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FOREWORD

When energy and material resources are extracted, processed, converted,
and used, the related pollutional impacts on our environment and even on our
health often require that new and increasingly more efficient pollution con-
trol methods be used. The Industrial Environmental Research Laboratory -
Cincinnati (IERL-Ci) assists in developing and demonstrating new and improved
methodologies that will meet these needs both efficiently and economically.

This report deals with bench and pilot plant scale studies of the
removal of toxic inorganic compounds from aqueous systems by adsorbing col-
loid flotation. These results are relevant to the treatment of industrial
wastewaters when a high degree of removal of toxic inorganics is necessary,
and should be of use to the secondary lead smelting industry, brass mills,
electroplating shops, copper and zinc smelters, and other sources of waste-
waters containing toxic inorganics. The Industrial Pollution Control Divi-
sion is to be contacted for further information on the subject.

David G. Stephan
Director
Industrial Environmental Research Laboratory
Cincinnati
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ABSTRACT

A floc foam flotation pilot plant was shown to remove lead and zinc in
dilute aqueous solution to qujte low concentrations. The results suggest sev-
eral design improvements. These include: (1) a larger mixer-flocculation
tank to increase the detention time of the floc before flotation; (2) in-
creased baffling of the stripping column section, to decrease channelling and
foam overturn at high loadings; and (3) a decrease in the length of the foam
drainage section of the column, to decrease the tendency of the foam to col-
lapse before discharge. Axial dispersion studies indicate that a simple dif-
fusion-type model is not accurate; the large scale of the turbulences pre-
cludes their modelling by diffusion. Hydraulic loading, column alignment,
baffles, and influent dispersion head geometry affect axial dispersion.

The floc foam flotation of zinc is readily carried out with Al1(OH)3 and
sodium lauryl sulfate (NLS). Cr(OH)3 is floated with NLS, but adsorbing col-
loid flotation of Cr(III) with Fe(OH)z or AI(OH)3 yielded better results.
Cobalt and nickel levels are reduced to around 1 mg/¢ by flotation with
Al1(OH)z and NLS. Mn(II) levels can be reduced to 1-2 mg/: by flotation with
Fe(OH) 3 and NLS. Floc foam flotation of copper was compatible with several
precipitation pretreatments (soda ash, lime, Fe(OH)z and Al(OH)z), although
modifications were needed to prevent interference from excessive Ca or car-
bonate. Floc foam flotation can therefore be used as a polishing treatment.
The flotation of mixtures of copper(II), lead(II) and zinc(II) was carried out
using Fe(OH)3 and NLS. The flotation of simple and complexed cyanides and
mixtures of metal cyanide complexes was also carried out with Fe(OH)S and NLS;

a pll of around 5 is optimum.

The flotation of Fe(OH)z flocs with NLS is impeded by several polyvalent
anions, some of which occur in industrial cleaners. These anions displace
surfactant from the floc, rendering it unfloatable. This phenomenon, an in-
terference in waste treatment, could be used to reclaim surfactant from flota-

tion sludges.

A surface adsorption model for floc foam flotation was analyzed and found
to account for the effects of surfactant concentration, ionic strength, spe-
cifically adsorbed ions, and surfactant hydrocarbon chain length.

This report was submitted in fulfilment of Grant No. R-804438 under the
sponsorship of the U. S. Environmental Protection Agency. This report covers
the period May 1, 1976 to November 1, 1978 and work was completed as of

October, 1978.
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SECTION 1

INTRODUCT ION

The removal of trace levels of toxic metals has become a problem of cur-
rent interest in the area of advanced wastewater treatment. Toxic metals are
not efficiently removed by biological treatment or by conventional drinking
water treatment techniques. They not only interfere with the efficient oper-
ation of secondary (biological)} treatment plants, but their presence in bio-
logical sludge interferes with the disposal of this material by some methods,
especially land application. The extent of the problem is detailed in our
previous report (1) and in other government publications (2,3,4, for example).

Any metal removal technique should be: (a) rapid; (b) cheap in terms of
labor, energy, equipment, and chemicals; (c) capable of application in small,
intermediate, end large scales; (d) productive of small volumes of liquids or
solids highly concentrated in the contaminant(s); and (e) capable of produc-
ing effluents well within the standards established or anticipated. Data
presented here and in our earlier report (1) indicate that adsorbing colloid
foam flotation may well meet these criteria.

LITERATURE REVIEW

The brief literature review given here can be supplemented by a more
comprehensive review given in our first report (1), and by a very comprehen-
sive review of the recent literature (5). Lemlich's book (6) provides an ex-
cellent introduction to principles and applications. Somasundaran published
extensive general reviews in 1972 (7) and 1975 (8). Grieves (9), Ahmed (10),
Bahr and Hanse (11), Panou (12), Richmond (13) and Bakerzak (14) have also
written recent general review articles on foam flotation. In 1977, at least
three articles reviewed the use of foam flotation techniques in wastewater
treatment (15-17).

An extensive collection of symposium papers covering most aspects of
particulate flotation was edited by Somasundaran and Grieves (18).

The operation of foam stripping columns has been analyzed by a number of
workers. The earlier work was reviewed by Goldberg and E. Rubin (19), who
also referenced work on foam drainage, a matter of some importance in foam
separations. Wang and his co-workers worked out a theory for continuous



bubble fractionation columns which requires local equilibrium between surface
and bulk phases (20,21,22). Goldberg and Rubin have analyzed stripping
columns without solute transfer in the countercurrent region (23). Cannon and
Lemlich presented a detailed analysis which assumes linear isotherms (24), and
Lee has given a somewhat similar treatment (25). Sastry and Fuerstenau
analyzed the differential equations modeling a countercurrent froth flotation
column, obtaining formulas for column efficiencies in some limiting cases (26).
Wilson and his co-workers analyzed stripping column operation with axial
diffusion, non-linear isotherms, and finite rate of solute transport between
surface and bulk liquid phases (27); they solved the differential equations
describing mass transport by iterative use of a quasi-linearization method.
Grieves and his co-workers have developed an approach which permits the use

of batch foam fractionation ddta from one system to predict the performance

of other systems, both batch and continuous (28).

Next, we will address the attachment of particles to bubbles. Petrakova,
et al. (29) examined the mechanism of interaction of gas bubbles with mineral
particles, and Abramov (30) has also worked on the physico-chemical modeling
of flotation systems. Reay and Ratcliff (31) provided a theoretical treat-
ment of the benefits of using smaller bubbles or larger particle sizes in
dispersed air flotation systems. When particles are large enough that they
are unaffacted by Brownian motion, flotation rate increases with increasing

diameter.

Scheludka, el al. (32) has given an elegant analysis in terms of capil-
larity of the attachment of a spherical particle to a planar liquid surface
after contact is made. The minimum particle size (v10-4 cm) for which flo-
tation can occur is calculated as well as the maximum particle size which can
remain attached. The maximum size depends on the contact angle. Particle
detachment may be the result of gravity or the kinetic energy of collision
with a bubble; the former yields the larger particle radius, so the latter
determines the upper limit of flotability for a given system. The maximum
radius calculated for a representative system is 2.7 x 10-2 to 5.5 x 10~= cm
for gravity detachment; the smaller size corresponds to those particles
found in practice to be removed by flotation. Deryagin, et al. (33) also
studied the criteria for bubble attachment using the theory of heterocoagula-
tion. Bleier, et al. (34) alsu us<d heterocoagulation to examine adsorption
and critical flotation conditions. They claim that surface tension data show
a large surface charge density on the bubble during flotation. Hetercoagula-
tion suggests that the oppositely-charged double layer of a system reacts to
produce a large potential energy of attraction. These electrostatic forces
lead to the rupture of the aqueous film around the particles. and then these
electrostatic forces decrease. The ionic species in the gas-liquid interface
then desorb. The relative hydrophobicity of the particle surface then de-
termines whether the particle and bubble will stay attached (will hetero-

coalesce).

Lai and Fuerstenau (35) proposed a model for the surface charge dis-
tribution and its effect on flotation response. In water, an oxide surface
exhibits, simultaneously, positive, negative, and electrically neutral sites,
due to the interplay of H* and OH™ with the surface. The distributions of
these sites were calculated as functions of pH, and the point of zero charge



determined. Various oxide minerals and collectors (surfactants) which ab-
sorbed either physically or chemically were studied. It was expected that
flotation efficiency would depend on surface site distributions since flota-
tion had been shown to correlate with adsorption phenomena. Also, one expects
that, at low collector concentrations, a physically adsorbing cationic col-
lector would adsorb at a negative site; an anionic collector, at a positive
site. Flotation responses correlated well with the site distribution model
predictions, allowing, in some instances, for concomitant ionization of
neutral flotation collectors.

Floc foam flotation isotherms and local rate effects have been investi-
gated by Wilson and his co-workers by means of a modified Gouy-Chapman model
in which the binding force between particles and the air-water interface is
due to coulombic attraction between the negatively (positively) charged air-
water interface and the positively (negatively) charged particles. The
charge on the air-water interface is assumed to be due to the formation of a
hemimicelle layer of ionic surfactant on it, and the coulombic interaction is
modified by the ionic atmospheres in the vicinities of the two charge den-
sities (36,37,38). They have extended the statistical mechanical treatment
of floc adsorption isotherms to include the effects of non-ideal flocs and
salts (39), the electrical repulsions between floc particles (40), the oc-
currence of cooperative phenomena in the surfactant film (41), and the effects
on surface potentials of the specific adsorption of ions by flocs (42).

More recently, this group has also examined a model used by Fuerstenau,
Somasundaran, Healy, and others for some time in interpreting the results of
ore flotation experiments (43,44,45,46,47,48,49,50, for example). In this
model it is assumed that the particle surface is made hydrophobic by the ab-
sorption of the ionic heads of the surfactant ions in the primary adsorption
layer of the particle, leaving the hydrocarbon tails presented to the water.
Van der Waals interactions between the hydrocarbon tails permit the possibility
of surface condensation; particles with surfaces densely covered with surfactant
are hydrophobic, with non-zero air-water contact angles; this results in bub-
ble attachment. Wilson's group investigated the statistical mechanics of
this phase change (41); the effects of specific adsorption of foreign ions on
displacement of surfactant from the floc (51); and the calculation of adsorp-
tion isotherms for this non-coulombic model for the attachment of floc parti-
cles to the air-water interface (52). They also examined the magnitude of
the viscous drag forces tending to detach floc particles from the air-water
interface (51,52).

We turn next to recent work on adsorbing colloid flotation. Our first
report (1) presented data on the precipitate and adsorbing colloid flotation
of lead, copper, cadmium, mercury, arsenic and fluoride; many of these data
are published elsewhere (53-57). Zeitlin and his co-workers have published
very extensively on adsorbing colloid flotation separations; they have used
the technique for concentrating the following from sea water: zinc (58),
copper (59), molybdenum (60,61), uranium (62,63), mercury (64), phosphate
and arsenate (65), silver (66), and vanadium (67). They also carried out a
study of the foam separation of six flocs suitable for adsorbing colloid
flotation [Fe(OH)s, AI(OH)3, Th(OH)4, MnO;, HgS, and CdS] with nine different
surfactants (68); this work should prove invaluable, particularly to those



developing techniques for concentrating trace quantities of material for
analysis.

Zhorov, el al. (69) studied the flotation of copper, molybdenum, and
uranium with Fe(OH)z as the floc, stearic acid and indolebutyric acid as col-
lectors and Stearox 6 as the foaming agent. An application of adsorbing col-
loid flotation is suggested by a study of the sorption of arsenite by fer-
rous sulfide carried out by Grigor'ev and his co-workers (70).

Grieves and Bhattacharyya, very active workers in foam separation
techniques, have investigated a number of waste treatment applications, many
of which are reviewed in our first report. Studies of the flotation of
Cr(OH)3 (71), and of the precipitate coflotation of CaSOz and CaCO3z (of
interest in treating wet scrubber slurries formed during SO, removal from
stack gases) (72) are of particular interest here.

A problem which arises in the scaling up of foam flotation separations
is that of collapsing the foam. Our experience has been that the high-speed
spinning disc technique described some years ago by E. Rubin and his co-
workers (73,75) is very effective.

Although we are not concerned with ore flotation techniques as such,
their principles are quite significant for precipitate flotation and adsorbing
colloid flotation. M. C. Fuerstenau edited a recent extensive collection of
papers on ore flotation, which contains a wealth of relevant information (75).



SECTION 2

CONCLUSIONS

Floc foam flotation methods were investigated on a pilot-plant scale and
demonstrated to reduce lead and zinc from dilute aqueous solution to very low
concentrations. The pilot-plant experience suggests several improvements in
the design of the apparatus which should result in an effluent of higher
quality and a column of increased hydraulic loading capacity. These modifi-
cations include: (1) a larger mixer-flocculation tank to increase the deten-
tion time of the floc before it is removed by flotation; (2) increased baf-
fling of the stripping column section, to decrease chaneling and foam
overturn at high hydraulic loadings; and (3) a decrease in the length of the
foam drainage section of the column, to decrease the tendency of the foam to
collapse before it has been discharged from the column,

Studies indicate that a simple diffusion-type model is not very accurate
when column performance becomes seriously limited by axial dispersion. The
scale of the turbulences {channeling, overturn, and eddies) is too large to
permit their accurate modeling by simple diffusion. Hydraulic loading and
alignment of the column, baffles, and influent dispersion head are the most
important factors affecting axial dispersion.

The floc foam flotation of zinc(Il) is readily carried out with aluminum
hydroxide as a carrier floc and sodium lauryl sulfate (NLS) as surfactant;
ferric hydroxide is much less effective as a carrier floc. Chromic hydroxide
is floated with NLS, but the residual Cr(III) concentration was generally
greater than 5 mg/%; adsorbing colloid flotation with Fe(OH)3 and Al(OH)z
yielded much better results. Cobalt(II) and nickel(II) levels are reduced to
around 1 mg/¢ by flotation with A1(OH)z and NLS; Fe(OH)z is not so effective
with nickel.

Floc foam flotation of copper(II) was shown to be compatible with a
number of precipitation pretreatments (soda ash, lime, ferric and aluminum
hydroxides), although some modifications are needed to prevent interference
from excessive calcium or carbonate ion concentration. This makes possible
the use of floc foam flotation as a polishing treatment for relatively con-
centrated wastewaters which are not adequately treated by precipitation
alone.

The flotation of ferric hydroxide flocs with NLS is profoundly affected
by a number of polyvalent anions, some of which are commonly found in in-
dustrial cleaners (silicates, phosphates). These can cause serious inter-
ference with floc foam flotation unless they are disposed of by preliminary



treatment, such as lime precipitation. These anions apparently are able to
displace surfactant from the floc, thereby rendering it hydrophilic and
unfloatable. This phenomenon, at times a troublesome interference in waste-
water treatment, can apparently be used to recover surfactant from floc foam

flotation sludges for recycling.

The flotation of mixtures of copper(II), lead(II) and zinc(II) was
successfully carried out using Fe(OH)3z as the floc and NLS as the collector
surfactant., The flotation of simple and complexed cyanides and mixtures of
metal cyanide complexes was also carried out with Fe(OH)3 and NLS; a pH of
around 5 is optimum. Zinc cyanide complex is not as well removed as are
those of copper, chromium, nickel and cobalt.

A surface adsorption model for floc foam flotation was examined by
statistical mechanical techniques and found to account for the effects of
surfactant concentration, ionic strength, specifically adsorbed ions, and
surfactant hydrocarbon chain length. The model proved to be a helpful tool
for the designing and trouble-shooting of floc foam flotation separations.



SECTION 3

RECOMMENDATIONS

The results of the adsorbing colloid flotation pilot plant studies re-
ported here justify a recommendation that the following design modifications
in the pilot plant be investigated.

(1) The size of the mixer-flocculator tank should be increased to
allow sufficient time for optimum floc formation and adsorption of the dis-
solved ion onto the floc. This should result in improved effluent quality.
Laboratory scale kinetic studies of the rates of coprecipitation and/or ad-
sorption of copper, zinc, and lead with ferric hydroxide are needed to deter-
mine the detention time required.

(2) More taffling should be added to the stripping section of the
column to decrease channeling and foam overturn at high hydraulic loadings.

(3) The length of the foam drainage section of the column should be
decreased to lessen the tendency of the foam to collapse and drop sludgeme
through the column before it has been discharged from the top of the column.

(4) The pilot plant clarifier assembly should be modified to permit the
use of sodium carbonate (or other salts) to displace surfactant from the
sludge in the collapsed foamate in order to recover this surfactant for
recycling.

The bench scale work supports the following recommendations:

(1) The use of mixed flocs (aluminum hydroxide ferric hydroxide, for
example) for the removal of mixtures of metal ions should be studied.

(2) Additional work on interferences resulting from the presence of
polyvalent anions likely to be present in waste streams is needed to deter-
mine the extent of these interferences and to develop techniques to counter-
act them.

Additional field testing of the pilot plant is necessary to facilitate
improvements in equipment design, flotation procedures, and trouble-shooting
techniques.



SECTION 4

OBJECTIVES OF THE RESEARCH PROGRAM

The objectives of our work included both pilot-scale work and bench-
scale studies to demonstrate the feasibility of adsorbing colloid flotation
for industrial wastewater treatment and to extend the applicability of the
technique to substances and combinations of substances not dealt with in our
earlier report (1). These objectives can be listed as follows:

A. Pilot-scale work

1. Laboratory testing of a 10-cm continuous flow pilot plant
removing lead from simulated wastewaters with ferric
hydroxide and sodium lauryl sulfate (NLS) to estimate optimal
design parameters for a 30-cm pilot plant to be constructed.

2. Construction of a mobile 30-cm continuous flow adsorbing col-
loid flotation pilot plant suitable for field testing.

3. Operation of the 30-cm pilot plant with simulated and actual
wastewater samples to determine optimum ranges of operating
conditions and to indicate needed modifications of the design.

4. Examination of column performance characteristics (particularly
axial dispersion) and their dependence on the operating para-
meters of the 10-cm continuous flow column,

B. Bench-scale work

1. Development of feasible methods, if possible, for the adsorbing
colloid flotation of chromium(III), manganese (MnO,), cobalt(II),
zinc(II), nickel(II), and cyanides. (Initially we included
antimony and thallium on this list; we could obtain no waste-
waters containing these, so we replaced them with cyanides.)

2. Investigation of the compatibility of various precipitation
pretreatments [NapCO3z, Ca(OH),, NapS, etc.] with subsequent
adsorbing colloid foam flotation of copper(II). Demonstration
of such compatibility would establish the feasibility of using
adsorbing colloid foam flotation as a polishing technique to
upgrade the quality of fairly concentrated wastewaters after
their pretreatment by precipitation methods.



3. Investigation of the adsorbing colloid foam flotation of mix-
tures of zinc{II), lead(IIl}, and copper(II) to determine the
feasibility of using the technique on mixed wastes.

4. 1Investigation of the recovery of surfactant from collapsed
foamate =nd sludge separated from collapsed foamate. Sur-
factant recovery would markedly improve the economics of the
process and also reduce the likelihood of contamination of
surface and ground waters with surfactant if the sludge is
deposited in a landfill.

5. Investigation of interferences with adsorbing colloid flotation
[using Fe(OH)z and NLS] from the presence of other ions such
as phosphate, oxalate, EDTA, cyanide, etc.

In connection with these lab studies, we note that industrial wastes
are usually complex mixtures of markedly varying composition, and therefore
neither studies on simple solutions of a single contaminant nor studies on
a single type of waste can be expected to give an accurate assessment of the
capabilities and limitations of any waste treatment technique. A broad
range of bench scale tests on samples of an equally broad range of known
compositions should provide invaluable guidance in trouble-shooting field
tests and industrial operations employing this or any other treatment tech-
nique.



SECTION 5

PILOT PLANT WORK (10-cm DIAMETER COLUMN)

DESCRIPTION OF APPARATUS

Our first continuous-flow apparatus approaching pilot plant size was the
flotation system diagrammed in Figure 1. The column was a lucite cylinder 10
cm in diameter and 186 cm in length. The influent was introduced through a
tube passing through the top cover plate of the column, and was sprayed into
the rising foam through a spider-like dispersion head mounted at the end of
this tube about 90 cm below the top to the column. A foam discharge port was
mounted in the top coverplate. Bubbles were generated by admitting air
through a cylindrical bubbling stone (YWR Scientific Catalog No. 32568-007)
mounted on the bottom coverplate. The air flow rate was measured with a
variable area flow meter and the wastewater flow was determined by measuring
the time required to discharge one liter. House air was humidified and pass-
ed through glass wool before being admitted to the column. The influent was
prepared by adding the appropriate chemicals to approximately 50 % of water
in a large plastic container. The solution was stirred continuously
while the pH was adjusted to the desired value, and the solution
was then pumped to a smaller constant head reservoir above the column,
from which the influent flow to the dispersion head was controlled by a screw
clamp. The effluent was discharged from the column through a plastic tube
through the bottom coverplate, the vertical position of which could be adjust-
ed to control the level of liquid in the bottom of the column. Four stainless
steel wire mesh (0.05-cm mesh) baffles were mounted between 95 to 113 cm below
the top of the column to aid in reducing turbulence and overturning in the
foam. The foam was discharged to either a spinning screen foam breaker or a
hot surface foam breaker, and collected in a glass beaker below the foam

breaker.

Several designs of influent dispersion heads were tested before satis-
factory results were obtained. Reduction of column cross-sectional area must
be minimized, the distribution of influent over the column cross-section must
be quite uniform, and the linear velocity of the liquid exitting the dis-
charge ports must be small enough that the foam is not broken. If these con-
ditions are not met, foam channelling and overturn occur at relatively low
influent hydraulic loading. The design finally used was a spider made by
bundling together seven 5-cm pieces of 1/16-in ID copper tubing and soldering
these into the end of a 3.8-cm piece of 3.8-in ID copper tubing. The six
outer tubes were bent at right angles to the axis of the distribution head
and two 1/16-in holes were drilled into the top side of each tube. The ends
of these tubes were pinched shut, and the center small tube was cut short
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and pinched shut. Wire struts to keep the distribution head centered radially
in the column were soldered onto the bottoms of alternate tubes.

It is essential that the dispersion head and the baffles be carefully
levelled and that the column be vertical. A 1° vertical misalignment of the
column resulted in consistent channelling of the foam down the lower side.
Slight tilting of the baffles or dispersion head also caused channelling.

The foam discharge port in the top of the column directed the foam to a
spinning screen and wire spider foam breaker in an inverted gallon milk jug,
the bottom of which had been cut out. This device was usually overwhelmed by
foam, and a second inverted bottomless milk jug containing a hot wire gird was
added below the first to catch the overflow. Neither of these foam breakers
was really satisfactory; we have since used high speed, spinning disc foam
breakers of the type described in Section 6. These are extremely effective.

PROCEDURES

Our objective was to investigate the removal of lead by adsorbing colloid
flotation with ferric hydroxide and sodium laurvl sulfate (NLS). The proce-
dures used were as follows.

Stock solutions of ferric chloride (FelIll, 10 g/%), lead nitrate

(PbII, 10.0 g/2), NLS (10.0 gm/%), sodium hydroxide (5 molar) and sulfuric
acid (1.25 molar) were prepared using tap water. Nitric acid (5 ml/%2 of con-
centrated acid) was added to the lead nitrate stock solution. Reagent grade
lead nitrate, nitric acid, and sulfuric acid were used; NLS was laboratory
grade; and ferric chloride and sodium hydroxide were technical grade. TIonic
strength of the simulated waste was adjusted by the addition of the appro-
priate weight of solid reagent grade sodium nitrate to the waste reservoir.

To make up a wastewater sample, the desired volumes of lead nitrate and
ferric chloride were added to roughly 10 ¢ of tap water in the waste reser-
voir, sodium nitrate was added as needed, and the solution stirred until all
solids were dissolved. We then added tap water until the desired volume was
reached (25 or 50 2) and adjusted the pH by adding sodium hydroxide solution
or sulfuric acid as needed. NLS solution was then added, the pH again ad-
justed, and the pump feeding the constant head reservoir turned on.

One liter of 200 mg/? NLS solution was poured into the column initially
to permit rapid generation of foam. During this process an air flow rate of
approximately 3 £/min was maintained. Influent was permitted to enter the
column when thé foam reached the dispersion head; at this point some chan-
nelling and overturn invariably occurred. The foam usually quickly stabilized,
however, and the influent flow rate could then be increased somewhat and the

air flow rate decreased.

The stirrer in the main waste reservoir and the two foam breakers were
kept in operation during the entire run. Effluent samples were taken at ap-
proximately S5-minute intervals during the run.



Reagent grade lead nitrate and concentrated nitric acid (5 ml/2) in de-
ionized water were used to make a stock solution and standards for analysis.
Lead concentrations were determined on a Perkin-Elmer model 305B atomic ab-
sorption spectrophotometer operating at 217.0 nm.

RESULTS AND DISCUSSION

The objectives of this research were to investigate the feasibility of
using adsorbing colloid flotation to treat lead-bearing wastes on a larger
scale than the previous bench-scale experiments and to determine whether or
not experimental results were consistent with the theoretical model presented
in Section 1. Results of some work with a smaller (4.8-cm ID x 121 cm) con-
tinuous flow column (1), warranted a trial with a larger columm. A larger
column also seemed necessary to determine the effects of channeling and foam
overturn which could not be estimated from the work with the 4.8-cm column.

In the work with the smaller column, Fe(III) concentration was usually
set at 100 mg/2, NLS at 50 mg/%, and Pb(II) at 50 mg/2. At low ionic strength
(NapS0O4 less than 4000 mg/%) optimum pH was in the range of 6.0-6.5. These
conditions were used as a starting point for the experiments with the 10.2-cm
column. Variables studied in this work were Fe(III) concentration, NLS con-
centration, pH, influent flow rate, air flow rate, and ionic strength. The
influent Pb(II) concentration was 50 mg/% in all runs.

Table 1 shows the experimental design proposed for this work. The values
for the variables were chosen to include what were thought to be the optimum
operating conditions for the column. Air flow rate and influent flow rate
were not specified in this proposed outline because they could be (and were)
varied within each run.

As the work progressed, some of the proposed values were changed to agree
with newly indicated optimum conditions. The values for parameters actually

used in each run and the results from each run are listed in Appendix A.

TABLE 1., PROPOSED EXPERIMENTAL DESIGN FOR 10-cm FLOTATION COLUMN

Run Fe(III) NLS NaNOz Added
Numbe rd pH mg/4 mg/L moles/% mg/ L

1 6.0 150 40 - -

2 5.5 150 40 - -

3 5.0 150 40 - -

4 6.5 150 40 - -

5 7.0 150 40 - -

6 6.0 150 35 - -

7 6.0 150 30 - -

8 6.0 100 40 - -

9 6.0 200 40 - -
10 6.0 150 40 .10 8500
11 6.0 150 40 .20 17000
12 6.0 150 40 .30 25500

aAll runs made with initial Pb(II) concentration of 50 mg/2.
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The aim of this study was not to reach the maximum hydraulic loading pos-
sible in the column, but to balance several variables to achieve a procedure
which could produce consistently good effluent quality at low cost. Both in-
fluent flow rate and air flow rate could easily be adjusted during a run.
Fe(III) concentration, NLS concentration, and ionic strength were held con-

stant throughout any one run.

Constant pH monitoring and/or adjustment was impossible with this ap-
paratus. Invariably the pH changed slightly during the course of a run.
These changes were always small (less that 0.4 pH units) and seemed to be
always toward a value around pH 5.5. When the initial pH was less than 5.5,
the pH increased during the course of the run; if the initial pH was greater
than 5.5, the pH decreased.

In very early runs (before the dispersion head problem was worked out)
100 mg/%2 Fe(IIl) seemed to be insufficient to achieve the lead removals ex-
pected. We therefore used a concentration of 150 mg/¢ Fe(III) in further
preliminary runs.

It 1s desirable to use the smallest amounts of NLS and Fe(III) possible
(while still maintaining good effluent quality) in order to keep chemical
costs to a minimum. The wider the pH range in which good effluent quality can
be maintained, the less gccurate (and therefore less expensive) the pH control
system on a full-scale operation can be. Increasing ionic strength has been
shown (53,54,55,56,67) to seriously decrease the separation efficiency. Three
runs were made in this work at higher ionic strengths. Influent and air flow
rates were adjusted frequently during each run.

The effects of channelling ard overturning in the foam proved to be the
controlling factor in almost every run made. Effluent lead concentrations
less than 0.15 mg/% could be attained within fairly wide ranges of pH and
influent flow rates when foam overturning could be eliminated. When channel-
ling and overturning occurred effluent concentrations in the range of 0.5 to
1.5 mg/%2 Pb(II) were common.

Influent flow rate seemed to affect the removal efficiency only when over
turning produced excessive axial dispersion in the foam. In one run in which
the foam was particularly stable, an influent flow rate to 0.95 £&/min (15
gal/hr), producing a hydraulic loading rate of 2.9 gal/min- ft2 or 171 mJ/day m%
was reached, and the effluent lead concentration was 0.05 mg/%2. In most runs,
serious overturning occurred above about 0.63 &/min (10 gal/hr), a hydraulic
loading of 1.9 gal/min- £ft2 or 112 m3/day m2

The air flow rate used in most runs was 2.0 &/min (1.24 ms/min—mz). At
air flow rates below this value it was almost impossible to prevent overturn-
ing of the foam, even at the lowest influent flow rates. At air flow rates
greater than 2 2/min, somewhat higher influent flow rates could be tolerated,
but the foam coming out the top of the column was very wet. At an air flow
rate of 2 £/min the volume of collapsed foamate was always 3% or less of the
influent volume. At an air flow rate of 4 %/min (700 m3/day-m 2y, the col-
lapsed foamate was as much as 9% of the influent volume. Since a smaller vol-
ume of more concentrated solution is easier to dispose of, the drier foam is
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preferable, and the lower air flow rate was chosen.

Considerably lower concentrations of NLS than the 50 mg/2 used in the
smaller column (1) were sufficient to produce a stable foam. The minimum
concentration which could be relied upon to produce a consistently stable foam
at influent flow rates above 0.50 %¢/min (8 gal/hr), or 1.5 gal/min-ft2 (88
m3/day—m2) was 35 mg/f. Occasionally, 30 mg/& NLS produced a sufficiently
stable foam. Even at 30 mg/%, there was some dissolved NLS being carried out
with the effluent. This was evident from the foam which built up on the sur-
face of the liquid in the effluent bucket.

A somewhat wider range of pH than the 6.0-6.5 recommended earlier (1)
produced effluents of 0.1 mg/2 or less, as is shown in Table 2.

TABLE 2. EFFECTS OF pH ON LEAD REMOVAL

Influent Flow Rate® Residual Lead
pH (gal/hr) (2/min) (mg/2)
5.0 12.5 .78 .10
5.5 5.5 .35 .08
6.0 8.0 .50 .10
6.4 8.0 .50 .10
7.1 8.5 .54 .84

Note: All runs were made with 50 mg/% Pb(II), 150
mg/ % Fe(III) and 35 mg/2 NLS. Air flow '
rate was 2 £/min.

410 gal/hr = 1.9 gal/min-ft2, or 112 m>/day-m°.

Optimum Fe(III) concentration in the larger column was 150 mg/&. At 100
mg/% Fe(lII), the effluent concentration was somewhat higher (0.3 mg/f% at 10.5
gal/hr) than at 150 mg/% Fe(III) (0.10 mg/% at 12.5 gal/hr). The effluent
lead concentration at 200 mg/t Fe(III) was essentially the same (0.10 mg/% at
10.5 gal/hr) as that at 150 mg/%2 Fe(III). Therefore, 150 mg/f% seemed to be
the optimum Fe(I1I) concentration in this study.

As expected, increasing ionic strength seriously reduced the removal ef-
ficiency of the column. Three runs were made at increasing ionic strengths
(addition of NaNOz) at otherwise optimum conditions. Some of the results are
shown in Table 3.

TABLE 3. EFFECTS OF INCREASING IONIC STRENGTH ON LEAD REMOVAL

NaNO3z Added Influent Flow Rate Residual Lead
moles/%  mg/% gal/hr2 2/min mg/ L

0.10 8500 7.0 .44 0.44

0.10 8500 10.5 .66 0.38

0.20 17000 7.0 .44 1.80

0.20 17000 8.5 .54 2.10

0.30 25500 6.5 .41 2.80

0.30 25500 8.5 .54 3.50
Note: All runs made with 50 mg/% Pb(II), 150 mg/% Fe(III), and

35 mg/% NLS. pH was 5.7 to 5.8, air flow rate was 2 &/min.
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As mentioned in the description of the apparatus, having the screen baf-
fles and dispersion head level was very important in preventing overturning
in the foam. The slightest misalignment of either led to overturning of the
foam, which would then not stabilize. When the baffles and dispersion head
were level and overturning of the foam occurred, the foam would often recover
in a few minutes and return to a stable rise pattern.

The reddish-brown color of the ferric hydroxide floc was very obvious in
the foam at the high concentrations present from the dispersion head to the
top of the column. Very seldom was there any discernible color below the two
two screens; overturning of the foam was most common below the lowest screen.
On some runs, especially those at pH's greater than 6.5 and those at high
ionic strength, the ferric hydroxide was quite obvious in the effluent as a
yellow color even when there seemed to be no color breaking through below the

screens.

The glass rods supporting the screen baffles must be kept well away from
the walls of the column. Toward the conclusion of the work with this ap-
paratus the screens had deteriorated enough to allow one of the three support
rods to move toward the column wall. This caused serious channelling of the
influent between the rod and the wall, which was disastrous to effluent
quality. Removing the whole screen-support-rod assembly, taking the screens
off the rods, and punching new holes for the rods at least 1/2 inch from the

edge remedied the problem.

Bubble size was not measured quantitatively in this work, but at one
point during the work the air stone which had been in use was replaced be-
cause 1t was clogged by o0il present in the compressed air. The new stone,
which looked identical to the old one, produced bubbles which were obviously
larger than those produced by the original stone. The effluent from a run
began with the second stone in place was very vellow and the run was not con-
tinued. When the original stone was replaced after backwashing with a com-
mercially available detergent, the bubbles were smaller, and the effluent
from the same batch of waste was colorless.

Channelling and foam overturning proved to be the major determinants of
effluent quality in this work. Increasing ionic strength seriously decreases
separation efficiency. Above an NLS concentration of 35 or 40 mg/%, in-
creasing the surfactant concentration does not improve removal efficiency,
and at higher concentrations, more NLS is lost with the effluent. pH values
outside of the range 5.0-6.5 increase residual lead concentrations. Tempera-
ture offects were not considered here. Table 4 summarizes recommended design

parameters.

TABLE 4. RECOMMENDED DESIGN PARAMETERS FOR FURTHER STUDIES

pH 5.5-6.52

Fe(III) concentration 150 mg/ 2

NLS concentration 35-40 mg/ 14 i
Hydraulic loading rate 2-3 gal/min-ft2 £118—176 m>/day-m?)
Air supply 0.2-0.3 m>/min-m<

%For high ionic strength wastes, a lower pH than 5.5 may be

necessary.
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SECTION 6

PILOT PLANT DESIGN AND CONSTRUCTION (30-cm DIAMETER COLUMN)

The principal objective of the present study was the design, construction
and testing of a mobile adsorbing colloid foam/flotation facility suitable for
both laboratory studies and field testing. Several major changes from the de-
sign used for the continuous flow apparatus described in Section V were neces-
sary. These included (a) a high-capacity spinning disk foam breaker to deal
with the very large volumes of foam generated; (b) a monitoring and control
system to provide continuous adjustment of the pH; (c) a chemical feed system
to meter the process chemicals into the waste stream at the proper locations;
(d) a mixing and flocculation chamber; and (e) a small clarifier to separate
sludge from the collapsed foamate.

The foam flotation apparatus used in this study is shown in Figures 2 and
3, The system was built on a steel frame mounted on casters so that it would
be portable. The equipment mounted on this support frame includes the pumping
system, mixing and flocculation chamber, flotation column, foam breaker, foam-
ate clarifier, chemical feed system, pH monitoring and control system, air and
waste stream flowmeters, and electrical control panel. A separate waste stor-
age tank was also used in the laboratory studies. All of these are described
in detail below.

PUMPING SYSTEM AND RELATED PIPING

The pumping system and related piping are shown in Figures 2, 3 and 4.
In order to achieve minimal friction losses at flow rates of 1 to 5 gal/min
(.0631 to .315 &/sec), all flexible hose and rigid PVC piping is 3/4-inch.
The influent line to the main pump is a PVC line with a tee which is adapted
for NaOH injection. The other end of this line is fitted with an adapter for
attaching the 3/4-inch influent hose. The pump is a Teel Model 1P 700 stain-
less steel centrifugal pump discharging 10 gal/min at 15 ft head. The pump
discharge passes through a 3/4-inch butterfly valve used to control the liquid
flow through the system. On the other side of this valve is a second tee used
for injection of ferric chloride. The PVC pipe leading from this tee goes to
the influent nozzle of the mixing chamber.

The discharge from the mixing chamber leads to a tee at which surfactant
(generally sodium lauryl sulfate, NLS) is injected. From this tee, a PVC pipe
leads to a flowmeter (Dwyer Ratemaster Flowmeter No. RMC-SSV-145) used to mon-
itor the flow. A section of PVC pipe leading from the flowmeter connects to a
flexible hose leading to the inlet at the top of the flotation column.

A section of PVC pipe is connected from the outlet at the bottom of the

17



—t wmd wd eed el md m)
NooreN3

d
SCoRNOOEWN =

17

20

Waste Tank

Waste Tank Valve

Sodium Hydroxide Injection Tee
Main Pump

Fiow Control Valve

Ferric Choride Injection Tee
Mixing Chamber

Control pH Electrode

NLS Injection Tee

Waste Flow Rotometer
NaOH Solenoid Valve
Electrical Junction Box
Controf pH Meter

NaOH Tank

Ferric Chloride Fee; Pump
NLS Feed Pump

Ferric Chioride Tank

18.
19.
20.
21.
22,
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

FIGURE 2 - SCHEMATIC DIAGRAM OF

18

33

34

27

28

NLS Tank

Flow Dispersion Head
Column

Baffle

Air Diffuser

Air Supply Line

Air Pressure Regulator

Air Flow Rotometer
Monitoring pH Electrode
Column Liguid Level Control
Effluent Line

Monitoring pH Meter

Foam Breaker Motor

Foam Breaker

Clarifier

Clarifier Liquid Level Control
Broke Foam Container

30 - CM PILOT PLANT
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flotation column to a tee which houses an electrode for pH monitoring. The
other end of the tee attaches to a flexible hose drain line. This drain line
contains a tee open to the atmosphere; this prevents siphoning from occuring
when this section of the drain line is raised or lowered to control the level
of the liquid pool in the bottom of the column.

MIXING CHAMBER

The mixing chamber, shown in Figures 2 and 5, is constructed from a 30.5-
cm x 29.2-cm ID (12 x 11.5-inch) section of clear lucite pipe. The total vol-
ume of the mixing chamber is 20.42 (0.72 ft3). This gives a detention time of
about 1 minute when the pilot plant is operated at a flow rate of 0.32 &/sec
(5 gal/min). The bottom of the chamber is a 1.90-cm (3/4-inch) solid piece of
lucite which is cemented in place. The top of the chamber is fitted with a
3.8-cm (1 1/2-inch) flange made from 3/4-inch lucite and glued in place. A
3/4-inch solid top is bolted to this flange and sealed with an O-ring. A pH
probe is mounted in the top of the mixing chamber for control of the pH in the
flotation colurm. Inlet and discharge ports are mounted in the bottom of the
chamber. The inlet to the chamber is connected to a PVC elbow inside the
chamber, which mounts a nozzle made by drawing a piece of 3/4 inch PVC pipe
down to a 1/4-inch opening at one end. This constriction increases the dis-
charge velocity into the chamber, enhancing the mixing action.

FLOTATION COLUMN

The flotation column is shown in Figures 2, 3 and 6. A 29.2-cm (11.5-
inch) ID (30.5-cm, 12-inch OD) lucite pipe was chosen for the construction of
the flotation column, because this size was small enough to result in a rea-
sonably mobile unit, large enough to indicate the feasibility of possible
full-scale future systems, and this size was readily available. The column
was constructed from two 122-cm (4-ft) x 29.2-cm ID sections of clear lucite
pipe. Each end of both sections is fitted with a 3.8-cm (1 1/2-inch) flange
made of 1.9-cm (3/4-inch) lucite which is glued in place. The two sections
are bolted together by 8 bolts through the flanges, and are sealed with an O-
ring. The two remaining ends of the joined sections have solid 3/4-inch
lucite covers bolted and sealed in the same way.

The bottom cover plate of the flotation column is fitted with an effluent
discharge line and an air inlet line, which leads to an air diffuser for gen-
erating the foam. House air is used for the column. This air passed through
a pressure regulator and then through a 0.64-cm (1/4-inch) tube to an air
flowmeter (Dwyer Ratemaster Flowmeter No. RMC-SSV-102) mounted on the support
frame of the apparatus. The discharge line from the flowmeter is a 3/4-inch
PVC pipe which leads to the bottom cover plate of the flotation column. The
air diffuser is a 12.7-cm (5-inch) fritted glass disc (modified fine fritted
Buchner funnel).

The top cover of the flotation column is fitted with a 10-cm (4-inch) PVC
wye, which is the discharge point for the foam generated in the column. A 3/4
inch PVC pipe is run down through the center of this wye by use of adapters
and a compression fitting. (See Figure 6) The top end of this pipe is con-
nected by a hose adapter to the flexibtle hose bringing the wastewater from the
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influent flowmeter. The pipe extends down the axis of the column for about
80-120 cm (31-47 inches), and the influent dispersion head is mounted on its

lower end.

The dispersion head was designed to have a linear discharge velocity of
40 cm/sec (1.3 ft/sec) at its orifices at a flow rate of 7.6 2/min (2 gal/min);
the total orifice area required is 3.16 cm?. The optimum number and size of
the openings were found by trial and error; the best design (which was used in
the work reported here) is shown in Figure 7. Each of the eight radial arms
contains nine holes 0.238 c¢m (3/32 in.) in diameter.

A system of baffles was constructed and mounted in the lower (stripping)
section of the column to reduce foam overturn and channelization. The baffles
were cut out of 1.27-cm (1/2-in.) plastic '"egg carton" - a decorative grating
for lighting fixtures. The assembly consists of seven baffles 27.9 cm (11 in)
in diameter mounted 15.2 cm (6 in.) a part on three 0.64-cm (1/4-in.) threaded
nylon rods. Nylon nuts and washers were used to secure the baffles to the
rods. See Figure 8.

FOAM BREAKER

The foam breaker, shown in Figure 9, operates by allowing the foam to im-
pinge on a disc spinning at 2-3000 rpm. The shearing action at the contact
destroys the foam very effectively. The housing for the foam breaker was con-
structed from a 15.2-cm (6-in.) x 29.2-cm ID (11.5-in.) clear lucite pipe fit-
ted with a 1.9-cm (3/4-in.) thick lucite cover. A 4-in. wye is mounted on the
top of the cover and connected by a 4-in. PVC pipe to the wye on the top of
the flotation column. A 1/8-HP, 3000-rpm permanent split capacitor motor
mounted on top of the wye drives the disc. A 1.6-cm (5/8-in.) aluminum shaft
with bearings 1s connected to the motor shaft; the other end extends into the
foam breaker housing where it drives a 0.32-cm (1/8-in.) x 27.9-cm (11-in.)
diameter nylon disc. Clearance between the disc and the top of the housing is

1.3 ¢m (1/2 in.).

CLARIFIER

The clarifier (see Figure 10) receives the collapsed foamate from the
foam breaker and separates the (floating) solids from the liquid. The clar-
ifier was made by cutting the bottom from a 49-2 (13-gal) polyethylene carboy
and mounting a level control and drain line (1.9-cm, 3/4-in. PVC) in the screw
on cap of the inverted carboy.

CHEMICAL FEED SYSTEM

The chemical feed system is shown in Figures 2 and 3. Ferric chloride
and sodium lauryl sulfate (NLS) solutions are stored in two 7.6-% (2-gal)
polyethylene jugs on the shelves of the pilot plant support frame. The jugs
are connected by 0.32-cm (1/8-in.) plastic tubing to two pump heads (Cole
Parmer Instrument Co. Nos. 7016 and 7016-20) driven by a Masterflex Variable
Speed Pump Drive (Cole Parmer No. 7545-10). The discharges from the pump
heads are injected into tees in the influent line to the column as mentioned

earlier. Table 5shows the feed rates of the 7016 at wvaious pump speed settings.

24



oo hWwN =

—

COMPONENTS
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1-1/2-In. PVC Cap
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FIGURE 7 - FLOW DISPERSION HEAD
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1. Foam Breaker Housing

2. 4-In. PVC Wye

3. Foam Breaker Drive Motor

4, 5/8-In. Aluminum Drive Shaft
5. 11-In. Nylon Disc

6. 4-In. PVC Elbow

7. 4-In. PVC Foam Inlet

FIGURE 9 - FOAM BREAKER
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COMPONENTS

1. Clarifier
2. Level Control
3. Clarifier Discharge Line

FIGURE 10 - CLARIFIER
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TABLE 5. FLOW RATES FOR VARIOUS SETTINGS OF
CHEMICAL FEED PUMP 7016

Pump Speed Feed Rate
Setting (ml/min)

10 100

9 84

8 75

7 61

6 54

5 52

4 16




pH CONTROL AND MONITORING SYSTEM

The pH systems are shown in Figures 2 and 4. The pH electrode (Kruger
and Eckels No. 80278) mounted in the mixing chamber is connected to a pH meter
controller (Horizon Model 5650) mounted on a support frame shelf. This pH
controller operates a solenoid valve (Peter Paul No. 22R9DCV-12060) which pro-
vides on-off control of the flow of sodium hydroxide into one of the tees
mounted in the influent line before the mixing chamber and the main pump. A
7.6-% (2-gal) plastic jug is connected to the solenoid valve by a 0.32-cm (1/8
in.) plastic tube. The jug is mounted on the top support frame shelf, which
allows the sodium hydroxide to flow by gravity into the influent line.

The pH of the flotation column effluent is monitored by a glass electrode
mounted in a tee in the column effluent line. This electrode is connected to
a monitoring pH meter (Sargent-Welch Model LSX) mounted on a support frame

shelf.
ELECTRICAL CONTROL PANEL

The electrical control panel is shown in Figure 3. All the power cords
to the electrical units of the pilot plant are connected to this panel. The
panel has a toggle switch, indicator light, and fuse for each electrical unit.
Other electrical controls, such as those for the pH meters and the chemical
feed pump control, are located on the individual units. The entire system
(and the support frame) is grounded, since otherwise the electrical hazard

could be quite serious.

SUPPORT STRUCTURE

The pilot plant support structure is shown in Figure 11. The frame con-
sists basically of a 91-cm x 152-cm (3-ft x 5-ft) vertical rectangular steel
frame mounted on a 91 x 152-cm (3 x 5-ft) steel base frame covered withe 3/4-
in. plywood. There are also two 91 x 46-cm (3 x 1 1/2-ft) shelves mounted on
a 91-cm (3-ft) frame; this trame is also mounted on the base. The support
structure is mounted on casters.

WASTE PRETREATMENT AND STORAGE TANK

A 1136-2 (300-gal) cylindrical polyethylene tank fitted with a 1.9-cm
(3/4-in.) gate valve at the base was used for mixing of simulated wastes and
pretreatment and storage of industrial wastewaters. The valve at the base of
the tank is connected to the inlet hose of the pilot plant.

WORK ON SIMULATED LEAD-BEARING WASTES PROCEDURES

Chemical feed solution and the simulated waste were prepared for each
run. The simulated waste was made by dissolving the required weight of reagent
grade lead nitrate in about 4% of tap water acidified with roughly 5 ml of
nitric acid. This solution was then mixed in the required volume of tap water
in the waste storage tank. In all runs the waste solution was prepared to
contain approximately 20 mg/% of lead. When sodium chloride was used to in-
crease the ionic strength, the appropriate amount of commercial rock salt was
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weighed out and added to the storage tank with sufficient water to dissolve
it. After it was dissolved with stirring, water and lead nitrate solution
were added to make up the desired final volume.

The chemical feed solutions of technical grade ferric chloride and lab-
oratory grade ferric chloride and laboratory grade NLS were made in 7-% quan-
tities in the containers, from which they were fed to the influent line. The
concentrations of the solutions were dependent on the waste flow rate, chem-
ical feed rate, and the concentrations of reagents desired in the waste. A
sample calculation for determining these solution concentrations is shown

below.

Given: Waste Flow - 2 gal/min (7.57 1/min)
Chemical Feed Pump Setting - 6 (54 ml/min)

Desire: NLS Concentration - 50 mg/1
FeClz Concentration - 100 mg/1
7 liters of each of the above solutions.

NLS Calculation:

Waste Desired Volume Solution
Flow {1/min) X Conc. (mg/1l) X Desired (1) X 1000 mi/1 .
= - = W
Chemical Feed Pump Rate (ml/min) X 1000 mg/g Solute Weight (g)

7.57 1/min X 50 mg/1 X 7 1 X 1000 wl/1 _ .o o
54 ml/min X 1000 mg/g v e

FeClz Calculation:

Waste Desired Volume Solution
Flow (1/min) X Conc. {(mg/l) X Desired (1) X 1000 ml/1 Solute weigh

- - S = t
Chemical Feed Pump Rate (ml/min) X 1000 mg/g X 0.3443 olute welg (&)

7.57 1/min X 100 mg/1 X 7 1 X 1000 m/1 - 285.01 g
54 ml/min X 1000 mg/g X 0.3443 ‘

From results of these calculations, it is seen that, if the waste flow
rate is 2 gal/min and the chemical feed pump feed vate is 54 ml/min, it
would require 49.06 g of NLS dissolved in 7 liters of water to give a concen-
tration of NLS in the waste of 50 mg/l. It would also require 285.01 g of
FeCl: dissolved in 7 liters of water to give a concentration of 100 mg/1

Fe(III) in the waste.

w1
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Seven liters of 0.25-molar (M) sodium hydroxide solution for pH control
were also prepared for each run. From preliminary experimentation this was
found to be the optimum concentration for pH control in the apparatus. Tech-
nical grade flake sodium hydroxide was used.

After all the solutions were prepared, the pH meters were calibrated
against two or three standard buffer solutions. The pH electrodes required
occasional cleaning with HC1 followed by soaking in KC1 solution to remove
ferric hydroxide deposits which gradually decreased the rate of response of
the pH meters as it built up.

The first step in actually making a run with the column was to turn on
the chemical feed pump, check its flow rates, and make any adjustment neces-
sary to obtain the desired reagent solution flow rates. After this check,
the chemical feed pump, air supply, main pump, and sodium hydroxide solenoid
valve were turned on, and the pH meters were turned from standby to pH. The
waste flow control valve was then adjusted to maintain the correct flow and
the air flow rate was set to the desired level. After the main pump had run
for about two minutes, the liquid level in the column was set by adjusting
the level of the outlet hose. The pH controller was checked and set to main-
tain the desired pH range. The foam breaker was turned on when the column
was filled with foam.

Throughout each run, all of the parameters were frequently checked and
control settings adjusted to maintain the desired values. Influent flow
rate, liquid level in the column, and column pH required frequent adjustment;
pH control needed closest attention.

In a properly functioning run, the liquid in the bottom of the column
would quickly become clear, and the ferric hydroxide would be carried upward
in the foam immediately after leaving the dispersion head.

Samples of column effluent were taken at various times during the course
of the run; samples of the influent were taken at the beginning and end of
each run. All samples were stored in polyethylene bottles and were acidified
with nitric acid before analysis. Lead analyses were carried out on a
Perkin-Elmer Model 305 B atomic absorption spectrophotometer at 217 nm.

Stock solutions and standards were prepared from reagent grade lead nitrate
and nitric acid (5 ml concentrated acid per liter of solution) in deionized
water,

Out objectives in this phase of the work were to continue previous con-
tinuous flow system studies of lead removal by adsorbing colloid flotation
with ferric hydroxide and NLS and to determine the feasibility of developing
this treatment method on a larger scale than that of Hanson's 10.2-cm ID x
186-cm continuous flow colum described in Section 5. Her work involved ad-
justing the pH and adding the process chemicals to a container of lead-
bearing waste; this was then pumped to the column. We felt that automatic pH
control and a continuous chemical feed system should be developed and demon-
strated to show the feasibility of practical large-scale systems.



Hanson suggested a set of optimum operating parameters determined from
her work on the smaller continuous flow column; these are shown in Section 5
and we used them as a starting point with the 30-cm column. Some preliminary
runs were made with lead-free influent, but most runs were made with simula-
ted waste containing approximately 20 mg/% of lead added as lead nitrate.
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SECTION 7

PILOT PLANT RESULTS (30-cm DIAMETER COLUMN)

SYNTHETIC LEAD-CONTAINING WASTES

In this study we wished to achieve an optimum balance between the various
parameters which would yield good quality effluent under economical operating
conditions., Influent flow rate, air flow rate, and pH were easily adjusted
during the course of individual runs; NLS concentration, ferric iron concen-
tration, and ionic strength were also varied during the course of individual
runs, but these parameters are not as flexible as the first three. The para-
meter values used in each run and the results from each run are listed in
Appendix B. We next discuss the individual parameters and the results of
varying them.

The pH was monitored and controlled at the mixing chamber, which was lo-
cated on the influent line just downstream of the point at which sodium hydrox
ide was injected for pH control, pH was also monitored in the column effluent,
In our apparatus, 0.25 molar was the optimum concentration of the sodium
hydroxide solution used for pH control. If a more concentrated solution were
used, the pH control system over-compensated and the pH oscillated excessively.
At much lower concentrations, the sodium hydroxide solution had to be reple-
nished too frequently. A time lag between the two pH displays was observed.
This lag was due to the time required for liquid to flow through the apparatus
There was also a roughly constant difference of about one pH unit between the
two displays, due to the introduction of NLS downstream from the monitor-
controller electrode. The alkaline NLS caused the pH of the column effluent
to be higher than that of the influent in the mixing chamber. We adjusted the
pH monitor-controller to a lower pH setting to yield the desired pH in the
effluent.

The response time of the monitor-controller was observed to increase
after several runs had been made, resulting in excessive oscillation of the pH.
This resulted from the gradual formation of a deposit of ferric hydroxide on
the glass electrode. We reconditioned the electrodes by cleaning them in
hydrochloric acid (1 part concentrated acid to 3 parts deionized water) and
then soaking them in concentrated KCl solution overnight. With a freshly pre-
pared electrode, the pH control system could maintain the pH within a range
of 0.4 pH units for several hours.

The operating pH was varied over a wide range in the pilot plant rums.
In order to obtain the best separation and good foaming conditions, the pH
should be in the range 6.0 to 7.0. (This range is somewhat higher than that
recommended by Hanson, 5.5-6.5.) The dependence of effluent lead
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concentration on pH is shown in Table 6. At pH's much above 7.2, the flo-
tation of the ferric hydroxide floc is poor.

TABLE 6. EFFECTS OF pH (N IEAD REMOVAL

pH Residual Lead (mg/R)
5.6 7.0
6.4 1.5
6.6 0.9
6.7 0.3
6.9 0.6
7.0 0.8
7.2 0.9

The maximum feasible hydraulic loading rate was determined by the geo-
metries of the column and the influent dispersion head, and by the character-
istics of the foam itself. The linear velocity of flow from the dispersion
head could not be too great or it would break the foam and cause overturning.
The influent also had to be spread evenly across the column without being
directed against the column sides. With our best influent dispersion head,
an influent flow rate of 7.57 2/min (2.0 gal/min) was the maximum which con-
sistently did not produce overturning and/or channelling. This corresponds
to a hydraulic loading rate of 163 m?/day-m> (2.77 gal/ft2 min). Several
different configurations and sizes of holes in the radial arms of the dis-
persion head were used over a range of flow rates. With all of these, the
maximum hydraulic loading rates which could be tolerated fell in the range
120-180 ml/min-m2 min (2-3 gal/ftZ min).

The quality of effluent was very strongly affected by hydraulic loading
rate. Lead concentrations increased dramatically at hydraulic loading rates
at which channeling and overturning occurred.

We found that inclusion of a baffle system in the lower (stripping)
section of the column improved column performance at high hydraulic loadings.
In preliminary runs (without lead) it was visually apparent that the baffle
system was effective to a limited extent in controlling foam overturn and in
reducing the size of the eddies when overturn did occur. Near the baffles
the foam appeared to move in a plug flow pattern even when overturning was
taking place in the regions between the baffles. Piug flow could probably
be further stabilized by the inclusian of more baffles. We also observed
that the baffles and their support rods tended to cause channelling down the
wall of the column if they were allowed to touch the wall.

The depth of liquid in the bottom of the column was varied in the preli-
minary runs, When the surface of the liquid was more than 2-3 cm (1 in)
above the air diffuser, foam production was reduced (bubble size was increas-
ed), and the larger bubbles and turbulent motion of the liquid surface had a
detrimental effect on the plug flow pattern cof the foam upward through the
column.



We destroyed the first air diffuser by permitting the air pressure to
become excessive as the diffuser fouled with o0il from dirty compressed air.
A filter and pressure regulator were installed, and the air pressure was kept
below 10 psi (0.7 kg/cm?). In the preliminary runs, an air flow rate of 1.1
m3/hr (40 SCFH) was used; this was satisfactory in some runs, but was not
sufficient to push the foam up more than 3/4 of the length of the column in
others. Usually, when the foam collapsed at this point ferric hydroxide de-
posited thickly on the wall, building up until eventually heavy clots of
ferric hydroxide-rich dry foam broke loose from the wall, fell down through
the rising, less dense foam, and contaminated the effluent pool at the bottom
of the column.

We found that an air flow rate of 1.7-2.0 m3/h (60-70 SCFH), corres-
ponding to 0.4-0.5 m3/min-m2, markedly improved column performance. We note
that Hanson's recommended range of 0.2-0.3 m3/min—m2 was significantly lower,
and believe that the air flow required by the present column could be reduced
if the upper section of the column were shortened. We originally thought
that this length was necessary for adequate drainage of the foam, but obser-
vation of the operating column leads us to believe that there was very little
benefit from draining in the upper one-fourth, roughly, of the column.

Increasing ionic strength (dissolved salts concentration, essentially)
has been shown experimentally (56,57) to markedly decrease lead removal ef-
ficiency, as is predicted theoretically (39,40). Therefore, a number of runs
were made with all variables except ionic strength held constant. (Some un-
avoidable minor variations in pH also occurred.) Some of the results of
these runs, shown in Table 7, show the detrimental effects of elevated ionic
strength, Commercial rock salt was used to vary the ionic strength,

TABLE 7. EFFECTS QF INCREASING IONIC STRENGTH ON LEAD REMOVAL
NaL £ Added Residual level

(moles/2)  (mg/t) pH (mg/2)
0.01 690 6.6 0.86
0.01 690 6.4 1.57
0.05 3450 6.5 2.29
0.05 3450 6.3 1.86
0,05 3450 6.4 2.43
0.07 4830 6.5 2.57
0.07 4830 6.7 3.14
0.07 4830 6.7 3.29

Note: A1l runs made with 20 mg/& Pb(II), I00 mg/R Fe(ITI),
and 50 mg/% NLS. Air flow rate was 40 X FH and liquid
flow was 2.0-2.5 gal/min.

We could not consistently produce statle foams at an influent air flow
rate of 7.6 %/min (2 gal/min) if concentrations of NLS less than 40 mg/L were
used. Hanson (Section 5) had recommended an NLS concentration of 35—40 mg/%,
and the results of this work are consistent with that figure. Some dissolved
NLS was carried out in the effluent, as indicated by the formation of a light,
relatively non-persistent foam on shaking an effluent sample.
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The problem, mentioned earlier, of foam collapsing halfway up the drain-
age section of the column was thought to possibly be due to decreased temper-
ature of the influent and column during the winter months. Use of simulated
wastewater at a temperature of 27°C (80°F) yielded marginal benefits, if any,.

The optimum Fe(III) (ferric iron) concentration was found to be in the
range of 100-150 mg/%. At Fe(II) concentrations less than 100 mg/%, lead re-
moval was markedly less complete, and, at concentrations greater than 150
mg/%, at times not all the ferric hydroxide (containing lead) was removed.
These results are in agreement with Hanson's recommended Fe(III1) concen-

tration of 150 mg/%.

The spinning disc foam breaker, built on the principles of one described
by E. Rubin (73,74), easily handled the maximum flow of foam that the column
would deliver. The disc must be carefully balanced to avoid excessive vi-
bration and wear on the bearings. After the foam was broken, the collapsed
foamate drained down the inside of the disc housing and dripped into the
clarifier unit. The ferric hydroxide, lead, and much of the NLS formed a
scum and floated on top of the liquid in the clarifier. The clear liquid
drained from the clarifier contained somewhat less than half of the NLS in
the influent; the bulk of the rest was in the floating ferric hydroxide-lead
sludge, from which it could be displaced by sodium carbonate. This com-
plicates surfactant recycling, but does not make it impossible, The adsorp-
tion of surfactant on flocs, and its displacement by salts, is discussed in
much more detail in Section 9 and Appendix D.

We were disappointed somewhat to note that the levels of lead removal
attained with this pilot plant were not as favorable as those obtained in lab
scale batch equipment, a lab scale continuous flow apparatus, and the 10-cm
continuous flow pilot plant described in Section 5. Our earlier work had
fairly routinely achieved residual lead levels of 0.1 mg/f or less if the
ionic strength of the solution was not too great; in this study we were not
able to reduce lead levels below 0.5 mg/&. It was some time before we re-
alized the cause of this discrepancy. 1In all of the laboratory scale work
and in the 10-cm pilot plant the simulated waste was mixed with ferric
chloride and the pH adjusted to the desired level at least 5 to 10 min before
entering the column itself, In the present (30-cm) apparatus, the time in-
terval between the formation of the ferric hydroxide floc and the entrance of
the influent into the column was of the order of only 1 min. Preliminary lab
scale studies on the adsorption and/or coprecipitation of lead with ferric
hydroxide indicate that 1 min is not long enough to permit adsorption to
reach equilibrium. We are currently modifying the apparatus to increase the
time interval during which flocculation and adsorption can take place. We
believe that this should improve the performance of the apparatus substant-

ially.

In summary, the study of simulated lead-bearing wastes in the 30-cm
pilot plant leads us to the following conclusions:

1. Channeling and foam overturn are the determining factors of
effluent quality at high hydraulic loadings. They can be con-
trolled somewhat by a dispersion head which spreads the feed
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uniformly at low linear velocity over the cross-sectional
area of the column without excessively reducing the cross-
sectional area of the column at that point. Baffles and
dispersion head must be level, and the column must be pre-
cisely vertical,

2. Increasing ionic strength above about 0.05 molar (about
3000 mg/% of NaCl) decreases lead removal.

3. NLS concentrations in excess of 40 mg/% are not necessary;
concentrations much below this level often did not pro-
duce sufficiently stable foams.

4. The optimum pH range is about 6.0-7.0; substantial vari-
ations outside of this range result in severe deterioration
of the separation.

5. The most efficient Fe(IIl) concentration is from 100 to 150
mg/4L.

6. Hydraulic loading rates up to 150-180 m3/day-m? are feas-
ible, and air flow rates of 0.4-0.5 m3/min-mZ seem to be
optimal.

7. Design of the apparatus could be improved by increasing the
size of the mixing chamber to permit a detention time of at
least 5 min, by decreasing the length of the foam drainage
section of the column to about 50 cm, and probably by the
inciusion of more baffles in the stripping section.

The optimum operating parameters for this apparatus are summarized in
Table 8,

TABLE 8§, OPTIMUM OPERATING PARAMETERS

pH 6.0-7.08

Fe(III) concentration 100-150 mg/2

NLS concentration 150 35-40 mg/l

Hydraulic loading Rate 150-180 m /day m? (2.4-3.0 gal/min-ft2)
Air Flow 0.4-0.5 m3/min-m2 (1.3-1.6 ft3/min-ft2)

d4For high ionic strength wastes, a lower pH than 6.0 may be
necessary.

FIELD TESTS ON A ZINC AND COPPER-CONTAINING WASTEWATER

Arrangements were made to carry out field tests at a plant manufacturing
water heater components. The plant conducts an automated copper descaling and
zinc plating operation, with cleaning and pickling steps and countercurrent
rinses, A zinc chloride bath is used for the plating and a hydrochloric acid
pickling step is employed. Two commercial cleaners are used; these contain
salts of polyvalent anions which undergo extensive hydrolysis, and a variety

39



of anionic and nonionic surfactants. Their exact compositions are proprietary.
Spent pickle and spent plating solution are discharged from time to time to a
holding tank, from which a small flow of acidic concentrated waste is contin-
uously blended in a mixing tank with the alkaline overflow from the counter-
current rinsing operations. After mixing and adjustment of the pH to approxi-
mately 8.5, the wastewater is sent to an upflow clarifier, where zinc hydrox-
ide floc is removed. The clarifier effluent is then discharged to the city
sewer mains, The waste in the mixing tank was used for our field tests. It
showed considerable fluctuation in composition, ranging in Zn(II) concen=
tration from roughly 30 to roughly 400 mg/%. The concentration of Cu(II) was
substantially lower, generally around 1 mg/2. Total solids were 1-2 mg/2.

Waste was pumped from the mixing tank to our pretreatment and storage
tank, from which it was then pumped through the foam flotation pilot plant as
described in Section VI. Our original plan was to treat this wastewater by
the same procedure used for the simulated lead wastes - to add 100-150 mg/& of
Fe(IIIl), adjust the pH to 6.0-6.5, add 30-35 mg/% of NLS, and run the waste
through the column. This proved a failure. The presence of polyvalent hydro-
lyzable anions from the cleaners (phosphates and silicates) in the wastewater
resulted in a change in sign of the zeta potential of the floc (normally posi-
tive, in these wastes the floc zeta potential was usually negative). These
ions sorb very strongly on the Fe(OH)3z floc and prevent attachment of the floc
to the air-water interface. ({The theory of this competition is discussed in

Appendix D.)

An alternative approach was therefore developed in which the interfering
anions were precipitated with lime (approximately 5 g of lime per liter of
waste) and the supernatant waste, containing 8-20 mg/% of Zn(II) and 0.1-0.2
mg/% of Cu(Il) was then fcamed with 50 mg/% of Fe(III) and the polyethoxy-
ethanol surfactant present as a contaminant in the wastewater. No Na(H was
added. The pH's were around 11, Effluent levels of Zn(II) in the range 0.7-
11 mg/2 were achieved; Cu(II) was removed to below our limit of detectability
(<0.05 mg/2). Insufficient surfactant remained in the effluent to maintain a
stable foam on shaking., The data are presented in Appendix B.

We found that the upper (foam draining) section of the column was some-
what too long for the concentrations of surfactant which occurred in this
wastewater; the accumulation of heavy, sludge-bearing material in the long
upper section of the column was occasionally too great to be supported by the
surfactant-lean foam, resulting in lumps of this heavier material occasionally
falling through the foam and contaminating the effluent. The collapsed
foamate readily separates into a floating sludge and a clarified surfactant-
rich bottom layer, which could advantageously be recycled into the influent,
so there is no reason to strive for an extremely well-drained foam. A foam
drainage section of the column of 50-60 cm length should be ample, and should
prevent the occasional accumulation of sludge which occurred in the top 30-40
cm of the column with this waste. (The present length of this section is 120

cm) .

A small amount of work was carried out with wastewater obtained from the
electroplating line of an automobile bumper recycling operation. The com-
bined wastewater contained 350-1900 mg/% total solids; had a conductivity of
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365-1300 micromhos/cm; contained Cr0,~ (10-120 mg/2), Cu(II) (from a cyanide
bath, 18-230 mg/f), Ni(II) (7-110 mg/%) and cleaners. Two runs were made with
hauled waste (space restrictions precluded setting up the apparatus at the
plant), with rather erratic results. Pretreatment with sodium metabisulfite
was necessary to convert Cr(VI) to Cr(III). Lime precipitation was necessary
to remove polyvalent anions in the cleaners. Separation in both instances
were erratic at pH 6.5-7.0, 150 mg Fe(III), 40 mg/% NIS. The best results ob-
tained were Cr(III) of 0.5 mg/%2, Cu(II) < 0.5 mg/%, and Ni(II) of 0.7 mg/%.
These were not achieved with reliability, and the Fe()3z frequently washed
through the column and contaminated the effluent. We believe that the diffi-
culty was caused by the rather high ionic strength of this waste after pre-
treatment with 300 mg/¢ of sodium metabisulfite and 1000 mg/% of lime.
Preliminary batch tests indicated that smaller concentrations of the pretreat-
ment chemicals were not adequate to convert Cr(VI) to Cr(III) and to precipi-
tate interfering polyvalent anions from the cleaners. Our first report
demonstrated the inability of flotation with NLS to deal with synthetic mix-
tures of high ionic strength, and we believe that our difficulties here reflect
this fact.
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SECTION 8

CONTINUOUS FLOW AXIAL MIXING STUDIES

In our first report we descrlbed a mathematical model, analyzed in more
detail elsewhere (27), of foam flotatlon stripping column operation. One of
the terms included in that model was an empirical correction term to take
axial dispersion into account. The dispersion constant which appears in this
term is not easily assessed on theoretical grounds. Our experimental work on
continuous flow stripping columns indicated that axial dispersion is an im-
portant factor in column performance, especially at high hydraulic loadings,
at which channeling and foam overturn occur. We here describe experimental
work carried out on a 10-cm continuous flow stripping column to give more de-
tailed insight into the factors affecting axial dispersion.

APPARATUS AND METHODS

Figure 12 diagrams the flotation system used in these studies. The
columm, 10.2 cm ID x 183 cm, was made of lucite. Influent was introduced at
or slightly above the midpoint of the column through a 0.64-cm tube, entering
through the top coverplate of the column and exiting through the dispersion
head detailed in Figure 13. The most important aspect of the dispersion
head design seemed to be that one must avoid spraying the influent onto the
wall of the column, which results in channeling A 1.90-cm I.D. lucite pipe
mounted in the top coverplate of the column permitted discharge of the foam to
the foam breaker, diagrammed in Figure 14.

Foam was generated by passing filtered, humidified air through a porous
cylindrical air stone mounted on the bottom coverplate. The air flow rate was
measured and controlled by a flowmeter. An exit port 1.5 cm above the bottom
of the column allowed discharge of effluent through a rubber tube and screw
clamp. Inside the column, three or four baffles made of 1/8-in. mesh galva-
nized hardware cloth were used to control foam overturn. These were held in
place by metal washers made from large hose clamps.

A 190-2 polyethylene cylindrical tank was used to mix and store the water
to be treated. A stirring motor provided mixing adequate to keep the ferric
hydroxide floc in suspension, and a small centrifugal pump supplied a constant
head tank 180 cm above the dispersion head. Liquid flow rates to the columm
were measured and controlled with a flowmeter.

The following method was used to examine axial dispérsion. The column
was back-lighted by a 4-ft fluorescent lamp mounted vertically as close as
possible behind the column. Stray light was blocked by aluminum foil taped
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IN THE AXIAL DISPERSION STUDIES
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from the lamp fixture to the column. The lucite walls of the column refracted

light around the column, obscuring events within; we therefore cut a slot from
top to bottom on each side of the lucite tube and filled these with an opaque
epoxy cement. This almost completely eliminated scattered light. Figure 15
shows the photographic setup.

Photographs of event sequences were taken on 35-mm film (Kodak TRI-X ASA
400, with a yellow filter). The developed negatives were scanned on a den-
sitometer capable of measuring up to three absorbance units (A.U.) with a pre-
cision of ¥0.01 A.U. These absorbance values were plotted by a strip chart
recorder. A 'time zero' photograph was taken at the beginning of each run be-
fore the injection of ferric hydroxide was made; subsequent shots were com-
pared to this, and the difference between the initial absorbances and the
absorbances at time £ plotted as functions of vertical position in the column
for various values of £.

NLS was used as the surfactant in all runs, and ferric hydroxide was the
floc which was removed by flotation. Ionic strength was adjusted with reagent
grade sodium nitrate, and the pH was adjusted with sodium hydroxide and nitric
acid, reagent grade. All chemicals were added to the water in the 190-£
storage tank; NLS was added after the precipitation of ferric hydroxide. The
parameters for the runs reported here are given in Table 9,

Two types of runs were made: (1) '"pulse'" type runs, in which 2 ml of
ferric hydroxide suspension containing 1000 mg/£ of Fe (III) was suddenly in-
jected into the feed line, and (2) "step change' type runs, in which ferric
hydroxide was present in the feed at all times and an abrupt change in influ-
ent hydraulic loading or ionic strength was made at some point during the
course of the run. Pulse type runs were more informative about axial dis-
persion of floc in the foam, while the step change type runs more closely
approximated actual operating conditions for foam flotation columms. Before
a photographic sequence was initiated for either type of run, the column was
brought to a steady state with a feed containing surfactant and sodium

nitrate.

EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results for the runs described in Table are shown in
Figures 16 through 24. A number of other pulse runs made at higher hydraulic
loadings showed extremely rapid axial mixing by channelling and foam overturn.
When all conditions are nearly optimal, a pulse of ferric hydroxide is removed
very quickly, as seen in Figures 17 through 19. In Figures 17 through 20 the
ionic strength (0.062/molar) was near its maximum feasible value, and the foam
tended to be quite dry, enabling it to support a relatively high specific air
flow rate of 0.84 ms/min—mz. At an ionic strength of 0.031 molar, however,
the foam was quite a bit wetter, especially at the higher hydraulic loading
rates, and the maximum feasible specific air flow rate dropped to 0.66m”/min-

m2,

Figure 16 shows the results of an NLS concentration which is too high to
effect a good separation. At 200 mg/% NLS, the ferric hydroxide floc is
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TABLE 9.

PARAMETERS FOR FIGURES 16 -~ 24,

Fe+++

Figure pH NaNO NLS Air Flow Water Flow

Number (mg/2) (mol/%) (mg/2)  (¢/wfemin) (cm/sec) (¢/m+min) (cm/sec)
16 pulse* 5.5 062 200 172 15 140 12
17 pulse* 5.5 062 50 2{s5 .19 140 12
18 pulse* 5.5 062 50 237 .21 108 .09
19 pulse* 5.5 062 50 333 .29 129 .12
20 pulse® 5.5 .062 50 441 .38 127 11
21 50 5.5 .031 50 215 .18 14-+83 .01+.06
22 50 5.5 031 50 215 .18 83142 L06+.12
23 35 4.0 0+0.09 200+5¢ 215 .19 73 .06
24 50 5.6 00,12 20050 333 .29 140 .12

* Each pulse was a 2-ml suspension of ferric hydroxide at a concentration of 1000 mg/%.
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Run V

53



AT

ot 1ol |l|||““||nh|m ATEIRINITIT

.mlll”““llh .

N ..Lllllll]llllllllllnllln

.ull”l”“l [T

A Ut L

FIGURE 21 - AXIAL DISPERSION DATA. See Table 9.
Run VI :

54



O 1 T

...nlllln ”“llllllll“llllllllll it

mnlll”“““l ITTTTTIT—

.umlth”m “”“ﬂluunlm.
] Ml

st
il ll “l””“




JI”

.m.ulllllllﬂll Jl“lmh

J“l Ll J“lll””l ““ Wiy g

] NI

I”lln pr gl

L e T

FIGURE 23 - AXIAL DISPERSION DATA. See Table 9.
Run VIII

560



Al I ||||H T

antitl] | hll” WRIIT

IHHHH l “ ““ T

L

o e

o



coated with a micellar double layer of surfactant ions, with the outer layer
presenting ionic heads (the sulfate groups) to the surrounding water. Floc
particles so coated are hydrophilic, air bubbles are unable to attach to them,
and flotation does not readily occur. The pulse of ferric hydroxide therefore
spreads throughout the column, and only a partial separation is achieved.

The consequences of having too large a specific air flow rate in an
otherwise stable floc removing run are show in Figure 20. There is so much
turbulence in the upper half of the column (above the influent dispersion
head) that the pulse is very rapidly spread out. The upper edge of the pulse
is rapidly carried out the top of the column, but the pulse is smeared out so
badly by turbulence that its lower portion clears the column quite slowly.
Actually; the specific air flow rate is quite important to the flow pattern of
the foam (ideally plug flow), but seems to be less influential on the effect-
iveness of separation. Several runs were made at high specific air flow rates
at which turbulence occurred in the upper half of the column and nevertheless
ferric hydroxide removal was quite effective, Evidently, the deleterious
effect of increased axial dispersion is counterbalanced by the increased
linear velocity of the rising interfaces. Increased specific air flow rates
also resulted in larger bubble sizes and in an increase in the wetness of the
foam, due to decreased drainage time.

Step change runs are shown in Figures 21 through 24. Here, column oper-
ation was allowed to stabilize at a particular set of parameters, and then
either the influent hydraulic loading or the specific air flow rate was
changed to a new value. The dynamic response of the system to such changes is
seen in these figures.

Figure 21 portrays a change in the influent hydraulic loading from 8.6 to
52 m /day-m . In both cases the system restabilized in approximately 2 min,
and the separation was not impaired.

The runs depicted in Figures 23 and 24 exhibit the response of the system
to a sudden increase in ionic strength. As was usual for a continuous flow
test run, the column was primed with 2 to 4 2 of a 200 mg/2 NLS-tap water sol-
ution and air was bubbled into the column for several minutes to chargeit with
foam. The influent solution containing ferric hydroxide and NLS (50 mg/%) was
then fed to the column until it was apparent that effective separation was
taking place. The ionic strength of the feed was then increased. In both
cases separation of the floc remained satisfactory initially, but then rapidly
deteriorated. After only minutes a new steady state was achieved with most of
the floc being discharged in the effluent from the bottom of the column. In-
terpretation of these two runs was complicated somewhat by a tendency of the
floc to adhere to the lucite wall of the column.

Figure 25 plots position of the ''center of mass' of the pulse versus time
for the runs exhibited in Figures 17 - 20, in which these ''centers of mass'
are indicated by encircled dots. The specific airflow rate and the mean floc
velocity are approximately equal for the three runs which exhibited plug flow.
The data presented here plus the results of other runs not shown indicate that
in this apparatus the specific airflow rate has a relatively small working
range compared to the influent hydraulic loading, which was variable over a
much larger percentage change.
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We had hoped to estimate axial dispersion constants by plotting pulse
spread as a function of time. The root-mean-square width of the pulse and its
width at half maximum should, according to diffusion theory, be given by

(Ax2)5 = 4(Dt)%
X, = 4(loge2 Dt)%

where D is the axial dispersion constant. Diffusion theory also predicts that
the pulses should be gaussian in shape. It is apparent from Figures 16
through 20 that the pulses deviate from gaussian form substantially; and we
see from Figure 26 that pulse width does not appear to increase proportional
to t2. Evidently, the axial dispersion processes taking place are not ade-
quately described by simple diffusion. We speculate that the size scale of
the eddies and turbulence contributing to axial dispersion is comparable to
the size of the pulse itself, which would invalidate the use of simple diffu-
sion theory except as a very rough approximation.

We conclude from this work on axial dispersion that, under conditions
where axial dispersion seriously affects column performance the mechanisms
responsible for axial dispersion, which include foam overturn and channelling,
are not well modelled by simple diffusion. At present, we can do little more
than employ specific air flow rates and influent hydraulic loadings which do
not yield excessive visible turbulence, channelling, and overturn. For this
apparatus, influent hydraulic loadings must be less than 170m3/day-m2, and
specific air flow rates should be in the range 0.18-0.3 m3/min-mZ.
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SECTION 9

BATCH TECHNIQUE LABORATORY STUDIES

BATCH FLOTATION OF ZINC(II)

We report here experimental results on batch floc foam flotation of
zinc(I1) with aluminum and ferric hydroxides, with sodium lauryl sulfate
(NLS) as collector. Dependence of the separations on pH and ionic strength
was studied in some detail, and specific ion effects on the separation of
zinc(II) with A1(OH)3 were investigated.

The equipment used was two batch columns essentially identical to the
apparatus described by us earlier (1,54,57). House air was passed through
ascarite, water (for rehumidification), and glass wool, then through a "fine"
glass gas dispersion tube at the bottom of the column. Laboratory grade NLS
or HTA (hexadecyltrimethylammonium bromide) was used as the collector; all
other chemicals were of reagent grade. Stock solutions (1000 g/%) of the
metal ions and surfactant were mixed in the desired amount and diluted with
deionized water to nearly 200 ml; ionic strength was adjusted by the addition
of sodium nitrate solution, and the pH adjusted by addition of dilute NaOH
and HNO3. The sample was diluted to 200 ml and added to the column. The air
flow rate was measured with a soap film flowmeter. Air flow rates of approxi-
mately 65 ml/min were normally used. The pH was monitored during the course
of each run, and 7 ml samples were withdrawn from the bottom of the column at
5 min intervals. Zinc analyses were carried out by atomic absorption spectro-

scopy.

Kim and Zeitlin's studies (59) on the removal of zinc from sea water with
dodecylamine and ferric hydroxide at pH 7.6 resulted in 94% recovery from an
initial concentration of 3.2 ppb. Our work was carried out at a substantially
higher initial concentration of zinc; ferric or aluminum hydroxide was used as
floc, NLS was used as the collector, and pH and ionic strength were varied.

Ferric hydroxide is speedily removed by foam flotation with NLS at pH
5.5, but with pH's as high as 7.5 the separation was found to be slow and in-
complete. The precipitation point for Zn(OH); is roughly at pH 8 (5), so one
could not expect ferric hydroxide and NLS to be an optimum system for zinc
removal. Runs made with solutions initially containing 50 ppm NLS and 50 ppm
Zn(I1) are listed in Table 11, and bear out this surmise; inclusion of 200 ppm
Fe(IIl) appears to interfere with the separation. The air flow rates in all
of the work on zinc are 60 to 68 ml/min unless otherwise specified. The
samples listed in Table 11 were taken after 5 min of treatment, at which time
Fe(OH)3 removal was essentially complete. There appears to be a competition
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TABLE 10. THE EFFECT OF Fe(OH)z ON Zn(I I) REMOVAL

Fe(III) concn (ppm) pH Final Zn(II) concn (ppm)
0 6.6 20
0 7.1 7.2
200 6.6 25
200 7.1 19

TABLE 11. THE EFFECT OF pH ON Zn(JI) REMOVAL WITH Fe(III) AND NLS

pH Final Zn(II) concn (ppm)
5.5 42
6.2 37
6.6 25
7.1 25
7.5 8

between the Zn(II) ions and the ferric hydroxide floc for the collector. The
effect of pH on Zn{II) removal is shown in Table 11. Initial concentrations
were 50 ppm Zn(II), 200 ppm Fe(III), and 50 ppm NLS. At a pH of 7.5 the iron
was incompletely removed.

It was found that pulse additions of Fe(OH)z floc during the course of
the runs did not significantly improve the separations, nor did varying the
air flow rate. Increasing the duration of the run and/or the amount of NLS
added during the course of the run resulted in some improvement in separation,
presumably through an ion flotation mechanism. Our results indicate that this
is not an industrially feasible technique for removal of zinc from wastewaters,
inasmuch as the use of long time periods and high collector concentrations
resulted in final Zn(I1) concentrations of about 3 ppm.

Huang (55) and Clarke (54) have removed Al1(OH)z with NLS at pH's close
to 8, the precipitation point of Zn(OH);. We therefore attempted the removal
of Zn(II) with A1(OH)5 and NLS. The data listed in Table 13 indicate that
zinc is effectively flocculated with Al1(OH)z at pH's at which A1(OH)z is re-
moved by foaming with anionic surfactants such as NLS. 1In these runs the
initial Zn(II) concentration was 50 ppm and the run duration was 15 min.
Final Zn(II) concentrations of less than 0.5 ppm are attained at pH's between
7.7 and 9.2 by adsorbing colloid flotation, and the residual Zn(II) concen-
trations are roughly an order of magnitude lower than those obtained by ion
flotation alone with a similar quantity of surfactant.

The effect of increasing ionic strength at various pH's is shown in
Table 13. All runs lasted 30 min; the initial Zn(II) concentration was 50 ppm,
the intital A1(III) concentration was 100 ppm; in most of the runs (not star-
red) the initial NLS concentration was 100 ppm, with 50 ppm added after 15
min. The starred runs (see Table 14) had an initial NLS concentration of 150
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TABLE 12, THE EFFECT OF AI(III) ON Zn(II) REMOVAL

Final Zn(II)

pH Al(III) (ppm) NLS (ppm) concn (ppm)
6.9 0 150 19.6
200 150 4.7
7.4 0 150 5.5
200 150 0.7
7.7 0 150 8.3
100 100 0.39
200 150 0.2
8.0 0 100 6.2
100 100 0.20
8.3 0 100 4.8
100 100 0.17
200 100 0.0
8.6 0 100 6.0
100 100 0.16
8.9 0 100 1.1
100 100 0.41
9.2 0 100 1.6
100 100 0.42

TABLE 13. FLOC FLOTATION OF ZINC WITH Al(OH)3 AND NLS. EFFECT OF
IONIC_STRENGTH

Added NaNOz (mole/%)

0 0.5 0.10 0.15 0.20 0.30 0.40
pH Residual zinc (ppm)
9.2 0.06 1.18 4.1 9.2 11.2
8.9 0.03 0.59 0.33 1.9 2.8
8.6 0.09 0.11 0.11 0.15 0.60 1.2 4.7*
8.3 0.07 0.13 0.13 0.12 0.9 0.21* 2.3*
8.0 0.10 0.22 0.21 0.42 0.40 0.42% 0.9*
7.7 0.27* 0.32* 0.37* 0.50* 0.56* 0.41* 0.77*
7.4 1.1* 1.3%* 1.2*

ppm. We see the usual pattern of decreasing separation efficiency with in-
creasing ionic strength, but good separations can be obtained at ionic
strengths below 0.15 mole/2 of sodium nitrate.

The effects of different electrolvtes on the separation of zinc with NLS
and A1(OH)3 are illustrated in Table 14. 1In all these runs the initial
Al1(III), NLS, and Zn(II) concentrations were 100, 150, and 50 ppm, respective-
ly; the pH was adjusted to 8.3, 50 ppm of NLS was added after 15 minj; the air
flow rate was 60 to 68 ml/min; and samples were taken for analysis after 30
min of treatment. At pH 8.3 equilibrium calculations indicate that ~93% of
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the phosphate is present as HPO42‘, 7% as HpPO47, as P043’, and
as HzPOy. For arsenate at this pH, 96% is present as HAs042~, 4% as H,AsOy”,
0.1% as AsO43-, and 1076% as HzAs0,.

The decreased removal of zinc with sulfate, as opposed to nitrate as the
added anion, is probably due to the increased negative charge on the anion, as
is indicated by the theoretical results below. The effects of phosphate and
arsenate are much too large to be due to merely a change in the charge of the
anion. Presumably these effects are due to strong adsorption of these anions
onto the floc, which presumably neutralized the charge of the floc.

TABLE 14. FLOC FLOTATION OF ZINC WITH AL1(OH)3 AND NLS:
EFFECT OF ELECTROLYTE IDENTITY

Ionic strength (mole/%)

0.05 0.10 0.15 0.20 0.30
Electrolyte
identity Residual zinc (ppm)
NaNO+ 0.13 0.13 0.12 0.22 3.4
Na,S0y 0.6 2.2 3.6 3.1
NayHAsOy4 a7 48
NapHPOy 46 >45

BATCH FLOTATION OF NICKEL(II), MANGANESE(IT), CHROMIUM(III), AND COBALT(II)
Nickel

Essentially the same procedures employed for the flotation of zinc(II)
were used to carry out the flotation of nickel(II). One group of runs was
made using AI1(III) or Fe(III) at 50 mg/%, NLS at 50 mg/%, and Ni(II) at 100
mg/%. Sample volumes were roughly 200 ml, and air flow rates of 60-67 ml/min
were used. In the pH range 5.5-8.0 the flocs were rapidly and completely re-
moved, but Ni(II) removals were very poor; Ni(OH), has a relatively large
solubility product (1.6 x 10-16 moles/is). Analyses were carried out by
atomic absorption spectrophotometry at 231.8 nm. The data for these runs are
as follows:

TABLE 15. EFFECT OF pH ON NICKEL(II) FLOC FOAM FLOTATION?

Runs with AI(OH)z Runs with Fe(OH)3
pH Residual Ni (mg/?) Residual Ni (mg/%)
5.5 >50 >50
6.0 >50 >50
6.5 >50 >50
7.0 >50 >50
7.5 17.3 >50
8.0 10.0 38
8.5 5.5 21
9.0 3.8 1.25
9.5 8 1.25
a

Residual Ni measured after 15 min of treatment.
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The effect of ionic strength on flotation of Ni(II) with A1(OH)z and NLS
is shown in Table 16.

TABLE 16. EFFECT OF IONIC STRENGTH ON NICKEL(II) FLOC
FOAM FLOTATION?

Added NaNO3 (moles/ 1)

pH .025 .050 .075 .250
8.5 6.6 1.3 4.2 19
9.0 5.6 1.5 2.5 16
9.5 1.4 1.4 0.6 >50

aResidual Ni measured after 10 min of treatment.

Another set of runs made under somewhat different conditions. 1Initial
Ni(II) concentrations were 20 mg/%2, and 100 mg/% of Fe(III) or A1(III) and
50 mg/% NLS were used, and the air flow rate was about 65 ml/min. The re-
sults are tabulated below.

TABLE 17, Ni(II) FLOTATION AT DECREASED Ni(II) CONCENTRATIONZ

Residual Ni Residual Ni
(added NaNOz, m/%) pH [A1(OH) 5] [Fe (OH) 7]
0 6.5 6.5 7.5
7.0 4.9 5.7
7.5 3.2 3.4
8.0 0.43 1.9
.02 6.5 3.3 9.2
7.0 3.8 6.0
7.5 0.97 5.3
8.0 0.68 3.2
.05 6.5 4.5 7.3
7.0 3.7 8.8
7.5 2.9 4.8
8.0 2.4 5.3
.075 6.5 2.9 >10
7.0 2.0 8.0
7.5 1.5 9.3
8.0 1.4 6.6
.10 6.5 4.6 -
7.0 2.2 -
7.5 0.75 -
8.0 0.40 -

aResidual Ni measured after 10 mir of treatment.

In conclusion we have found that residual Ni(II) concentrations below 1
mg/% are achievable at pH's of 8 to 9.5 using Al (OH)3 and NLS provided the
ionic strength is not too great (< .1 m/%).
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Manganese

The relatively high solubility product of Mn (OH) 5, 10'19, suggests that
the floc flotation of Mn(OH), with ferric or aluminum hydroxides should not
yield very high levels of removal. 1In preliminary runs this was found to be
the case. Samples were therefore made alkaline (pHv9) and aerated for various
lengths of time. The pH decreased during aeration as oxidation took place,
so 0.1 N NaOH was added as needed to bring the pH back to 9. After aeration,
flotation runs were made with 100 mg/2 of Fe(III), 50 mg/% of NLS, an air
flow rate of 60 ml/min, and sample volumes of 200 ml. Duration of treatment
was 10 min,

At a flotation pH of 6.0, 1 h of aeration, and an initial Mn concen-
tration of 10 mg/%, removal of the floc was visibly quite incomplete. At
a flotation pH of 5.5, 1 hr of aeration, and other conditions as before,
removal of the floc was complete after 2 min, and residual Mn concentrations
were a fifth to a third of the initial values over a range of initial Mn
concentrations from 5 to 50 mg/%. Residual Mn was present as Mn(II), in-
dicating incomplete oxidation to Mn(OH)3 or Mn0O2. Samples were therefore
aerated at pH 9 for 24 hrs and then treated by floc foam flotation at pH
5.5 as described above. Samples initially containing 30 mg/f% of Mn yielded
residuals of less than 2.0 mg/%; samples initially containing 15 mg/%
ylielded residuals of less than 1.0 mg/%2. Additional work on pH optimization
and the effects of ionic strength are being carried out. We conclude that
Mn(II) can be effectively removed by floc foam flotation with ferric hydro-
xide and NLS only if adequate aeration at an alkaline pH is provided.

Chromium

Chromium(III) itself forms a highly insoluble hydroxide floc (Ksp =
7 x 10-31 n4/94), so we carried out its flotation without the addition of
Fe(III) or A1(III). 1Initial Cr(III) and NLS concentrations of 50 mg/% were
used, and the air flow rate was about 67 ml/min. Sample volumes were about
200 ml. Samples were taken for analysis after 10 min of treatment; chromium
was determined by atomic adsorption at 357.6 nm. Results were as follows:

TABLE 18, PRECIPITATE FLOTATION OF CHROMIC HYDROXIDE
Added NaNOz (m/4)

pH 0 .025 .050 .075
5.5 23 >40 >40 >40
6.0 18 11 15 10
6.5 8.6 5.5 4.2 12
7.0 22 16 5.4 13
7.5 >40 - - -
8.0 >40 - - -
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The data indicate that simple precipitate flotation of Cr(OH)z is not
able to reduce Cr(III) down to the 1 mg/% range.

We therefore investigated the coprecipitation of Cr(III) with ferric hy-
droxide; if this provides effective removal, one would anticipate that adsorb-
ing colloid flotation of Cr(III) with ferric hydroxide and NLS should also be
effective. Solutions were prepared containing the desired concentrations of
Cr(IlI) and Fe(III) as nitrates, the pH was adjusted to the desired level (5,
6, or 7) with NaOH and HNOz, the solutions slowly stirred for about 5 min, the
precipitates allowed to settle, and samples taken for analysis. At pH 5.0
solutions initially containing Cr(mg/%2): Fe(mg/%) of 50:50, 50:100, 50;150,
and 25:100 all contained more than 1 mg/f Cr(I1I) after precipitation; a
solution of initial composition 20:100 contained 0.5 mg/% of Cr(III) after
precipitation. At pH's €.0 and 7.0 the supernates of all the solutions con-
tained less than 0.5 mg/f of Cr.

On the basis of these results we carried out adsorbing colloid flotation
runs on solutions containing 20 mg/% of Cr(III) and 100 mg/% of Fe(III) at pH's
in the range 5.5-7.25. The solutions were slowly stirred for 5-10 min after
precipitation; they were then made 50 mg/% in NLS and transferred to the flo-
tation column. Air flow rates of about 65 mi/min were used. The solutions
became clear within 2 min after the initiation of flotation. The results
(after 10 min of foaming) are shown in Table 19.

TABLE 19, EFFECT OF pH ON CHROMIUM(III) FLOC FOAM FLOTATION

pH Residual Cr(mg/%)
5.5 <.25

6.0 <.25

6.15 <.25

6.5 <.25

7.0 .5

7.25 1.3

The effects of varying the initial Fe(III) concentration are shown in
Table 20.

TABLE 20. EFFECT OF IRON(III) CONCENTRATION ON CHROMIUM(III)
FLOC FOAM FLOTATION?

Initial Fe(III) (mg/2) pH Residual Cr (mg/?%)
100 6.15 <.25
80 6.1 <.25
40 6.1 <.25
6.4 <.25
20 6.4 .4

%nitial Cr(III) concentration 20 mg/%, air flow rate 65 ml/min,
run time 10 min.
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The effects of increasing the ionic strength by the addition of NaNOjz are
shown in Table 21.

TABLE 21. EFFECT OF INERT SALT CONCENTRATION ON CHROMIUM(III)
FLOC FOAM FLOTATIQONZ

Added NaNOz (moles/%) pH Residual Cr (mg/%)
0 6.15 .25
.05 6.25 .3
6.50 .3
.10 6.30 2.2, 3.6

#Initial Cr(III) concentration 20 mg/%, air flow rate 65 ml/min,
run time 10 min.

We noticed that if, in the course of adjusting the pH before flotation,
one overshot and the pH got up to 9-10 or more (after which it was adjusted
back to the desired level with 0.1N HNOz), flotation did not remove all the
precipitate from the column, and the solution contained more than 1 mg/f% of
chromium after flotation. We explored this by carrying out four runs in
which the pH was held at 10 for various periods of time, then reduced to 6.2
for another period of time before flotation was carried out. 1In all of these
runs 20 mg/2 of Cr(III), 100 mg/¢ of Fe(III), and 50 mg/2% of NLS were used;
the air flow rate was in the range 60-65 ml/min; and the solution volume was
200 ml.

In the first run the pH was held at 10 for 1 min; it was then adjusted
to 6.2 and flotation was immediately carried out. After 10 min of flotation
the residual Cr(III) level was 0.4 mg/%, somewhat in excess of the values
of <.25 mg/% which were routinely obtained in the absence of pH overshoot.
After 25 min of flotation the residual Cr(III) level was 0.2 mg/%.

The pH was held at 10 for 4 min for the second run; flotation was carried
out immediately after adjustment of the pH of 6.2. After 10 min of flotation
the residual Cr(III) concentration was 8.1 mg/%; after 25 min, 6.4.

The pH was held at 10 for 1 hr for the third run; the pH was then re-
duced to 6.2 and the solution permitted to stand for 2 hr. The pH tended
to increase, and was readjusted to 6.2 several times during this period.
After 10 min of flotation the residual Cr(I1I) concentration was 5.0 mg/%;
after 25 min, 4.3.

In the fourth run the pH was kept at 10 for 8 min; the pH was then re-
duced to 6.2 and the solution permitted to stand overnight. The next morning
the pH was again adjusted down to 6.2 and flotation carried out. After 10
min of flotation the residual Cr(II11) level was 2.8 mg/%; after 25, 2.0.

We interpret these results as indicating the formation of a soluble, re-
latively non-labile hydroxide complex ion of Cr(III) at pH 10. Chromium(III)
complexes generally tend to be rather non-labile. We have not observed this
effect with other metals. Its occurrence with chromium dictates the careful
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avoidance of high pH's at all times if effective separations by floc foam flo-
tation or by precipitation techniques are to be achieved at reasonably rapid
rates.

We conclude that Cr(III) may readily be removed from aqueous solution by
adsorbing colloid flotation with ferric hydroxide and NLS, provided that the
pH is kept low enough to avoid the formation of soluble, relatively non-labile
chromium complexes with hydroxide.

Cobalt

The removal of Co(II) by floc foam flotation is similar to that of Ni(II).
The solubility product of Co(OH), is 2.5 x 10-1° m3/123, slightly larger than
that of Ni(OH),. 200 ml samples were treated; air flow rates of about 67
ml/min were used; and samples were taken for analysis after 15 min of treat-
ment. Data showing the pH dependence of the separations are shown in Table

22.

TABLE 22. FLOC FOAM FLOTATION OF COBALT(II) WITH Al1(OH) 3 OR Fe(OH) 3

AND NLS
A1(OH) 3 runs@ Fe(OH) 3 runsP
pH Residual Co(II) (mg/%) pH Residual Co(II) (mg/4)
6.5 >8 6.0 >8
7.2 7.6 6.5 >8
7.4 5.4 7.0 7.2
7.8 3.5 7.5 3.0
8.3 1.2 8.0 2.4
8.8 1.4 8.5 1.9
9.0 6

#Initial Al1(III) concn. = 100 mg/R. bInitial Fe(II1) = 20 mg/1%.
Initial Co** concn. = 50 mg/%.

The effect of ionic strength is shown in Table 23.

TABLE 23. EFFECT OF IONIC STRENGTH ON FLOTATION OF
Co(II) WITH Al(OH)z AND NLS

Added NaNO3

pH 0 .025 .050 .075
7.2 7.6 5.3 2.7 6.3
7.8 3.5 2.4 2.4 2.5
8.3 1.2 1.5 2.2 2.7
8.8 1.4 3.6 8.2 -
9.3 6. 8.1 - -
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We conclude, that residual Co(II) levels in the range 1-2 mg/% can be
achieved at a pH of about 8.5 provided that the ionic strength is less than
.05 m/4.

COMPATIBILITY OF FLOC FOAM FLOTATION WITH PRECIPITATION PRETREATMENTS

We noted in our first report that foam flotation techniques appear to be
best adapted to the treatment of wastewaters, which are rather dilute in the
substance being removed. We also note that precipitation treatment at times
does not yield an effluent of adequate quality. These facts motivated our
investigation of the compatibility of several precipitation pretreatment
procedures for the removal of copper(II) by adsorbing colloid flotation
with Fe(OH)3 as the floc and NLS as the collector. This separation was used
because it had previously been shown to be a very effective one, (1) and
because the atomic absorption spectrophotometric analysis for copper at 324.8
nm is quite sensitive.

1. Use of NayCO; (soda ash) as a precipitating agent.

Batch runs were made as follows. A solution of 500 mg/% of Cu(IIl} as
Cu(NO3), was prepared, and to this was added sufficient 0.5 M NapCOz solution
to precipitate the copper and achieve the desired pH. (Precipitation was
carried out at pH's of 7.0, 8.0, and 9.0.) After the CuCOz precipitate set-
tled out, the supernatant liquid was decanted. Foam flotation was carried
out on this supernate, using 100 mg/% of Fe(III), 100 mg/2 of NLS (50 mg/2
initially, 25 mg/¢ initially, 25 mg/f% after 6 min, and 25 mg/% after 11 min).
Flotation was carried out at pH's of 5.5, 6.0, 6.5 and 7.0.

After the precipitation step the Cu(II) concentration was in the range
5-15 mg/%, depending on the settling pH. (Typically ~15 ml of NapC03 solution
was added to 300 ml of 500 mg/% Cu{II) solution.) The carbonate ion in the
supernatant solution severely hindered subsequent Cu(II) removal by foam
flotation. Since carbonates form COp at the lower pH's and can then be
sparged from solution, the flotation runs made at acidic pH gave much better
results, especialiy if the solution was allowed to sparge in the column for
10 min before flotation was begun. Flotation runs made at pH 7.0 gave poor
Cu(II) removal; flotation runs at 6.5 caused a reduction in Cu(II) from 9.0
mg/% to 0.11 mg/% after 20 min. Similar runs in which the flotation pH was
6.0 gave a Cu(Il) concentration of 0.20-0.40 mg/% after 25 min, depending
on conditions. Similar runs in which the flotation pH was 5.5 gave somewhat
poorer results; residual Cu(II) was 1.0-2.0 mg/2 after 25 min of foaming. We
also found that, if the solution is placed in the column and sparged with air
at a very low pH (2.5-3.0) for 5-10 min, foam flotation at pH 6.5 readily
produced residual Cu(II) concentrations in the range 0.10-0.20 mg/2% after 10
min of foaming.

Data on the effects of settling pH and foaming pH are shown in Table 25.
Data on the effects of a preliminary air sparging at low pH are shown in
Table 26.

2. Use of Ca(OH), (lime) as a precipitating agent.
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TABLE 24, EFFECTS OF SETTLING AND FOAMING pH's ON Cu(II) REMOVAL AFTER
PRECIPITATION WITH NaCO3

Settling pH 7.0 8.0 9.0

Flotation pH Time, min Cu(Il) (mg/%)

0 7.9 (10.5)" 7.0 (9.3) 4.3 (5.7)
5 7.8 6.9 4.2
- 10 7.8 6.7 4.3
. 15 7.8 6.3 4.2
20 8.0 6.2 4.3
25 7.8 5.7 4.3
0 9.1 (12.1) - () 6.3 (8.5)
5 7.7 6.3 4.7
. 10 5.9 5.8 4.2
15 3.7 4.3 2.4
20 0.85 2.29 1.67
25 0.44 1.20 0.89
0 9.0 (12.1) 4.6 (6.1) 3.9 (5.2)
5 2.57 4.6 -
6 o 10 1.47 2.58 -
" 15 0.59 0.71 1.46
2 0.11 0.31 0.53
25 0.12 0.30 0.24
0 10.1 (13.5 5.0 (6.7) 3.15 (4.2)
5 4.5 3.6 3.3
6.0 10 1.06 1.88 1.03
: 15 0.54 0.41 0.36
20 0.49 0.27 0.34
25 0.47 0.24 0.31
0 11.5 (15.3) 5.4 (7.1) 3.14 (4.2)
5 1.22 1.08 0.79
6 0+ 10 0.85 0.35 0.46
: 15 0.68 0.37 0.34
20 0.63 0.35 0.28
25 0.77 0.37 .
0 10.8 (14.4) 4.6 (6.1) 3.29 (4.4)
5 3.33 1.65 1.40
- 10 2.79 1.27 1.04
: 15 2,64 1.17 0.96
20 2.42 1.09 1.00
25 2.4 1.14 0.99
0 9.5 (12.6) 7.6 (10.2) 3.4 (4.6)
5 2.46 2.05 1.03
-, 10 2.11 2.09 0.99
v 15 1.94 1.86 0.95
20 1.75 1.79 ' 0.95
25 2.00 1.62 0.94

%Sample sparged with air for 10 min before foaming.
“Parenthetic values are Cu(II) concentrations in the decantate before addi-
tion of other reagent solutions.
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TABLE 25, EFFECTS OF AIR SPARGING AT LOW pH ON Cu(II) REMOVAL AFTER
PRECIPITATION WITH Na2C03*

Sparging time,

min Time, min Cu(Il) concentration (mg/?2)
0 10.1 (13.5)
5 5.5
5 10 1.71
15 0.44
20 0.35
25 0.26
0 8.7 (11.6)
5 0.96
4 10 0.26
15 0.26
20 -
25 0.21
0 8.9 (11.8)
5 1.30
6 10 0.21
15 0.15
20 0.15
25 0.15
0 10.6 (14.2)
5 0.52
3 10 0.15
15 0.15
20 0.15
25 0.14
0 10.1 (13.4)
5 0.27
10 0.18
10 15 0.10
20 0.14
25 0.12

*Solutions were sparged with air at pH 2.5-3.0, pH of precipitation

and settling was 7.0 (Na»C03), initial Cu(II) concentration was 500
mg/%. 150 ml of supernate was made 100 mg/% in Fe(III), placed in
column, acidified, and sparged for the desired period. The pH was
then raised to 6.5 (NaOH), 50 mg/% of NLS added initially, 25 mg/%
after 6 min, 25 mg/f2 after 11 min. Air flow rate were about 60 ml/min.

Batch runs were as follows. Solid Ca(OH), was added with vigorous stir-
ring to 200 ml of a solution containing 500 mg/% of Cu(IT) (as the nitrate)
until a pH of ~12 was reached. This required approximately 1.2 gm of Ca{OH)>
per liter of solution. The solution was allowed to settle for 10 min and the
supernatant decanted for further treatment by floc foam flotation with Fe(IID)
and NLS as described previously. We found that the high Ca(II) concentration
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prevented foaming by forming a scum with the NLS, and that foam flotation was
not possible under these circumstances. The problem was solved by bubbling
COp through the solution until the pH drops to about 10.0; this precipitates
CaCOz but does not leave excessive COz~ or HCO3™ in the solution to interfere
with the foam flotation step. The resulting solution is readily treated by
floc foam flotation [100 mg/2 of Fe(II); 50, 25, and 25 mg/% of NLS initially,
after 6 min, after 11 min; air flow rate about 60 ml/min]. The results are
shown in Table 26. They indicate that Cu(II) levels, already quite low after

TABLE 26. EFFECT OF FOAMING pH ON Cu(II) REMOVAL AFTER PRECIPITATION
WITH Ca(OH) 3

Flotation pH 5.5 6.0 6.5 7.0
time, min Cu(II) (mg/2)
0 0.23 (.31)7 0.23 (.31) 0.19 (.25) 0.25 (.35)
5 0.10 0.05 0.13 0.20
10 0.11 0.03 0.04 0.05
15 0.08 0.01 0.06 0.08
20 0.06 0.00 0.05 0.08
25 0.05 - 0.04 0.05

TParenthetic values are Cu(IIl) concentrations in the decantate before
addition of other reagent solutions.

precipitation with lime, are readily reduced to extremely low values by floc
foam flotation with Fe(OH)z and NLS, provided that excessive Ca(Il) is re-
moved.

3. Use of AI(III) or Fe(IIIl) as coprecipitating agents.

In these runs solutions were prepared containing 500 mg/% of Cu(II) as
the nitrate; aluminum nitrate or ferric nitrate and sodium hydroxide were used
to generate the coprecipitating A1(OH)3 or Fe(OH)3 flocs; coprecipitation was
carried out at a pH of 7.0 in all runs. After coprecipitation and settling,
supernate was decanted, the pH was adjusted to the desired value with NaOH
and HNOz; Fe(III) was added (100 mg/%); and NLS was added (50 mg/% initially,
25 mg/% after 6 min and 25 mg/% after 10 min of flotation). The air flow
rate was approximately 60 ml/min.

In the first set of runs 100 mg/2 of Al1(III) was used in the coprecipita-
tion step. After coprecipitation and settling the supernate contained ap-
proximately 1.00 mg/% of Cu(II). Flotation of the supernate as described
above resulted in residual Cu(II) concentrations of 0.05 mg/%2 (flotation pH
7.0), 0.03 mg/2 (6.5), 0.03 mg/2 (6.0) and 0.16 mg/2 (5.5) after 25 min.

The second set of runs was made using 50 mg/2 of AL(III) in the copre-
cipitation step; after the resulting floc had settled, the supernate contained
typically 1.5-2.4 mg/% of Cu(II). Flotation of the supernate as described
above reduced residual Cu(Il) levels to 0.05 mg/% (flotation pH - 7.0), 0.03
mg/% (6.0) and 0.15 mg/2 (5.5) after 25 min.
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Fe(I1I1) at 50 mg/f% was used as the coprecipitating agent in the third set
of runs. After settling, the supernate contained 3.0-4.0 mg/2 of Cu(II).
Flotation of this solution as described above produced residual Cu(II) levels
of 0.01 mg/% (flotation pH = 7.0), 0.05 mg/% (6.5), 0.03 mg/% (6.0), and 0.23
mg/% (5.5). It was found that the Cu(II) concentrations after coprecipitation
with 100 mg/% of Fe(III) were approximately the same as those resulting when
50 mg/2 of Fe(III) was used. See Table 27.

TABLE 27. EFFECT OF FOAMING pH ON Cu(II) REMOVAL AFTER COPRECIPITATION WITH
AL(OH) 5 or Fe(OH)

Precipitating agent

and concentration 100 mg/% AL(IIT) 50 mg/¢ AL(III) 50 mg/% Fe(I1I)

Flotation pH Time, min

0 95 (1.27)% 2.40 (3.20) 4.5 (5.9)
5 21 .25 15
10 .07 13 4 01
7.0 15 07 07 .01
20 .07 07 01
25 05 .07 01
0 .89 (1.19) 2.26 (3.01) 4.0 (5.3)

5 .20 13 .30
. < 10 .03 .04 .06
: 15 03 .03 .06
20 .03 .03 .05
25 .03 .03 .05

0 1.05 (1.40) 1.80 (2.40) 2.70 (3.60)
5 16 .07 .08
10 .03 .03 .05
6.0 15 .03 03 .03
20 03 .03 .03
25 .03 .03 03

0 1.13 (1.51) 1.37 (1.83) 2.82 (3.76)
5 .20 17 .34
10 19 15 .26
5.5 15 17 .15 .24
20 17 15 .23
25 16 15 .23

"Parenthetic values are Cu(II) concentrations in the supernate before addition
of other reagent solutions.

We conclude that coprecipitation with A1(OH)3 or Fe(OH)z is quite com-
patible with adsorbing colloid flotation.

INTERFERENCES WITH FLOC FOAM FLOTATION RESULTING FROM FOREIGN IONS

One of the factors which can very markedly affect the efficiency of ‘
adsorbing colloid flotation and surfactant recovery from flotation sludges 1s
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the extent to which other ions are adsorbed into the primary layer of the floc
The theory of this effect is discussed in references (42) and (51), and in
Appendix D. The very large changes in surface potential and in surface con-
centration of surfactant result (in the model analyzed) from varying

the salt concentration and identity of added salts. Earlier in this section
we demonstrated very marked differences in the ability of different anions to
interfere with the flotation of zinc(ID with A1(OH)z and NLS; in order of
increasing interference we found NO3~ < S04% << HP04~ = HAsO4~. [See also
(56).] In the present work we examine the effects of various added salts on
the batch flotation of ferric hydroxide flocs with sodium lauryl sulfate at
pH 5.0. We choose this system and these conditions [100 mg/% of Fe(III},

50 mg/% of sodium lauryl sulfate] because (1) in the absence of added salts
flotation is very rapid; (2) the system is quite effective for a number of
separations; and (3) the flotation of the strongly colored Fe(OH)z is readily
observed visually.

Batch runs of about 200 ml were made in an apparatus of the sort pre-
viously described (1,54,57). Removal rates were graded as rapid [removal
of Fe(OH) ; visually complete in 5 min], slow [visual evidence of Fe(OH)z in
the foam, but removal not complete in 5 minj, or none [no visual evidence
of Fe(OH)z in the foam]. A variety of anions were chosen having different
charges and coordination affinities for Fe(III) (15). Glycerol, which co-
ordinates readily with Fe(III), was also investigated. The results are shown
in Table 29.

We find that phosphate, hexaphosphate, arsenate, EDTA, and oxalate are
extremely effective in suppressing the flotation of ferric hydroxide under
conditions at which, in the absence of these ions, it floats rapidly and
completely. In all the runs a possibly interfering substance was added to
the solution after the ferric hydroxide was precipitated to avoid possible
loss of the interfering ion by coprecipitation in the bulk of the solid
where it would presumably be ineffective. It was somewhat surprising to us
that cyanide and thiocyanate, both of which complex readily with Fe(III) in
solution, were nowhere nearly as effective in blocking flotation as the ions
mentioned above. Neither did we anticipate that C104” would be somewhat
more effective than NOz~ and Cl™ in blocking flotation, since it is one of
the weakest-binding ligands known.

These results suggest a number of potential applications. Addition of
interfering anions might be used to make precipitate flotations more selective
and could also facilitate the recovery of surfactant from foam flotation
sludges. Our findings also introduce a complication into the use of foam
flotation techniques for the removal of metals from wastewater which may
contain interfering ions. The behavior of the flocs in the presence of
interfering ions suggest that these ions may interfere severely with pre-
cipitation separations also.

SIMULTANEOUS FLOC FOAM FLOTATION OF Cu(II), Pb(II), AND Zn(IT)
Most metal-containing industrial wastes contain several different metal

ions, so we carried out some work on the simultaneous removal of copper, lead
and zinc from solutions containing these metals. The concentration of each
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TABLE 28, EFFECT OF VARIOUS ADDED SALTS AND GLYCEROL ON THE FLOTATION OF FERRIC HYDROXIDE
Concentration (moles/%)2
Substance 0.0025 0.01 0.03 0.05
NaClO4 R S S N
NaNO3 R R R R
NaC1 R R R R
KCN S-R S S N
KCNS R S S S S
NaF R S N
Glycerol S S S S
NapS0y4 R S S N
Na,HPOy N N N
NapyHAsOy N N N
Concentration 0.0005 0.005
Na,EDTA N N 4 3
Concentration 2.5 x 1070 6.25 x 1075 1.25 x 104 3.13 x 10 6.25 x 1074 1.25 x 10°
Na2C2O4 ) R -4 S -4 S -3 S -3 N -3 N
Concentration 4.2 x10 8.3 x 10 1.67 x 10 5 x 10 8.3 x 10
(NaP0O3)¢g N N N N N
4R = rapid removal; S = slow and/or incomplete removal after 5 min; N = no visible removal.

Operating

conditions: pH = 5.0 4+ 0.1; 100 ppm Fe(IIT); 50 ppm NLS; air flow 85 ml/min.



of the metal ions was 20 mg/%, 100 mg/2 of NLS was used as the collector,
sample volumes were about 200 ml, air flow rates were about 67 ml/min, and
flotation was carried out for 20 min. Copper, lead and zinc analyses were
carried out by atomic adsorption. Ionic strength was varied by the addition
of sodium nitrate.

The results of this work are shown in Table 29, and indicate that
simultaneous removal of several metals by floc foam flotation is possible.

TABLE 29. RESULTS OF THE FLOW FOAM FLOTATION OF Cu(II), Pb(II),
AND Zn(I1) WITH Fe(OH)z AND NLS

Added

NaNOz Fe(I1I) Residual Cu(ID) Pb(1I) Zn(11)

(m/ %) pH (m/ %) (mg/2)  (mg/2)  (mg/%)
.02 6.1 100 .30 .20 3.2
.02 6.5 100 .25 .15 2.1
.02 7.02 100 .20 .20 1.8
.05 6.05 100 .27 .15 2.9
.05 6.55 100 .26 .15 2.9
.05 7.05 100 .30 .30 2.2
.10 6.05 100 .35 .4 3.2
.10 6.56 100 .26 .30 2.8
.10 7.02 100 1.25 1.2 2.9
.075 8.05 100 7.75 >10 3.3
.075 8.05 150 >8.0 >10 3.5
.075  8.05 200 >8.0 >10 3.5

FLOC FOAM FLOTATION OF CYANIDES

Various treatment technologies (physical, chemical and biological) exist
for the removal of cyanide from wastewaters. These include: alkaline
chlorination; electrolytic decomposition; ozonation; complexation with metals;
ion exchange; reverse osmosis; dialysis, irradiation; permanganate oxidation;
peroxide oxidation; complexation with polysulfides; the Kastone process;
liquid-liquid extraction with primary and secondary amines; copper-catalyzed
activated carbon adsorption; and biological oxidation using trickling filters
and activated sludge. Many of these processes are well adapted to treating
waste streams of low volume and high concentration (e.g. wastewater from an
electroplating facility). Some exhibit technical difficulties, while others
at present lack full-scale demonstration. The alkaline chlorination process
is most commonly employed.

The iron cyanide complexes are so stable (see Table 30) that standard
alkaline chlorination does not affect them. Since they exhibit little dis-
sociation, they have acquired 'mon-toxic'" labels. Table 31 lists the
solubilities of some complex cyanide salts. Iron complexes are capable of
releasing cyanide ion through photo dissociation in strong sunlight. Also,
bacterial decomposition of the complex in the receiving water to form CN™ is
possible as well as increased solubility under alkaline conditions. Conse-
quently the deliberate complexing of simple cyanides with iron salts as an
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TABLE 30, STABILITY CONSTANTS FOR CYANIDE COMPLEXES

Complex Kg (25°C)
cO(CN)6‘4 1 x 10%°
Cu(CN)4’2 1x 10%°
Fe(CN)4’4 1 x 10%4
Fe(CN)é’z 1x 1022
Ni(CN)4—2 1 x 10 .
Zn(CN)4 8.3 x 10

(from A. J. Bard, Chemical Equilibria, Harper and
Row, New York, 1966)

TABLE 31, SOLUBILITIES OF CYANIDE COMPOUNDS

Compound Solubility, g/2 Temp, °C
Ni(CN), 5.92 x 1072 18
Zn(CN), 5.8 x 107° 18
Fe,[Fe(CN)¢ ], 2.5 x 10°% 22
Zn,Fe(CN) ¢ 2.6 x 107° N/A
ZnS[Fe(CN)6]2 2.2 x 107° N/A
Cu(CN), 0.014 20

(from ASTM, 1975 and Linke, 1958, 1965)

economical wastewater treatment should be unacceptable. The insoluble iron
cyanide in a solid waste can best be treated by burial or landfill in an area
where acid conditions are common. The other metallo-cyanide complexes are
susceptible to chlorine oxidation but proceed at different rates.

Grieves, Bhattacharyya, and co-workers studied the removal of iron-com-
plexed cyanide by foaming with a cationic surfactant, ethylhexadecyldi-
methylammonium bromide (81,82). After treatment the free residual cyanide
averaged 7.5 mg/%; residual complexed cyanide, 2.9 mg/&. The reduction in
free cyanide ranged from approximately 80 to 90%. Other studies involving
metallo-cyanide complexes include: batch foam fractionation experiments con-
cerning the selectivity of several chloride vs cyanide complex ions (81); and
a similar determination of the selectivity coefficients for Ag(CN),~ and
Au(CN),” vs T~ (87).

Here we report on a study of the removal of metallo-cyanide complexes
using NLS. We have considered the precipitate and/or adsorbing flotation of
cobalt, copper, chromium, iron, nickel and zinc systems, individually and
in combination. Their removal is addressed from two aspects: (1) the re-
moval of cyanide ion itself; and (2) the removal of complexes which could be
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present or readily formed in the wastewater. Particular interest was paid to
iron-iron-cyanide systems because of their low toxicity and low cost.

Experimental

Batch foam separations were carried out in the batch columns described
earlier. Metals analyses were performed on acidified aqueous samples by
atomic absorption. Cyanide determinations were performed on basic (pH 13)
solutions with an Orion specific ion probe electrode, model 96-06. The stan-
dard curves were linear in the range studied, 0.05-10.0 mg/%. The average
correlation coefficient (for the first order fit of log concentration vs MV)
was 0.9970. o

A semi-quantitative method was developed for the determination of residual
iron-cyanide complex in solution. A solution was prepared as described below,
but not foamed. The first metal added was Fe*? (100 mg/%); the second, Fe*3
(150 mg/&). The additional pH adjustments to prepare for the cyanide and
metals analyses were also performed on the sample. This insured comparable
ionic strength of the solutions. The solution was then permitted to stand,
covered, to simulate the oxidation experienced in the column. Aliquots were
diluted to yield a series of standards representing 0-20% of the initial con-
centration. Absorbance vs percent of initial concentration were run on a
Beckman DB spectrophotometer at a wavelength of 732 mup. The results were
linear in the range studied with a correlation coefficient of 0.9996 for a

first order fit.

Stock solutions of cyanide (50 mg/%) from KCN were prepared daily. Two
hundred ml were placed in a beaker and the appropriate amount of the "first
metal" was added. In all cases 1 ml of stock metal solution resulted in a 50
mg/% concentration. It was presumed that the "first metal" forms the metal-
cyanide complex anion. The stock metal solutions were prepared from the cor-
responding nitrate salts except for the Fe*Z solution, for which ferrous am-
monium sulfate was used. All metal solutions were kept at acidic pH. The
metal cyanide solution was stirred for approximately 5 min, pH was monitored
throughout. The "second metal" was added and the solution stirred for ap-
proximately 10 min. Longer stirring periods were tested but yielded no in-
crease in CN removal. The pH was adjusted to the desired value by adding NaOH
or HNOz as necessary. Five ml of 1000 mg/2 NLS were added before the test
solution was poured into the column. Additional surfactant was added in a
series of 5 ml injections throughout the run as required. Air flow rate in
the column was approximately 60 ml/min.

Results and Discussions

A series of runs was performed to determine the optimum operating para-
meters for the foam removal of cyanide. Optimization required the assessment
not only of residual cyanide concentrations but also residual levels of
cyanide complex and iron. The parameters which were varied were: Fe(II)
concentration; Fe(III) concentration; NLS concentration; pH; and duration of
foaming. The manner of NLS addition was also studied. Second order effects
were also briefly assessed. These included the effect of increased stirring
time after iron addition and use of dry weight iron salts additions (instead
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of acidified stock solutions). The latter was tried in an effort to maintain
ionic strength as low as possible. Both second order effects produced no more
than minor variations, well within the experimental precision of the results.

Table 32 shows the results of preliminary tests in which precipitate
flotation was employed to remove cyanide. (Earlier runs determined optimum
pH for removal.) The precipitation with Fe(III) effected no removal. Ferric
hydroxide was formed and an odor of HCN was noticed escaping from the column,
so the run was terminated. Precipitation with Fe(II) produced better results.
Foaming effected an average of 82.8% free CN reduction and a 91.1% iron
reduction.

TABLE 32, PRECIPITATE FLOTATION RUNS

Initial Conc.

Fe(1l), Fe(I1I), Foaming  Residual Residual

Run mg/ % mg/ % pH Time CN, mg/% Fe, mg/2
A 50 0 4.9 40 §.6 4.1
B 50 0 4.9 40 8.6 4.8
C 0 50 4.9>6.5 * 17.1 N/A

*
Aborted - see text.

TABLE 33, MOLARITY AND mg/2 CONVERSIONS

Species at mg/ 4 yields Molarity (xlOS] Solution
CN 50 19.2
Fe 50 8.95
Cu 50 7.87
Cr 50 9.61
Co 50 8.48
Ni 50 8.52
Zn 50 7.65
ratio mg/2 ratio Fe/CN
Species in moles in moles
Fe(CN) 358 0.167
Fe(CN)6'4 .358 0.167
Fe[Fe(CN)6] 0.716 0.333
: = -
Fe4[Fe(CI\)6]3 0.835 0.389
50 ppm Fe & 50 ppm CN 1.00 0.466

For 50 ppm CN total conversion to Feyq[Fe(CN)g]3z yields 9.45 mg/2 complex
salt or 1.1 x 107> moles complex salt.

Table 33 presents a summary of required molar ratios and mg/% equivalents
for the iron cyanide complexes and precipitated compounds. Similar informa-
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tion for the heavy metals studied (and discussed later) is also included. It
was assumed that the Fe(II) formed the stable complex Fe(CN)6"4 and excess
iron formed Fey[Fe(CN)g]3 - the excess Fe(II) being oxidized to Fe(III) upon
stirring and/or foaming.

In an effort to increase the removal of cyanide, a series of runs was
made using adsorbing colloid flotation. The precipitate formed was still
assumed to be predominantly Feq[Fe(CN)glz. This was then adsorbed onto ferric
hydroxide floc and foamed with pulsed NLS additions. For 60 min runs, 50 ml
(25 mg/%) additions of NLS were added at time = 0, 10, 25 and 40 min. Table
35 shows the results of these runs which determined the standard operating
conditions. A fresh ascarite\air filtering system adequately removed CO, so

TABLE 34. STANDARD OPERATING CONDITIONS:. DETERMINING RUNS

Initial Conc. Operating Conditions
+2 +3 .
Fe Fe foaming dur- Total NLS Free Complex,
Run# mg/& mg/f% pH ration, min. added, mg/2 CN, mg/& (% initial conc.)
1 100 200 3.85 45 75 3.9 0.8
2 100 200 4.7 45 100 3.2 0
3 100 200 5.3 60 100 2.8 0.5
4 100 200 5.5 60 100 4.1 0
5 100 200 5.7 120 175 1.9 0.5
6 100 200 6.0 aborted-poor floc removal
7 100 150 4.2 60 125 6.5 0
8 100 150 4.2 90 125 5.9 0.2
9 100 150 4.2 90 125 6.5 0
10 100 150 4.2 120 150 5.9 0
11 1060 150 4.2 120 150 5.1 0.2
12 100 150 5.5 60 100 3.6 0
13 100 150 5.5 60 100 4.1 0
14 100 150 5.5 60 100 4.1 0

that initial and final pH in the columns were essentially the same. Two ad-

ditional pH considerations were included in this study: (1) ferric hydroxide
floc floated best with NLS over a pH range of 5 to 7; and (2) most discharge

regulations require the pH of plant effluent to be between 6 and 9.

The first series of runs (1-6) employed 100 mg/% Fe(II) to form the fer-
rocyanide complex and precipitate and 200 mg/% excess Fe(III) to form the
adsorbing floc. Overall best results were obtained in the pH 5.3-5.5 range
considering duration of foaming and amount of NLS required.

It should be noted that according to Grieves and Bhattacharyya (88), as
suggested by Legros (89,90), complete conversion of ''free' cyanide to com-
plexed cyanide is impossible. A ''reasonable' percentage of non-complexed
cyanide was reported to be 20%. This results from the hydrolysis of the fer-
rocyanide complex ion to form a ferro aquo penta cyanide complex,
[Fe(CN)gH,0]-~, and free cyanide, CN™.
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The next series of runs (7-14) optimized the iron concentration and
foaming time. On the basis of the results of series 1, the pH employed was
5.3-5.5. At pH 4.2 the average CN removal was 88.0%. The average iron
removal was 87.7%. There was evidence of trace residual iron complex at this
pH. At pH 5.5 the CN removal was 92.2% (3.9 ppm average residual) and the
average iron removal was 97.8% (5.4 ppm average residual). There was no
evidence of residual iron complex when the samples were analyzed as described
above. Extended foaming did not decrease the residual free cyanide concen-
tration but did reduce the iron concentration from 5.0 mg/% at 60 min to 3.0
mg/% after 90 min. The foamate volume at the end of the 60 min runs was 5-6%
of the initial sample volume for one system; this quantity was 7-8% in
another column.

As mentioned previously, the iron cyanide complex is known to photode-
compose. A run was made which was shielded from the laboratory fluorescence
lights. No decrease in free cyanide concentration was noted, but there was a
slight increase in residual complexed cyanide, 0.76%. (Operating conditions
were as in runs 12-14.)

The operating conditions from runs 12-14 were selected as the standard
operating conditions. Another series of runs using these conditions investi-
gated the effect of increasing ionic strength on residual concentrations.

The results are seen in Table 35. As anticipated, the residual concentrations

*
TABLE 35. IONIC STRENGTH RUNS

NaNO 7 Complex

Run Molarity CN, mg/2 Fe, mg/% (% initial conc.)
Ave. of
Stnd. Runs 0 3.9 5.4 0

18 0.01 8.8 11.3 0.2

19 0.01 8.8 19.5 0

20 0.1 7.3 44.3 N/A

21 0.1 6.2 54.8 32

22 0.25 3.4 73.6 100

23 0.25 3.2 145.6 100

*Standard operating conditions; pH 5.3-5.4; 100 mg/% Fe+2; 150 mg/%
Fe*3; duration of foaming 60 min; total NLS added, 100 mg/%.

of iron and complex increased with increasing salt concentration. The con-
centration of free cyanide at the end of the run was found to decrease with
increasing salt concentration.

Next, standard operating conditions were used in a study of cyanide re-
moval in the presence of various heavy metals, singly and in combination.
The metals selected for study were cobalt, copper, chromium, nickel and zinc.
Cobalt was included since it also forms a very stable cyanide complex (see
Table 30). The other metals are commonly used in electroplating facilities
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and are found in wastewater. Cyanide can be used as a major anion in the
plating baths for zinc, nickel or copper. These plated metals often form the
basis surface for subsequent chromium plating. The average results for
cyanide removal are given in Table 36.

In a Type A run, one first adds the metal of interest, M, to the free
cyanide solution to form the complex and then adds the Fe(III). This is
completely analogous to the standard runs. In a Type B run the complex is
made with Fe(II) and then the metal, M, is added. The operating pH was se-
lected as optimum from an earlier series of test runs. A Type C run re-
verses the order of the addition used in Type B runs. It is run at the
standard pH. The Type D runs combine the five metals in equal concentrations,
20 mg/2 each for a total concentration of 100 mg/2 metal. Runs of Type D are
then handled identically to Type A runs.

For the cobalt study, Type B was the least effective method, although
the residual free cyanide is low. It is assumed that the overall lower free
cyanide concentration (cf. standard runs) reflects the absence or reduction
of the hydrolysis reaction. Run Types A and C give comparable results in
cobalt and cyanide residual concentrations but not iron. This could be
attributed to the only partial oxidation of Fe(II) to Fe(III). For cobalt,
and the other metals, there is general agreement in the percent residual
metal between run Types A and D (see Table 37).

Copper, however, gave generally better results with Type B runs. Nickel
and chromium gave generally better results with Type A runs. Studies using
zinc gave the worst removals of the five metals. This was expected because
of zinc's amphoteric character and the comparatively small stability constant
of the zinc cyanide complex (See Table 30). Again the increased residual
iron concentrations obtained from the A and C Type runs most likely reflect
incomplete conversion of Fe(II) to Fe(III) during the stirring and foaming
periods.

The residual concentrations of iron and cyanide in the mixed metal runs
are lower than those obtained in the standard runs. The average 0.2 mg/% Fe
residual is a 99.9% reduction. The average 1.5 mg/% CN residual is a 97%
reduction.

Conclusions

The adsorbing colloid flotation of free cyanide by Fe(I11)/Fe(III) results
in roughly 92.2% removal of free cvanide, and 100% removal of iron/cyanide
complex and 97.8 removal of iron after 60 min at a pH of 5.5. NLS was the
surfactant used. Increased ionic strength reduces the percent removal of the
complex and iron but decreases the presence of free cyanide after the initial
increase. Removal of cyanide in the presence of heavy metals, other than
iron, can be effected by the addition of Fe(III) to provide the adsorbing
precipitate of Fe(OH)z. The concentration of heavy metal 1s also reduced.
Optimum removal conditions must be determined for each metal or combination.
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TABLE 36, HEAVY METAL RUNS: AVERAGE RESIDUAL CQ S__

Run
Metal Type M, ppm Fe, ppm CN, ppm
Cobalt A 70.2 0.4 0.08
B 100 39.1 0.13
C 68.6 30.3 0.07
D 8.2 0.2 1.5
Copper A 34.6 1.6 7.6
B 29.2 0.4 0.06
C 14.1 5.0 0.69
D 4.9 0.2 1.5
Chromium A 0.3 0.3 19.2
B 100 100 7.4
C 40.0 40.0 45.4
D 0.1 0.1 1.5
Nickel A 41.8 0.4 0.23
B 38.7 N/A 0.23
C 99.1 43.1 0.43
D 8.7 0.2 1.5
Zinc A 80.0 0.4 43.4
B 91.0 33.8 10.4
C 89.0 74.9 40.3
D 15.0 0.2 1.5

Run Type A: M + Fe*3; [M] = 100 ppm; [Fe*3]
50 ppm; pH 5.4-5.5
B: Fe*2 + M; [Fe*2] = 100 ppm; [M]
50 ppm; pH 4.7-4.8
C: M+ Fe*2; [M] = 100 ppm; [Fe*?]
50 ppm; pH 5.4-5.5
D: ML + M2 + M3 + Md + M5 + Fe+3; [M1] etc. = 20 ppm;
[Fe*3] = 150 ppm; [CN] = 50 ppm; pH 5.4-5.5

150 ppm; [CN]

]
n

100 ppm; [CN]

100 ppm; [CN]

1]

TABLE 37. PERCENT RESIDUAL METALS, RUN TYPES A & D

Run Type Co Cu Cr Ni Zn
A 70.2 34.6 0.3 41.8 80.0
D 41.0 24.5 0.5 43.5 75.0
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TABLE A-1. DATA ON LEAD REMOVAL FROM WASTES AND SIMULATED WASTES WITH THE 10-CM AND 30-CM COLUMNS

Hydraulic Effl.
Pun Fe(I1I) NLS Air Tlow Influent Flow Loading Pb(I1)
No. pH mg/ L mg/ 4 2/min@ Rate (gal/hr)b gal/min-ft? mg/ L Comments
1 5.9 150 40 4 10 1.9 .05 Foam very
15 2.9 .10 stable, but
12 2.3 .10 wet. Foamate
12 2.3 .05 volume ~6% of
12 2.3 .05 influent vol-
12 2.3 <.05 ume.
12 2.3 .12
11 2.1 .05
12.5 2.4 .08
12.5 2.4 .31 Foam over-
turning
12.5 2.4 .31 Foam over-
turning
2 6.0 200 40 4 8 1.5 .20 Overturning
11 2.1 .37 occurred
11 2.1 .24 throughout
10.5 2.0 .44 most of the
5 10 1.9 .57 run. One of
10 1.9 .37 the screen
10 1.0 .47 baffles was
10 1.9 .47 tilted
slightly

{(continued)
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TABLE A-1, (continued)

Hydraulic Effl.
Run Fe(II1) NLS Air Flow Influent Flow Loading Pb(IT)
No. pH mg/ L mg/ L £/min Rate (gal/hr)b gal/min-ft2 mg/ L Comments
3 6.1 150 35 3 8 1.5 .10
2 9 1.7 .14
12 2.3 .30 Some overtur-
12 2.3 .64 ning in foam
15 2.9 .57
15 2.9 1.3
13 2.5 1.0 Foam recover-
13 2.5 .44 ing
13 2.5 .61
13 2.5 .47
4 6.0 150 35 1 7.5 1.4 .10
1 9 1.7 .13
1.5 12.5 2.4 1.5 Severe over
turning
1.5 12.5 2.4 .96 Recovering
5 6.4 150 35 2 5.5 1.0 .05
5.5 1.0 .06
8 1.5 .10
10 1.9 .36 Beginning to
turn
10 1.9 .68
12 2.3 .84
12 2.3 1.0
6 7.1 150 35 2 8.5 1.6 .84 No overtur-
10.0 1.9 2.3 ning evident
12.5 2.4 3.2
7 5.8 150 35 2 5.5 1.0 .08
10.5 2.0 .17
12.5 2.4 .32 Slight over-
turning
{continued) 14.5 2.8 .49
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TABLE A-1.  (continued)
Hydraulic Effl.
Run Fe(IIl) NLS Air Flow Influent Flow Loading Pb(II)
No. pH mg/ L mg/ 4 2/mind Rate (gal/hr)b gal/min—ft2 mg/ 2 Comments
8 5.0 150 35 2 5.5 1.0 .38 Some overtur-
ning
10.5 2.0 .28 Recovering
10.5 2.0 11
12.5 2.4 .10
12.5 2.4 .07
15 2.9 .05
15 2.9 .13
9 4.9 150 30 2 4 0.8 A1
8 1.5 .72 Overturning
beginning
10.5 2.0 .87
10.5 2.0 1.4
10.5 2.0 1.7
10 4.3 150 30 2 8 1.5 1.8 Severe over-
10.5 2.0 2.8 turning
10.5 2.0 2.9 throughout
12.5 2.4 2.3 Tun
15 2.9 2.2
16.5 3.2 3.0
16 3.1 1.6
16 3.1 2.2
11 5.2 100 30 2 3 0.6 .64 Little or no
8.5 1.6 .51 overturning
10.5 2.0 .37 present
12.5 2.4 .41
15 2.9 .42
15 2.9 .40

(continued)
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TABLE A-1, (continued) _

Hydraulic Effl.
Run Fe(I1I) NLS Air Flow Influent Flow Loading Pb(II)
No. pH mg/ L mg/ R 2/min® Rate (gal/hr)b gal/min—ft2 mg/ % Comments
12 5.4 200 30 2 8.5 1.6 .30
10.5 2.0 .55 Some overtur-
10.5 2.0 .69 ning present
12.5 2.4 .95
12.5 2.4 .90
12.5 2.4 .77
13 5.8 100 35 2 8.5 1.6 .45 Very little
10.5 2.0 .15 overturning
10.5 2.0 .34 evident
12.5 2.4 .45
12.5 2.4 .56
16.5 3.2 .81
14 5.7 200 35 2 8.5 1.6 .05
10 1.9 .10
12.5 2.4 .36 Slight over-
turning
12.5 2.4 .39
12.5 2.4 .45
15 5.7 150 35 2 S5 .96 .68 0.1 moles/2
7 1.3 .44 NaNOz added.
7 1.3 .44 Very little
8.5 1.6 .53 overturning.
8.5 1.6 53
10.5 2.0 .38
10.5 2.0 .35
16 5.8 150 35 3 5.5 1.0 1.1 0.2 moles/4
7 1.3 1.8 NaNOz added.
8.5 1.6 2.1
8.5 1.6 3.2
8.5 1.6 2.9

{continued)
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TABLE A-1, (continued)

Hydraulic Effl.
Run Fe(I1I) NLS Air Flow Influent Flow Loading Pb(11I)
No. pH mg/ L mg/ % £ /mind Rate (gal/hr)b gal/min-ft2 mg/ % Comments
17 5.8 150 35 2 7 1.3 1.0 0.3 moles/4
6.5 1.2 2.8 NaNO added.
8.5 1.6 3.8
8.5 l.6 3.9

) &/min = 0.24 m3/min—m2.
P10 gal/hr = 1.9 gal/min-ft2 = 112 m3/day-m2.
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TABLE A-2. DATA ON LEAD REMOVAL (SYNTHETIC WASTE) WITH THE 30-cm COLUMN

EXPERIMENTAL DATA_ FOR RUN 1

Waste Effluent

Air Flow Hydraulic Influent Tonic Pb(1I1) Pb(II)
Sample Fe(111) NLS Rate Loading Rate Flow Rate Strength Sample Sample
Number pH  (mg/&)  (mg/L) (SCFH) (gal/min-ft2)  (gal/min) (moles)  (mg/%) (mg/2)
1 16.8
2 4.4 70 70 50 3.47 2.5 0 8.7
3 4.5 70 70 50 3.47 2.5 0 7.6
4 5.0 70 70 50 3.47 2.5 0 2.1
5 4.2 70 70 50 3.47 2.5 0 7.1
6 4.0 70 70 50 3.47 2.5 0 13.0
7 4.5 70 70 50 3.47 2.5 0 6.3
8 11.5
EXPERIMENTAL DATA FOR RUN 2
1 16.9
2 4.7 70 70 50 3.47 2.5 0 5.2
3 5.0 70 70 50 3.47 2.5 0 3.3
4 4.5 70 70 50 3.47 2.5 0 8.5
5 4.4 70 70 50 3.47 2.5 0 4.1
6 4.2 70 70 50 3.47 2.5 0 7.2
7 15.1

{continued)
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TABLE A-2, (continued)

EXPERIMENTAL DATA FOR RUN 3

Waste Effluent

Air Flow Hydraulic Influent Tonic Pb(II) Pb(II)

Sample Fe(I1I) NLS Rate Loading Rate Flow Rate  Strength  Sample Sample
Number pH  (mg/&)  (mg/2) (SCFH) (gal/min-ft2)  (gal/min) (moles)  (mg/%) (mg/ %)

1 19.8

2 5.9 70 70 60 2.77 2 0 1.7

3 6.3 70 70 60 2.77 2 0 1.7

4 6.2 70 70 60 2.77 2 0 3.1

5 5.6 70 70 60 2,77 2 0 3.7

6 5.0 70 70 60 2.77 2 0 5.3

7 5.5 70 70 60 2.77 2 0 3.6

8 5.8 70 70 60 2.77 2 0 3.6

9 16.9
EXPERIMENTAL DATA FOR RUN 4

1 15.8

2 7.0 100 40 60 2.77 2 0 0.9

3 6.7 100 40 60 2.77 2 0 1.1

4 6.6 100 40 60 2.77 2 0 1.1

5 7.1 100 40 60 2.77 2 0 0.7

6 14.1

{continued)
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TABLE A-2. (continued)

EXPERIMENTAL_DATA FOR RUN 5

Waste Effluent

Air Flow Hydraulic Influent Tonic Pb(II) Pb(IT)

Sample Fe(111) NLS Rate Loading Rate Flow Rate  Strength  Sample Sample
Number  pH (mg/ ) (mg/ ) (SCFH) (gal/min-ft?) (gal/min) (moles) (mg/ ) (mg/ )

1 18.5

2 6.5 100 40 60 2.77 2 0 0.6

3 6.9 100 40 60 2.77 2 0 0.6

4 6.9 100 40 60 2.77 2 0 0.6

5 7.0 100 490 60 2.77 2 0 0.9

6 7.0 100 40 60 2.77 2 0 0.8

7 7.2 100 40 60 2.77 2 0 0.9

8 15.4
EXPERIMENTAL DATA FOR RUN 6 L

1 19.7

2 6.5 150 40 60 2.77 2 0 1.5

3 6.5 150 40 60 2.77 2 0 19.7(mixing chamber)

4 6.7 150 40 60 2.77 2 0 1.5

) 6.9 150 40 60 2.77 2 0 1.6

6 5.6 150 49 60 2.77 2 0 7.0

7 19.2
EXPERIMENTAL DATA FOR RUN 7

1 19.0

2 6.7 100 50 50-60 2.77 2 0.01 0.5

3 7.3 100 50 50-60 2.77 2 0.01 0.4

(continued)
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TABLE A-2. (continued)

EXPERIMENTAL DATA FOR RUN 8

Waste Effluent
Air Flow Hydraulic Influent Ionic Pb(I1) Pb(1I)
Sample Fe(I1I) NLS Rate Loading Rate Flow Rate  Strength  Sample Sample
Number  pH (mg/ %) (mg/2) (SCFH) (gal/min-ft”" (gal/min) (moles) (mg/ %) (mg/ %)
1 7.2 100 50 40-50 2.77 2 0.05 20° 2.6
2 6.7 100 50 40-50 2.77 2 0.05 20 2.4
3 6.4 100 50 40-50 2.77 2 0.10 20 6.1
4 6.2 100 50 40-50 2.77 2 0.10 20 12.8
5 7.2 100 50 40-50 2.77 2 0.10 20 11.0
EXPERIMENTAL DATA FOR RUN_9
1 6.5 100 50 40 2.77 2 0 1.14
2 0 20
3 6.8 100 50 40 2.77 2 0 1.14
4 6.5 100 50 40 2.77 2 0 1.14
5 6.3 100 50 40 2.77 2 0 1.85
6 6.3 100 50 40 2.77 2 0 3.00
7 6.5 100 50 40 2.77 2 0 3.14

{continued)
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TABLE A-2., (continued)

EXPERIMENTAL DATA FOR RUN_10

Waste Effluent

Air Flow Hydraulic Influent Tonic Pb(ID) Pb(II)
Sample Fe(III) NLS Rate Loading Rate Flow Rate  Strength  Sample Sample
Number pH  (mg/) (mg/ %) (SCFH) (gal/min-ft?)  (gal/min) (moles)  (mg/?) (mg/2)
1 0.01 10
2 6.6 100 50 40 2.77 2 0.01 0.86
3 6.4 100 50 40 2.77 2.5 0.01 1.57
4 6.5 100 50 490 2.77 2 0.05 2.29
5 6.3 100 50 40 2.77 2.5 0.05 1.86
6 6.4 100 50 40 2.77 2 0.05 2.43
7 6.5 100 50 40 2.77 2 0.07 2.57
8 6.7 100 50 40 2.77 2 0.07 3.14
9 6.7 100 50 40 2.77 2 0.07 3.29
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TABLE A-3. DATA ON ZINC REMOVAL (PLATING WASTE) WITH THE 30-cm COLUMN

EXPERIMENTAL DATA FOR RUNS 1, 2 and 3

Description Influent Flow Air Flow Rate NLS Fe(I1I) Zn Cu
of sample pH Rate, GPM (8CFH) (mg/ %) (mg/ %) (mg/ %) (mg/2)
Raw waste, run 1 8.8 - - - - 114 1.2
After liming 11.4 - - - - 6 0(<.01)
Column effluent 11.3 2.5 40 0 80 .7 0

" 11.3 2.5 40 0 80 .7 0

" 11.3 2.5 40 0 80 2 0
Raw waste, run 2 1.9 - - - -~ 420 32
After liming 11.4 - - - - 7.4 0
Column effluent 11.3 2.0 40 33 67 7.4 0

" 11.2 2.0 40 33 67 5.6 0
Raw waste, run 3 10.3 - - - - 134 3.3
After liming 11.3 - - - - 15 .10
Column effluent 11.3 2.5 40 0 100 7 0

" 11.3 2.5 40 0 100 8 0

" 11.3 2.5 40 0 100 5 0

" 11.3 2.5 40 0 100 6 0

" 11.3 2.5 40 0 100 8 0

" 11.3 2.5 40 0 100 9 0

(continued)
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TABLE A-3, (continued)

EXPERIMENTAL DATA FOR RUNS 4, 5, AND 6

Description Influent Flow Air Flow Rate NLS Fe(IIT) Zn Cu
of sample pH Rate, GPM (SCFH) (mg/2) (mg/2) (mg/2) (mg/ L)
Raw waste, run 4 2.7 - - - - 320 14
After liming 11.4 - - - - 14 .3

" 11.4 - - - - 18 2
Column effluent 11.3 2.0 40 33 67 11 0

" 11.3 2.0 40 33 67 6 0

" 11.3 2.0 40 0 80 10 0

" 11.3 2.0 40 0 80 11 0
Raw waste, run 5 6.5 - - - - 214 .4
After liming 11.2 - - - - 19 0
Column effluent 11.2 2.5 40 0 80 13 0

" 11.2 1.5 decreasing 0 110 12 0

" 11.2 2.0 to 0 100 12 0

" 11.2 2.0 0 100 14 -

" 11.2 2.0 18 0 100 14 -
Raw waste, run 6 9.4 - - - - .8 0
After liming 11.4 - - - - <,2 0
Column effluent 11.3 1.5 25 33 67 <.2 0
(poor .floc)
separation)

(continued)
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TABLE A-3. (continued)

EXPERIMENTAL DATA FOR RUNS 7 AND 8

Description Influent Flow Air Flow Rate NLS Fe(I1I) Zn Cu
of sample pH Rate, GPM (SCFH) (mg/2) (mg/2) (mg/2) (mg/ %)
Raw waste, run 7 8.8 - - - - 15 .8
After liming 11.3 - - - - 4.3 0
Column effluent 11.3 2.0 45 50 100 .3 0
" 11.3 2.0 45 0 100 .3 0
" 11.2 2.0 45 0 66 .3 0
Raw waste, run 8 9.0 - - - - 21 .8
After liming 11.2 - - - - 3.2 0
Column effluent 11.2 2.0 54 0 80 2 0
" 11.2 2.0 54 0 80 2 0
" 11.2 2.0 54 0 80 2 0
" 11.2 2.0 54 0 80 2 0
" 11.2 2.0 54 0 80 2 0
" 11.2 2.0 54 0 80 2 0
" 11.2 2.0 54 0 80 2 0
" 11.2 2.0 54 0 80 2 0




APPENDIX B

ADSORPTION ISOTHERMS

In our previous report (1) and other papers, (27,36-40,42) we examined a
Gouy-Chapman type model for the binding of a floc particle to an air-water
interface. Fuerstenau, Somasundaran, and others have used an alternate model
to describe ore flotation (43-50), and it adequately describes quite a number
of observed effects. In their model the ionic heads of the surfactant ions
adsorb into the primary layer of the solid particle; the hydrocarbon chains
of the surfactant ion then present a hydrophobic surface to the solution.
This results in changes in the surface free energies; if these result in non-
zero bubble contact angles on the solid, bubbles attach and flotation occurs.

We here examine first, the adsorption isotherms of particles to air-water
interfaces resulting from finite contact angles (52), and second, the adsorp-
tion isotherms of surfactant on the surfaces of the solid particles (41).

1. Particle Adsorption Isotherms

Let the binding energy between a floc particle and the air-water inter-
face be due only to differences in the surface free energies v,y (air-water),
Yas (air-solid) and ygy (solid-water). We approximate our floc particles as
spheres, and assume that floc particle-bubble attachment is as shown in Figure
27. We assume that the air bubble is much larger than the floc particle.

Let 6 be the contact angle of the air-water, air-solid, and solid-water
interfaces (see Figure 27), and r be the floc particle radius. As the parti-
cle attaches, the loss in air-water interface is given by

L = vrzsinze (B-1)
aw
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The loss in solid-water interface (and the gain in air-solid interface) is
given by

2
st = 2rr (1 - cos®) (B-2)

The free energy of attachment is therefore

_ 2 .2 2
AG = _Yaw“r sin 6 + (Yas - st)zTTI‘ (1 - cos®) (B-3)

The contact angle is given by

cosb = (y,. - st)/Yaw (B-4)

at equilibrium, so that Eq. (B-3) can be written as

2 2

AG = Y T (1 - cos#) (B-5)

We next determine the adsorption isotherm of the floc particles on the
air-water surface by use of the grand partition function; we follow Hill (85).
Consider an area of the air-water interface capable of accommodating one
particle, 6r¢/V/3, and a colum of liquid based on this area and capable of
containing a maximum of m floc particles. This constitutes a site, which
contains m cells; we take the sites to be independent of each other.

The grand partition function for a site is then given by

m
£ = igl{l + quxp[—BVi]} (B-6)

partition function for the internal degrees of freedom of a floc

particle, assumed independent of the cell in which the particle

is located

X = absolute activity of the floc particles, exp (u/kT), where u is
the chemical potential of a floc particle

B = 1/kT

Vi = potential energy of a floc particle in cell 1i.

Vi = AG, given by Eq. (B-5);

Vi = 0, 1 > 1.

1}

where q

The average number of floc particles per site is then given by

m Agexp(B8Vj)

5 = izll T qexp (CEV D) (B-7)
- Aqexp(-BAG) , (m=1)2q (B-8)
1 + xqexp(-BAG) 1+ Aq '
In the absence of the interface,
L W (B-9)

T =m0 = T, ]
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which we obtain from Eq. (B-8) by setting AG = 0. Here o is the average
number of floc particles per cell in the bulk solution. Eq. (B-9) yields

A\g = ao/(1 - o) (B-10)
and using this in Eq. (B-8) yields

— 1
s = 1o + (m-1)o (B-11)
1+ —E—exp(BAG)

The surface excess of floc particles in the site is given by

[ =3 - mo (B-12)
excess
which is given by

_ _ a(1-0) [1 - exp(BAG)]
Sexcess ~ o + (1-0)exp(BAG)

(B-13)

Generally, as we shall see exp(RBAG) << 1, so Eq. (B-13) can be well approxi-
mated by

— _ 1
Sexcess 1 + exp(BAG)/o (B-14)

The basal area of a site is 2V/3r2 (on assuming hexagonal close-packing in the
planer, and the volume of a cell is given by

V = 4/3r3 (B-15)

The concentration of floc particles in the bulk solution, cp, is therefore
related to o by

4/§E3cb =0 (B-16)
and the excess surface concentration in particles/cmz, s> is related to
B by
excess
= 2 B-17
s géxcess/(2/§} ) ( )

From Eqs. (B-13) and (B-16) we may readily show that the bulk floc particle
concentration at which the surface is half saturated (¥ = 1) is given by

excess
1
et = 1 -0 -Igggg%%%%%az]/16/§}3
= exp(BAG)/(4V3Td) (B-18)
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We next examine the sizes of the floc particle-bubble energies for
representative values of the parameters. We set A;y = 40 dynes/cm, correspon-
ding to the surface tension of NLS solutions at roughly the critical micelle
concentration. We assume floc particles 200 nm in diameter. The floc-bubble
binding energy as a function of contact angle is then given in Table B-1.

TABLE B-1. FLOC-BUBBLE BINDING ENERGY AS A FUNCTION
OF CONTACT ANGLEZ

cos9 -AG(erg) x 1010

0
1.257
.027
20.11
45.24
80.42
125.66
0 502.64

-0 OO0 o OO
N &~ 000 Wwo
(9]

%kT = 4.14 x10-1%erg at 25°C

Even for these rather small particles the floc-bubble binding energy is
roughly a thousand times larger than kT; ]AG] remains much larger than kT for
contact angles of any appreciable size for particles of 20 nm diameter.
Floc-bubble attachment is evidently an interaction which overwhelms the effects
of random thermal motions unless the contact angle is essentially zero, so
floc foam flotation should be an extremely efficient process as long as the
floc is hydrophobic. This requires that the surfactant concentration and the
floc surface potential be such that the surfactant can form a condensed sur-
face phase (hemimicelle) with the hydrophobic hydrocarbon chains of the
surfactant presented to the liquid phase; conditions for this to occur are
explored later in this Appendix.

Estimation of contact angles in this model is likely to be difficult.
The flocs of interest are often hydrous oxides, extensively and probably
irreproducibly hydrated, and their characteristics are surely changing with
time. Contact angle measurements on well-characterized crystalline materials
can be no more than a rough guide in estimating contact angles on these fresh,

unaged flocs.

We have also examined in detail an alternative model, in which small
bubbles interact with plane solid surfaces (corresponding to large particles).
The analysis, presented elsewhere (52) is slightly more tedious, and yields
conclusions basically similar to those of the model treated above. The
particle-bubble binding energy is orders of magnitude larger than kT for
bubbles of diameter 20 nm or greater. Thus, with either of the two models,
the binding energy is ample to produce efficient separations, despite random
thermal forces.

In stripping columns there is a countercurrent flow of liquid downward
between rising air-water interfaces. We will next demonstrate that the
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viscous drag forces resulting from this countercurrent flow are insufficient
to tear loose floc particles bound to the air-water interface (52).

We equate the gravitational pull down on an element of liquid lcmx lcm x
thickness dx to the viscous drag in the opposite direction to obtain

og = -ndv/dx’ (B-19)
where p = liquid density
g = gravitational constant
n = viscosity
v(x) = velocity of the liquid in the downward direction a distance x
from one side of a vertically oriented lamella.

[

Integration of Eq. (B-19) and use of the boundary conditions v(0) = v(2) = 0
yields

- Pg 2
vV = 2n(Qx x7) 4 (B-20)

where £ is the thickness of the lamella.

We estimate the viscous drag force on the floc particle by assuming that
the spherical particle is attached to the air-water interface and is moving
with it, and that the relative velocity of the liquid streaming past it is
given by v(x). We let the particle radius be r and estimate an upper limit
to the viscous drag on the particle

v(x = 2r) = %%{ZQr - 4rd) _ (B-21)
Viscous force = fv = 6mnrv (B-22)
fV = 6wpgr2(2 - 2r) (B-23)

If the diameter of our particle is 200 nm and the film thickness is 10-2

cm, the viscous force is 1.84 x 10-8 dynes. We roughly estimate the binding
force of the floc particle to the air-water interface as

AG 10-10erg
r 10_5 cm

> 10'5 dynes (B-24)

n

fb =

at least three order of magnitude greater than the viscous drag. The binding
force increases proportional to r, while the viscous force increases roughly
proportional to rZ, so viscous drag may impede floc foam flotation when
particle radii are of the order of 107“ cm or larger, or if the foams are
extremely wet (large ).

We have presented elsewhere (51) a discussion of the viscous drag forces

on floc particles attached to spherical bubbles rising in liquid in batch foam
floation work.
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2. Surfactant Adsorption Isotherms

We here examine a model for the formation of hydrophobic surfaces on floc
particles by adsorption of the surfactant ionic heads directly into the pri-
mary layer on the surface of the floc (41). The hydrocarbon chain tails of
these surfactant ions then, at sufficiently high surface concentration, form a
hydrophobic surface. Surface free energies are thereby changed such that non-
zero contact angles of air bubbles on the solid surface occur, and flotation
takes place.

Of particular interest is the formation of a condensed surface phase of
surfactant (a hemimicelle) on the floc particle surface at sufficiently high
surfactant concentrations in the bulk solution. This cooperative phenomenon
results from the Van der Waals stabilization energy of the surfactant hydro-
carbon chains when they are able to pack closely together; and Fuerstenau,
et al. (50) have showed experimentally that, as one would expect, it occurs
at lower surfactant concentrations as surfactant chain length increases.
This cooperative phenomenon accounts for the abrupt and large increase of
flotation efficiency which is observed with increasing surfactant concentra-
tion at intermediate surfactant concentrations. The competition of non-
surfactant ions with surfactant ions for space in the primary layer accounts
for the effects of varying ion identities and ionic strength, as discussed

in Appendix C.

We calculate the adsorption isotherm of surfactant on the solid by means
of an approximate method described by Fowler and Guggenheim (76); exact
treatments of even quite simple two-dimensional cooperative phenomena are
extremely complex and difficult. The binding energy of an isolated surfactant
ion to the solid is calculated by calculating the electric potential in the
vicinity of the solid surface by means of a modified Poisson-Boltzmann
equation. Fuerstenau and Healy (50) estimate the free energy of removal of
hydrocarbon chains from water as approximately -0.6 kcal/mole of CHp groups;
this information is needed in connection with the surface condensation
phenomenon.

We take as our starting point the following adsorption isotherm, the
derivation of which is given in Fowler and Guggenheim's book (76).

0 Z
_ cY0 2 - 20 }
C(G)‘l-@(fﬂl-z@) (B-25)
1
B = [1-40(1-06) {1 - exp(-2w/zkT)}]" (B-26)
3/2 .S
0 = (2“‘;”) KT J—A-@— exp(-x, /KT) (B-27)
h 3T
Here
S = fraction of surface sites on the solid which are occupied by
surfactant ions
c(®) = concentration of surfactant in bulk solution in equilibrium
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with solid surface having a fraction © of its sites occupied
by surfactant
z = maximum number of nearest neighbors of a surfactant ion on the
surface, taken here as six
2w/z = increase in energy when a new pair of nearest neighbors is
formed

Xp = increase in energy when a surfactant ion is adsorbed on an
isolated site on the solid surface

m = mass of surfactant ion

k = Boltzmann's constant

h = Planck's constant

T = absolute temperature

jS(T) = partition function for the internal degrees of freedom of a

A surfactant ion in solution

3 (T) = partition function for the internal degrees of freedom of an
adsorbed surfactant ion

Assume that js/jA is essentially independent of the inert salt concentra-
tion, and that x5 can be calculated by multiplying the charge on an_adsorbed
surfactant ion by the electric potential at that point. We write ¢ =
c'exp(-xo/kT), where ¢' is assumed to be independent of ionic strength and no
more than weakly temperature-dependent. For dodecyl sulfate at room tempera-

ture, ¢' = 2.85 x 10-4 mole/2. We define a reduced concentration, o, as
yA
_c(0) _ exp(-x./kT) © 2 - 20 _
o(0) = = = “ TTe \gvT -0 (B-28)

As noted above, the free energy for the removal of hydrocarbon chains
from water has been estimated as -0.6 kcal/mole of CHy groups. This yields
Eq. (B-29) for w, where n is the number of CH) groups in the surfactant tail
plus 1. We note that roughly six new pairs of nearest neighbors are formed
when a surfactant ion goes into the condensed surface phase.

w=-nx 2.070 x .0-14ergs (B-29)

We previously showed (39) how the method of Macdonald and Brachman (77)
could be used to calculate electric potentials in the electric double layer
for solutions in which the finite volume of the electrolyte ions was taken
into account. The Poisson-Boltzmann equation for the case of planar geometry
is

dzw(x) _ A sinh (z'eV¥/KT) (B-30)
d 2 1 + 8 cosh (z'ey/kT)
X
where y(x) = electric potential a distance x from the solid-1liquid interface
|z'e| = magnitude of the charge of the ions of z'-z' electrolyte
A = 8mz'ecCy,
(1 -2 Cm/Cmax) D
= 2 -
B 2 Cw/(cmax 2c )
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anion (or cation) concentration in bulk solution, ions per cm3

C =
oo - . - 3 - - -
Crax = Mmaximum possible concentration of ions in solution, ions
per cm
D = dielectric constant

The solution to Eq. (B-30) is given by
b(x)

-

_ 0 dv

X = v, / 2AKT lo [1 + B cosh z'ec/kT) 1% (B-31)
wo Bz'e 1 +B

where Yy is the potential at the solid-liquid interface. We assume that the
center of charge of the surfactant ion is at a distance 2 from the charged
floc surface; ¢(2) is then obtained from Eq. (B-31). The binding energy of
an isolated surfactant ion on the solid surface is given by

X, = 2ge(1), (B-32)

where z e is the charge of the surfactant ion. (This estimate neglects the
contribution of the ionic atmosphere of the surfactant ions.)

The isotherms obtained from Eq. (B-25) exhibit a critical temperature
given by (76)

TC = -w/kzlog(z/z-2) (B-33)

Below this temperature, values of 8 in the vicinity of one-half are unstable,
and the system breaks up into two stable phases. It has been shown (76) that
the values of 8 for the phases are the two roots of the equation

z

0(1/2) = CXP[(W‘XO/kT] = eXP(‘XO/kT) : 1 (;) 0 ) (8(6)2"'-12? 20 ) (8-34)

other than 6 = %. Thus, if on calculating o(8) we find o(8) > o(%) for 6 < %,
we set o(9) = o(%); if o(8) < o (}), 6 > %, we set o(6) = o(%). The situation
is essentially identical to that arising with Van der Waals isotherms for
nonideal gases below the critical temperature (86).

Results

Some representative adsorption isotherms are shown in Fig. B-2 which
exhibits the effects of varying w, the surfactant-surfactant interaction
energy. The values of w used here are some%hat smaller than would be used,
say, for sodium lauryl sulfate (2.48 x 10-1 erg) in order to make the fea-
tures of the plots clearer. The reduced concentration at which hemimicelle
formation occurs, ocpjt, iS seen to decrease rather rapidly with increasing
values of w (and of the hydrocarbon chain length), as noted by Fuerstenau and
co-workers (50), and the critical temperature increases,as indicated by Eq.

(B-33).
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3x 1072

FIGURE B-2 - ADSORPTION ISOTHERMS OF SURFACTANT ON FLOC WITH
CONDENSATION. FOR ALL PLOTS T = 298°K, xo = 8.0 x 10714 erg.
FROM THE TOP DOWN: - w = 1.0, 1.04, 1.1, 1.2, and 1.4 x 10-13 erg.
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The dependence of o.pit on w is indicated over a much wider range of w
in Fig. -3. On noting that ocrit = o(%) and using Eqs. (B-29) and (B-34),
we obtain

-log,o O-Erit
w
[

2x 10" B erg 3 4

FIGURE B-3 - DEPENDENCE OF Oupit o0 w. Yo = 50 mV, T = 320°K,

-7 _ -3 - 3
1 =10 cm, ¢ =10 mole/1, z, = 1, Chax ~ 1.0 mole/1.
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-3log ocrit _ 1 -14
2108 OCTIL - x 2.070 x 10
-0logy 0CTIT _ o o1 = 0.2919 (B-35)

oan

at 298°K. The value of this derivative, which we obtain from the results of
Fuerstenau, Somasundaran, and his co-workers (50}, is approximately 0.32.
Increasing the magnitude of the interaction energy of the hydrocarbon chains
from 0.6 to 0.88 kcal/mole of CH, groups eliminates the discrepancy; in view
of uncertainty in the figure of 0.6 and the approximations inherent in the
theory, the agreement is better than one might expect.

The effects of surface potential Y, on the value of ocrj¢ are shown in
Fig. B-4, and the dramatic decrease in o.,j¢ With increasing surface potential
is what one would intuitively anticipate. Ionic strength also exhibits a
marked effect upon o.yjp as shown in Fig. B-5, as is well established experi-
mentally. We note that our analysis here is predicated upon the assumption
that the concentration of surfactant in the bulk solution is at all times
sufficiently low that the surfactant is an ideal solute; in particular, we
have ignored the possibility of micelle formation in the bulk solution.
This surely leads to spurious results at the upper end of the curve in Fig.
B-4, where one would expect ocrit to be a very rapidly increasing function of
logjpc,. The binding energy of the surfactant to the solid, xg, is reduced
to values less than kT with increasing ce, and the formation of micelles then
should become competitive with the formation of hemimicelles on the solid sur-
face. At this point, between roughly c, = 0.1 and 1.0 in Fig. B-5, foam
flotation should cease. :

Experimentally, we did observe that foam flotation is less efficient at
higher salt concentrations and that increasing the surfactant concentration
above the levels which are effective at lower ionic strengths is of little
or no help. The ionic strength at which failure occurs depends somewhat on
pH, and therefore upon Y, as one would anticipate (56).

TABLE B-2. EFFECT OF TEMPERATURE ON Ocri:
T ocrit
298 1.33 x 1073
320 2.08 x 1072
340 2.99 x 10°3
%In these runs, 2 = 10-7 cm, ¢, = 10'3
mole/%, ¥, = 50 mV, z. = -1, and z' = 1.

0 S

The effect of temperature on o.rit is shown in Table B-2. We note that
Ocrit 1ncreases with increasing temperature rather rapidly; as long as Oerit
does not approach the reduced critical micelle concentration and as long as
the reduced surfactant concentration exceeds o.pjt, flotation should take
place. However, these results indicate that the high-temperature cut-off of
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35
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o
|

3.0 |-

| L 3
50 75 100
Y, (mv)

FIGURE B-4 - DEPENDENCE OF oo, ON ¥
T = 298°K, 2 107/ em, c_ = 1072 m/2

c = 1.0 mole/e, w = -2 x 107"~ erg.

max
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8 >’<_10_3

Orcrit

FIGURE B-5 - DEPENDENCE OF gopjy ON c_. T = 298°K, 1 = 107/ cm, epax = 10

moles/1, Yo = 50 mV, w = -2 x 10713 erg.

119



foam flotation should depend markedly on surfactant concentration. This type
of temperature dependence does not appear in our earlier approach (35-40), and
an experimental study of the interactjon of temperature and surfactant concen-
tration at relatively low surfactant levels may provide a means of distinguish-
ing between the two models. This result also suggest the importance of
investigating the temperature dependence of the air-water surface potential
within the framework of our other model. We have discussed this elsewhere (41).
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APPENDIX C

THEORY OF SURFACTANT DISPLACEMENT BY SALTS

A matter of considerable impact on the economics of foam flotation is
the extent of which surfactant can be recovered for recycling. Within the
framework of the Fuerstenau-Somasundaran-Healy model (43-50), one expects that
a very substantial fraction of the surfactant in the collapsed foamate from
floc foam flotation will be absorbed on the floc sludge, interfering with the
settling of the sludge and the recovery of the surfactant. An analysis of the
adsorption isotherms of the surfactant on the floc and the effect on these of
varying ionic strength is given in Appendix B, in which the adsorption of
nonsurfactant ions into the primary layer on the floc, and the competition
of surfactant and nonsurfactant ions for sites in the primary layer, is
neglected. We here present an analysis which takes these effects into account.
Our results indicate the feasibility of displacing surfactant ions from the
floc sludge by the addition of nonsurface-active salts.

ANALYSIS
We shall first look at the simple case in which the surfactant ions do
not interact with each other; this is readily seen to yield Langmuir-type

adsorption isotherms for the surfactant ion and the nonsurface-active com-
peting ion.

= number of surface sites/cm2

Ne =
ei = fraction of sites occupied by surfactant ions A

6g = fraction of sites occupied by non-surface-active ions B
cp = bulk concentration of A

cg = bulk concentration of B

At equilibrium the rates of adsorption and desorption of A (and also of
B) are equal, yielding

- - . Cc-1
KagNg B = KarCalNg(h - 84 - 8p) (€D
; - - - C-2
KpelsOp = KpCpNs(l - 8y - ) (c-2)
Solution of these equations leads in the usual way to
b,c
6 = ATA (C-3)

A1+ bAcA + bBcB)

121



o = A% (C-4)
B (1 + bAcA + bBcB)

where by = kpp/kpg and by = kp/kpg. We see, as expected, that increasing cp
results in decreasing 6, displacing surfactant from the floc particle surface
The model, however, is rather unrealistic, in that it neglects the Van der
Waals interactions of the hydrocarbon chains of the surfactant ions which, as
Fuerstenau and his co-workers have observed experimentally (43-50), have a pro
found effect on the shapes of the adsorption isotherms. Surface condensation
may occur, resulting in a sudden increase in €y from slightly greater than
zero to slightly less than one, with a slight decrease in temperature or a
slight increase in surfactant eoncentration.

We shall next attack the problem of competition for surface sites when
interactions between the surfactant ions are significant. We use a generali-
zation of an approximate method described by Fowler and Guggenheim (76).

We let

z = number of nearest neighbors of a site
Ny = number of sites occupied by A
NB = number of sites occupied by B
Nyy = average number of pairs of sites occupied by X and Y; X, Y = A, B
or O (empty)

We take into account the A-A pair interaction energy, 2w/z, as follows:

4NAANOO = NAOZexp(—ZW/sz) (C-5)
WNgpNog = N802 (€-6)
Noo®as = Naoso (-7
2NAA + NAO + NAB = ZNA (C-8)
N9y *+ Npg * Ngg = Z(NS - Ny - Np) (C-9)

Ngp + Npg + Npg = 2N (C-10)

(This is a straightforward extension of the approach used for a single ad-
sorbed species in Ref. 76.) A lengthy series of successive eliminations
finally yields a remarkably simple equation for Npp:

2 2.2 , )
4(D-1)N,,© - [4(D-1)Ny + 2NgJzNyy + D2°N, " = 0 (C=11)

where D = exp(-2w/zkT). This is identical to Fowler and Guggenheim's Eq.
(1010,1). We follow these authors to obtain
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N,, = zN {Eé»— Al &)
= 2Ngt7

- ), (c-12)

B+ 1

B = [1 - 46,(1-6,)(1-D)1" (C-13)

The expression for the chemical potential of A is given by (76)

(B-1+28,) (1-8

)

A
Lzlog ’
8, (B+1-28,)

(C-14)

where ap°(T) is the partition function for the internal degrees of freedom of
the surfactant ion. We note that

a,°(T) = exp(x,/KD)i, (T) . (c-15)

where ja(T) is the partition function for the internal motions of a surfactant
ion in bulk solution and Xp is the binding energy of an isolated surfactant
ion to the floc-water interface.

In solution we assume the chemical potential of a surfactant ion to be
given by

u

A _ 5 . .
T - const. —ivlogT + log Cp - log JA(T) (C-16)

Equating Eqs. (C-14) and (C-16) then yields

log L - i/i + L + _z_ log(6—1+2 eA)(l—eA) + —10gT =
1-6,-6;, KT~ KT~ 2 8, (8+1-28,) 2
C
- 1og;é = loge, (C-17)
A

where CAO is determined by the contant in Eq. (C-16).

In similar but simpler fashion,
8 X C

B, S = log B - ' C-18
log Tﬂ - KT + *2—10g T = lOgCB° 1OgCB ( )

We can calculate adsorption isotherms from Eqs. (C-17) and (C-18) cal-
culating cp' and cg' as functions of 6, and &; it is more convenient to
calculate cp' and 6p as functions of 6y and cg'. We solve Eq. (C-18) for
8, obtaining
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(1-6,)
_ . A _.-5/2 X
8, = bey ‘——_(1+ch') ,b=T expi;% (C-19)

Some typical isotherms are plotted in Fig. C-1. We see that unstable
phases may occur [where (3up/38,) cp = kT(BlogcA'/BBA')CB is negative], so that
the system splits into two stable pﬁases. We next determine the values of 6
for these stable phases; again we follow Fowler and Guggenheim. If 6y; and
6y, represent the values of 8y for the two surface phases in equilibrium with
each other (X = A, B), then we must have

M1 F a1 8510 = Aa (8405 8)) (C-20)
gy = Ap(8a1s Gp) = Ag(6,5,0,5) (C-21)

where ¢ is the spreading pressure of the surface phase.
We generalize Fowler and Guggenheim's Formula (1008,5) for d¢ (76) to get

d¢ = §§EE{6 dlogh, + ©6,dlogi.) (C-23)
Area* A A B B ?

and note that Eq. (C-22) can be written as

fPa¢ = o (C-24)

We regard cp' as fixed, Op as a function of cg' and 6§ (through Eq. (C-19),
and 8y as the independent variable in Eq. (C-23); log X, is given by Eq. (C-19,
and log Ag is given by

u e

B _ B
_— = lOgAB = IOg—i‘-—eT
A

- ° )
T - log ap (M {C-25)

Then Eq. (C-24) becomes

6 alogkA elogAA BGB
0 = ["A2 {8, [5 * 38 55
eAl A B A

along alogAA aeB
[ + 11de (C-26)
B aQA BGB SQA A

+ 0

From Eq. (D-19) we find that

38 bc, '
B B (C-27)

= 1]
3 GA 1+ch
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From Eq. (C-25) we have

alogAB

1
_ - (C-28)

88A l—GA SB

dlogi 1 -8

B A

and = (C-29)

36, 6 (1-6,-65)

From Eq. (C-14) we have

dloga

A 1

= (C-30)
BGB 1 GA—GB
and
3B 08
2 + = 2 - —
izong = 2) -16Be 53 " é[ 1+22A S EZA - é i-6 )]‘ (C-31)
A all-8-¢p) B-1+260,  B+1-20,  §,(1-8,
2(1-D)(26,-1)

B _ A (C-32)
BQA B

where B is defined by Eq. (C-13).

We now wish to find values 6p; and 9a2 such that Eqs. (C-20) and (C-26)
are satisfied. [Use of Eq. (C-19) in Eq. (C-25) guarantees that Eq. (C-21)
is satisfied.] We proceed as follows. For fixed cg' we calculate a table
of loghy as a function of 6y = nA8, n =1, 2, ..., N[6g is determined by Eq.
(C-19)]. Then we find those values of nA8 for which logip[(n + 1)A8] -
loghp[nA®] change sign. If there are none, our table and Eq. (C-16) give us
the adsorption isotherm, logcp' as a function of 0p. If there are two, we
have a loop in our isotherm, and a phase transition occurs. In this case let
the two values of n be ng and ny, and calculate logip[ng + ny)/2](A8). Then
increment n above (ny + ny)/2 until logip(nAs) - loghy[(ng + ny)/2](46)
changes sign; call the value of nA6 for which this occurs 6. Similarly,
decrement n below (ng + ny)/2 until logia(na®) - logip[[ng + n.)/2]1(26)
changes sign; call this value of nA¢® 81.

We use 6; and 6 as trial limits for the integral Eq. (C-26), which we
evaluate numerically with the aid of Egs. (C-27) to (C-32). 1If the integral
is greater than (less than) zero, we replace 6] by 6; + A6(67 - A®), determine
the new value of logh,(6;) from the table, and we then increase (decrease) 6y
from 6, until logip(6y) - logip( ) changes sign; this value of 6y is our new
upper limit. We use the new values of 8 and 6, as trial limits for the
integral, Eq. (C-26), and continue this process until the integral changes
sign. The values of § and 6, for which this occurs are our desired Oa1 and
047, which specify the fractions of surface coverage by surfactant in the two
pﬁases in equilibrium with each other.
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RESULTS

Adsorption isotherms were calculated by the procedure outlined above on
an XDS Sigma 7 computer; about 3 sec of machine time was required per isotherm
The results are plotted as logghp vs 8, for various values of the parameters.

In Fig. C-1 we see the effect of increasing the reduced concentration of
salt, cg'. As the salt concentration increases, the activity of surfactant
required to bring about condensation of the surfactant on the floc surface
(ApCOM) increases, too, although the shape of the isotherm is unaffected. The
dependence of 1log Ap®“®M on cp' is shown in Fig. C-2. The larger the binding
energy of the salt ion to the floc, X, the more effective it is in preventing
condensation of the surfactant on the floc, or (equivalently) in displacing
sorbed surfactant from the floc; this is shown in Figs. C-2 and C-3.

Thus, with positively charged ferric hydroxide flocs, one would expect
that univalent anions would be fairly effective in displacing anionic sur-
factants such as the alkyl sulfates, but that divalent anions would be com-
parably effective at substantially lower concentrations. One would also
anticipate that complexing or chelating ions would be especially effective

in displacing surfactant.

The effect of the magnitude of w, the energy of interaction between the
surfactant ions, is shown in Fig. C-4, and is in agreement with our earlier
calculations on a similar but simpler model [Appendix B (41)]. The effect
of the binding energy holding an isolated surfactant ion to the floc surface,
Xa, is shown in Fig. C-5, and is also similar to our earlier results (41).
The results of varying temperature are shown in Fig. C-6; the bulk concentra-
tion of surfactant required to produce a condensed surface phase increases

with temperature, as one would expect.
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FIGURE C-1 - EFFECT OF COMPETING SALT CONCENTRATION () ON THE
ADSORPTION ISOTHERM. T = 298°K, x4 = 1.2 x 10713
w = -1.234 x 10 erg, 2 = 6, eg” = 30, 10, 3, and

1 x 105 (TOP TG BOTTOMj.

, Xg = 1.2 x 10‘13,
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FIGURE C-2 - EFFECT OF CB' ON SURFACTANT CONDENSATION CONCENTRATION. T =

298°K, x4 = 1.2 x 10'13, w=-1.2 x 10713 ERG, z = 6. xp =

1.2 x 10°53 (LOWER) and 1.8 x 1071° (UPPER) ERG.
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FIGURE C-3 - EFFECT OF Xp ON THE ADSORPTION ISOTHERM.
c,” = 105; Xg = 2.4, 1.8, and 1.2 x 10-13 erg (top to bottom);

other parameters as in Fig. 1.
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FIGURE C-4 - EFFECT OF w ON THE ADSORPTION ISOTHERM. w

-1.4, and -1.6 x 10'13 ERG (TOP TO BOTTOM); cp”

105' OTHER PARAMETERS AS IN FIG. 1.
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FIGURE C-5 - EFFECT OF x, ON THE ADSORPTION ISOTHERM. cp” = 105; XA =

1.2, 1.8, and 2.4 x 10”3 ERG (TOP TO BOTTOM); OTHER PARAMETERS AS IN FIG. 1.
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FIGURE C-6 - EFFECT OF TEMPERATURE ON THE ADSORPTION ISOTHERM, cg” = 105,

T = 308, 298, AND 288 K (TOP TO BOTTOM); OTHER PARAMETERS AS IN FIG. D-1.
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