CA • Mg I 

.+2 +2 
NL , and Zn had a catalytic effect at low 

concentration. 

In 1985, Ganczarczyk, et .al. investigated the reaction between calcium 

polysulfide and concentrated cyanide solutions from electroplating 

operations. 17 Previously, Ganczarczyk, et sl. had conducted a series of 

experiments to investigate the cyanide-polysulfide reaction in a 2 percent 
- . 18 19 

solution (20,000 mg/1 CN ) of sodium cyan1de. ' The reaction proceeded 

very rapidly, both at room temperature and at 3"C. It was 95 percent complete 

within 1-hour and cyanide concentrations were nondetectable within 2 weeks at 

a cyanide-to-polysulfide ratio of 1:2 by weight. 

In the later studies, two different wastewater streams from an 

electroplating operation were studied. One wastewater was dragout from a 

rinse tank in a copper and cadmium plating process. The second wastewater was 

a stripper solutio.n for removal of metal plate (Cu/Ni plate stripping 

liquor).:· Tables 14.4.1 and 14.4.2 show the liquid phase pollutant 

concentrations following the cyanide-polysulfide treatment of the 

electroplating wastewaters. Upon completion of the experiments, the following 

1 . d 17 cone us1ons were ma e: 

• The reaction effectively converted CN- to SCN- within 2 to 
3 days at 3"C, broke down metal-cyanide complexes, and precipitated 
metals generally to the levels required by municipal treatment 
systems. 

• The polysulfide dosages necessary to achieve these goals was only 
about 20 percent higher than stoichiometric requirements, but at 
very high CN- concentrations somewhat higher dosages might be 
needed. 

• It seems that the cyanide-polysulfide reaction was catalyzed by the 
presence of metal-cyanide complexes in wastewater and was only 
moderately exothermic. 

e SCN- produced by CN- conversion was partially lost during the 
process. 

!r4~6s 
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TABLE 14.4.1. LIQUlD PHASE POLLUTANT CONCENTRATIONS (mg/L) JN THE TREATMENT 
OF THE STRIPPER WASTEWATER FROM COPPER/NICKEL0PLATING, SERIES 2 
(INITIAL CYANIDE-TO-POLYSULFJDE RATIO 1:1.5 BY WEIGHT) 

Duration of the e<periments 

Pollutants 1nitia1 day 2 days 3 days 4 days 5 days 6 days 7 days 

CN 56,200 87.5 25.0 31.3 so.o 31.3 28. 1 31.3 
-SCN 0 20,330 16, 2 60 20,910 19,460 14,080 12,~90 10,750 

Fe 110 8.9 7.4 ll. 5 3.4 s.s 3.8 2.6 

Zn 7. 1 3.2 1.8 1.3 0.9 1.5 2.2 l.l 

Cu 29,020 6.5 9.3 4.1 4.0 3.6 6.2 2.2 

Cd 10.5 3.0 0.5 0.8 0.5 1.0 l.l 0.9 

Cr 0.6 NDa ND ND ND ND ND J·m 
Ni 5,130 94.1 105.0 59.8 92.0 83.5 69.4 66.9 

"ND = Nondetectable. 

Source: Reference 17. 

TABLE 14.4. z,, LIQUID PHASE POLLUTANT CONCENTRATIONS (mg/L) IN THE TREATMENT 
OF THE STRIPPER WASTEWATER FROM COPPER/CADMTUM PLATING, SERIES 3 
(INITIAL CYANIDE-TO-POLYSULFIDE RATIO 1:2.0 BY WEIGHT) 

Duration of the experiments 

Pollutants lniti~1 1 day 2 days 3 days 4 d>ys 

Fe 

Zn 

Cu 

Cd 

Cr 

lii 

56,200 30 ND8 ND ND 

0 9,000 15,220 7,260 2,030 

117.8 5.7 5.8 3.0 3.2 

7.5 2.2 1.2 1.6 1.5 

29,920 9.3 1.5 2.0 3.3 

10.4 2.4 0.9 1.0 1.0 

0.5 ND Joi1l ND ND 

5,020 25.2 28.4 20.0 li.9 

8 Nll = Nondetectable. 

Source: Reference 17. 

- £' 
~14-66 
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5 days 6 days 7 days 

ND · ND Nll 

870 4,940 3,490 

3.1 2.7 3.7 

1.2 1.0 1.3 

2.1 2.2 2.0 

0.7 0.6 0.7 

Nll ND Nll 

i.6 22.1 20.3 



Despite the large quantity of experimental data available, industrial 

applications of polysulfide treatment of cyanide bearing wastewaters has been 

limited to fluid catalytic cracking and coal gasification effluents. The only 

other industrial application reported in the literature is a large commercial 

waste treatment facility in California.
7 

The cyanide treatment process at 

this facility is batch in nature and consists of two 18,000 gallon 

storage/treatment tanks into which cyanide wastes (greater than 100 ppm CNT) 

are pumped. The treatment reagent used is calcium polysulfide. This reagent 

is stored in an adjacent fiberglass tank. The amount of reagent required to 

complete the cyanide to thiocyanate reaction is predetermined by onsite 

laboratory analysis of incoming waste for reactive CN. The process typically 

handles approximately 40,000 gallons of waste per month at 50 percent of its 

capacity. 

14.4.3.2 INGO Process--

Performance data for the INCO process relates to industrial applications 

rather than laboratory studies of kinetic properties of the reactants. 

Tables 14.4.3 and 14.4.4 present typical !NCO process results for selected 

gold mill b'arren and tai1'ihg liquors, and plating rinse· waters. 

Table 14.4.3, which contains gold mill effluent data, show that CN was 

consistently removed from feeds containing 40 to 2,000 mg/L down to less than 

1 mg/L. Reagent requirements for these waste streams varied with the type of 

feed, but were generally in the range of 3 to 5 g 50
2
/g CNT _for barren 

. d 4 7 I N f . . . 14 b 4 4 4 solut1ons an to g 50 2 g C T or ta1l1ng slurr1es. Ta le 1 •• 

shows greater than 99 percent of the CNT was removed, from feeds containing 

up to 62,000 mg/L of CNT. 

14.4.3.3 Ferrous Sulfate Treatment--

No data were found for the ferrous sulfate treatment process other than 

that reported in Reference 15. 

14.4.4 Process Costs 

Table 14.4.5 contains cost data developed for an S02 /air oxidation 

system (single-stage reactor) sized to treat approximately 34,500 gal/day of 

I 



TABLE 14.4.3. SELECTED GOLD NTLL BARREN AND TA1LTNG LIQUOR RESULTS ',', 

~ :J\ ·' 
nctention Assays (mg/L) or (wt. %) Reagents added (g/gCNr) 

::\ 
' 

time ---------------------------------------------- -----------------------
;:I Strr>nm (min) Reagent pll cNr SCN Cu Ni Fe Zn SOz Lime Cu++ 

'i FEW A - - - 1,680 820 210 0.6 2.0 758 - - - i·· 

sTAr:E t 97 . NnzSOJ 9.) O.lJ ' 767 o. 5'• 0. 1 o. 1 ).2 3.20 0 0 

i' 
!\ rEED II - 12.5 4 zo 1, 58to 1)7 1.6 19 71 ,, 

STA!:E 1 26 so 2 9.0 - - l3 0.2 5.2 0.4 5 ,lo4 8.16 0 
STAr;~ 2 26 SOz 9.0 0.11 1·,408 1.4 0.2 o.z 0.2 l. 36 2.04 0 

"' FF.Eil C - 9.5 500 270 55 SJ 66 53 
STAr;l~ 1 22 so2 9.0 3.0 220 lJ 3.2 o.z - 3.40 4. 39 0 
STAr:L' 2 22 so2 9.5 l.Z 216 0.1~ 0.8 0.2 0.4 0.85 2. 19 0 

-·.;• FEf.ll ll - - ll.B 2,180 1,820 2)5 2.0 325 210 
1-:-'1 

.:-i">. STAI;i~ 1 60 Na 2s2o5 9.0 ' 0 ·'•J ,. - 4 ·'' 
0.2 0.1 3.8 5.00 4.50 0.25 

:h\ 
•0'1· 
·oo' *fEED E 

(JO:t 
so1.1 ns) - - - 1 ,loBO 1,380 138 1.7 252 214 
STAGE 1 180 Na 2s2o5 0.65 1,300 ).0 0.1 o. 1 0.7 4.4 4.4 0.46 

*FEIW F 

(24% 
SOL IllS) - - - /oO 87 1.3 1.6 12.5 . 1 
STAG!~ L 15 Na 2s2o5 8.0 0.07 81 0.1 . 1 0.4 • 1 4.8 7.3 0.91 

*Ff.EU G 

(357. 
sol. Ins) - - 10.7 200 129 ,, 7 - 7.0 55 
STAG~: L 17 liz SO) 8.0 6.6 91 16 - 1 • 1 6.7 11.8 0.40 
STI\GE 2 l7 - 8.5 0.2 92 O.J - 1 . 1 0 0 0 

. -

*Tailing slurries. 

Source: Reference lit, 

' .\ 
r:· 
'q 



TABLE 14.4.4. 

Retention 
time :;oz 

Stre~m (min) Rcngcnt Cnu11tic pll 

FF.F.O II - - - U.l 
STIIGI': 1 I ,200 Nn 2s 2o5 NaOII 9.0 

Ff.Eil 1 - - - 11.4 
STAGE: l 500 Nn 2s 2o 5 NnOII 9.o· 
STI\GE 2 ,500 - - 9. 1 

Fl(f.O .I - - - lt.J 
STIIGE l BO Nn 2s2o5 N~0\1 9.0 

FEEl> K - - - -
STIIGF. l 7.2 so 2 I. IHE 9.0 
STAGE 2 7.2 SOz LIHE 9.0 ·. ;;-, 

~~ 
;···· l 
i<J'i 
>,_1.0 Source: Rcfr.rcnce 14. 

TYPICAL PLATING RINSE WATER RESULTS 

1\o say • ( mg/L) 
---------------------------------------------------
CNT Cu F!! Ni Zn Cd Sn 

62 ,ltOO J, 600 26.1o 5,400 - - -
12.7 2.6 J.O 0.9 -· - -

1,280 760 6.0 2.2 - - 1,500 
3.1 5.8 1.2 0.2 - - 100 
2.8 4.6 1.0 • 2 - - JO 

540 - 0.2 - 90 - -
1.2 2.2 .2 - B.lo - -

142 47.3 18.0 - 14.3 10.0 -
.4 6.0 • 1 - • 1 . l -
.4 -.~- 2.6 0.2 - .t . l -

'.C' 

Reagento added 
(g/gCNr) 

--------------------
SOz Caustic Cu"'" ... 

- - -
J.S J.J 0 

- - -
4.4 1.2 0 

0 0 0 

- - -
4.7 3.5 0.09 

- - -
4. 7 6.4 0 
1.4 3.2 0 

-,,1-

[ 

- ·:· 

' ~·, 

,_, 

·.) 

,. 
_j ~ 

_;,: 

• 

._:·j 
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TABLE 14.4.5. TOTAL ANNUAL COSTS FOR S02/AIR OXIDATION OF GOLD MILL 
BARREN BLEED SOLUTION 

Cost item 

l. Capital cost 

(a) Major equipment 
(b) Installation at 60% 

of major capital 
(c) Total installed cost 

2. Operating cost 

(a) Lime @ $46/ton 
(b) SOz @ $230/ton 
(c) Polymer @ $1.6/1b 
(d) Electrical @ $0.05 
(e) Labor @ $20/hr 

3. Total annual cost 

(a) Amortization 10 yr @ 12% 
[b) Operating cost 
{c) Maintenance @ 6% of 

installed capital 
(d) Total ($/yr) 

4. Unit treatment cost 

(a) $ per 1,000 gallons 

Cost (S)a 

Reaction system 
exclusive of solid

liquid separation 
facilities 

38,500 
23,100 

61,600 

12,900 
66,300 

1,700 
33,700 

10,900 
114,600 

3,700 

129,200 

12.5 

Reaction system 
inclusive of solid
liquid separation 

facilities 

68,400 
41,000 

109,400 

12,900 
66,300 

900 
1 ,)00 

33,700 

19,400 
115.500 

6,600 

141,500 

14.0 

Source: Adapted from Reference 13. 

8 1987 dollars. 

,.,.:.--·--
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gold mill barren bleed solution (cyanide stream from cyanide leaching 
13 

process). Hydraulic retention time in the reactor was 50 minutes to allow 

for flow equalization. Operating costs, including reagent consumption, were 

based on data generated by lNCO in continuous flow laboratory experiments. 

Costs of the solid-liquid separation system were estimated with and 

without the installation of a Lamella flocculator-clarifier. Reactor design 

incorporates a sparg~r for gas transfer and a turbine-type mixer for 

gas-liquid contact. Automatic pH control equipment was provided. Redox 

potential in the reactor would be continuously recorded, but not utilized as 

an automatic process control variable. No provision was made for a dedicated 

lime feed system, dewatering equipment, or sludge disposal. Operator time 

associated with the treatment process was based on 2 hours/8 hour shift. 

Preliminary data from pilot-scale operation indicate the ORP control may be 

feasible, thus reducing labor requirements. 

Annual unit treatment costs for this system were approximately 

$12.5/1,000 gallons for the reaction system, exclusive of solid-liquid 

separation facilities, and $14/1,000 gallons for the system incorporating the 

Lamella flocculator/clarifier. While the unit costs for this system are much 

higher than tho-se -of the alkaline chlorination system shbwn in Section 14.1, 

th~ greatet influent cyanide concentration (1,300 mg/L) in the gold mill 

barren bleed contributes substantially to the higher operating costs. If 

equal influent cyanide concentrations were present in each cost model, the 

S0
2
/air process would be much more competitive with alkaline chlorination. 

ln addition, the so2 tair process provides an added performance benefit since 

it is capable of removing any ferro or ferric-cyanides present in the feed 
13 14 

stream. ' 

Process costs for the polysulfide and ferrous sulfate treatments of 

cyanide-b-e-aring waste streams are not included in this section due to the lack 

of reliable cost information. 

14.4.5 Status of Technology 

14.4.5.1 Availability/Applications--

Sulfur-based cyanide treatment technologies, while no~ fully developed, 

have demonstrated potential for the treatment of cyanide wastes. Both reagent 

and equipment requirements are straightforward an'd simple. Application to 

•.. -. 
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industrial wastes is presently limited, but both polysulfide and INCO Process 

technologies have demonstrated high efficiencies in treating dilute and 

concentrated aqueous cyanide waste"streams. 

Licensing of the lNCO Process is handled through INCO Tech, a Division of 

INCO, Ltd. Licensing fees are claimed to be a modest fraction of the 

operating costs. 

14.4.5.2 Environmental Impacts--

The environmental impact of the processes discussed here relate to the 

unreacted contaminants and byproducts (thiocyanates) remaining in the waste 

stream. Additional treatment to prevent corrosion and minimize thiocyanate 

concentrations probably will be required. Air emissions associated with the 

use of these technologies will be minimal, although some care must always be 

observed in pH adjustments to prevent hydrogen cyanide evolution. 

14.4.5.3 Advantages and Limitations--

The advantages of sulfur-based processes discussed here result from ease 

and simplicity of operation. Capital investments are low, relative to other 

cyanide oxidation ,Processes' and reagent consumption is also row (due "to 

nonoxidation of SCN- to carbon dioxide and nitrogen dioxide). Disadvantages 

are the result of incomplete destruction and the need for subsequent treatment 

of the partially oxidized waste stream. 

--~
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14.5 MISCELLANEOUS CYANIDE: DESTRUCTION PROCESSES 

A variety of nonconventional or experimental processes are being studied 

for the treatment of cyanide-bearing wastes. The cyanide treatment 

technologies examined are: the Madar Process, the use of chemical oxidizing 

agents with and without catalysts, and catalytic oxidation. 

14.5.1 Process Description 

14.5.1.1 The Madar Process--

Supercritical fluid oxidation (the Hadar Process) is a technology that 

has been proposed for the destruction of organic contaminants in wastewater's. 

It is basically an oxidation process conducted in a water medium at 

temperatures and pressures that are supercritical for water; i.e., above 374" 

(705"F) and 218 atmospheres. In the supercritical region, water exhibits 

properties that are far different from liquid water under normal conditions; 

oxygen and organic compounds become totally miscible with the super~ritical 

water (SCW) and inorganic compounds, such as salts, become very sparingly 

soluble .. When these materials are combined in'the sew process; organics a.re• 

oxidized and inorganic salts present in th~ feed or formed during the 

oxidation are precipitated from the sew. 
The oxidation reactions proceed rapidly and completely. Reaction times 

are less thari 1 minute, as comapred to reaction times of about 60 minutes used 

in the subcritical wet air oxidation (WAO) process. Moreover, the reaction is 

essentially complete. Carbon, nitrogen and hydrogen atoms within the organic 

contaminants are reacted to form COz, NOz and Hz 0 (residuals such 'as the 

low molecular weight organic acids and alcohols found in the treated WAO 

effluent are not found in the sew process effluent). Heteroatoms. 

(e.g., chlorine and sulfur) are oxidized to their corresponding acidic an1on 

groupings. These anions, and those occurring naturally in the feed, can be 

neutralized by cation addition to the feed, and the total inorganic content of 

the waste, save that soluble in the SCW, can be precipitated and recovered by 

mechanical separators operating SCW conditions. 



Presently, the Madar process has not been dedicated _to cyanide 

destruction. However, the hi~h oxidation efficiency and rapid reaction rate 

of the SCW process .in treating other organic compounds warrants further 

investigation. For a further discussion of SCW technology see References 1-7. 

14.5.1.2 Other Chemical Oxidizing Agents--

As shown previously in Table 14.1.1, hydrogen peroxide, H
2
o

2
, and 

potassium permanganate, KMn04 , are both relatively strong oxidizing agents. 

Hydrogen peroxide has been used to treat phenols, cyanides, sulfur compounds, 

and metal ions in dilute waste streams. Potassium permanganate is primarily 

used for the treatment of phenols. The choice of these and other oxidants ~s 

dependent upon such factors as toxicity, reaction rate, ease of removal of 

secondary products, simplicity and cost. 

Oxidation with H
2
o

2 
is generally performed in the presence of a me£al 

catalyst. Typical catalysts include ferrous sulfate, nickel salts, and 

aluminum salts. The waste is heated and then treated with H
2
o

2 
while 

being agitated. The H
2
o

2 
oxidation tends to proceed quickly under basic 

conditions. 10 The feasibility of ultraviolet catalyzed H
2

0
2 

oxidation 

has been, studied, but it does n_ot appear to be used. on an industrial 

scale. 11 Potassium permanganate oxidation is favored under basic 

conditions. Raising the pH to the optimum level is accomplished by the 

addition of lime, soda ash, or caustic soda. 

The equipment required for chemical oxidation is very simple. This 

includes storage vessels for the oxidizing agents and perhaps for the waste, 

metering equipment for both streams, and vessels with agitators to provide 

contact between the oxidant and the waste. Some instrumentation is required 

to determine the concentrations of pollutants, pH., and the degree of 

completion of the oxidation reaction. The process is usually monitored by an 

oxidation reduction (ORP) potential electrode.
12 

For the treatment of sodium, potassium, zinc, and cadmium cyanide, a 

hydrogen peroxide solution with formalin may be used to reduce the cyanide 

(Kastone Process). 13 This process is usually operated at ambient 

temperature and a pH between 10 and 11.5. The effluent from this process has 

a high biochemical oxygen demand and requires biological treatment before 

direct discharge to sewers. 



'·· 

The treatment of cyanide waste streams with alternate oxidizing agents 

has been limited to batch processes or low effluent flows. The treatment of 

large effluent flows is generally not practicable because of a lack of 

suitable means of determining the correct dosage quickly and accurately enough 

to allow efficient use of the reagent.l4 Other limitations include chemical 

interference from other oxidizable species, limited shelf life (H2o2); 

inability to effectively oxidize cyanide beyond the cyanate level, and the 

need for catalysts. Therefore, the use of this technology is restricted to 

process situations where alkaline chlorination would not be feasible, i.e., 

waste streams containing phenols or aliphatic hydrocarbons. 

14.5.1.3 Catalytic Oxidation--

One of the earliest investigations of catalytic oxidation was conducted 

by Battelle Laboratories in 1971 to study the adsorption of free and complexed 

cyanide onto activated carbon in the presence of copper.IS Subsequent 

efforts were undertaken by the Calgon Corporation to also develop a cyanide 

detoxification method utilizing catalytic oxidation on granular activated 

- carbon.l6 Cupric ions are added to the wastewater along with oxygen prior 

to passing the cyanide-bearing waste through a granular activated carbon 

column. Acc~rding to Calgon,· "cupric ions are added to the watet to 

accelerate and i~crease the efficiency of the catalytic oxidation of cyanide 

by granular activated carbon." In addition to improving the catalytic 

oxidation of the_cyanide, "the presence of cupric ions results in the 

formation of copper cyanides, which have a greater adsorbability capacity than 

copper or cyanide alone."l6 

14.5.2 Process Performance 

According to a 1979 survey of 216 metal finishing plants practicing 

cyanide oxidation, three plants were found to be using-hydrogen peroxide as an 

oxidizing agent. The process used by these plants is a proprietary treatment 

called the Kastone process. 

The Kastone hydrogen peroxide oxidation treatment process treats both the 

cyanide and metals in cyanide wastewaters containing zinc or cadmium. In this 

process, cyanide rinse waters are heated to 49-54°C (120-130°) to break the 

cyanide complex, and the pH is adjusted to 10.5-11.8. Formalin (37 percent 

'" ·~"· 

.. 
~ ·~""'"'' -- ·...;;,. 



formaldehyde) is added, while the tank is vigorously agitated. After 2 to 

5 minutes, a proprietary formulation (41 percent hydrogen peroxide with a 

catalyst and additives) is likewise added. After an hour of mixing, the 

reaction is complete. The cyanide is converted to cyanate and the metals are 

precipitated as oxides or hydroxides. The metals are then removed from 

1 . b . h l" f"l . 13 so utton y ett er sett 1ng or 1 tratton. 

In terms of waste reduction performance, the Kastone process was found to 

be capable of reducing the cyanide level to less than 0.1 mg/L and the zinc or 

cadmium to less than 1.0 mg/L. Table 14.5.1 presents performance data for a 

treatment process using hydrogen peroxide to treat. gold mill tailings. The 

process uses an excess of H
2
o2 to achieve rapid oxidation of cyanide ions 

to cyanate. A slight reduction in pH (0.2 to 0.3 units) was found to take 

place during the reaction. The concentration of available cyanide was reduced 

to less than 0.5 mg/L, but could be reduced to 0.1 mg/L at the cost of 

increased H
2
o

2 
consumption (present consumption is 0.4 to 1.0 L H

2
o

2 
70 percent/cubic meter of tailings). Catalytic oxidation effectiveness is 

shown .in Table 14. 5.2. While the results demonstrated that cyanide could be 

effectively adsorbed (80 to 99 percent) by activated carbon, regeneration 

·efficiencies were poor (12 to 28 percent)~ and residuals:remaib~d in the toxic 

cyanide state. 

Tables 14.5.3 through 14.5.5 show the catalytic oxidation adsorption 

data for the treatment of copper, zinc, and cadmium wastes determined by 

Calgon. While Calgon has not pursued the implementations of this technology· 

on a commercial scale, research into possible applications has continued. 7 

14.5.3 Process Costs 

Due to the current level of development of t~ese technologies, limited 

cast data are not available. Major costs would be associated with process 

equipment and the cost of chemical reagents. Pretreatment, operating, and 

post-treatment costs are unknown, but are expected to be similar to alkaline 

chlorination (Section 14.1) in the case of hydrogen peroxide and carbon 

adsorption (Section 8.1) for catalyzed oxidation. 



TABLE 14.5.1. HYDROGEN PEROXIDE TREATMENT OF GOLD MILL TAILINGS 

Be fore H202 After H202 
treatment treatment 

Tailings flow m3/h (nominal) 1, 100 1,100 

Solids content % (nominal) 45 45 

pH 10.5 - 11.0 10.2 - 10.8 

Free cyanide mg/L 50 - 100 undetectable 

Easily-liberatable cyanide mg/L 90 200 < 0. 5 

Total cyanide mg/L 110- 300 1 - 10 

Dissolved Cu mg/1 50 - 100 < o. 5 .. 
·~·· 

Zn _mg/L 10 30 < 0. l 

Fe mg/1 1 - 3 l - 3 

Source: Reference 14. 
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TAnLE 14.5.2. RESULTS OF MULTIPLE CYCLE ADSORPTION AND REGENERATION RUNS ON CONCENTRATED 
ZINC CYANIDE WATERS 

Typical concentrntions 1 ppm 

---------------------------------------- Weight, pnunds F.fficiency, percent 
Effluent "Effluent nt --------------------- ---------------------------

Component Tn feed aver:~ge brenk through adsorbed stripped adsorption regeneration 

Cycle I, 2,~60 gnl Cynnide, CN 220-3/oO 1 61 .5.88 I. 6 7 99 28 
treated Corper, Cu 2/o0-317 l 30 5.4 7 5.06 99 92 

Iron, Fe 6-L 7 2 12 O.JJ 0.03 10 

Cycle 7., l' 770 g . .t Cyanide, CN 2 39-364 30 94 (4. 93) 1.05 90 21 
trenled Corper, Cn 11o5-252 1 43 4.10 3.09 99 75 

lron, Fe 0.1-16.7 2 0.2 -- 0.01 

" Cycle :1, 1,800 gn1 CyAni<le, CN 203-270 so 60 3. 73 0.97 80 26 
t re:tl.ed Correr, Cn lfo4-2 14 1 ,, 32 3.06 2.87 99 94 

Iron, Fe 1.3-8. 5 -- 0.2 -- 0.18 

Cyde lo, J,51oO r,nl Cynni«IP., r.N 2 Jlo-lo J6 2 31 7.36 0. 89 98-99 12 
t r~n Led Copper, Cu 170-365 1 5.8 6.72 5.59 99 8) 

lron, Fe 0.3-33 0.3 -- 0.26 0.13 -- 50 

Cycle~. 4,100 ~nl Cyanide, CN 3JJ-Io68 2-3 -- I 0.15 -- 98-99 
treot.ed Copper,. Cu 22/o-330 l -- 9.57 -- 99 

Iron, Fe 0. 3-21 0.3 -- 0.33 

Smn·ce: R~[ercnce 15. 

.-, 
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TABLE 14.5.3. COPPER CYANIDE WASTE TREATMENT USING CATALYTIC OXIDATION 

Days on 
stream 

1 

2 

3 

4 

5 

6 . 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Influent 
CN

(mg/L) 

32 

32 

32 

32 

32 

32 

28 

28 

28 

28 

28 

30 

30 

30 

30 

0. 01 

0.01 

0.01 

0.01 

0.01 

0.02 

0.04 

0.02 

0.77 

0.80 

0.32 

0.25 

0.10 

0.10 

Effluent (mg/L) 

Cu 

0. 05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

o. as· 
0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

Fe 

0.05 

0.05 

0.05 

0.01 

0.01 

0.05 

0.05 

0.05 

0.05 

0.45 

0.35 

0.15 

0.10 

0.05 

0.10 



TABLE 14.5.4. ZINC CYANIDE WASTE TREATMENT USING CATALYTIC OXIDATION 

Influent Effluent ( mg/L) 

Days on CN- ----------------------------------
stream (mg/L) CN- Cu Zn Fe 

l 22.0 0.01 0.05 0.05 0.05 

2 22.0 0.02 0.05 0.05 0.05 

3 22.0 0.03 0. OS 0.05 0.05 

4 22.0 0.01 0.05 0.05 0.05 

5 22.0 0.04 0.05 0.05 0.05 

6 22.0 0.04 0.05 0.05 0.05 

7 30.0 0.05 0.05 0.05 

8 30.0. 0.0~ 0.05 0.05 0.05. 

9 30.0 0.05 0.05 0.05 

10 30.0 0.05 0.05 0.05 0.05 

11 25.6 0.14 0.05 0.05 0.05 

12 25.6 0.04 0.05 0.05 0.05 

13 25.6 0.04 0.05 0.05 0.05 

14 25.6 0.07 0.05 0.05 0.05 

15 25.6 0.03 0.05 0.05 0.05 



I 
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TABLE 14.S.S. CADMIUM CYANIDE WASTE TREATMENT USING CATALYTIC OXIDATION 

Influent Effluent (mg/L) 
Days on CN- ----------------------------------
stream (mg/L) CN- Cu Zn Fe 

1 30 0.01 o.os 0.05 0.05 

2 30 0.04 o.os 0.10 o.os 

3 30 0.01 0.05 0.20 0.05 

4 30 0.05 0.05 

s 30 0.01 o.os 0.05 0. OS 

6 30 0.01 0.05 0.20 0.05 

7 29 0. 08 . o.os o.os 0. 05 

8 29 o:o4· . o. 05 0.20 :; . o.os 

9 29 0.06 O. OS 0.20 o.os 

10 29 0.03 0.05 0.10 0.05 

11 22. 0.06 0. OS o.os o. 05 

12 22 0.11 0.05 0.10 0.05 

13 22 0.14 o.os 0.10 o.os 

14 22 0.06 0.05 o.os 0.05 

15 22 0.03 o.o; 0.05 - o.os 

,..._. 
il:t~83 .. 



14.5.4 Overall Process Status 

Other than hydrogen peroxide oxidation, the co_m~e_:_c:_i_~_l appli~1l:tion of 

these processes to free and total cyanides has yet to be established. Some 

level of destruction can be expected, but economic considerations have limited 

application. Hydrogen peroxide oxidation has been commercially applied, but 

typically to waste streams in which chlorine or hypochlorite oxidation would 

not be feasible. Hydro~en peroxide oxidation has limited application to 

slurries, tars, and sludges. This is due to th~ presence of other oxidizable 

components in the sludge which may be attacked indiscriminately by the 

oxidizing agent, thus increasing reagent consumption. 

The environmental impact of the processes discussed here relate to the 

unreacted contaminants and byproducts remaining in the waste stream. 

Additional treatment usually will be required. Air emissions associated with 

the use of hydrogen peroxide and permanganate oxidant will be minimal, 

although some care must always be observed when the contaminants are high 

vapor pressure solvents and ignitables. 

The advantages of the oxidation processes discussed here result from ease 

and simplicity of operation. Disadvantages are· the result of incomplete 

destruction and the need for subsequent treatment of the oxidized waste stream. 
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SECTION 15 

MISCELLANEOUS CYANIDE DESTRUCTION PROCESSES 

The main miscellaneous cyanide destruction processes are biodegradation 

and thermal treatment. Biodegradation as a process far treating wastes 

containing cyanide is still in the developmental stage. Certain types of 

microorganisms have shown the ability to completely degrade low concentrations 

of simple cyanides. The major obstacle to implementation has been the 

inability of most conventional biosystems even when acclimated, to degrade 

fixed cyanides or simple cyanides in high concentrations. However, since the 

end products of complete biodegradation are nontoxic, continued research is 

advisable. In addition, many of the new bioaugmentatian processes which can 

degrade fixed and/or concentrated cyanide wastes, may render biological 

treatment as a feasible alternative to conventional chemical or thermal 

destruction technologies. 

Thermal treatment technologies which may be applied to cyanide-bearing 

hazardous wastes include incineration, evaporation, and crystallization. The 

processing systems involved in each of these technologies are similar to those 

described far management of metal-bearing hazardous wastes. Test studies have 

indicated high potential levels of waste destruction (i.e., in excess of 

99.99 percent) far the incineration of cyanide wastes. Incineration is most 

typically used to destroy cyanide wastes generated in organic chemical 

manufacturing; e.g., acrylonitrile production. Other cyanide waste candidates 

for incineration are waste organic cyanide compounds such as cyanogen. 

Cyanide waste component recovery by evaporation or crystallization has been 

demonstrated to achieve yields in excess of 90 percent in certain cases. 
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15.1 BIOLOGICAL DESTRUCTION OF CYANIDES 

15.1.1 Process Description 

Microbiological degradation of cyanide is a developin~ technolo~y, 

capable of oxidizing low concentrations of simple cyanides into carbon dioxide 

. l 2 ' 3 Th f f and arnrnon1a. ' e process o ers several advantages over other methods 

of degrading or detoxifying cyanide-bearing waste streams. For example, 

hazardous chemicals such as caustic soda, gaseous chlorine, and hypochlorite 
~ . 4 

salts are not required, thereby reducing exposure r1sks. In addition, 

toxic by-products and/or sludges are not generated during processing, 

eliminating secondary treatment for cyanides; however, removal of the 

non-toxic by-products and/or sludge is still required. 

However, most conventional cyanide biodegradation systems are only able 

to treat total cyanide concentrations of approximately 10 mg/L or less without 

noticeable performance impairment.
5 

Furthermore, only free cyanide is 

biodegradable, with waste streams containing fixed cyanides experiencing the 

lowest removal rates. 5 These drawbacks have limited the application of 

biological t~eitment for c·yanide-containing wastes. 

The principal factors which control the microbial degradation process are 

moisture level, organic content, oxygen level, temperature, pH, and nutrient 

source. Typical design factors include BOD and toxic constituent removal 

rate, detention time, reactor surface area and type, nutrients required to 

sustain biological activity, and sludge production. Operating.parameters, 

pretreatment and post-treatment requirements, and process costs have been 

presented in Section 11.0. Therefore, the remainder of this section will 

focus on performance and technological status of biological treatment of 

cyanides. 

15.1.2 Process Performance 

In 1982, wastewaters from a benzol plant were biologically treated in an 

upflow biotower (UBT). 5 The results were compared to 12 previous studies 

performed with similar wastewater in activated sludge and other types of 

fixed-filter reactors. Figure 15.1.1 summarizes percent cyanide removal and 
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effluent concentrations as a function of organic loading. The data indicate 

that cyanide removal was only partial for the UBT, and show wide variation 

between the 13 studies. The inconsistency is thought to be due, in part, to 

the fact that investigators sometimes recorded total cyanide concentrations 

f "d . 5 rather than ree cyan1 e concentrat1ons. 

However, in the overwhelming majority of cases studied, the influent 

cyanide concentration was less than 10 mg/1 and less. than 90 percent cyanide 

removal was achieved. These results suggest that conventional biological 

systems are not capable of reducing cyanide concentrations to acceptable 

discharge levels. 

To remedy this problem, some research has been conducted to develop 

organisms specifically designed to degrade cyanide at levels which would 

normally be toxic to conventional systems. For example, 1mperial Chemical 

Industries has recently tested and marketed the enzyme formamide hydrolase for 

.this purpose. 6 Commercial trials were initiated in the summer of 1985 on a 

continuous system that provides a 2-hour residence time, 95 percent enzyme 

recycle, and an enzyme concentration of 10 g/L. Temperatures were 

approximately 30 to 35"C an~ ~he J~~t~ was maintained at a pH of 8 to 8.5. 

The trial re.su1ts showed that organic cyanides (nitriles) could be 

effectively treated after pretreatment with alkali. Some metal cyanide 

complexes are treatable, but the stronger ones (e.g., iron and copper) proved 

to be more resistant. The maximum concentration which could be handled was· 

10,000 ppm. The optimal feed concentration was found to be 5,000 ppm with 

reduction to 10 ppm achieved in 6 hours. Further reduction was reportedly 
. ( ) . 1 . 6 poss1ble e.g., 1 ppm but no data were presented to document th1s c a1m. 

Cyanide is degraded to formamide and eventually to ammonia and carbon dioxide. 

Researchers at Homestake Mining Company in South Dakota have developed a 

strain of Pseudomonas paucimobilis 

cyanides and thiocyanates from the 

that oxidizes the free· and complexed 

mine's wastewaters. 6 After 7 years of 

bench- and pilot-scale eva-iu-ations', the proces"s~-:;;5-~(;-;;;;;;crciaiized at a 

5.5 million gallon per day plant in the summer of 1984. The final design uses 

the strain and 48 rotating biological contactors. Among the alternative 
l 

processes investigated by Homestake prior to commercialization were 

acidification/volatilization, ozonation, ion exchange, Prussian blue 
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oxidation/precipitation, carbon adsorption, alkaline chlorination, and 

copper-catalyzed hydrogen peroxide (DuPont Kastone process). Biological 

processes investigated included activated sludge, suspended growth, and 

several attached growth processes, including trickling filters, biological 

towers, aerated biological filters, and rotating biological contactors. 

The only chemical reQuirements for the process are soda ash and 

phosphoric acid. Products of the biological degradation are relatively 

harmless anions such as sulfates, nitrates, and carbonates. Reportedly, 

ammonia is not released as a by-product. Kinetics are first order until low 

levels of the pollutants are reached.
6 

15.1.3 Process Status 

Currently, biodegradation of wastes containing cyanide i~ still in the 

developmental stage. Certain types of microorganisms have shown the ability 

to completely degrade low concentrations of simple cyanides. 7 The major 

obstacle to implementation has been the inability of most conventional 

biosystems, even when acclimated, to degrade fixed cyanides or simple cyanides 

in high con~e~trations. 5 . However, ~ince. the end products of c~m~~te 

biodegradation are nontoxic, continued research is advisable. In addition, 

new bioaugmentation processes which degrade fixed and/or concentrated cyanide 

wastes appear to have substantial potential as an alternative to conventional 

chemical or thermal destruction technologies. 
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15.2 THERMAL PROCESSING OF CYANIDE-BEARING WASTES 

Several of the thermal processes outlined in Section 12 for treatment of 

metal-bearing hazardous waste~ may also be considered as alternatives for 

treatment of hazardous wastes containing cyanides. As discussed in 

Section 12, many of the cyanide-bearing hazardous wastes are generated by 

essentially four different industries. Wastes from electroplating and metal 

finishing operations comprise by far the greatest percentage of the overall 
1 

volume of cyanide-bearing waste. Much, if not all of those wastes also 

contain heavy metals such as chromium, nickel, and·lead. The other important 

sources of cyanide-bearing waste include the metallurgical coke industry 

(whose wastes also contain_ metal constituents), acrylonitrile or 

cyanide-related organic compound manufacturing, end the manufacturing of 

cyanide salts such as sodium cyanide or potassium cyanide. The 

characteristics of cyanide-containing wastes from the organic chemical 

industry would appear to be most suitable for treatment by thermal processes 

such as incineration. 

Economic and environmental factors constitute the most significant 

barriers to selection of incin~-r'ation' for treatment of 'cyanide-bearing 

wastes. Further, many commercial incinerators surveyed do not handle cyanide 

wastes at all, citing emissions of deadly cyanide gases (e.g., HCN) as a major 

co~cern. Such gases would reouire extensive environmental control and safety 

precautions, including secondary incineration. Given the expense of such 

procedures relative to available chemical treatment processes, most of the 

commercial waste processors surveyed could not recommend incineration as an 

option for cyanide-bearing wastes. Finally, such systems may also generate 

high levels of NO emissions, and solid and liQuid waste streams reQuiring 
X 

additional control. 

I 
15.2.1 Process Descriptions 

The incineration technologies which may be employed for the disposal of 

cyanide-bearing hazardous wastes are similar to those identified in Section 12 

of this report, and described in detail in Reference 2. Incineration and 
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pyrometallurgical processes would lead to the destruction of the cyanide 

group; evaporation would result in increased concentration levels. No 

application of crystallization for recovery of cyanides was identified in 

the literature. 

15.2 .,2 Performance Data 

As detailed in Section 12, the relative ease with which hazardous wastes 

containing cyanides may be incinerated has been studied within the context of 

a general study of hazardous waste incinerability conducted by EPA.J A 

summary of the "incinerability" ratings developed by EPA for such wastes is 

presented in Table 15.2.1. As shown, many of the organic cyanide-bearing 

hazardous wastes are considered to be at least "low" potential candidates for 

incineration. In addition, it may be noted that most of the "incinerable" 

wastes may be burned in either two or three of the most widely used 

incineration systems. The incinerability ratings are somewhat consistent with 

data compiled in a 1981 study of incineration risk analysis prepared for EPA 

by IE Inc.,4 a similar study conducted in 1984 by ICF,5 and a 1982 study 

prepared for EPA by MITRE, Inc.,6 in which the quantities of waste currently 

incinerated we're estimated. These da'ta indicate that high volumes of waste 

containing cyanides from certain industries are incinerated, including 

acrylonitrile manufacturing, and paint production. A summary of these data is 

shown in Table 15.2.2. Clearly, many cyanide-bearing hazardous wastes are 

incinerable and are currently being incinerated. Relative to the overall 

volume of cyanide-bearing waste, however, the amount incinerated ,is very small. 

The "incinerability" of cyanide-bearing wastes may be evaluated through 

assessment of a variety of key waste characteristics. These include: 

o Physical form; 

o Heat content/heat of combustion; 

o Autoignition temperature/thermal stability; 

o Moisture content; 

o Organic content; 
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TABLE 15. 2.1. RANKING OF INCINER.ABILITY OF 

CYANIDE-BEARING WASTES 

Applicable technologyc 
Waste code ---------------------------

description 8 Rankingb LI RK FB 

D003 Reactive wastes Not Listed 

F006 Poor 
F007 Electroplating Poor 
F008 sludges and Poor 
FD09 spent solutions Poor 
FOlD Poor 

FOll Heat treating Poor 
F012 operations Poor 

F014 Tailing pond sediment Poor 
F019 Wastewater sludge Not Listed 

KOll Low 
K012 Acrylonitrile High X X X 
K0l3 production Low 
K014 Low 

t ~ ': 

K027 Diisocyanate product Low 

K060 Coking Poor 
K087 Not Listed 

P013 Barium cyanide Poor 
P02l Calcium cyanide Poor 
P027 3 Chloropropionitrile Low X X 
P029 Copper cyanide Poor 
P030 Cyanide salts Poor 
P031 Cyanogen High X X 
P032 Low X X 
P033 Cyanogen chloride Low X X 
P0 52 High X X X 
P0 55 Poor 
P063 Hydrogen cyanide High X X X 
P064 lsocyanic ester High X X X 
P069 2 Methylacrylonitrile Low X X X 
P074 Nickel cyanide Poor 
P098 Potassium cyanide Poor 
P099 Pot./silver cyanide Poor 

(Continued) 
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. TABLE 15.2.1 (continued) 

Waste code 
description 3 

Pl04 
Pl06 
Pl21 
UOOJ 
U009 
Ul52 
U223 
U246 

Silver cyanide 
Sodium cyanide 
Zinc cyanide 
Acetonitrile 
Aery loni trile 
Methacrylonitrile 
Toluene Diisocyanate 

SIC codes: 

2869 - Solid waste from ion 
exchange column, 
acrylonitrile production 

2869 - ~ottom stream from quench 
column, acrylonitrile 
production 

2869 - sfilf b~ttoms, aniline 
production 

Rankingb 

Poor 
Poor 
Poor 
Low 
High 
Low 
Low 
Not Listed 

Low 

High 

High 

Applicable technol~~Yc 

LI 

X 
X 
X 
X 

X 

RK 

X 
X 
X 
X 

X 

X 

FB 

X 

X 
X 
X 

X 

X 

aEPA and SIC waste codes determined to contain cyanides (see Section 2). 

bGeneral rationale for ranking as "poor", "low", or "high" is based upon 
heat of combustion, moisture content, solids content, and several other 
key waste characteristics. For a detailed explanation reference should be 
made to Reference 3. 

liquid injection incinerators; RK 
fluidized bed incinerators. 

Source: Adapted from Reference 3. 

rotary kiln incinerators; 
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TABLE 15.2.2. SUMMARY OF ~ASTES CONTAINING CYANIDES CURRENTLY 
INCINERATED OR POTENTIALLY INCINERABLE (1981) 

\-laste 
code or 
SIC code Description of waste stream 

Currently incinerated: 

0003 
P063 
P074 
Pl06 
U003 
U223 

Potentially 

KOll 
K012 
K013 
K014 
K027 
K048 

K049 
KOSO 

KOSI 
KOS2 
K086 
28Sl 
2851 
34XX 
35XX 
36X.X 
37X.X 
2911 
2834 
2869 
2869 
F007, 
F009 8 

3471 

34 71 
K060 

FOlD 
KOll,K013, 
K014a,K027 

Non-listed reactive wastes 
Hydrogen cyanide 
Nickel cyanide 
Sodium cyanide 
Acetonitrile 
Toluene Diisocyanate 

incinerable: 

Acrylonitrile Stripper Bottoms 
Acrylonitrile Bottoms 
Crude Acrylonitrile 
Acrylonitrile Purification Wastes 
TDI Sludge 
Petroleum Refining, Dissolved 
Air Flotation Wastes 
Slt)t Oil Solids 
Petroleum Industry, Heat 
Exchanger Sludge 
API Separator Sludge 
Leaded Tank Bottoms 
Printing Ink Sludges 
Paint Prod. Trim Sludge 
Paint Prod. Paint Waste 
Fab. Metal Prod. Paint Waste 
Machine Man. Paint Waste 
Electric EQ. Man. Paint Waste 
Transportation EQ. Paint Waste 
Crude Tank Bottoms 
Photochemical ~astes 
Acrylonitrile Sludges 
Acrylonitrile Acid Wastes 
Spent Cleaning and 
Electroplating Solutions 
Spent Electroless Nickel 
Plating Solutions 
Electroplating Rinse Water 
Ammonia Still Lime Sludge 
f:·o::: Coking 
Heat Treatment wastes 
Acrylonitrile Bottoms 
TDI Residues 

aiCF lists as combined waste stream. 

Sources: Reference 4, 5, and 6. 
15-11 

Quantity incinerated 
or incinerable Data 
(metric ton/yr) source 

12,973.7 MITRE 
230.6 MITRE 
874.1 MITRE 

3.7 MITRE 
9,068.2 MITRE 

178.S MITRE 

2,700,000 lEI 
S,900 lEI 
6,615 IEI 

47,628 lEI 
6,284 IEI 

41,600 IE! 
46,800 

-:.~ lEI 

1,700 lEI 
312., 500 IEI 

1,200 IEI 
25,200 lEI 
33,500 lEI 
11 '898 IE! 

399,237 IEI 
62,962 lEI 

117,264 IE! 
248,029 IEI 

1,000 IEI 
661 lEI 

1, 85 2 .. IEI 
33,075 IEI 

1,990 ICF 

30.7 ICF 
17,300 ICF 

72.0 ICF 
6.0 ICF 

3,181 ICF 
107.9 ICF 
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• Solids cotitent; 

• Chlori~e content; 

• Viscosity; and 

• Corrosivity. 

A detailed discussion of each of these parameters is presented in Reference 2. 

Relative to the characteristics of cyanide-bearing wastes, it is clear 

that, in general, several key factors are regarded as highly restrictive to 

incineration. First, as indicated by several officials at commercial 
. 7-11 

incineration facilities contacted by Alliance in an tndustry survey, the 

potential for formation of highly toxic cyanide gases, sucb as HCN, present a 

significant restriction on the application of incineration by these commercial 

facilities. Such gases would require stringent control and safety 

precautions, which would in turn significantly affect overall treatment 

costs. Second, many cyanide-bearing wastes, particularly the inorganic 

wastes, are aqueous waste streams. Such wastes would require blending with 

auxiliary fuel :prior to incineratio~: which could constitute a significant 

cost increase. Third, such wastes may often exhibit highly corrosive 

properties, which would necessitate the usage of thermal systems which are 

resistant to corrosion. While such systems are common, they involve higher 

costs due to increased air pollution requirements and solid and liquid waste 

effluent handling requirements. 

15.2.3 Process Costs 

Process costs constitute the prtrnary constraint to the usage of 

incineration (and other thermal treatment processes) for management of -, 

cyanide-bearing wastes. Overall, both capital costs and operating costs are 

nigh, due to the size of such systems and their requirements. 

incineration systems are detailed more fully in Reference 2. 

lS-12 

Costs for 

\ 

I 



. :~. 

15.2.4 Process Status 

Incineration of cyanide-bearing wastes is a common method of disposal of 

several by-product streams in the chemical manufacturing ·industry, most 

notably, acrylonitrile manufacturing. Cyanide-bearing wastes are not commonly 

accepted, however, by operators of commercial incinerators, who cite economic 

and environmental constraints - in particular those related to the potential 

for generation of highly toxic cyanide gases in air emissions - as the 

principal deterrent. 
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SECTION 16.0 

CONSIDERATIONS FOR SYSTEM SELECTION 

16.1 GENERAL CONSIDERATIONS 

Waste management options consist of four basic alternatives: source 

reduction, waste exchange, recycling/reuse, use of a treatment 
I 

(e.g., precipitation) or disposal processing system or some combination of 

these waste handling practices. Recovery, treatment, and disposal may be 

pe,Ffonned onsite in new or existing processes or through contract with a 

licensed offsite firm which is responsible for the final disposition of the 

waste. Selection of the optimal waste management alternative will ultimately 

be a function of regulatory compliance and economics, with additional 
I' ·~J 

consideration given to factors such ~s safety, public and employee'acceptance, 

liability, and uncertainties in meeting cost and treatment objectives. 

Many of the technologies discussed in previous sections can be utilized 

to achieve waste reduction or to meet land disposal ban requirements. 

However, practicality will limit apprications to waste streams possessing 

specific characteristics. Since many processes yield large economies of 

scale, waste volume will be a primary determinant in system selection. The 

physical and chemical nature of the waste stream and pertinent properties of 

its constituents will also determine the applicability of waste treatment 

processes. Economical treatment will often involve waste segregation followed 

by chemical reduction (e.g., chromium), precipitation (e.g., other metals),· 

and/or oxidation (e.g., cyanides) and the use of other technologies in a 

system designed to progressively recover/destroy hazardous constituents. 

Incremental costs of contaminant removal will increase rapidly as lower 
. . l 

concentrat~ons are atta~n~d. 
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16.2 WASTE MANAGEMENT PROCESS SELECTION 

All generators of hazardous metal/cyanide wastes will be required to 

undertake certain basic steps to characterize regulated waste streams and to 

identify potential treatment options. Treatment process selection should 

involve the following fundamental steps: 

1. Characterize the source, flow, and physical/chemical properties of 
the waste. 

2. Evaluate the potential for source reduction. 

3. Evaluate the potential for waste exchan~e. 

4. Evaluate the potential for reuse or sale of recycled streams and 
valuable waste stream constituents; e.g., recovered metals. 

). Identify potential treatment and disposal options based on technical 
feasibility of meeting the land disposal restrictions. Give 
consideration to waste stream residuals and fugitive emissions to 
air. 

b. Determine the availability of potential options. This includes the 
use of offsite services, access to markets for recovered products 
or· wast-e· exchange,, and availability· of commercial equi-pmenc·and 
existing onsite systems. 

7. Estimate total system cost for various options, includin~ costs of 
residual treatment and/or disposal and value of recovered products. 
Cost will be a function of Items 1 through ). 

8. Screen candidate management options based on preliminary· cost 
estimates. 

9. Use mathematical process modeling techniques and laboratory/ 
pilot-scale testing as needed to determine detailed waste mana~ement 
system design characteristics and process performance capabilities. 
The latter will define product and residual properties and identify 
need for subsequent processing. 

10. Perform process trials of recovered products and wastes available 
for exchange in their anticipated end use applications. 
Alternatively, determine marketability based on stream 
characteristics. 

11. Generate detailed cost analysis based on modeling and performance 
results. 

16-2 



.. <-- .,. 

12. Perform final sy~tem selection based on relative cost and other 
considerations; e~g., sa.fety, acceptance, liability, and risks 
associated with data uncertainties. 

Key system selection steps are discussed 1n more detail in the remainder of 

this section. 

6.2.1 Waste Characterization 

The first step in identifying appropriate waste management alternatives 

to land disposal involves characterizing the origin, flow, and quality of 

generated wastes. An understanding of the processing or operational practices 

which result in generation of the waste forms the basis for evaluating waste 

minimization options. Waste flow characteristics include Quantity and rate. 

Waste ·quantity has a direct impact on unit waste management costs due to 

econom1es of scale in processing costs and marketability of recovered 

products. Flow can be continuous, periodic, or incidental (e.g., spills) and 

can be at a relatively constant or variable rate. This will have a direct 

impact on stora·g·e requirements and waste management process design; e.g., 

continuous or batch flow. 

Waste physical and chemical characteristics are generally the primary 

determinant of waste management process selection for significant volume 

wastes. Of particular concern is whether the waste is pumpable, inorganic or 

organic, and whether it contains recoverable materials or constituents which 

may interfere with processing equipment or process performance. Waste 

properties such as physical form, deJZ;ree of ·corrosivity, reactivity, 

compatibility with other wastes and reagents, heating value, viscosity, 

concentrations of metal/cyanide chemical constituents, biological. and-chemical 

oxygen demand, and solids, oil, grease, total organic, and ash content need to 

be determined to evaluate applicability of certain waste management 

processes.· Individual constituent properties such as solubility (affected by 

the presence of chelating compounds) ,• vapor pressure, partition coefficient:s, 

react:ivity, reaction ~roducts generated with various biological and chemical 

coefficients are similarly reouired td ~ssess treatability. 
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Chelators and complexants will enhance metal solubility, requiring over

neutralization to alkaline pH to effect metal precipitation. The presence or 

absence of buffers will affect neutralization reagent and pH control system 

requirements. Cyanides and chromium will require treatment through oxidation 

and reduction, respectively, prior to being combined with other metal

containing wastes. Finally, wastes with high concentrations or organics may 

require subsequent treatment (e.g., thermal destruction for sludges, 

biological destruction for wastewaters) before wastes can be land disposed. 

Finally, variability in waste stream characteristics will necessitate 

overly conservative process design and additional process controls, thereby 

increasing costs. Marketability of recovered products or materials offered 

for waste exchange will also be adversely affected by variability in waste 

characteristics. 

16.2.2 Source Reduction Potential 

Source reduction potential is highly site specific, reflecting the 

variability of industrial waste-generating processes and product 

requirements. Source reduction alternatives which should be investigated 

" >···include raw materia 1 subs t itut ion,.'"'p'roduc't: reformiJlat ion·,: process -.. rede·s ign ·and 

waste segregation. The latter may result in additional handling and storage 

requirements, while viability of other waste reduction alternatives may be 

more dependent on differential processing costs and impact on product quality. 

Hany opportunities exist for firms to achieve waste minimization through 

implementation of simple, low-cost methodologies currently proven in 

successful programs.2 l.ack of available techniques has been less of an 

impediment to increased implementation than perception that these methods are 

not available.2 Historically, management has favored end-of-pipe treatment 

and has been reluctant to institute waste reduction and reuse -practices. This 

reluctance is primarily due to potential for process upsets or adverse impacts 

on product quality. Other risks of installing waste reduction methods include 

uncertain investment returns and production downtime required for 

installation. However, in the wake of increasing waste disposal and liability 

costs, source reduction has repeatedly proven to be cost effective, while at 
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) the same time providing for minimal adverse health and environment impact.
2 

Thus, source reduction should be consid~red a highly desireable waste 

management alternative. 

16.2.3 Waste Exchange Potential 

As discussed in Section 5.0, metal bearing wastes have significant 

potential for being managed through waste exchange whereas cyanides have 

limited potential. Metal bearing wastes will be good candidates for exchange 

if: (1) metal concentrations are high; (2) contaminant concentrations are low, 

consistent, and at levels which are compatible with user processes; 

(3) processing reauirements are minimal; and (4) the waste is available 1n 

sufficient volumes on a regular basis.
3 

Waste rinses and solutions 

recovered from processes with high purity requirements may be used directly in 

processes with lower specifications. An offsite reuse method with high 

exchange potential is metal sludge recovery through thermal processing 

(Section 12.0). Economics are particularly favorable when these individual 

wastes 1.1ould. have required .. separa.te t.reatment or costly post-treatment for ' . : ' t· " ' c '' ? .· ' < • • 

organic removal. Finally, waste exchange may prove to be the least cost 

management option for firms with wastes that have high recovery potential, but 

lack the waste volume or capital to make onsite recovery viable.
3 

Potential for waste exchange is reduced when ind~stries are faced with 

liability or confidentiality concerns, and stringent quality requirements. 

Additionally, transportation costs are frequently a limiting factor in the 

exchange of high volume, low concentration wastes.
2 

16.2.4 Recovery Potential 

As part of the waste characterization step, the presence of potentially 

valuable metal waste constituents should be determined. Alternatively, in the 

case of concentrated acid or alkali solutions, the bulk of the waste may have 

recycle potential. Economic benefits can result from recovery of toxic metals 

from these materials if the purified solution can then be either reused in 

onsite applications or marketed as a saleable product. In the former case, 

economic benefits result from decreased consumption of virgin raw materials. 
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This must be balanced against possible adverse effects on process equipment or 

product Quality resulting from buildup or presence of undesirable 

contaminants. Market potential is limited by the lower value of available 

quantity or demand. Market potential will be enhanced with improved product 

purity, availability, quantity, and consistency. 

Onsite reuse has several advanta~es relative to marketin~ for offsite use 

including reduced liability and more favorable economics. Offsite sale is 

less profitable due to transportation costs and the reduced purchase price 

which offsite users can typically be char~ed as a result of uncertainties 1n 

product Quality. Thus, economics and liability combine with factors· such as 

concerns about confidentiality to encourage onsite reuse whenever possible. 

In practice, recycling of metal/cyanide wastes has been limited to 

recovery of metals from concentrated solutions, such as platin~ and etchin~ 

baths, thermal recovery of highly concentrated slud~es and solids, and removal 

from rinses through use of membrane separation and electrolytic recovery 

techniques. Cyanide solutions (e.g., plating baths) are sometimes recycled 

using metal removal processes but are not more frequently recovered due to the 

low purchase price of cyanides. Recycling options have been summarized in 
. " . . . - .. . ·- ' . 

Section 5.0 and discussed in detail in Sections 6.0 through 13.0. These 

technologies are summarized in Table 16.2. 1 with information provided on 

current applications, residuals generated, and availability. 

16.2.5 Identifying Potential Treatment and Disposal Options 

Following an assessment of the potential for source reduction and 

recycling, the generator should evaluate treatment systems which are 

technically capable of meeting the necessary degree of hazardous constituent 

removal or destruction. Guideline considerations for the investigation of 

treatment technologies are summarized in Table 16.2.2 and discussed below. 

Waste characterization steps outlined previously define inputs to the 

treatment process. Similarly, discharge and residual disposal reauirements 

(e.g., land disposal restrictions on leachate concentrations) define the 

extent to which processing is required. Thus, restrictive waste 

characteristics (e.g.·, concentration range, flow, interfering compounds) and 

technological limitations of candidate treatment processes will define the 

field of potential technologies for a soecific waste. 
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EvaporatIon/ 
distillation 

Cry stall iz:ation 

1 on @'KC h11nge 

Elect rod ialyeis 

TABLE 16.2.1. SUMMARY OF RECYCLING TECHNOLOGIES FOR METAL WASTES 

Applicable \faste etreamn 

Hetal pl11ting rinses; 
acid pickling liquors 

H2S04 pick 1 ing l iquOfB; 
HNOJ/11F pickling 1 iquoi'B; 
cnu11tir aluminum etch 
solutions. 

PlAting rinAes j. .ncid 
pickling baths; aluminum 
etching solutions; 
H2S04 anodizing 
solutions; rack-atripping 
aolutiona (HF/HNOJ)• 

RecovPry of chromic_/ 
sulfuric 11cid etching 
solutions. 

Recovery of plating rinses 
(pArticularly chromic acid 
rinae water). 

Recovery of HIIDJ/HP' 
pickling liquora. 

Stage of development 

Well-estgbliahP.d for 
treating plating 
rinses. 

20 to 25 systems cur
rently in operation 
(fewer appl iC"at ione 
fen caustic recovery}, 

Several RFlE. unitt!l in 
operation for treat
ment of corros ivea. 

Unite for dtre~t 
treatment of acid 
bath only available 
[rom ECO-TEC, Ltd. 

Unit9 currently bPing 
sold. but limited 
area of application. 

5 in operation. 

Several in ope rat ion. 

H111rketed, none in 
operation to date. 

Per forma nee 

Plating Aolution recovered 
for reuse in plating bath. 
Rinse water can be reu!led. 

97-98% recovery for Hz5D4 
( 80-85% metal removal). 

99% H003 ond 50% HF 
recovered. 

80% recovery of NaOH. 

Cocurrent systems not tech
nically feasible: for direct 
t reotment of corrog i ves; can 
be Ufied in conjunction with 
neutraliEation technologieEJ 
to lower ov~rall coat& • 

RFU:. units ehou good regu Its. 
Conventional RFIE per forms 
beat with dilute solutions. 
APU performs best with high 
metal concentration 
(JO to 100 g/L). 

85% recovery of etching 
&olution. 
45% eopp~r removal; 
30% z.inc removal. 

Work8 be!At when copper con
centrations are in the 2 to 
4 oz/gA) UAAge. 

3 H fiF/HOOJ recorded. 

(continu~d) 

Residuals generated 

lmpuritiea will b~ 
concentroted, therefore, 
cry sta lli zat ion/ fi 1 tra t ion 
oyatem may be requirP.d. 

F~rroua nulf~te heptAhydeat~ 

crystals (can be traded or 
gold). 

M~ta.l fluodde crystals (can 
recover additional HF by 
thermal de compos it ion). 

Aluminum hydroKide crystals 
(can be traded or sold). 

Co current process genera tee 
spent regenerant, which ia a lao 
cor roe ivc. 

Recovered metaiR which can be 
reused, treated, disposed, or 
marketed. 

Metal a which can be treated, 
disposed, or regenerated for 
reuse. 

Chromic acid eRn be returned ro 
platinp; ba.th; rinse water can 
be reused. 

Coot 

Can be coet-effect ive 
for recovering cor roa i ve 
plating solutiono from 
rina~ water!~. 

Cost-effective if treat
ing large quantities of 
waste. 

RF H.: and APU are 
coat-effective. 

Coat-effective for 
speci fi.c applicat inn a 
(chromic/r~ulfote acid 
~tchAnte.}. 

Low capital investment; 
cost-effective for 
11pecific application 
(chromic acid rinses). 

2 H KOH Soln which con be Coat-effective for large 
r~cycled back to the pretreat- quantity generator. 
ment atep fnr thi11 ED application. 
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ProceRa 

Reverse osmo&is 

Donnan dialysis/ 
coupled 
transport 

Solvent 
extraction 

Thermal 
decompog it ion 

Applicable waste atreama 

Plating rinsea. 

Plating rinses; poten
tially npplicable to 
acid bathe. 

HN03/HF pickling 
Iiquori!!. 

Acid "'aatf!:o. 

TABLE 16.2.1 (continued) 

Stage of development 

Corrosive wante mem
branes marketed by 
four compe:nies. 
RD module nyat~mA 
applicable to corrn
aivea available from 
tvo companies. 

Donnan diolyais only 
lab-scale tested. 

Coupled transport 
lab end field teoted. 
Coup led transport 
system ia currently 
being marketed. 

Connuercial-scale 
systems inatslled for 
development purposeo 
in Europe and Japan. 
No commercial-scale 
installations in u.s. 

Well-established for 
recovering spent 
pickle liquors gen
~r-atf:ld by steel 
induntry. Pilot
scale ntage for 
organic waeten. 

Performance 

90% converoion achieved 
with cyanide plating rinses. 

Data not available for 
Donnan dialysis (further 
teating requi~ed). 

Coupled trannport has dem
onstrated 99% recovery of 
chromate from plating rinBel!l. 
Other plating rinAee should 
b~ applicable, but not fully 
tea ted. 

9S% recovery of HN03: 
70% r~cov~ry of HF. 

99% regeneration efficiency 
for pickling liquors. 

Residual& generated 

Recovered plating solution 
returned to plating bath (after 
being concentrated by an 
evaporator). Rinsewater 
reused. 

Data not available for Donnan 
dislysi&. 

For chromate plating rinse 
applications, sodium chromate 
is Renerated; can be used else
where in plant or &ubjected 
to ion exchange to recover 
chromic acid for recycle to 
plating solution • 

Metal oludge (95% iron can be 
recovered by thermal 
decomposition). 

98-99% purity iron oxide vhith 
can be ~eueed, traded, or 
m.o ~keted. 

Cost 

Cost-e f feet i VP' for 
limited applications. 
Development of a more 
chemically resistant 
membrane would make it 
very cost-effective for 
a wide~ area of 
application. 

No cost data availgble 
for Donnan dialysis. 

Aver~ge capitnl coat 
fnr plating oh9p io 
i20,000. CAn be cogt
effective for apecific 
applicationn. 

Not available. 

ExpenaivP ~apftal 
investment. Only cost
effective for large 
quantity waste acid 
generators. 





TABLE 16.2.2. GUIDELINE CONSIDERATIONS FOR THE INVESTIGATION OF WASTE 
TREATMENT, RECOVERY, AND DISPOSAL TECHNOLOGIES 

A. Objectives of treatment: 

Primary function (pretreatment, treatment, mutual neutralization, 
residuals treatment) 

Primary mechanisms (destruction, removal, conversion, separation) 

Recover waste for reuse 

Recovery of specific chemicals, group of chemicals (acids, alkalis, 
metals, solvents, other organics) 

Polishing for effluent discharge (NPDES, POTW) 

Immobilization or encapsulation to ·reduce migration (inorganic sludge) 

Overall volume reduction of waste 

Selective concentration of constituents (acids, alkalis, metals, 
solvents, other organics) 

Detoxificatinn of ~azardous constituents 

B. Waste applicability and restrictive waste characteristics: 

Acceptable concentration range of primary and restrictive waste 
constituents 

Acceptable range in flow parameters 

Chemical and physical interferences (compatibility with reagents) 

C. Process operation and design: 

Batch versus continuous process design 

Fixed versus mobile process design 

Equipment design and process _ _c:()n~'I"ol complexity ~pH_, flow, Redox 
potential, conductivity, temperature, pressure, level indicators) 

Variability in system designs and applicability 

Spatial requirements or restrictions 

(continued) 
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. TABLE 16.2.2 (continued) 

Estimated operation time (equipment down-time) 

Feed mechanisms (wastes and reagents; solids, liquids, sludges, 
slurries) 

Specific operating temperature, flow, and pressure 

Sensitivity to fluctuations in feed characteristics 

Residuals removal mechanisms 

Reagent selection and requirements 

Ancillary equipment requirements (tanks, pumps, piping, heat transfer 
equipment) 

Utility requirements (electricity, fuel and cooling, process and 
make-up water) 

D. Reactions and theoretical considerations: 

Waste/reagent reaction (neutralization, destruction, conversion, 
o~idation, reduction) 

. Competition or suppressive rfactions (complexants, .chelators, buffers) 

Enhancing conditions (specify chemicals) 

Fluid mechanics limitations (mass and heat transfer) 

Reaction kinetics (temperature and concentration effects) 

Reactions thermodynamics (endothermic/exothermic/catalytic) 

E. Process efficiency: 

Anticipated overall process efficiency 
Sensitivity of process efficiency to: 

o feed concentration fluctuations 
o reagent concentration fluctuations 
o process temperature fluctuations 
o toxic constituent concentrations (biosysterns) 
o physical form of the waste 
o other waste characteristics 

(continued) 
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.TABLE 16.2.2 (continued) 

F. Emissions and residuals management: 

Extent of fugitive and process emissions and potential sources 
(processing equipment, storage, handling) 

Ability (and frequency) of equipment to be "enclosed" 

Availability of emissions and residuals data/risk calculations 

Products of incomplete reaction 

Relationship of process efficiency to emissions or residuals generation 

Air pollution control device requirements 

Process residuals (fugitive/residual reagents, recovered products, 
filter cakes, sludges, incinerator scrubber water and ash) 

Residual constituent concentrations and leachability 

Delisting potential 

Safety o'f storing and handling reactive or corros'ive wastes, reagents, 
products and residuals 

Special materials of construction for storage and process equipment 

Frequency and need for use of personnel protection equipment 

Requirements for extensive operator training 

Hazardous emissions (e.g., HCN) of wastes or reage~ts 

Minimization of operator contact with wastes or reagents 

Frequency of maintenance of equipment containing hazardous materials 

High operating temperatures and pressures 

Difficult to control temperatures 

Resistance to flows or residuals buildup 

Dangerously reactive wastes/reagents 

Dangerously volatile wastes/reagents 
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Estimating the appropriateness of waste treatment options requ1res an 

in-depth understanding of theoretical considerations. All unit operations 

have inherent limitations based on technical constraints (e.g., mass transfer 

limitations, reaction kinetics) and economic feasibility (e.g., restricted 

range of temperature, pressure, and other operating conditions; limits on 

materials of construction). Estimation of system performance capabilities 

will involve a systematic analysis of several interdependant considerations: 

(1) expected eouilibrium products for chemical, biological, thermal, or 

physical processes; (2) reaction kinetics; (3) heat transfer and mass 

transport phenomena; and (4) process control requirements. 

A key consideration in the choice of chemical treatment systems for 

metal/cyanide wastewaters is reagent selection (Section 10.0 for metals and 

Section 14.0 for cyanides). Reagents may require special handling 

characteristics or form hazardous or difficult to manage reaction products. 

Potential reagents and their associated advantages and disadvantage with 

respect to costs, handling, processing and sludge generation, are summarized 

in Table 16.2.3, 

Residual characteristics will have a significant impact on ultimate 

-reagent selecti'on since treatment or' disposal of thes"e-·materials constitutes a

large percentage of total waste management costs. Depending on the reagent 

selected and original waste characteristics, sludges will have different 

settling, dewatering, and compactability characteristics, as well as varying 

tendencies for their heavy metals to resolubilize. For wastewaters, the 

presence of toxic organics will also significantly add to post-treatment 

costs. Costs will increase with organic concentration and reouired removal 

efficiency and decrease with reactivity, volatility, adsorbability and 
. . . 4 

b~odegradab~l~ty. 

Ultimately, the selection of a specific treatment system from a list of 

technologically feasible alternatives will depend on cost, availability, and 

site specific factors. These considerations are discussed below. 

16.2.6 Availability of Potential Management Options 

The availability of each component of a waste management system may 

restrict its overall applicability. Existing available capacity of onsite 

treatment processes (e.g., wastewater treatment systems), ancillary equipment, 
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fide! nn•l fer£0UB 

9ulfntc. 

l'o!Jtl~r 

9)1 CnO 

rowd('_~ 

5BI NazO 

' l 

.Approx i.m:~tc • 
coot/ton ($) 

t.fo 

:J ·~ 

205 

)65 

410 

500 

610 

10 

8J 

11nnd I in~ rropr.rt ier~ 

Fnir-rmitAhl~ ror rhy 
r,~eding or [or alu~rry. 

Good-Imitable for bulk 
(r~ding or [rnm drum 
corro!live, 

Fnir-rr.qni re!-\ !!·lurry 
f~ed Apparatus. 

G~od-requires ropid 
mix tank corrosive. 

GoDd-r~~'·ireB rnpid 
mix tonk corrosive. 

Fn i r-re'lu i reH slurry 
opp11ratus. 

roor-rmll'lt be p,round 
And RlnrriPrt. 

Good-BIJitnble for dry 
or Liqtlid feeds. 

(cantinucd) 

Proceasin~ propP.rtie~ 

Sl,u-rl!:qi•ires JO to 
1,5 minut~!l .(or complete 
rear:tinn. 

Fa~t-re~tJireA 15 to 
)0 mintlll!:9 rnr r:omplet~ 
rP.ar:tion. 

Stow-react ion time !I ~are 

longr.r than hydrated 
lime. 

Fast-hut evolve~ hydro
gen nulfide goo. 

F~9t-hut r.volves hydro
gen sulfide g11s. 

F:.i r-requi res 30 minutes 
and Iorge excess. 

SJnw-re~ction tim~9 ~~n 

h~ 60 minutes or longP:r. 

fBir~re~uiren 4~ min•Jte~ 

.for complete reaction. 

/ 

Slud~~ ftenerlllt ion 

IIi gh-n~:ACt ion rro
ductl!l l!lre insoluble. 
Sludge iR eooily 
de"'" te red. · 

l.ow-mo Jll t rP. act ion 
prnrlucta are soluble 
but .111lmige hAR 

poor handling 
char.&c.teriatir: .. 

Low-higher &olida 
content And density 
than comrarable 
technologies. 

Low-but fonn9 flOor
settling floc. 

Low-but forms poor
flettling floc. 

lligh-c~n renult in 
fnur- (old inc. reaee 
in sludge. 

High-insoluble end 
product!ll ""d high 
concPntration of 
inert 11. 

Low-1~!19 11lucl~e 

~f':nerat ion ti-Hin 
calcium bBH•d 
technologies. 
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Reagent 

Metal! Reduction 

Sulfur Dioxide 

Sodium Hetobisulfite 

Ferrous Sulfate 

Sodium Borohy~lride 

~ide Oxirlation 

Chlorine 

Sodium llypochlorite 

Chemical name 

Sui fur diol'lide 

Sodium 
pyrosulfite 

FeTrous sulfate 
l1eptahytlrate 

Sodium 
borohydride 

Chlorine 

Sodiura hypochla
rite pental1ydrate 

TABLE 16.2~3 (continued) 

Con111on fonu and 
commercial 
. strengh 

Gas 

99.9% SOz 

Flake 
70-7 2% 
NazS20~ 

Powder 
97% NaBII4 

Goo 

99.~% Cl2 

Solution 
29% NaDCI 

Approxim~te 
coot/ton ( ~) 

!"r-

2)0 

64 

145 

4,000, 

195 

J04 

llandling properties 

Good-can be dispensed 
from cylinJera potential 
explosion hazard. 

Good-suitable for slurry 
or bulk liquid applica
tions. 

Good-available in flake 
or solution form. 

Goocl-auitable for dry 
or 1 iquid feed a. 

Cood-can be dispensed 
from cylinders or bulk 
potential eKplosion 
hazard. 

Good-available In flake 
or solution form. 

Processing properties 

Fast-requireg 1~ to 
)0 minutes for complete 
reaction. 

Fast-requires 10 to 
60 minutea for complete 
d1 rome reduct ion. 

Faat-aimilar to other 
sulfur based technolo
gies. 

Faoc-requireu 5 ro 
60 minu[ea depending 
on metals concentration • 

Past-requires 30 to 
60 minutes but cannot 
proceaa stable com
ple•ea. 

Faat-aimllar to chlo
rine. 

Sludge generation 

Lou-a11 endproducta 
are soluble. 

Lou-all endproducta 
are soluble.· 

High-vi II reou It in 
oludge product )1 
time• higher than 
busulfite reduction. 

Lov-high denaity high 
ruetal content aludge. 

loV"""''':Iainly chlorine 
and caustic reaction 
byproduct e. 

Lov"""Vill not readily 
react with cauetic. 



labor, physical space, and utilities will have a significant impact on the 

economic viability of a treatment system. Purchased equipment must be 

available in sizes and processing capabilities which meet the specific needs 

of the facility. Offsite disposal, recovery, and tr~atment facilities, and 

companies using exchanged materials or purchasing saleable products, must be 

located within a reasonable distance of the waste generator. In addition, 

they must have available capacity for the waste type and volume generated. 

Finally, time constraints may eliminate certain treatment processes from 

consideration as a result of anticipated delays in procurement, permitting, 

installation, or start-up. 

ln general, precipitation and chemical oxidation systems are widely 

applied and readily available. Houever, several recovery systems (e.g., 

Devoe-Holbein extraction ,for metals, INCO SO/air process for cyanide 

oxidation) and post-treatment systems for organic wastes (e.g., chemical 

stabilization) have only recently been applied in metal/cyanide waste 

treatment. Availability and uncertainty in expected cost-effectiveness will 

play a significant role in the decision to implement these technologies. 

6. 2. 7 
~::.·~:1' ~ - . : . ,, "· '.~- . ·~ .;;> •• 

Management System Cost Esr:imation 

The relative economic viability of waste management systems will be the 

primary determinant of system selection for processes which are capable of 

achieving comparable performance. Economic viability must be evaluated on the 

basis of total system costs. This includes operating and capital purchase 

costs as well as the availability of onsite eQuipment, labor and utilities, 

net value of recovered products, and residuals disposal costs. Hizh capital 

equipment.expenditures and financing constraints are freouently a limiting 

factor in system selection, particularly for firms with marginal profitability 

or high debt/eaui:y ratios, and for processes which have higher uncertainties 

of success. 

Costs for a given management system will be highly dependent on uaste 

physical, chemical, and flow characteristics. Thus, real costs are very 

site-specific and limit the usefulness of generalizations. The reader is 

referred to tne .sections on specific cecnnologies \Sections 6.0 ·through 15~0) 

for data on costs and tneir variability witn respect to flow and waste 
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characteristics. Costing methodologies have also been described in the 

literature5- 7 and are available in software packages 8 for sel~ct 

processes. Major cost centers which should be considered are summarized 1n 

Table 16.2.4. 

16.2.8 Modeling System Performance and Pilot-Scale Testing 

Following a p•eliminary cost evaluation, which will enable the gene•ator 

to narrow the field of candidate waste management options, steps must be taken 

to finalize the selection process. Initially, these could involve the 

application of theoretical models to predict design and operating 

requirements. However, models generally sacrifice accuracy for convenience 

and are often not sufficiently accurate to describe complex waste streams. 

Laboratory or pilot-scale data are often needed as model inputs and, in most 

cases, are ultimately required to confirm predicted performance prior to final 

system selection. 

Nevertheless, in many cases, modeling can minimize costly laboratory 

testing. Models are particularly useful in assessing relative 

cost-effectiveness vith respect to changes in process variables and the 

incremental costs of achieving increasingly stringent treatment concentration 

levels. Thus, process evaluations should begin with the formulation of a 

model which incorporates the conceptual process train and the primary 

variables which affect process performance and design. These variables can 

then be assigned a range of values to reflect the previously defined source 

conditions. The resu~ts of computer simulations or paper studies can then be 

used to project anticipated full-scale results and define areas for 

bench-scale testing. 

Bench scale studies must be designed to provide maximum accuracy .. and to 

facilitate subsequent scale-up. Equipment design parameters and operating 

conditions must preserve geometric, kinematic, dynamic, and thermal 

similarity. When possible, input parameters should therefore be arranged in 

the form of dimensionless variables (e.g., Reynolds number). Chemical 

similarity should also be maintained by using representative samples from the 

waste generating process. Factorial experiment design and response surface 

methodology techniques can be applied in bench and process trials to ensure 
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TABLE 16.2.4. MAJOR; COST CENTERS FOR WASTE MANAGEM.ENT ALTERNATIVES 

A. Credits: 

Material/energy recovery resulting in decreased consu~ptio.n of 
purchased rav materials 

Sales of waste products 

B. Capital costs:a 

Processing equipment (reagent addition. reaction vessel, recovery 
apparatus, sludge and other residual handling equipment) 

Ancillary equipment (storage tanks, pumps, "piping) 

Pollution control equipment 

Vehicles 

Buildings, land 

Site preparation. installation, starr-up 

C. Ooeratin8 and maintenance costs: 

Overhead, operating, and maintenance labor 

Maintenance materials 

- ·,Utilities.(electricity, fuel,~~~t~r)" 
'" 

Reagent materials 

Disposal, offsite recovery, and waste brokering fees 

Transportation 

Taxes, insurance, regulatory compliance, and ~dminiscracion 

D. Indirect costs and benefits: 

Impacts on other facility operations; e.g., changes in product quality 
as a result of source reduction or use of recycled materials 

Use of processing equipment for management of other wastes 

aAnnual costs derived by using a capital recover;• factor: 

CRF 

Where: i 

i(l+i)n 

(l+i)n - 1 

interest rate and n ; life of the investment. A CRF of 
0.177 was used to prepare treatment cost estimates in this 
document. Tnis corresponds to an annual interest rate of 
12 percent and an equipment life of 10 years. 
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that optimal performance results are obtained in the most cost-effective 

manner. 9 Quality control procedures should be implemented to ensure 

consistency and accuracy of results. Finally, precautions should be taken to 

ensure that measurement and control equipment employed in the process 

evaluation is sufficiently sensitive and versatile to assess the effect of 

process and feed variations on overall treatment effectiveness. 

The final step in the technical approach may involve design, 

installation, and testing of treatment systems which have been identified as 

the most promising candidates for specific applications. Standard chemical 

engineering techniques should be utilized to scale-up control equipment from 
5,10 

bench scale results. Integration of a treatment technology into an 

industrial process will require development of energy and material balances 

and a detailed economic analysis. Potential process variations and upsets, 

impact on existing operations, ease of operation and control, safety fastors, 

and other considerations will be incorporated into the final design. These 

factors will be evaluated on a case by case basis taking into consideration 

input data uncertainties, institutional and regulatory constraints, and the 

probability and consequences of failure to meet control objectives. 

Many suppl·iers of treatment and recove·ry' equipment use ·models t9 ·optimize 

design and operations parameters and to scale-up processes. Some equipment 

manufacturers are also able to provide experimental equipment and models to 

establish process parameters and cost. 
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