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FOREWORD

Today’s rapidly developing and changing technologies and industrial products frequently
carry with them the increased generation of materials that, if improperly dealt with, can threaten
both public health and the environment. The U.S. Environmental Protection Agency is charged

by Congress with protecting the nation’s land, air, and water resources. Under a mandate of
national environmental laws, the agency strives to formulate and implement actions leading to
a compatible balance between human activities and the ability of natural systems to support and
nurture life. These laws direct the EPA to perform research to define our environmental
problems, measure the impacts,a nd search for solutions.

The Risk Reduction Laboratory is responsible for planning, implementing, and managing
research, development, and demonstration programs to provide an authoritative, defensible
engineering basis in support of the policies, programs, and regulations, of the EPA with respect
 to drinking water, wastewater, pesticides, toxic substances, solid and hazardous wastes, and
Superfund-related activities. This publication is one of the products of that research and
provides a vital communication link between the researcher and the use comimunity.

This document presents the results of experiments conducted to evaluate two technologies

~currently available to minimize environmental problems associated with rinse waters generated

during electroplating operations. The objective was to concentrate nickel to the same level as
the electroplating bath so that the nickel could be reused. The high cost of nickel and of treating
and disposing of electroplating wastes is an incentive to develop these recovery technologies to
reduce wastes at the source. '

E. Timothy Oppelt, Director ,
Risk Reduction Engineering Laboratory’
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ABSTRACT ‘[

Electroplating operations generate rinse water wastes that are classified as hazardous due
to the presence of heavy metals. Disposal of the rinse water waste without prior treatment is
cost prohibitive and environmentally unacceptable. End-of-pipe treatments that utilize chemical
precipitation and destruction of the plating chemicals waste valuable materials that could be
recycled. This project examined two alternative technologies for reducing the waste generated
and recovering heavy metals such that they can be recycled in the electroplating process.
Specifically, low temperature evaporation and reverse osmosis systems were evaluated on a pilot
scale to process rinse water collected from a nickel electroplating operation. !

The low temperature evaporation system exhibited consistent and pxedictabie results
throughout the tests. It was capable of concentrating the rinse water feed solution to contain
nickel levels well above the eight percent required for replacement into the plating bath. The
cleaned rinse water was high quality and essentially metal free and could be either reused for
rinse water or discharged to a POTW. Disadvantages associated with the evaporation system
include its relatively high capital costs and high energy requirements. '

The reverse osmosis system exhibited superior productivity at the beginning of the tests
while productivity dropped off dramatically after about 60 percent of the feed solution had been
processed. The decline commenced when nickel levels in the feed solution reached about 4,000
to 5,000 mg/L. The decline continued until the productivity of the reverse osmosis equipment
was reduced to almost nothing. At this point the reverse osmosis system had concentrated the
feed solution to nickel concentrations of 12,560 to 18,200 mg/L which are well below the eight
percent nickel concentration required for the plating bath. The cleaned rinse water produced by
the reverse osmosis equipment was directly related to the quality of the feed solution pumped
into the unit. The quality of the cleaned rinse water from the reverse osmosis test was

acceptable for reuse as rinse water but unacceptable for discharge to the POTW. The revérse

osmosis system offers relatively low capital cost and energy requirements when compared to an
evaporation system. However, its application is limited by the extent to which it concentrates
solutions and the quality of the cleaned solution it produces. '

Both systems offer advantages under specific operating conditions. The low temperature
evaporation system appears to be best suited to processing solutions with relatively high nickel
concentrations. The reverse osmosis system is best adapted to conditions where the feed solution
is of relatively low (less than 4,000 to 5,000 mg/L) nickel concentration. In electroplating
operations where relatively dilute rinse water solutions must be concentrated to levels acceptable
for replacement in the plating bath, a combination of the two technologies might provide the best
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process alternative. The reverse osmosis system could be used to initially concentrate the feed
solution followed by low temperature evaporation processing to concentrate the solution to levels
acceptable for replacement in the plating bath. . - '

o

‘This report was submitted in partial fulfillment of Contract No. CR-815829 under the
sponsorship of the U.S. Environmental Protection Agency. This report covers a period from
November, 1991 to August, 1992 and work was completed as of December, 1992.
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SECTION 1

INTRODUCTION

This is the final report for one of five projects constituting the Illinois/EPA WRITE
(Waste Reduction Innovative Technology Evaluation) Program. The project was a joint effort
of Graham Plating, Chicago, Illinois, an electroplating firm; the Hazardous Waste Research and
Information Center (HWRIC) which is a division of the Illinois Department ‘of Energy and
Natural Resources, Champaign, Illinois; and the Pollution Prevention Research Branch of the .
U.S. Environmental Protection Agency’s Risk Reduction Research Lab, Office of Research and
Development, Cincinnati, Ohio. Assistance and direction was also provided by Licon, Inc. of
Pensacola, Florida and Osmonics of Minnetonka, Minnesota. -

The purpose of this project was to evaluate, compare, and document the effectiveness of
two technologies for recovery and reuse of water and plating bath chemicals associated with
electroplating rinse waters. The recovery technologies examined in this project include 1) low
" temperature evaporation and 2) reverse osmosis. These treatment systems were evaluated based
on their effectiveness with respect to the following considerations:

Recovery efficiency and purity of the treated rinse water

Recovery efficiency and purity of the rinse water concentrate

Anticipated reduction in water use and chemical utilization due to recycling
Anticipated reduction in waste volume associated with installation of the treatment
systems, and ,

. O Economic analysis of installation and operation of the treatment and reuse systems

Q000

INDUSTRY BACKGROUND

During electroplating operations, metal parts are immersed in a bath containing dissolved
plating metals and chemicals. . Typical metals and alloys used for plating include cadmium,
copper, iron, lead, nickel, gold, silver, platinum, brass and bronze. When an electrical potential
is applied, an electrochemical cell is created and the dissolved metal deposits on the part surface.
Parts are then conveyed to a series of rinse tanks to remove residual plating solution. Rinsing
prevents spotting, uneven metal deposition and cross-contamination of the plating chemicals with
later operations. This source of rinse water contamination is called dragout. When the dragout
in the rinse tanks reaches high enough concentrations, rinsing is no longer effective and the rinse
water must be replaced (Hunt, 1988). Some electroplating operations deal with this problem by
replacing the entire rinse water volume on an as needed basis while others replace the rinse
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water with a continuous inflow of fresh water. In addition to the dissolved metals utilized in the
plating solutions, some baths contain organic compounds that modify the growth of the metal
deposit to produce bright, semi-bright or satin finished surfaces.

Electroplating rinse water wastes are classified as hazardous due to the presence of heavy
metals and, in some cases, cyanide in these solutions. Direct discharge of rinse waters can
pollute natural resources, inhibit or destroy biological activity and sewage treatment processes,
and corrode sewer lines and structures. Fortunately, treatment technologies exist which can
minimize the harmful effects of rinse waters to human health and the environment; These
processes render inactive or remove the hazardous components from the rinse waters.

Electroplating rinse .waters can be treated by either end-of-pipe or in-plant recovery
techniques. End-of-pipe treatments rely on chemical reactions such as pH adjustment to
precipitate metal and other plating chemicals. These methods provide an effective means to
remove the metal and cyamde species from the rinse water thus enabling reuse or dlscharge of
the water. However, in most plant treatment systems, waste streams from the various plating
lines are combined prior to treatment. Consequently, the resulting sludge must either be
disposed of or treated with a high temperature metals recovery system to recover the metals.
These options tend to be wasteful and expensive to implement. In-line treatments that make it
possible to recover and return lost plating chemicals to the electroplating bath do exist. These
recovery techniques are superior to the end-of-pipe treatments which merely reduce the waste
volume. Additionally, in-line techniques require less processing than end-of-pipe recovery
techniques. Examples of effective in-line recovery techniques include; low temperature
evaporation, ion exchange, electrowmnmg, electrodialysis and reverse osmosis. Low-
temperature evaporation and reverse osmosis techniques were selected for examination in this
project because officials from the participating company, Graham Plating, believed that they
offered the most promise for their facility.

GRAHAM PLATING :

Graham Plating is a large "job-shop" which has been located for many years on'the north
west side of the city of Chicago. A new modern building has recently been completed in
Arlington Heights, Illinois and Graham Plating plans to relocate the p]atmg operations to the
new facility. Incorporated into the design of this new structure and in the new plating line
layouts are special features which promote waste reduction. Examples of the waste reduction *
features are large underground rinse water collection tanks which provide the means to segregate
the rinse waters by principal metal component and to store these waters for later processmg and
reuse.

The platmg lines at the new Graham Plating facility will be like those at most plating
operations in that they contain multiple bays for the different phases of the platmg process.
Objects to be plated are processed through a number of cleaning, pretreatment, and rinsing steps
before the final metal plate is deposited. Part of the pretreatment may include plating with
several other metals before the final desired finishing metal is applied. Figure 1 depicts plating
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line 2 at the new Graham Plating facility which will be used for processing a variety of metals.

Once the final metal has been plated, the object will be rinsed using both spray and -
counter flow rinses. Water from the rinses will be collected in tanks for subsequent treatment
through a vacuum evaporation unit. This unit is capable of processing 7,200 gallons of rinse
water per day. If additional processing capacity is required, the low temperature evaporation
unit may be supplemented with a reverse osmosis unit to expand the ability of the facility to
process rinse water. The unique design of the new Graham Plating facility is such that these
rinse waters can be collected in large underground storage containers allowing complete
segregation of the rinse waters by their major metal component. The rinse water can then be
collected in storage tanks and treated in batches. :

LOW TEMPERATURE EVAPORATION ;

Rinse water from the plating operation will be pumped into a low temperature
evaporation unit where it will be treated such that the water can be reused for rinsing operations
in the plating lines and the concentrate solution can be replaced in the plating bath. This type
of operation has been successfully used in some plating operations because it allows the recovery
of not only the water but also the plating bath chemicals. The economics associated with
purchase of the equipment are usually favorable and utilization of the equipment can facilitate
compliance with environmental regulations (Making Pollution Prevention Pay, 1983).

Evaporation units can be classified as either atmospheric or vacuum. In both cases the
water is heated to produce vapor which is later condensed resulting in distilled water. Impurities
in the untreated water remain as a concentrated slurry or solution of chemicals, in this case, the
latter. In vacuum evaporation, the process takes place at pressures lower than atmospheric
pressure. The pressure reduction lowers the boiling point of the water which permits the use
of lower temperatures to create the steam and finally, the distilled water (Kushner and Kushner,
1981). Commercial systems may be constructed of a combination of glass, titanium, fiberglass,
PVC, and stainless steel. Although the capital and operating costs of these systems are
expensive when compared to other waste treatment options, their corrosion resistance makes .
them ideally suited to use with electroplating wastes. : :

In addition to facilitating recovery of .the plating rinse waters, the lower boiling

temperatures of the vacuum type unit enable recovery of the plating chemicals which might -

decompose during a standard evaporation process (Electroplating Engineering Handbook, 1984).
This is accomplished by concentrating the metal salts and organic compounds present in the rinse
water to a point that is acceptable for replacement in the plating bath. At the new Graham
plating facility the recovery process will begin with the collection and storage of the rinse waters
from both spray and counter flow rinses. Rinse water from nickel plating will collect in the
designated storage tank until it is filled. Processing will begin by pumping water into the
vacuum evaporator condenser. Here the water is heated under low pressure to produce steam
which is condensed. At this point, inorganic contaminants will have been removed from the
rinse water but organic additives are likely to remain since they tend to volatilize withthe steam.
To remove the organics, the water can be passed through a carbon filter. The recovered water,
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which will then be suitable for reuse in the plating line rinses, will continue through a closed
loop system to a reservoir for storage until it is needed. The inorganic salts and the non-volatile
organic compounds will remain in the condenser asa concentrated solution or slurry. Prior to
replacement of the concentrate into the platmg bath, The Eoncentrate will be removed -from the
condenser for characterization and adjustment by the laboratory A schemanc drawing of
materials flow through a vacuum evaporator is provided in Figure 2.

Characterization of the concentrate is perhaps the most important step in the chemical
recycle process. Changes in plating quality will result if the integrity of the plating bath is not
maintained. To do this one must be certain of the composition of everything that is being added
to the bath including the recycled rinse water chemicals. It is almost certain that the concentrate
will be somewhat different from the original plating bath solutions. The anticipated inorganic
components will be metallic nickel, nickel sulfate, nickel chloride, nickel sulfamate, boric acid,
and hydrochloric acid. But other inorganic components, such as metal from the object being
plated, may also be present (Metal Finishing, 1987).

The amount of organic compounds in the concentrate and plating solutions is important.
Since these organic compounds are critical in obtaining the desired finishes, knowledge of their
concentration in the concentrate solution is critical. Volatile organic compounds can be removed
by a carbon filter but there will be non-volatile organics present in the concentrate as well.
Knowing the concentration of all of the inorganic and organic constituents of the concentrate
is vital in determining if the solution can be recycled in the plating bath and what supplements
(if any) need to be added to the concentrate before recycling. Additionally, chemical
characterization of the concentrate would help determine if contaminants were concentrated
during rinse water processing.

REVERSE OSMOSIS

Reverse osmosis is a proven technology for concentrating dilute solutions. In a closed-
loop electroplating operation, reverse osmosis can be used to recycle purified water to the rinse
tanks and return plating chemicals to the bath. Reverse osmosis systems can be used in
combination with other treatment systems, such as low temperature evaporation and ion
exchange, or it can by used alone. The higher metal ion concentrations of the processed rinse
water produced with reverse osmosis systems can improve the efficiency of the other treatment

systems. When reverse osmosis is used alone, it can purify rinse water for rinsing and reclaim < °

lost metals and plating chemicals for reuse (Rozelle, 1973).

Reverse osmosis is a pressure-driven membrane separation process in which a feed
stream under pressure (200-800 psig) is separated into a purified "permeate” stream and a
"concentrate" stream by selective permeation of solution through a semi-permeable membrane,
The pressure required to force the permeate through the membrane is dictated by the osmotic
pressure of the feed stream (Rousseau, 1987). Three important parameters describe the
performance of the reverse osmosis process: recovery, flux, and rejection. Recovery is defined
as the percentage of the feed that is converted to permeate. Flux is the rate at which the
permeate passes through the membrane per unit of membrane surface area. Rejection is the
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ability of the membrane to restrict the passage of dissolved salts into the permeate, and is related
to particular salt species (Cushnie, 1985).

One of the most significant operating problems ¢ommon to all membrane types is gradual
reduction in performance associated with plugging by suspended solids. Another potential
problem is caused by the precipitation of dissolved solids in the feed solution as it is
concentrated in the reverse osmosis unit. With proper pretreatment (suspended solids filtration,
oxidation, pH adjustment, and so forth), performance can be trouble-free and the equipment
easily maintained. '

Three major types of membrane modules are available for commercial use. These
include; tubular, spiral-wound, and hollow fiber (Figure 3). Tubular membranes are not
susceptible to plugging by suspended solids and can be operated at high pressures. Howeyer,
~ they are expensive to operate and require large amounts of space. Spiral-wound and hollow-
fiber modules cost considerably less to operate. The hollow-fiber modules require less space
to operate while the spiral-wound modules are less susceptible to plugging by suspended solids.
All three types of membranes can be constructed from a variety of materials, such as: aromatic
polyamide, cellulose acetate, and polyether/amide.

Reverse osmosis systems offer advantages over evaporation and ion exchange systems
for treating rinse waters in that they are cheaper and require less energy for operation.
However, the application of reverse osmosis technology is limited due to the modest degree of
metal salt concentration it can achieve compared to other technologies. Additionally, the
permeate purity resulting from treating concentrated feed streams may not be acceptable for
reuse as rinse water.

Currently, no plans exist to install a reverse osmosis system at the Graham Plating
facility. However, if the low temperature evaporation system is not capable of processing the
quantities of rinse water they will be generating at their new facility, Graham Plating will
consider supplementing the evaporation system with reverse osmosis. If the decision is made
to install a reverse osmosis unit at the new Graham plating facility, results obtained from tests
conducted during this project will be utilized to determme the type, size, and operating
parameters of the system.
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SECTION 2

MATERIALS AND METHODS

LOW TEMPERATURE EVAPORATION TESTING

The Low Temperature Evaporation unit utilized in this study was manufactured by Licon,
Inc. of Pensacola, Florida. This unit is a model C-3, single effect, pilot scale evaporator
specially designed for conducting pilot scale tests on a variety of feed solutions. The full scale
unit to be installed at the new Graham Plating facility was also manufactured by Licon, Inc.;
however, it is a double effect type evaporator. Double effect evaporators differ from single
effect evaporators in that heat generated in a first evaporation step is conserved and used in a
second step. The primary advantage of utilizing a double effect system is that only half of the
energy is required to process solutions as is required with a single effect evaporator. The quality
of the concentrate and distillate produced by the two types of evaporators is virtually the same.
Consequently, with the exception of energy usage, the pilot scale unit provided an accurate
- representation of performance that might be expected from a full scale system.

The Low Temperature Bvaporation testing was conducted at HWRIC’s pilot laboratory
using the pilot scale unit described above. A brief discussion of the low temperature evaporation
process that takes place in this unit is provided below and shown on Figure 2. Feed solution
is pumped from a reservoir (in this case, 2 - 55 gallon sample drums were used) to a 6 gallon
concentrate tank on the unit where it is stored for processing. Float limit switches maintain the.
concentrate tank at a relatively constant level. Solution is pumped from the concentrate tank into
a bayonet exchanger evaporator cell which is equipped with heat exchangers that provide the
heat necessary to separate water vapor from the feed solution. The bayonet exchanger -
evaporator cell maintains a vacuum of approximately 23 to 25 inches which enables the solution
to boil at a temperature of approximately 150 to 160° F. The vapor rises through a separator
cell until it collects on a water cooled condenser which transforms the water vapor into liquid
water. The liquid water is then collected in a 6 gallon capacity distillate tank and
ultimately discharged to a drum or holding tank where it can be recycled for use as rinse water
or any number of other purposes.

REVERSE OSMOSIS TESTING

The reverse osmosis unit used in this projeét was manufactured by Osmonics of
Minnefonka, Minnesota. . The unit is a model PES/OSMO-19T-80SSXXC Reéverse Osmosis
machine for process evaluation. It is capable of operating at pressures ranging from 100 to 800
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psi and can accommodate one membrane cartridge 2-1/2 inches in diameter x 39 inches long.
The feed inlet to this unit is equipped with a prefilter which was supplied with a 5 micron
cartridge filter for the duration of this project. Prefiltering the solution helps prolong the life
of the membrane by removing dirt and other abrasives that might damage the membrane. This
unit is capable of utilizing a variety of membrane cartridges. For the purposes of this project,
an Osmonics model number 192T-MSOS5 thin film composite membrane cartridge was used to
process the rinse water solution. This is a spital wound type membrane cartridge and is
constructed of a polyamide film cast over a polysulfone backing. The membrane cartridge
contains approximately 19 square feet of membrane and has a molecular weight cutoff of 100 -

150. This membrane was selected because Osmonics representatives indicated that it has been
used extensively for processing nickel rinse waters with good results.

Two 55 gallon drums of Graham Plating rinse water solution were processed individually
through the reverse osmosis system at HWRIC’s pilot lab facility. The solution was pumped
through a 5 micron filter prior to reverse osmosis processing. The filter had to be changed once
during the prefiltering stage due to buildup of a waxy film on the filter cartridge which restricted
flow. Based on preliminary electrical conductivity analysis performed on the rinse water (10230
umbos for Drum C and 6110 umhos for Drum D), it was assumed that the solution had an
osmotic pressure of approximately 10 psi. Reverse osmosis systems can be effective on
solutions with osmotic potentials as high as 200 psi. Therefore, it was estimated that the
equipment could concentrate each drum of the solution approximately 20 fold to about 2 3/4
gallons per drum. Based on these calculations, it was estimated that primary pressures of 250
to 380 psi would have to be maintained in the system during solution processing. The pressure
was increased periodically as the volume of feed solution decreased and became more
concentrated. Temperatures were maintained at 74 to 80 degrees fahrenheit through use of a
heat exchanger which is mounted on the unit. The concentrate flow rate was maintained at
approximately 3 gallons per minute for the duration of the testing while the permeate rate started
at approximately 15 to 25 gallons per hour and decreased steadily as the solution became more
concentrated until a final rate of less than 3 gallons per hour was attained.

CHEMICAL ANALYSIS

In an effort to determine the effectiveness of both the low temperature evaporation and
reverse osmosis systems with respect to treating the rinse water, samples were collected during
the tests and analyzed for key chemical constituents. Concentrate and distillate samples -
comprised the bulk of samples collected during the low temperature evaporation testing while
concentrate and permeate samples were the predominant sample types collected in the reverse
osmosis testing. Analyses conducted on the samples included electrical conductivity, pH, total
organic carbon, and nickel. : v -

As the testing progressed for both technologies, samples were analyzed for pH and
electrical conductivity immediately after collection in the pilot lab. A Beckman model number
32 pH meter was used to measure the sample pH. Using method number 9040 from SW846
(EPA 1986). An Orion model number 140 Conductivity/ Salinity meter was used to| determine
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electrical conductivity using method number 9050 from SW846 (EPA 1986). Both instruments
were operated according to procedures provided in the instruction manuals.

Analysis for total organic carbon (TOC) was’ c¢onducted to provide an indication of the
fate of the organic constituents present in the rinse water. The TOC analysis was conducted on
a Rosemount Analytical Dohrmann model DC-190 TOC Analyzer according to method 9060
from SW846 (EPA 1986). Samples were diluted according to strength to ensure the instrument
was working within the instrument working range. '

Nickel analyses were performed to determine the efficiency of both the low temperature
evaporator and reverse osmosis systems with respect to removing this metal from the rinse water
‘and concentrating it for potential recycling. Samples were digested according to method 3010
and analyzed according to method number 7520 from EPA SWg846 (EPA 1986). A Varian
Spectra-10 Atomic Absorption Spectrophotometer was utilized to perform the analyses. Most
analyses were run at 352.4 nm, the wavelength most appropriate for the high concentrations in
many of the samples. Instrument settings were in accordance with the manufacturer’s AAS
operating/procedures manual. Because of the large range in concentrations in these samples,
alternative wavelengths were also used. Samples were diluted as necessary to ensure the
concentration was within a range that would provide optimum accuracy.
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SECTION 3

EXPERIMENTAL PROCEDURE

FIELD SAMPLE COLLECTION

Since Graham Plating has not yet relocated to their new facility in Arlington Heights,
Tlinois, field samples of the rinse water had to be collected from their Chicago facility, Rinsing
of nickel plated parts is accomplished at the Chicago facxhty by manually dipping baskets of
plated parts into two separate (primary and secondary) rinse tanks which contain about 150
gallons of rinse water each. Four - 55 gallon drums of electroplating rinse water (henceforward
referred to as Drums A,B,C, and D) were collected from a secondary nickel rinse water tank
at the Graham Plating facﬂxty in Chicago and shipped to the HWRIC pilot lab facility by a DOT
licensed hazardous materials transporter. The samples were collected by pumping the solution
intermittently into the drums over a 2 day period. Upon their arrival at the pilot lab, 2
subsamples were collected from each drum and placed in-250 ML nalgene bottles. These
samples were analyzed to determine baseline nickel concentrations present in the drums. Results
of these analyses are summarized below:

Drum A 4,820 to 4,940 mg/L
Drum B 2,680 to 2,750 mg/L
Drum C 2,740 to 2,770 mg/L.
Drum D 1,580 to 1,590 mg/L

0000

Based on these data, calculations were performed to estimate the volume . reduction
necessary to produce a concentrate solution of approximately eight percent nickel (the target
nickel level maintained in the Graham Plating nickel bath). In addition to the bulk samples |
collected at the Graham Plating facility, a sample of the nickel plating bath solution was
collected and analyzed to verify that the bath contained eight percent nickel. :

LOW TEMPERATURE EVAPORATION PROCEDURE

Drums A and B were processed separately through the low temperature evaporation unit.
The unit processed the solution at a rate of approximately 3 gallons per hour. A total of 14
operating hours were required to process drum A (approximately 42 gallons) while 16 hours
were required to process drum B (52 gallons). Numerous operating parameters associated with
various pump and system pressures and temperatures were monitored throughout the testing to
ensure that optimum conditions were maintained. ,
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Processing continued until the rinse water volume was reduced to a point where its -
v1scosxty limited the ablhty of the unit’s feed pump to take in the solution At this point
(apprommately 1 gallon). Samples of concentrate dnd 'distillate were collected at one hour
intervals in 250 Ml. nalgene bottles and immediately tested for pH and electrical conductivity.
The samples were then diluted with 2% nitric acid and stored in a 4 degrees celsius cold storage
room until the other chemical analyses could be performed. Nickel analysis was performed on
all samples collected during these tests. Additionally, total organic carbon (TOC) was
determined on samples collected at the beginning of the testing, and approximately every 4 hours
thereafter until concentrations above 3,500 mg/L of TOC were attained. Beyond that point,
TOC levels increased dramatically as the volume of the feed solution was reduced. Therefore,
" TOC measurements were performed on samples collected on an hourly basis for the duration of
the testing.

REVERSE OSMOSIS PROCEDURE

In order to determine baseline flux characteristics of the membrane used in this test, clean
tap water was processed through the reverse osmosis unit for a 30 minute period prior to and
after testing with the rinse water solution. These "clean water flux" measurements were
determined utilizing gauges mounted directly on the reverse osmosis machine. Following
determination of the clean water flux measurements, Drums C and D were processed ‘separately
through the reverse osmosis unit. Flux measurements were collected at 15 minute intervals
during the tests. Results of these tests indicated that, at the beginning of the testing, the reverse
osmosis system processed solution at rates of 15 to 25. gallons per hour for drums C and D,
respectively. However, as the testing progressed and the feed solution became more
concentrated, the flux rate associated with both drums fell off to about 3 gallons per hour.

‘ A primary operating pressure of approximately 250 to 300 psi was maintained for the
Drum C test. The Drum D test was conducted at a primary operating pressure of approximately
350 to 380 psi. The higher pressures implemented in the Drum D test were used to determine
the impacts of increased operating pressure on the equipment’s productivity and the quality of
the solutions processed. Overall, the two drums (approximately 52 gallons each) were processed
in 6.25 and 5 hours, respectively. However, the solution could only be concentrated down to
“a final volume of about 6 gallons (as opposed to the 1 gallon volume reached with the low
temperature evaporation system) before the flux rate plunged to the 3 gallon per hour level.

Samples of concentrate and permeate were collected at 15 minute intervals during these
tests and placed in 250 ML. nalgene bottles. These samples were immediately analyzed for pH
and electrical conductivity. The samples were then diluted with 2% nitric acid and placed in a
4 degrees celsius storage room until analysis for the other chemical parameters could be
accomplished. - Nickel analysis was performed on all samples collected during the reverse
osmosis testing. Additionally, total organic carbon was determined in samples collected at the

begmmng of testing and approxmlately every 75 minutes during the duration of the reverse
osmosis testing.
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SECTION 4

RESULTS AND DISCUSSION

Results of the pilot scale testing and laboratory analysis were utilized to d@tefmine the
effectiveness of the two technologies tested in this project with respect to 1) the success in
concentrating the nickel levels for reuse in the electroplating process, 2) cleaning the
electroplating rinse waters for possible reuse or discharge to the POTW, and 3) the relative
productivity and economic feasibility associated with installing these systems in an electroplating
facility. The nickel concentrations of the various solutions monitored were determined
throughout this project to determine its fate with respect to the processes studied. Total organic
carbon concentrations were also monitored during the course of the project to provide an
indication of the fate of the organic additives that accumulate in the rinse water concentrate.
Electrical conductivity was monitored to determine if relationships exist between this parameter
and the other parameters tested. Electrical Conductivity is a relatively quick and inexpensive
parameter to monitor during actual operating conditions. Therefore, identification of
relationships between electrical conductivity and the other parameters could prove to be
important when low temperature evaporation and reverse osmosis technologies are actually
implemented in the electroplating process. Additionally, pH was monitored in all samples
collected in this project. Distillate and permeate samples tended to exhibit pH levels from 0.5
to as much as 2 units higher than the concentrate pH measurements. Some fluctuations occurred
with respect to solution pH as the tests progressed although the pH variations did not play an
integral part in determining quality of either distillate, permeate, or concentrate. Therefore, the
pH data are not presented in this report. ' :

EQUIPMENT PRODUCTIVITY

The low temperature evaporator processed the solutions at a relatively constant raté of - °
3.4 gallons per hour for drum A and 2.8 gallons per hour for drum B. As shown in figure 4,
the productivity rate varied little during the course of these tests. The evaporator processed the
solution down to a final volume of approximately .1 gallon which corresponds to 'a volume
reduction of nearly 98 percent. '

The reverse osmosis unit processed the solutions at a relatively constant rate until
approximately 60 percent of the drum volume was treated. Productivity beyond this point began
to decrease steadily until about 80 percent of the solution was treated. Beyond the 80 percent
level, the productivity decreased dramatically (see Figure 5). The reverse osmosis équipment
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processed the solution from Drum D faster than the Drum C solution. This occurred due to the
. higher operating pressures that were utxhzed in the Drum D test.

% of Drum Volume Processed

Figure 4.

Figure 5.
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Figure 6 shows how the permeate flux rate changed over time in the two reverse osmosis
tests. Due to the higher operating pressures used in the Drum D test (350 to 380 psi), the unit
produced permeate at an initial rate of about 20 gallons per hour which corresponds to a flux
rate of about 0.0031 gallons/hour/sq.ft. of membrane/psi. This rate was substantxally higher
than the initial productivity observed in the Drum C test (operating pressures of 250 to 300 psi)
which started at about 13 gallons per hour (0.0027 gallons/hour/sq.ft. of membrane/psn
However, the Drum D flux rates decreased more rapidly over time than those observed in the
Drum C test such that the Drum C flux rates were actually higher after about 2 hours of
operation. These data indicate that increases in operating pressure will result in improved initial
productmty However, the increased pressure also causes the membrane to foul at a faster rate
resulting in a more rapid decline in productivity. - '
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Figure 6. Permeate flux rate versus time; reverse osmosis tests.

Figure 7 shows how the permeate flux rate changed as the relative volume of ‘the two
drums was processed through the reverse osmosis equipment. The flux rate for both tests
dropped initially as the first 10% of the drum volume was processed. The flux rates then
leveled off until approximately 60% of the volume had been processed. Beyond this point, the
flux rates dropped off dramatically for both of the drums tested. It is noteworthy that in this
comparison the flux rates associated with the Drum D test were consistently higher than the
Drum C flux rates. Consequently, it took about 1.5 hours longer to process Drum C than Drum

D. These differences in flux rates can be attnbuted to the higher operating pressure uuhzed in
the Drum D test.

The Drum C solution was processed to a final volume of about 6 gallons (an 88%: volume
reduction) while the Drum D solution was processed to a final volume of 3 gallons. (a 94%
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volume reduction). Reverse osmosis processing was terminated at these endpoints because of
the drastically reduced production rates (approximately 1 to 3 gallons per hour). Clean water
flux measurements taken before and after treatment of-each of the two drums indicated that the

membranes recovered fully after the tests even though no attempt was made to clean the
membranes.
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Figure 7. Permeate flux rate versus percent of drum volume prowssed

reverse osmosis tests.

- NICKEL CONCENTRATIONS

~ In the low temperaiure evaporauon tests, mckel concentrations started at 4140 mg/L

_ (Drum A) and 2540 mg/L (Drum B) respectively, (Table 1) and increased ata st&dy rate until

* concentrations of approximately 25,000 to 30,000 mg/L were reached. As shown in Figure 8,
this level corresponds to a point where apprommately 80 to 85% of the rinse water volume had

been processed. Beyond this point, nickel concentrations increased dramatically to

concentrations of 179 000 mg/L (Drum A) and 128 ,000 mg/L. (Drum B), ra;cpecuvely.‘ Inthe .

Drum A test, the concentrate solidified shortly after the final concentrate sample was collected.

A sample of this solid concentrate was collected from the evaporator’s plumbing and was found

to contain a concentration of 18.6% of nickel. Table 1 shows the nickel concentrations of the

concentrate solutions at the beginning and end of both the low tempexamre evaporation and
Teverse Osmosis t&sts :
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TABLE 1. COMPARISON OF NICKEL CONCENTRATIONS IN CONCENTRATE, DISTILLATE, AND PERMEATE

NICKEL CONCENTRATIONS

Low Temp. Evap. Reverse Osmosis
Product Drum A Drum B Drum C Drum D

Concentrations at beginning of test (mg/L):

Concentrate 4,140 12,540 2,580 1,425
Distillate 2.5 2.2 - -
Permeate —_ - 44.5 ‘ 14.5

Concentrations at end of test:

Concentrate 179,000 128,000 12,560 18,200
Distillate ' 1 . 03 - -
Permeate - - ’ 210 790 !

Ratio of distillate pecmeate to concentrate:
Distillate 0.02% ‘ 0.01%

Permeate - - 1.49% 1 .§4%

Q' Figure 8.
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200000 = :

3
100
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Concentrate nickel concentration versus percent of drum volume
processed; low temperature evaporation tests.

18




Nickel levels used in the reverse osmosis tests started at 2580 mg/L and 1425 mg/L
respectively (Table 1). Figure 9 depicts how nickel concentrations in these samples changed as
the solutions were processed. Nickel concentrations increased steadily until about 60% of the
rinse water volume was processed. At this point, nickel concentrations were about 4,000 to
5,000 mg/L in the two drums. Beyond this point, nickel concentrations increased more rapidly
- until final concentrations of 12,560 mg/L. (Drum C) and 18,200 mg/L (Drum D) were reached.

The final concentrations attained in the reverse osmosis tests correspond to about 7 to 14% of
the nickel concentrations achieved with the low tempemture evaporation tests.
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Figure 9. -~ Concentrate nickel concentration versus percent of drum volume

processed; reverse osmosis tests.

The mcmsed nickel concentxatxons obsetved in concentmte samplw from both the low
temperamre evaporation and reverse osmosis tests were relatively consistent with the volume
reductions that were accomplished in these tests. - This phenomenon, along with the data
presented above, suggests that the eqmpment eﬁ'ecuvely concenttated the nickel. >
‘ sttx]late nickel concentrations determined in the low tempexatm'e evaporatzon tests

ranged from 2.5 to 0.1 mg/L during the course of testing. Distillate samples collected from the
Drum A test averaged 0.71 mg/L while Drum B sampl&s averaged 0.37 mg/L. Table 2 provides

a summary of the average nickel concentrations in the distillate samples. The ratios of distillate
to concentrate nickel concentration averaged 0.01% (Drum B) to 0.02% (Drum A) of the
concentrate concentrations during the course of the testing. The nickel concentrations of the .
distillate did not appear to be affected by the rising nickel concentrations in the concentrate as
the test progressed. Due to the fact that nickel salts are not volatile, distillate samples collected
at the beginning of the tests contained nickel concentrations similar to those collected at the end
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of the test. The levels of nickel in the rinse water are low enough in the distillate such that it
could be both reused as rinse water or discharged to the POTW without additional treatment.

TABLE 2. AVERAGE NICKEL CONCENTRATIONS IN DISTILLATE AND PERMEATE

Distillate Ni Concentration Permeate Ni Concentraﬁc:m
Mean (mg/L) STD (mg/L) Mean (mg/L) S'I'D (mgl[_.)
A (@=13) 0.71 0.63 - -
B (n=16) 037 0.52 - -
C (n=22) - = 89.55 49.22

D (@=17) - - 13438 202.19

The low temperature evaporation test data presented in Tables 1 and 2 do not include several
samples which contained elevated nickel concentrations as a consequence of the evaporator
malfunctioning. On several occasions, the evaporator feed solution overflowed and contaminated
the distillate. Representatives from Licon have indicated that this phenomenon tends to occur
in the pilot-scale evaporator due to its sensitivity to operating conditions and the necessity to
calibrate all operating parameters manually. Full-scale production evaporators are not as
susceptible to overflowing because the operating pammeters are more fully automated. Based
on this information, it was decided not to include the samples contaminated by the boﬂ over in
the Table 1 and 2 analysis.

Nickel concentratlons in permeate samples (Table 2) averaged 89.55 mg/L in the Drum
C test and 134.38 mg/L in the Dum D test. The difference in these tests can be attn’buted
primarily to the higher pressures associated with the Drum D test which caused more of the
nickel salts to permeate through the membrane. The ratio of permeate to concentrate nickel
concentration averaged 1.49% (Drum C) and 1.54% (Drum D), respectively, during the course
of the testing. Figure 10 shows the relationship between concentrate and permeate nickel
concentrations during the reverse osmosis tests. This graph indicates that the relationship
between concentrate and permeate nickel concentrations is relatively linear nntll the concentrate -
reaches a level of about 12,000 mg/L. Beyond this pomt additional increases in concentrate
nickel result in dramatically higher nickel concentrations in the penn&te The nickel levels in
the permeate samples indicate that initial treatment with reverse osmosis would not produce
water of adequate quality for discharge to a POTW. However, the processed water would be
of sufficient quality for reuse as rinse water. Further, the quality of this solution could be
further improved through additional reverse osmosis processmg to remove addmonal nickel.
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TOTAL ORGANIC CARBON CONCENTRATIONS

Total orgamc carbon (TOC) concentraﬁons in the Graham Planng nickel plating baths
are maintained at around 14,000 mg/L. TOC concentrations in rinse water samples collected
- during the low temperature evaporauon tests staxted at 990 mg/L (Drum A) and 550 mg/L

- (Drum B), respectively. TOC levels in the concentrate increased slowly until a concentration

" of 4,000 to 5,000 mg/L was reached. These levels were reached when approximately 80 to 0%
" of the drum volume had been processed. Beyond this point, TOC concentrations increased
dramatically until final concentrations of 26,000 mg/L A to 25,000 mg/L (Drum B) were
attained. These concentration increases were relatively consistent with the volume reduction that
was achieved. Figure 11 shows how levels of TOC increased in the concentrate solution as the

~ rinse water was processed through the evaporator. Table 3 includes a summary of the TOC
levels at the start and finish of these tests.
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Figure 11. Concentrate TOC concentration versus percent of drum processed;
low temperature evaporation tests.

TABLE 3. COMPARISON OF CONCENTRATE, DISTILLATE, AND PERMEATE TOC CONCENTRATIONS ‘

Low Temp. Evap. Reverse Osmosis
PnmA  DrumB Drum € DrumD

Concestrations at Beginning of Test (mg/L) ‘

Concentrate , ' 950 550 590 240

Distillate 26 63 - -

Pecmeate . . - - 9.1 s
Conceatrations at End of Test (mg/lL) |

Conceatrate 26000 25,000 2,800 3,500

Distillate 63 17 - -

Permeate " -~ - 16 n

Figure 12 depicts changes in concentrate TOC levels that occurred as the volume of rinse
water was processed through the reverse osmosis equipment. This information is summarized
further in Table 3. As shown, concentrate TOC levels started at 590 mg/L (Drum C) and 340
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mglL (Drum D), respectively. TOC levels increased steadily until concentrations of
approximately 1,000 mg/L were reached. This level was reached when about 60% of the drum
* volume was processed. Beyond this point, TOC levels increased more rapidly uatil final
concentratnons of 2,800 mg/L (drum C) and 3,500 mg/L (Drurn D) were reached.
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' " e of Drum Volume Processed
Figure 12. Concentrate TOC concentration versus percent of drum volume

processed; reverse osmosis test.

The increased TOC concentrations observed in the concentrate samples from both the low
temperature evaporation and reverse osmosis tests were fairly consistent with the volume
reductions that were aocomphshed in these tests. This phenomenon suggests that the organic
compounds present in the rinse water were effectively concentrated by the equipment and, in
general, were not allowed to pass through the processes fo the distillate and permeate solutions.

‘While this information illustrates the fate of the quantity of organic compounds, it does not take
into account changes in the quality of these oompmmds which may have occurred as a result of -
the processes. Evaluation of the individual organic compounds processed: thmughthe equipment

would be costly and time consummg. While this mfonnzucn would be usefuI, it is beyond the
scope of this study. A

- Permeate TOC levels were closely related to TOC levels present in the concentrate
(Figure 12). Flgure 13 provides information regarding changes in permme TOC concentrations
as the volumes of rinse water were processed through the reverse osmosis system. Comparison
of this information to Figure 12 suggests that permeate TOC levels are closely related to TOC
levels present in the concentrate. Permeate TOC concentrations increased relatively slowly at

first but increased dramatically after the first 70 percent of the solution volume had been
processed. ' '
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processed; reverse osmosis tests.

Table 4 provides a summary of TOC levels in distillate and permeate solutions. As
shown, the distillate samples averaged 3.5 (Drum A) and 3.03 (Dmum B) mg/L, respectively.
The permeate samples contained substantially more TOC, averaging 19.46 (Drum C) and 21.98
mg/L (Drum D), respectively. The permeate samples contained 5 to 7 times as much TOC as
the distillate samples. TOC levels observed in the distillate samples averaged only '0.13 to
0.31% as much as the concentrate TOC levels. TOC was present in the permeate at levels
which averaged 1.24 to 1.48% of the comesponding concentrate levels. This data suggest that
the organic constituents (brighteners, etc.) associated with the rinse water are able to penetrate
the reverse osmosis membrane but are not distilled in the low temperature evaporation process.

Table 4. Avernge FOC Concentrations in Distillate and Permests

Distilate TOC Conceatraion : panwe'mccw
prum Mexn (mg/L) STD (we/l) Mean (mgfL) STD (mi)
A @=3) 350 248 - -
B (a=4) 3.0 285 - - -
C @=5) - - 19.46 15.48
D (n=4) - o , 21.98 12.91
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ELECTRICAL CONDUCTIVITY

In the low temperature evaporation tests, electrical’conductivity values in concentrate
samples started at 16,600 (Drum A) and 10,150 (Drum B) umhos, respectively. As shown in
Figure 14, conductivities increased steadily as the first 80 percent of the drum volume was
processed to about 40,000 umhos (Drum B) and 65,000 umhos (Drum A). As the final few
gallons of rinse water were processed, electrical conductivities increased dramatically to 98,700

umhos (Drum C) and 108,800 umhos (Drum B). Table 5 summarizes changes in concentrate
~ ECs as the tests progressed.
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Figure 14. Concentrate electrical conductivity versus percent of drum volume

processed; low temperature evaporation tests.

' ‘The increases in concentrate electrical conductivity values observed in the reverse
osmosis tests were fairly consistent with the volume reductions that were achieved in these tests.
This phenomenon combined with the data presented above suggests that the equipment was
effective at keeping most of the salts from crossing the membrane into the permeate solution.
Electrical conductivity values in concentrate samples collected from the first 80 percent of the
low temperature evaporation tests were also reasonably consistent with the volume reduction that
occurred. However, electrical conductivity values associated with concentrate samples collected
" from the final 20 percent of the low temperature evaporation tests are well below what might
be expected based on the reduction of feed solution volume that occurred. These data suggest

. that at conductivities above about 60,000 umhos, salts begin precipitating out of solution and,
. consequently, are not measured in the electrical conductivity analysis.
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Table S. Comparison of Concentrate, Distillate, and Permeato Electrical Conductivities

Low Temp. Evap. . Reverse Osmosis

Drum A Drum B Drum C Drum D

Electrical Conductivities at Beginning of Test (umhos)

Concentrate 16,600 10,150 10,300 ‘ 6,270
Distillate 358 30.5 : - . -
Permeate - ‘ - 500 242

Flectrical Conductivities at End of Test (umhos)

Conceatrate 98,700 108,800 37,300 47,900
Distillate 213 216 ' - -
Permeate - R 3,720 9,190

As shown in Figure 15 and Table 5, concentrate electrical conductivity values in the
reverse osmosis tests started at 10,300 and 6,270 umhos for Drums C and D, respectively. As
the test progressed, electrical conductivity increased steadily until approximately 60 percent of
the drum volume had been processed. At this point, Drum D displayed an electrical
conductivity of about 10,000 umhos while Drum C’s electrical conductivity was about 18,000
umhos. As the next 25 to 35 percent of the solution was processed, electrical conductivity
increased dramatically until final conductivities of 37,000 umhos (Drum C) and 48,300 umhos
(Drum D) were attained. The higher conductivity reached during the Drum D test was most
likely a consequence of the higher pressures utilized in this test. The higher pressures enabled
the reverse osmosis equipment to force more permeate across the membrane and concentrate the
feed solution further.

Changes in electrical conductivity values associated with permeate samples collected in
the reverse osmosis tests were very similar to those which occurred in the concentrate samples.
Figure 16 and Table 5 indicate that permeate electrical conductivities started at 500 umhos
(@rmum C) and 242 umhos (Drum D), respectively. Permeate electrical conductivities increased
steadily until about 70 percent of the drum volume was processed. Approximately 70 percent
of the test volume had been processed at this point. Permeate conductivity ' increased
dramatically as the next 15 to 25 percent of the rinse water volume was processed until final
conductivities of 3720 umhos (Drum C) and 9190 umhos (Drum D) were reached. The higher - °
conductivities associated with the Drum D test may again be attributed to the higher pressures
utilized in this test. The higher pressures forced more salts to pass through the membrane into
the permeate. ‘ = :

3
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Table 6 provides a summary of electrical conductivities present in permeate and distillate
samples. As shown, the low temperature evaporation tests produced distillate samples that
averaged 22.94 (Drum A) and 25.24 (Drum B) umhos, respectively. The reverse osmosis tests
produced permeate samples which averaged 1331 (Drum C) and 1794 (Drum D) umhos.
Distillate samples collected during the low temperature evaporation tests exhibited electrical
conductivities which averaged only 0.09 to 0.15 percent as high as the concentrate
conductivities. Permeate samples from the reverse osmosis tests exhibited electm:al
conductivities which averaged 5.97 to 6.45 percent as high as the conductivities dlsplayed in the
concentrate samples suggesting that more salts can pass through the reverse osmosis membrane
than the evaporation process. '

Table 6. Averzge Electrical Conductivity Values in Distiliate and Permeate

Distillate EC o Permeate EC
Drum . R S
Mean (umhos) STD (umhos) Mean (umhos) STD (urihos)
[
A (@=13) 22.94 5.69 - -
B (a=16) 2524 " 5.60 - L -
cm=2) ! - - 1331 © L es9
D (=17 - - 1794 | 2539

PARAMETER RELATIONSHEHIPS

In addition to examining the equipment productivity, nickel concentration, total organic
carbon concentration, and elecirical conductivity data on an individual basis, efforts were made
to define relationships which exist between these parameters. These relationships can be utilized
to monitor equipment performance such that adjustments can be made to operating procedures

that will optimize efficiency. A summary of the relatlonshlps defined in this project is provxded
below.

In the reverse osmosis tests, permeate flux rates appeared to be directly 1mpacted by
nickel concentrations in both the concentrate and permeate streams. Figure 17 shows the
relationship between permeate flux rate and concentrate nickel concentration while Figure 18
shows the relationship between permeate flux rate and permeate nickel concentration. As
indicated on both graphs, fiux rates fell relatively quickly in the beginning stages of the tests as
nickel concentrations in concentrate and permeate increased. However, the rate of decline
tapered off as higher concentrations were reached in the concentrate and permeate solutions.

Permeate flux rates also appear to be related to electrical conductivities of both the
concentrate and permeate solutions. Figure 19 shows the relationship between permeate flux
rates and concentrate electrical conductivity while Figure 20 shows the relationship between
permeate flux rates and permeate electrical conductivity. These graphs show that flux rates
decrease exponentially as the electrical conductivity of both the concentrate and permeate
solutions increase.
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Electrical conductivity also proved to be a good indicator of the nickel concentrations

present in the concentrate solutions produced by both the low temperature evaporation and

reverse osmosis tests. Figure 21 shows that an exponential relationship existed between
concentrate electrical conductivity and nickel concentrations. This relationship appears to be
linear until concentrate electrical conductivities reach about 70,000 umhos. Then nickel
concentrations increased exponentially as increases in electrical conductivity occurred. Figure
22 shows the relationship between the electrical conductivity of concentrate samples and their
respective nickel concentrations for the reverse osmosis tests. As shown, this relationship
appears to be very linear. However, it should be noted that the highest conductivities observed

in these tests were in the 40,000 to 50,000 umhos range which is well below the point (70,000
umhos) where the concentrate electrical conductiviiies began increasing exponentially. Figure
23 shows the relationship between electrical conductivities associated with permeate samples and
their respective nickel concentrations. This relationship appears to be similar to the one defined

in Figure 22 for the concentrate samples. Permeate nickel concentrations increased linearly as
the electrical conductivity levels increased.
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Figure 21.  Concentrate nickel concentration versus electrical conductivity;

low temperature evaporation tests.
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Electrical conductivity data was also well correlated with total organic carbon
concentrations in both the low temperature evaporation and reverse osmosis tests. Figure 24
shows the relationship between electrical conductivity of concentrate samples and corresponding -
total organic carbon levels. This relationship appears to be linear through electrical conductivity
levels of approximately 50,000 umhos. At higher electrical conductivity levels, total organic
carbon levels increased exponentially. Figure 25 shows a linear relationship between concentrate -
electrical conductivity and total organic carbon results in the reverse osmosis tests. It should
_ be noted that the highest electrical conductivity values attained in the reverse osmosis tests were

below the 50,000 umhos level where nickel concentrations began increasing exponentially in the
low temperature evaporation tests. ‘

The relationships described above will be very useful in developing operating standards
for the low temperature evaporation and reverse osmosis systems. It is fortunate that electrical
conductivity data are well correlated with the other parameters because conductivity
measurements are relatively quick, simple, and inexpensive to obtain. Further, electrical
conductivity instruments can be incorporated into operating systems to help provide process
control.
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SECTION 5
ECONOMIC ANALYSIS

The costs and benefits associated with installing low temperature evaporation and/or
reverse osmosis systems at the new Graham Plating facility were analyzed to determine the
economic feasibility of these technologies. Assumptions regarding inflation rate, discount rate,
federal tax rate, depreciation schedule, project life and various operating expenses were entered
into a LOTUS spreadsheet (General Electric, 1987) which calculates a number of economic
indices. The assumptions utilized in these calculations and their sources are presented in Table
7. Projected costs of future liabilities associated with hazardous waste generated from the
Graham Plating facility were not included in this assessment due to the lack of an accurate
means (o assess these liabilities. Therefore, the economic indices presented below are most
likely a conservative estimate of the monetary benefits that might be expected due to
implementation of these technologies. ‘

TABLE 7. ASSUMPTIONS FOR ECONOMIC CALCULATIONS

Item . ~ Factor ’ Source
Inflation Rate . 4% Consumer Price Index
Discount Rate ' v ' 172% 10 year treasury bill rate +0.5%
Federal Tax Rate i 34% General Electric, (1987)
Depreciation Schedule _ 7 years General Electric, (1987)
Project Life - ‘ 10 years Osmonics and Licon
Power Costs | o T . ‘ S.lefki.lowaﬁ: ‘ Commonwealth Edison v
Thermal Unit Costs | $.40/100,000 ETU Commonwealth Edison
Labér Costs v ' ’ ’ A ‘leIhout ‘ Graham Platmg
Saivage Value o 10% of Capital Cost Osmonics and Licon
Studge Disposal Costs : $7.27/gallon Graham Plating
Water Costs | : : $3/1,000 gallons ‘ Arlington Heights Public Works
Reclaimed Ni Value | $3.75/pound Stutz Metal Finishing Products

In addition to the assumptions presented in Table 7, it was further assumed that all of the rinse
water treated with the systems would be produced from a nickel electroplating line. Under
actual plant conditions, rinse water from other electroplating lines would be processed with the
equipment. However, since nickel rinse water was the only feed solution tested in this project
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it was not appropriate to make assumptions regarding equipment performance with respect to
other metals. It was also assumed that all egquipment evaluated in the economic assessments
would operate 24 hours per day, 5 days per week at only 80% of its capacity (5,760 gallons per
day). This estimate takes into account down time associated with maintenance activities and
production fluctuations. ‘ !

These assumptions along with information collected in the low temperature evaporation
and reverse osmosis tests were used to prepare the economic analysis on three altemative process
systems that could be implemented at the new Graham Plating facility. The alternatives
examined include: 1) a low temperature ewaporator system, 2) a reverse osmosis system, and
3) a combined system which would utilize both technologies. Detailed cost/benefit assessments
of these alternatives are provided below. : :

The low temperature evaporation economic assessment was based on the anticipated
utilization of the Licon evaporator purchased for use at the new Grabam Plating facility. This
unit is capable of processing up to 7,200 gallons of electroplating rinse water per day. Table
8 provides a cash flow summary associated with implementation of the evaporator system. As
shown, this unit requires a significant capital investment of $140,000. Additionally, the
evaporator requires considerable energy imput (5,000 BTU per galion of solution processed)
which would result in energy costs of just mader $30,000 per year (based on 1992 costs) or $20
per 1,000 gallons. Replacement of pump seals, miscellaneous repairs and equipment monitoring
activities would cost about $3,060 per year. Replacement of the various pumps utilized on this
equipment would take place twice during thie project life at the projected costs displayed in Table
8. ‘ :

Considerable savings could be expected through utilization of the evaporation system to
reclaim nickel salts from the rinse water. It was estimated that over 12 thousand pounds of
nickel could be salvaged from the nickel minse water in a year’s time through utilization of the
evaporation system. Based on 1992 doliars, these salts would have an approximate value of
$36,660 per year as compared to the cost of buying an equivalent amount of new plating chips.
Additional savings would be realized throwgh reduction in water utilization ($4492 per year) and
sludge generation and disposal ($19,200 per year). f

Based on the parameters described above, the LOTUS spreadsheet was utilized to
calculate the economic indices presented fn Table 9. As shown, the economics associated with
installing a Low Temperature Evaporation system at the Graham Plating facility are relatively
favorable. It is estimated that the payback period associated with this technology would require
about 6.9 years. An implied rate of retum of about 10.6% would be realized while the net
present value would be $54,017. ~ \
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- TAE.LE 8: LOW TEMPERATURE EVAPORATION CASH FLOW SUMMARY
: [Dollar Amounts Before Taxes and Depreciation]

'L:.f‘; . «..2:-—"':.' L

: 1 2 3 4 5 6 7 8 9 10
AR ‘ . 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002
\P!TAL EXPENDITURES
smi\ Double Effect Evaporator 140000
PERATING EXPENDITURES
nergy Consumption ’ 29952 31150 32396 33692 35040 36441 37899 39415 409N 42631
7.5 billion BTU/year) S Co
Jquﬁpment Maintenance*® ‘

Replace Concentrate Pump 450 526

Replace Recirculation Pump 787 921

Replace Distillate Pump : ' 787 . 921 :
Replace Pump Seals 1000 1040 1082 1125 1170 1217 1265 1316 1369 1423
Miscellaneous Repairs*® ‘ 500 520 541 562 585 608 633 658 684 712
Monitor Equipment* 1560 1622 1687 1755 1825 1898 1974 2053 2135 2220
TOLTAL EXPENDITURES | 173012 34332 35706 39159 38619 40164 41771 45810 45179 46986
3Afvmes
Reclaimed Nickel . 36660 38126 39651 41238 42887v 448(52 46387 48242 50172 52179
9776 lbs.lyear @ $3.75 per Ib. L : ' :
Water Consumption | 4492 4672 4859 5053 5255 5465 5684 5911 6148 6394 -
1497000 ga.fyear @ $3!1000 ga. . - ' o ' -
Waste Disposal - _‘ 19200 19968 20767 21597 22461 23360 24294 25266 26277 27328
2640 ga.dyr. sludge@$7.27lga o S : : . S -
Equipment Salvage 14000
TOTALSAVINGS 60352 62766 65277 67888 70603 73427 76365 79419 82506 99900
CASH FLOW | {12660 28433 20570 28729 31983 33263 34593 33608 37416 52913

* ;Prices include Iabor




TABLE 9. ECONOMIC SUMMARY - LOW TEMPERATURE EVAPORATION OPTION

_ Capital Invested j $140,000
Payback Period 6.9 years
Net Present Value (NPV) Lo , $54,017
Implicd Rate of Retura (IRR) | 10.6%

The economic assessment for the reverse osmosis system was based on the uuhzatlon of
an Osmonics unit equipped with 12, 4 inch diameter membrane cartridges and a ten horse power
motor. Based on results of the reverse osmosis tests and manufacturers recommendations, this
unit should be capable of processing rinse water: volumes of about seven to eight thousand
gallons per day. This estimate takes into account the low processing rates that can be expected
as the concentrate solution is condensed to the maximum concentrations attainable with this

technology. A cash flow summary explaining the costs and benefits associated with mstallmg
and operating this unit is provided in Table 10.

Capital costs required fo install this unit would be approximately $50, 000 The
membrane cartridges for this unit would have to be replaced every other year at a cost of $800
each (1992 dollars). The reverse osmosis unit would require about $3,724 annually (1992
dollars) in electrical power costs or $2.50 per 1,000 gallons. Other expenses required to operate
this unit would include costs associated with prefilters, cleaning the membranes, and monitoring
the equipment which would cost approximately $4608 per year (1992 doliars).

Based on the results of the reverse osmosis tests conducted in this project, the uhit could
only concentrate the nickel solution to a concentration of about 1.2 to 1.8 percent nickel. This
concentration is well below the eight percent nickel concentration normally utilized in the
Graham Plating operation’s plating baths. Therefore, the concentrate solution ]pmduced through
the reverse osmosis process could only be placed in the plating baths to replace water losses.
It is estimated that about 300 gaHons of concentrate containing approximately 1.5% nickel would
be produced daily from the reverse osmosis process. This volume would be well beyond that
which could be used to replace water in the plating baths. For the purposes of economic
calculations, it was assumed that 3/4 of this conceéntrate (about 58,656 gallons per yar) could
be used to replace plating bath water losses. This ﬁgure probably greatly exceeds that which
could reasonably be used in the plating opemtlon but it is used in this economic assessment to”

provide a "best case” scenario. The remaining 1/4 of the concentrate solution (about 19,.)52 T

gallons per year) which could not be utilized to replace plating bath water losses would have to
be treated further by precipitation and shipped off site to a facility that conducts ‘metal mclaxmmg
operations at a net cost of just over $45,000 per year. ‘

Substantial savings would be realized as a result of installing a reverse osmosis system
at the Graham Plating facility. Approximately $27,000 (1992 dollars) per year in savings would
be realized through reclamation of nickel salts from the processed rinse water (as compared to
having to purchase fresh salts). An additional $4492 (1992 dollars) per year could be anucxpdted
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TABLE 10: REVERSE OSMOSIS CASH FLOW SUMMARY-
[Dollar Amounts Before Taxes and Deprec:atlon]

t e e,
i ;&‘

,fj T

I

1 2 3 4 5 6 7 8 9 10

'EAR 1993 1994 1995 1996 1897 1998 1999 2000 2001 2002
SAPITAL EXPENDITURES
)smonics 12 membrane system . 50000
DPERATING EXPENDITURES
=nergy Consumptidn ' 3724 3873 4028 4189 4357 4531 4712 4801 5097 £300
{37,240 kwiyear) '
=quipment Maintenance * ;
Replace Membranes 9984 10799 11680 12633 13664
Replace pre-filters 2028 2109 2193 2281 2372 2467 2566 2669 2775 2886
Clean Membranes 1020 1061 1103 1147 1183 1241 1291 . 1342 1386 1452
Monitor Equipment 1560 1622 1687 1755 1825 1898 1974 2053 2135 2220
Replace Pump _ 6083 :
Waste Disposal** ' |
364 drumslyear @ $110/drum. - 45040 46842 48715 50664 52690 54798 56990 58270 61640 64106
- 85000 shipping ‘
TOTAL EXPEND!TURES " 103372 65491 57727 70835 62438 82698 67533 82867 73043 89620
SAVINGS
’Redaxmed Nickel ‘ o o _ _ ‘ - : :
7223 ibs./year @ $3.75 per b. . . 27084 28167 29294 30466 31684 32952 34270 35641 37066 38548
Water Consumptum : ‘ ' - ‘
1497000 ga.fyear @ $3/1000 ga. h - I ,
, 4492 4672 4859 5053 5255 5465 5684 5911 6148 63%4
Waste Disposal - ‘ ‘
2640 ga.yr. sludge @ $7.27/ga. . 19200 19968 20767 21597 22481 23360 24284 25266 26277 27328
Equipment Salvage l ‘ iSOOO
TOTAL SAVINGS ' 50776 52807 54919 57116 59401 61777 64248 66818 69490 77270
CASH FLOW -52506 -12684 —2808 -13719 -3037 -20922 -3285 -16049 -3553 -12359

* Prices include labor

** Assumes 3/4 of concentrated nickel solution can be used in plating
.. while other 174 must be disposed of bath makeup
- ‘ 39




through reduction in water utilization. Waste disposal costs associated with electroplating sludge
riddance would be reduced by about $19,200 per year. ;

The economic indices (payback period, net present value, and implied rate of return)
associated with the reverse osmosis system (Table 11) show that for this operation, the reverse
osmosis system is not an economically viable option. The primary factor contributing to the
unfavorable economic conditions associated with this system can be traced directly to the costs
required for disposal of the excess nickel concentrate. If all of this solution could be recycled
into the electroplating process, the economics associated with the reverse osmosis option would
be much more favorable. It is possible that other companies could recycle all of the concentrate
solution from the reverse osmosis process. An economic assessment performed on the feasibility
of a reverse osmosis system installed at such a facility would probably suggest that th¢ reverse

osmosis technology is acceptable and may be the most beneficial of all rinse water recycling
options. : ! ‘ ?

1

TABLE 11. ECONOMIC SUMMARY% REVERSE OSMOSIS OPTION

Capital Invested ' f $50,000

Payback Period B Never

Net Present Value (NPV) - $78,317)

froplied Rate of Returm (IRR) : . ©5%) :

The economic assessment for the combined technologies option was based on the
utilization of an Osmonics reverse osmosis unit equipped with six membrane cartridges and a
Licon double effect evaporator. Based on results from the reverse osmosis tests and
manufacturers recommendations, the reverse osmosis unit would be capable of processing 5,500
to 6,000 gallons per day. Althoungh this unit would be equipped with only six membranes, the
individual membranes would be more productive than the membranes placed in the unit specified
in the reverse osmosis system. The increased productivity could be attributed to the fact that
the reverse osmosis system used in the combined technologies option would only be utilized on
feed solution containing less tham 4,000 mg/L of nickel. At these concentrations, the membranes
would not foul as rapidly resulting in higher productivity and less down time for membrane
cleaning. The evaporator specified for the combined technology option would be a Licon double
effect evaporator capable of processing about 2,000 gallons of rinse water per day. ; T

The reverse osmosis system would be used to concentrate about 80 percent of the rinse
water volume from an initial concentration of about 784 mg/L nickel to about 4,000 mg/L
nickel. The solution concentrated by the reverse osmosis system would then be transferred to
the low temperature evaporation system. The evaporator would concentrate the remaining 20
percent of the rinse water solution to 2 concenuaﬁon of about eight percent nickel which could
subsequently be replaced in the plating bath. Using the equipment within its optimum operating
ranges would augment the ability of the systems to process the rinse water with maximum
efficiency while supplying the electroplating operation with high quality concentrate, distillate,
and permeate solutions for reuse. Since the equipment would always be functioning within
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TABLE 12: COMBINED SYSTEM CASH FLOW SUMMARY
[Doilar Amounts Before Taxes and Depreciation]

1 2 3 . & s ¢ 7 s ° 10

EAR  qge3 ;1994 1095 . Jees 1997 1998 1999 2000 2001 . 2002
APITAL EXPENDITURES
Licon Double Effect Evaparator 85000
Osmonics 6 Membrane System . ‘ 30000
DPERATING EXPENDITURES
‘OW TEMPERATURE EVAPORATION SYSTEM

Ene'rgy Consumption ' 5990 62320 8478 &738 7007 7288 7579 7882 8168 3525
{1.5 billion BTU/year)

Zquipment Maintenance”

Replace Concentrate Pump : 384 481
Replace Recirculation Pump ] ‘ 875 790
Replace Distillate Pump v ' 875 790 '

' Replace Pump Soals VBOO 832 885 «00 938 873 1012 1053 1095 1129
‘Miscellanoous Repairs . 400 418 433 450 488 487 5068 526 547 589

REVERSE OSMOSIS SYSTEM .

Energy Consumption : 3724 3873 4028 4188 4357 4531 4712 4901 5087 5300
[37.240 kwiyear} ‘

Equipment Maintenance™ )
Roplace Membranes ' 4982 5388 5840 8318 6332
Rep!aoe pre—filters 808 838 872 907 943 881 1020 1081 1103 1147
Cloan Membranes 480 478 498 517 538 560 582 605 630 835

" Repiace Pump S ) 4867

'BOTH SYSTEMS .

_ Monitor Equipment : 1560 | 1622 1887 1785 1825 1898 ‘ 1974 2053 2135 C 2220

TOTAL EXPENDITURES ‘ o ' ' 128740 18282 14861 22598 18074 27423 * 17385 26437 18804 26388

_ SAVINGS

'Reclalmed Nickel
9651 lbuyear @ $375 perib. 38191 37639 38144 40710 42338 44032 45783 47625 49530 51511

Water Consumption ‘
1497000 ga fyear @ $3/1000ga. 4492 4872 4858 5053 62556 5465 5634 5911 6148 6384

Waste Disposal . .

:18200 galtyr. sludge @ $iiga. . 18200 19968 20767 21587 22481 23360 24284 25268 26277 27328
Equipment Salvage 11500
TOTAL SAVINGS ) 50883 682278 64763 67360 70055 72857 75771 78802 81654 7 96732

- CASH FLOW ’ l -BS857 42006.72 4990826 44781.71 53980.78 45433.46 58385.61 52364.87 63148.88 7034388

. *Prices include labor
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optimum concentration ranges, smaller reverse osmosis and low temperature evaporation units
could be implemented than if the individual umts were used alone.

Table 12 provides a cash flow summary for the combined technologies opt’;lon. As
shown, a capital investment of $115,000 would be required to install the two systems described
above into the new Graham Plating facility. Energy costs to operate the two systems would
require about $9714 (1992 dollars) per year. Costs for replacing pre-filters and cleaning
membranes associated with the reverse osmosis unit would be about $1,266 per year.
Membranes for the reverse osmosis unit would have to be replaced every other year at a cost
of about $4,800 (1992 dollars). Pumps for the reverse osmosis and evaporator units would have
to be replaced at various times during the projected life of the equipment at the approximate
costs projected on Table 12. Additionally, about $2,760 (1992 dollars) would have to be spent

on a yearly basis to replace pump seals, perform 1mscellaneous repairs and monitor equipment
performance. .

The economic indices calculated for the combmed system are presented in Table 13. As
shown, this option offers a net present value of $177,057, an implied rate of reun'n of 27.6 -
percent, and would payback the capital investment in about 2.8 years. Based on the assumptmns
and conditions used in this assessment, the combined option appears to offer the best economic
alternative for processing the electroplating rinse water. The superior indices produced by this
alternative may be attributed to the fact that the two technologies proposed in this optlon would
be utilized under conditions for which the equipment is best suited. The reverse osmosis
equipment is more efficient at processmg the dilute (less than 4,000 mg/L) solution while the

evaporator is more efficient at processing rinse water containing nickel in concentratlons in
excess of 4,000 mg/L..

TABLE 13. ECONOMIC SUMMARY - COMBINED TECHNOLOGY OPTIOk:‘I

Capital Invested o $115,000
Payback Period l 2.8 years
Net Present Value (NPV) ' $177,057

Implied Rate of Return IRR) - ' 27.6%
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SECTION 6

CONCLUSIONS AND RECOMMENDATIONS

'SYSTEM EFFICIENCY

“The low temperature evaporation system exhibited consistent productivity throughout the
~ tests. This performance feature was unfailing regardless of the chemical concentrations of the
~ feed solution provided to the system. In addition to the steady production rate of the low
temperature evaporation system, it was capable of concentrating the rinse water feed solution
to mickel levels as high as 13 to 18 percent which are well above the 8 percent required for
return to the plating bath. The low temperature evaporation system concentrated the organic
constituents of the rinse water to total organic carbon levels of 25,000 to 26,000 mg/L.. The
concentration rate of the organic components paralleled the nickel concentration rate suggesting
that few organic materials were lost to volatization. Characterization and quantitation of the
individual organic constituents was not performed in this project and should be a consideration
in future investigations. Prior to reuse of the concentrate in a plating bath, these organics may
need to be removed to prevent buildup and adverse affects on plating quality.

The quality of the cleaned rinse water is of great importance to electroplating shops,
particularly if it is to be reused in the electroplating process. Distillate produced by the low
temperature evaporation system was very low in both nickel concentration (average 0.31 t0 0.71
mg/L) and TOC concentration (average 3.04 to 3.50 mg/L). This water is of good enough
quality that it could be both reused within the electroplating facility or discharged to a POTW.

~ 'Disadvantages of the low temperature evaporation system include its relatively high
($140,000) capital cost and high energy requirements ($20 per 1,000 gallons processed). The
implied rate of return of 10.6 percent determined in the economic assessment for the low
temperature evaporation system suggests that it is a marginal investment opportunity by today’s
standards. However, these estimates do not take into account the future liabilities that would

be minimized as the result of reducing the quantity and type of hazardous waste discharges from
the facility. | | ‘

The reverse osmosis system exhibited superior productivity at the beginning of the tests
and productivity dropped off dramatically after about 60 percent of the feed solution had been
processed. At this point, feed solution nickel concentrations were approximately 4,000 to 5,000
mg/L. Beyond these levels, the productivity of the reverse OSmOSis equipment decreased
dramatically as solids began to precipitate and foul the membrane. The reverse osmosis system
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was capable of concentrating the feed solution to nickel concentrations of 12,560 to 18,200
mg/L.. These concentrations are weil below the 8 percent nickel concentration required for the
plating bath. Some of this solution could be used to replace water losses in the electroplating
process. However, it is likely that the reverse osmosis system would produce too much
concentrated rinse water containing 1.2 to 1.8 percent nickel. This material would have to be
further processed by using an alternative technology such as low temperature evaporation or
shipped to a facility that could extract the nickel for utilization in other industrial processes.

The reverse osmosis system concentrated the organic constituents present in the rinse
water to levels of 2,800 to 3,500 mg/L. These concentrations suggest that the organic bath
constituents are concentrated by the reverse osmosis equipment at rates that parallel the nickel
concentration rates. No information was obtained in these tests regarding the quality and nature
of the organic bath constituents. However, the low operating temperatures utilized by the

reverse osmosis equipment (74 to 80 degrees F) should have prevented degradation of the
organic molecules. =

The quality of the cleaned rinse water produced by the reverse osmosis equipment was
directly related to the quality of the feed solution pumped into the unit. Permeate produced by
the reverse osmosis system averaged 89 to 134 mg/L nickel. These concentrations are
acceptable for reuse as rinse water. However, this solution would not be acceptable for
discharge to POTWs. It should be noted that the permeate quality could be significantly
improved if the reverse osmosis system was utilized only on rinse water feed solution with lower
(4,000 to 5,000 mg/L or less) mickel con jons. TOC concentrations averaged 19.46 to
21.98 mg/L in the permeate solution suggesting that some of the organic compounds are able
to permeate through the membrane. It is not known if some of the compounds have a greater
tendency to permeate the membrane than others and this possibility should be investigated in
future studies. Advantages of the reverse osmosis system include its relatively high production
rates with respect to low concentration (less than 4,000 mg/L) feed solutions. Additionally, it
requires lower capital investment (about $50,000) than a comparably sized low temperature
evaporation system. Energy costs {0 operate 2 reverse osmosis system would require only about
$2.50 per 1,000 gallons processed. o . “

Disadvantages associated with a reverse osmosis system include its mzbihty to
concentrate the feed solution to levels beyond the 12,560 to 18,200 mg/L levels revealed in this
study. This factor alone would prevent wutilization of a-stand alone reverse osmosis. system at "~
the Graham Plating facility due to the impracticalities associated with utilization of the
concentrate produced by the system. Another disadvantage associated with the reverse osmosis
system is the lower quality permeate produced by the system. This-solution would most likely
have to be reused within the plant and could not be discharged to the POTW. o

Both the low temperature evaporation and reverse OSmosis systems appear to offer
advantages under specific operating conditions. The low temperature evaporation system appears
to be best adapted to processing solutions with relatively high nickel concentrations. It can
process these solutions such that concentrate solution comprised of eight percent or more nickel
is produced along with a very high quality distillate solution. The reverse osmosis system is best
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adapted to conditions where the feed solution is of relatively low nickel concentration. It can
process the low concentration feed solution with relatively high efficiency to a level of about
4,000 to 5,000 mg/L. At this point the solution could be transferred to a low temperature
evaporator or other acceptable process for further concentration. Utilizing the equipment within
its optimum operating ranges would augment the ability of the systems to process the rinse water
with maximum efficiency while supplying the electroplating operation with high quality
concentrate, distillate, and permeate solutions for reuse. This relationship is consistent with the
combined technology economic assessment provided above in which the two systems would be
utilized in tandem. The implied rate of return of 27.6 percent associated with this assessment
is the most favorable of the economic scenarios examined due to the projected utilization of the
‘equipment under its most favorable conditions. :

Electrical conductivity measurements taken during operation of both the low temperature
evaporation and reverse osmosis systems could be of great value during actual plant operating
conditions. The electrical conductivity data obtained in this project was well correlated with
nickel concentration, TOC concentration, and membrane flux characteristics. Accurate
assumptions regarding concentrate, permeate, and distillate quality could be based on electrical
~ conductivity measurements taken throughout the work day. Further, the equipment could be
automated to accumulate and discharge the various solutions based on in process electrical
conductivity measurements that could activate pumps, valves, and/or switches when preset levels
are attained. :

RECOMMENDATIONS

This study analyzes the performance of the two technologies with respect to processing
rinse water from a nickel electroplating process. Additional tests utilizing rinse water from other
electroplating lines using other metals should be performed to defermine these technologies
. usefulness with respect to processing the entire spectrum of rinse water streams that would be

produced at a full-scale electroplating operation. Detailed analysis of all organic and inorganic
rinse water components (organic brighteners, sulfate, chloride, etc.) would be useful in future
studies to determine the effects of low temperature evaporation and reverse osmosis processing
. on the relative quality and quantity of these constituents. -

‘When Graham Plating implements the low temperature evaporation system in their new
facility, on site testing should be performed to allow comparison of this full-scale system with
the pilot-scale tests performed in this study. Detailed study of the performance of the
concentrated rinse water that is returned to the plating bath should be performed.’ Efforts should
be made to determine the effects of the recycled plating chemicals on plating quality and bath
longevity. The information obtained from this study is based on very short term observations.
Therefore, information should also be obtained regarding the long term performance of the full-
scale system at the Graham Plating facility.

Evaluations of other technology options such as ion exchange and electrowinning should
be performed in studies similar to those described in this project to provide a comparison with
respect to all alternatives currently available. This project has provided a good foundation for

45




evaluatmg options for processing electroplating rinse waters. Execution of the addmonal studies
recommended above would provide an accurate assessment of all of the available alternatives
and their respective potential regarding the processing of electroplating rinse water.
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APPENDIX

QUALITY ASSURANCE

The quality assurance project plan submitted for this project Miller, 1991) was written
to validate the evaluation of a full-scale low temperature evaporation system at the new Graham
Plating facility. However, Graham Plating has not been able to relocate their electroplating
operations to their new facility. Therefore, evaluation of the full-scale low temperature
evaporation process was not possible. An alternative study plan was developed in cooperation
with Graham Plating and the U.S. Environmental Protection Agency project officer to evaluate
both low temperature evaporation and reverse osmosis technologies on a pilot scale. The focus
of this project was modified to evaluate these technologies with respect to their capabilities for
processing clectroplating rinse water produced from =a nickel electroplating -operation.
Specifically, the tests were structured to examine the fate of nickel, total organic carbon, and
electrical conductivity as the solutions were processed and concentrated through the low
temperature evaporation and reverse osmosis systems. ‘

Although significant modifications were made with respect to the project location and
scope, great efforts were made to ensure that the quality assurance objectives established for this
- project were not compromised. The specifications outlined in the quality assurance project plan
were followed with respect to sampling procedures, analytical procedures, instrament calibration,
internal quality control checks, performance audits, and data reduction, calculation, validation -
and reporting. Compliance with these quality assurance objectives has resulted in high quality .
data validating the success of the two test methods. - This simulation will have broad applicability
" to numerous electroplating firms. ' ' T S e

NICKEL ANALYSIS CALIBRATION . ;

> .

A five point calibration was used for all analyses performed by this technique, in =~

accordance with the mamfacturer’s operating/procedures manual. - The instrument software
automatically processes the standards information and prepares a standard curve consistent with
the data. Standard curves were manually plotted and checked on a recurring basis to ensure the
accuracy of the computer algorithm, and to verify that the software was operating properly. An
operating range was selected to ensure that the standard curve still had sufficient slope on the
high end to facilitate unambiguous differentiation between sample concentrations of interest. '
Calibration curves were compared between analytical runs to verify proper standards preparation -
and consistent instrament performance. o : .
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TOTAL ORGANIC CARBON ANALYSIS CALIBRATION :

The Dohrmann instrument was calibrated with a single standard of potassium ﬁydmgren
phthalate in accordance with the manufacturer’s opemﬁng/procedures manual. The calibration
standard, usually 1000 mg-C/L, was chosen to be higher in concentration than the hnghest

expected sample. Calibration was verified at apprommately every 10th sample by rerunning the
standard.

l

MEASURES OF ACCURACY AND PRECISION

Results of precision and accuracy determmatlons for nickel and TOC are mcluded in the
accompanying table.

NICKEL ANALYSIS

The wastewaters from the nickel plating process contained initially high levels (4,000
mg/L) of nickel and these levels were increased significantly in the concentration processes. By
contrast, nickel levels in the treated water were much lower, ranging from 0.1 to about 100
mg/L. As a consequence, samples were Tun under several different wavelength conditions on
the AAS, trying to match the a.nalytwal range to the sample concentrations to minimize the
dilution factors. This resulted in a number of different check standards, one set for each
concentration range. . Check standards were monitored at approximately every 10 sample
analyses, and were compared for consistency within the run and between runs. Drift in excess
of 10% in check standard concentrations during the course of a run, which was occasionally
observed, was used to reject data sets or parts thereof. A chart of check standard responses
through a period in July, 1992, when the instrument was calibrated between 10 and 50 mg/L,
is attached. As a matter of course, samples that were above or below the range of standcu'ds
were rerun at a different dilution or wavelength. -

On average, one duplicate and one spike analysis was run with each 10 samples analyzed.
Duplicates were invariably within 5% relative difference throughout the project. Differences
as large as 10% would not have compromised the experimental objectives of the project because
of the distinct differences in treated water versus concentrates. So duplicate mults strongly
supported the appropriateness of the nickel data for evaluating project msults

Splke results also were sausfactory for meetmg project needs. Most spike reoovenw fell
between 90-100%, with a few values in the 80% range. In a few cases, spike values fell
significantly below 80%, suggesting errors in preparation or spike levels inappropriate to sample
concentrations. These spikes were prepared over and rerun to verify accurate performance of
the instrument. ' ' |

Calibration standards were also routinely inserted into sample sets to serve as checks on
instrument performance during the course of a run. One standard was inserted for each 10
samples analyzed; the concentration of the standard was varied so that in our standard 30 sample
runs, three different standards were routinely checked Instrument responses to thcse standards
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were used in conjunction with check standard data to indicate drift or other problems with -
instrument performance. ST ' :

Numerous samples were rerun during the course of the several months of analytical
support provided this project. Reruns were performed to ensure comparability of results over
time and to check on results that were out of range or suspect due to problems with check
standards or spikes. These reruns regularly confirmed the validity of the original
determinations, often to within 1% relative difference. :

Specific conductivity was measured at the point of sample collection and was used as a
control parameter in the experimental procedure. These data were used to guide analytical
decisions on concentration range, dilution, and spike levels. They were also used as a final
validation of the nickel data, since the relationship between specific conductance and nickel
concentration was shown to be consistent within a sample set. In a few instances, deviations
from this relationship were used to identify samples for reanalysis. Such reanalysis often
revealed problems in the initial concentration measurement and justified adjusting reported
concentration values. : ‘

TOTAL ORGANIC CARBON

'Duplicate samples and reruns (on subsequent dates) were used to verify accuracy of TOC
results. Only selected samples were analyzed for TOC, to give indications of trends in organic
carborn concentration through an experimental run. The range of concentrations was large, 1 to
26,000 mg/L, and to some degree, paralleled the nickel results. The duplicates and reruns
strongly supported the reproducibility of the instrumental measurement, and calibration checks
suggested the results were accurate. Comparisons to changes in nickel and conductivity data
also served as an independent check on TOC values.

A duplicate and spike was prepared for the set of five samples run for chlori‘dé and
sulfate determination. Percent differences between duplicates was 1% or less and spike
recoveries ranged from 99 to 104% for these analyses. - ' e

. REFERENCE STANDARDS

. The }aboratbry did not participate in any external pe;fcrmaxice evaluation (PE) for nickel " *

analysis by AAS during the course of this project. The laboratory is involved in 2 quarterly PE-
exercise with the USGS, but the low metals concentrations in these PE samples argues for their -
analysis by ICP/MS. ‘We have consistently performed well in these PE exercises, with nickel
analysis always yielding good to very good results. The significance of these PE exercises to
the current project is that they provide an independent check on the nickel standard quality.

A Spex certified standard was used for nickel analysis in this project (a copy of the
Certificate of Analysis for the nickel standard is attached). Check standards were prepared,
whenever feasible, from a separate stock, and consistently resulted in measured concentrations
at or near the anticipated concentration. o -
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No reference standards were used for TOC or inorganic ion determinations. Standards
for these determinations were prepared from the highest quality reagent chemical available on
an analytical balance with a calibration history traceable to NIST. Previous performance in the -
USGS PE program has shown that we have performed well on sulfate and chloride analysm by
ion chromatography.

DETECTION LIMITS

Instrument detection limits were never an issue in this study. Concentrations were quite
high in the untreated samples and concentrates so that 1 mg/L as a bottom limit offered
treatment efficiencies of greater than 99.9%. Some measurements were made in the 0.1 to 1
mg/L range, well within the capabilifies of the instrument. Most were made in the 10 to 50
mg/L range. Performance at the lower end, the operationally defined project detection limit,
was verified by evaluating the quality of the standard curve and the results of sample spikes.
This lower limit of 0.1 mg/L proved more than adequate in addressing all of the samples

Some treated samples had TOC levels below 10 mg/L. These levels are near the
effective lower limit of TOC determination for our instrumental system. However, the exact
value of the TOC at this level was less critical to 'the project than just knowing concentrations
were in this range. Consequently, no formal determination of lower detection limit was
performed. Duplicate determinations at 16 mg/L showed consistent results. Evaluation of 5 and
10 mg/L. standards in this low range yielded quantitation at 93% of nominal. The treated water
also provided a very clean matrix for these measurements, contributing to our confidence in the
results.

Instrument detection limits for i morgamc xons were not a factor in this study as the few -
samples analyzed had concentrations of analytes at or above 10,000 mg/L. :

METHOD BLANKS

t

A distilled water blank was used in each calibration of the AAS. A reagent blank,
containing a concentration of HNO; (the diluent for all diluted samples, and the stabilizer for
undiluted samples) similar to all of the samples, was analyzed, on average, with every 10
samples. Because of the fairly high levels of nickel in nearly all of the samples, the reagent
blank results, usually between 0 and 0.05 mg/L in the higher concentration mwsmrement rariges
(10-50 mg/L), were never considered significant. -~ Blanks in the lower concentration
measurement range (0.1-1.0 mg/L) were md:sungmsbable from zero.

TOC and ion chromatographic analyses employed a dJStilled water blank and consmtenﬂy
gave results indistinguishable from zero. | .

DATA REDUCTION

Data reduction was limited to adjusting du'ect concentration measurements from the
instruments for dilution factors, and to providing % difference and % recovery v?alues for
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duplicate and spikes, respectively. Calibration on the instrumental systems allows for direct
readout of concentrations on all samples analyzed. In some cases, dilution factors can also be
built into the instrument program. However, we rarely used this latter feature, preferring
instead to maintain close contact with the actual instrument response for the sample. Dilution
corrections were made manually (spreadsheet) after examination of the instrument results. All
data transcriptions to the spreadsheet were checked and rechecked, sometime by two different
individuals. The spreadsheet was also used for calculation of % difference and % recovery

information.
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