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Foam Fractionation of Orthophosphate
with a Cationic Surfactant

ROBERT B. GRIEVES and DIBAKAR BHATTACHARYYA

ILLINOIS INSTITUTE OF TECHNOLOGY, CHICAGO, ILLINOIS

Summary

An experimental investigation is presented of the foam fractionation of
orthophosphate from aqueous solution using a cationic surface-active agent,
ethylhexadecyldimethylammonium bromide. The effects of initial con-
centration of phosphate, of initial concentration of surfactant, of pH, and
of the presence of competing anions are established. Initial concentrations
of phosphate range from 12.5 to 150 mg/liter (as PO,), initial concentrations
of surfactant range from 50 to 600 mg/liter, and the pH is varied from 5.0 to
13.4. Results are discussed in terms of the residual concentration of phos-
phate, the collapsed foam volume, the phosphate removal ratio, and the
“relative fractionation” of the phosphate and surfactant into the surface
layers of the foam-producing bubbles.

Optimum results are achieved between pH 8 and 9 and in the total ab-
sence of competing divalent anions. The removal of 99 per cent of 9.0 mg/
liter phosphate can be accomplished with 100 mg/liter of surfactant; the
removal of 99 per cent of 24.2 mg/liter phosphate can be accomplished
with 600 mg/liter of surfactant. Results are compared with previous work
on the foam fractionation of phenolate.

INTRODUCTION

Foam-separation processes have been used successfully for the
removal from aqueous solution of fatty acids and detergents, of
proteins and enzymes including albumin and catalase, of dyes
including bromthymol blue, Congo red, and methyl orange, of
cations such as strontium, magnesium, and calcium, and of anions
including picrate, gallate, and 1- and 2-naphthoic acid (I). For non-
or weakly surface-active materials, foaming agents have been
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added. Extensive engineering studies have been conducted on the
foam separation of radioactive cations from nuclear-waste streams
(2,3), but work on the separation of inorganic and organic anions
is more limited. Recently, experimental studies have been reported
on the ion flotation of dichromate in particulate form (4,5) and on
the foam fractionation of phenolate (6,7). A few preliminary studies
have been made on orthophosphate, together with comparisons
with other anion-separation experiments (8).

For the foam fractionation of inorganic and organic cations and
anions, various mechanisms have been postulated by which the
ions together with the surface-active additive are carried into the
foam phase. These include the formation in solution of a surfactant-
ion complex which is then adsorbed at the air-aqueous solution
interfaces of the foam-producing bubbles; and the adsorption of the
surfactant at the interfaces followed by the electrostatic attraction
between the surfactant and the ions of opposite charge. Both
mechanisms apply to a system consisting of two phases-aqueous
solution and air. The process is distinct from froth flotation and ion
flotation (9), which involves a third, solid (particulate) phase.

Phosphates are of particular interest to water and waste-treatment
engineers. Phosphates present in efluents and fertilizer leachings
provide difficulties in the treatment of surface waters by floccula-
tion and sedimentation. Traces of phosphates promote the growth
of algae in reservoirs and lakes; the prevention of algal blooms is a
prime cause for the development of new techniques for phosphate
removal from waste waters. Methods of phosphate separation have
included chemical coagulation (10,11), biological treatment
(12), separation beds (13), activated carbon columns (13), and
electrodialysis (14).

The objective of this investigation is the establishment of the
feasibility of foam fractionation for the removal and concentration
of orthophosphate from aqueous solution. A cationic surface-active
agent, ethylhexadecyldimethylammonium bromide, is used and
attention is focused on the residual phosphate concentration, the
residual surfactant concentration, the collapsed foam volume, and
the phosphate removal ratio. Independent variables include pH,
the initial phosphate concentration, and the initial surfactant
concentration; possible interferences from sulfate and chloride
are considered.
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EXPERIMENTAL

A schematic diagram of the experimental apparatus is presented
in Fig. 1. The cylindrical, foaming column was made of Pyrex and
was 9.5 cm in diameter and 52 cm in height. The filtered nitrogen
gas was saturated with water, metered with a calibrated rotameter,
and passed through a sintered glass diffuser 3 em in diameter and
of 50-u porosity. The nitrogen flow rate was 400 ml/min (at 25°C
and 1 atm). For each experiment 2 liters of feed (initial) solution

Foam Separation

Column
. Foam
* Port
= 4 Feed Solution
Filter "o Level
° .
i Flowmeter o
L] 0.
g o
Nitrogen '.;;' o®
S °
ouree Saturator > Nitrogen {:__._l

Flow Diffuser
FIG. 1. Schematic diagram of experimental foam-fractionation apparatus.

in distilled water were prepared containing from 12.5 to 150 mg/
liter orthophosphate (1.32 X 107* to 1.58 X 107% M). All weight
concentrations of phosphate in this study are given in terms of
PO,; monobasic potassium phosphate, KH,PO,, primary standard,
was the reagent. From 50 to 600 mg/liter (1.32 X 107 to 1.58 X
107® M) ethylhexadecyldimethylammonium bromide (EHDA-Br),
a cationic surfactant, were added, and the pH was adjusted to the
required value with 8.93 x 1072 M KOH (reagent grade), orina few
cases with KOH pellets. In some of the runs, varying quantities of
reagent-grade sodium sulfate and sodium chloride were added to
the initial solutions.
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The 2 liters of initial solution were placed in the foaming column
and the nitrogen flow was begun. Foam was collected continuously
at a port located 44.5 cm above the base of the column, 16.3 cm
above the initial solution level, and each experiment was termi-
nated after all foaming had ceased, which required from 2 to 3
hours. Temperature was maintained at 25°C. After completion, the
volume of the residual solution was measured, the residual concen-
tration of EHDA-Br was determined by a two-phase titration tech-
nique (15,16), which was accurate to within 1 mg/liter, and the
residual concentration of orthophosphate was determined by the
amino naphthol sulfonic acid method (17), which was accurate to
within 0.02 mg/liter. A slight modification of the standard ortho-
phosphate analysis was necessitated due to the reaction of EHDA-
Br with ammonium molybdate. The addition of an excess (more
than that required to react the EHDA-Br completely) of dodecyl
sodium sulfate, an anionic surfactant, prior to the addition of the
ammonium molybdate, completely eliminated any interference.
The presence of the dodecyl sodium sulfate had no effect on
the analysis.

THE EFFECT OF pH

The first series of experiments was conducted to establish the
influence of the hydrogen-ion concentration of the initial solution
on the foam fractionation of phosphate. For these studies, the initial
phosphate concentration was held at 25 mg/liter, and EHDA-Br
concentrations of 200, 400, and 600 mg/liter were used. The pH was
varied from 5.0 to 13.4. For each experiment the followmg material
balances can be written:

Vi=V.+V; (1)
ZiVi = z,V, + Zfo (2)
xiVi = er, + fof (3)

Vi, V,, and V; are the volumes in liters of initial solution (always
2.0 liters), residual solution, and collapsed foam, respectively.
2i, Z,, and z; are the concentrations of phosphate in milligrams per
liter in the initial solution, residual solution, and collapsed foam,
respectively. The concentration of ethylhexadecyldimethylam-
monium bromide (EHDA-Br), in milligrams per liter, is denoted
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by x. Equations (1), (2), and (3) may be used to calculate the con-
centrations of phosphate and EHDA-Br in the collapsed foam
stream from the collapsed foam volume and analyses of the residual
solution. The concentration of phosphate in the foam, z, is particu-
larly useful, since the parameter z,V,/z,V;, the removal ratio which
represents the weight of phosphate foam fractionated per unit
weight of phosphate in the feed, is valuable in establishing the
efficiency of the foam-fractionation process.

Relations between the phosphate removal ratio and pH for the
three initial concentrations of EHDA-Br are presented in Fig. 2
for 32 individual experiments. At constant pH, the removal clearly
increases with a higher dosage of surfactant, reaching a value of
0.9 at pH 8.0 with x; = 600 mg/liter. The maxima in the curves in
the range pH 8.0 to 9.0 are brought about by two effects. At fixed
initial concentrations of phosphate and surfactant, as the pH is
increased from 6 toward 8, the monovalent H,PO,™ ion is converted
to the divalent HPO,~ ion (at pH 6, 94 mole % of the phosphate is
in the monovalent form, while at pH 8, 86 mole % of the phosphate
is in the divalent form). Since the mechanism of the foam-fractiona-
tion process either involves complex formation between phosphate
anions and EHDA cations or electrostatic attraction of the phos-
phate anions to the EHDA cations adsorbed at bubble interfaces,
the divalent form is more readily separated. It would be expected
that further pH elevation would improve the efficiency of the
process and would produce higher values of the removal ratio;
however, there is a competition between hydroxide ions and phos-
phate ions for the EHDA cations, which is the second effect
mentioned above. Thus as the pH is elevated above 8 and more
phosphate is converted into the divalent form (at pH 10, 99*% of
the phosphate is in the HPO,~ form), which should increase the
removal ratio, the presence of higher and higher concentrations of
hydroxide ion begins to have an appreciable influence. As the pH
is elevated further, the interference by hydroxide increases until
trivalent phosphate (PO4*") begins to appear in significant quan-
tities (at pH 11, 2.3 mole % of the phosphate is in the trivalent form
and at pH 12, 17.5 mole % is in the trivalent form). The effect of
increasing hydroxide-ion concentration appears to be partly over-
come by the trivalent phosphate in the pH range 11 to 12.2; but,
above pH 12.2, the molar concentrations of hydroxide become
large in comparison with that of phosphate and sharp decreases
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in the removal ratio are observed. It is also conceivable that high
concentrations of hydroxide depress the ionization of EHDA-Br,
bringing about the formation of EHDA-OH. It should be noted that
the maxima and minima in the pH range 8 to 12 are not sharp and
may have been created in part by experimental inaccuracies. How-
ever, several of the points in this range reproduced quite well after
considerable time lapses.

Results for the residual concentrations of phosphate have been
reported previously (8). Minima for all three initial surfactant con-
centrations and z; = 25 mg/liter were obtained in the pH range 7.9
to 9.0. With x; =200 mg/liter, the minimum residual phosphate
concentration was 12.2 mg/liter at pH 8.3; with x; = 400 mg/liter,
z, = 6.9 mg/liter at pH 9.0; and with x; = 600 mg/liter, z, = 3.0 mg/
liter at pH 7.9. In these experiments, collapsed foam volumes were
very insensitive to pH and were a function only of the initial sur-
factant concentration. For x; = 200 mg/liter, the collapsed foam
volume, V;, ranged from 0.15 to 0.24 liter in a random manner with
pH; for x; = 400 mg/liter, V, ranged from 0.36 to 0.47 liter; and for
x; = 600 mg/liter, V; ranged from 0.53 to 0.63 liter. (In each experi-
ment V; was held constant at 2.0 liters.) The residual concentra-
tions of surfactant were also quite insensitive to pH: for x; = 200
mg/liter, x, varied randomly from 11.2 to 17.8 mg/liter over the pH
range 5.0 to 13.4; for x; = 400 mg/liter, x, varied from 17.2 to 22.8
mg/liter, and for x; = 600 mg/liter, x, varied from 21.6 to 28.4
mg/liter.

THE EFFECT OF INITIAL CONCENTRATIONS
OF PHOSPHATE AND SURFACTANT

The second series of experiments was conducted to establish the
influence of variations in the initial concentrations of phosphate
and EHDA-Br on the foam-fractionation process. The initial con-
centration of phosphate was varied from 12.5 to 150 mg/liter and
that of EHDA-Br from 50 to 600 mg/liter. In each experiment the
pH of the initial solution was adjusted to 8.0 with KOH. Results
for one set of experiments are given in Fig. 3 in which the ratios
2/2:,%. /%5, and ViV, are related to x;; for these runs, z; was held
constant at 25 mg/liter. The logarithmic ordinate scale is used to
present the data more clearly. The fractional residual of phosphate,
z,/z;, decreased exponentially with x;, but was always significantly
greater than the fractional residual of EHDA-Br.
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FIG. 3. Fractional residuals of phosphate and EHDA-Br and fractional col-
lapsed foam volumes related to initial EHDA-Br concentrations.

For a total of 16 experiments covering the full ranges of z; and x;
given above, the fractional residual of phosphate could be readily
correlated with initial concentrations by the following equation:

zr/z;= 1.0 — 1.65 X 107%x; — 0.877x)-5/z, (4)
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It may readily be shown from Eq. (4) by multiplying through by z;
that for a constant initial concentration of EHDA-Br the residual
phosphate concentration is a linear function of the initial phos-
phate concentration. This behavior is in direct contrast to that
observed for the foam fractionation of phenolate with EHDA-Br
in a similar apparatus (7), in which the residual phenolate concen-
tration was a more complicated function of the initial phenolate
concentration, involving a linear term and a power term.

In these experiments the volume of collapsed foam was inde-
pendent of the initial phosphate concentration and was practically
a linear function of the initial concentration of EHDA-Br:

V,=17.0 X 10-4x}7 (5)

The residual concentration of EHDA-Br decreased as the initial
concentration of phosphate was increased at constant initial
EHDA-Br, and increased with the initial concentration of EHDA-
Br at constant initial phosphate. The range of variation was from 6.7
to 27 mg/liter for the 16 runs. This behavior was similar to that
observed for phenolate.

An expression for the removal ratio, 2V4z;V;, may be developed
from Egs. (1), (2), (4), and (5):

Zfo/ziVi =1.0-— [(10 —3.5X% 10_4x%'07)
(1.0 — 1.65 x 107*x; — 0.877x{5/z;)]  (6)

At constant initial EHDA-Br concentration, it may be shown from
Eq. (6) that the removal ratio is a linear function of the reciprocal
of the initial phosphate concentration. Data for 15 of the 16 experi-
ments (the single point with x; = 50 mg/liter is omitted) are shown
in Fig. 4. The straight lines for the four values of x, ranging from 100
to 600 mg/liter were calculated from Eq. (6). From Fig. 4 100 mg/
liter of EHDA-Br are able to provide 99% removal (z,V,/z;V;=0.99)
of 9.0 mg/liter of phosphate, 200 mg/liter to provide 99% removal
of 12.7 mg/liter of phosphate, 400 mg/liter to provide 99% removal
of 18.8 mg/liter, and 600 mg/liter to provide 99% removal of 24.2
mg/liter. A relation similar to Eq. (6) was developed for phenolate
(7); the removals of phenolate by a given quantity of EHDA-Br
were generally better than those of phosphate, indicating that any
surface activity that the anion which is to be foam-fractionated may
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possess may have a decided influence upon the efficiency of
the process.

For the foam fractionation of phenolate, a “relative fractionation”
parameter was developed to relate the quantities of phenolate and
surfactant removed by foam separation in the surface layers at the

1.0

0.9

08

o7

06

0.3

0.2

0.1

O5—001 002 003 004 005 006 007 008
I/zj, 1/mg

FIG. 4. Relations between removal ratios and reciprocal initial phosphate
concentrations with parameters of initial EHDA-Br concentrations.
air-solution interfaces of the bubbles (7). The use of this parameter
eliminated the relative quantities of ion and surfactant carried from
solution by mechanical entrainment in the foam. For phosphate
fractionation, the parameter may be calculated from the following

equation:
Ez:l =308 _z_f"— %(zi + zr) (7)
xf lrr x— 3(x; + x,)
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The ratio z;/x;1gr represents the gram ions of phosphate foam-
fractionated in the bubble-surface layers per gram ion of EHDA
fractionated. The number 3.98 is the ratio of the molecular weight
of EHDA-Br to the ionic weight of PO,. In this study, z//x/]zr
varied from 0.153 to 0.366, for 16 points with the gram-ion ratios in
the feed (initial) solution varying from 0.124 to 2.98 gram ion phos-
phate per gram ion EHDA. At a constant initial concentration of
EHDA-Br, z{/x;]zr increased with increasing initial concentration
of phosphate; at a constant initial concentration of phosphate,
z¢/xf1pr decreased with increasing initial concentration of EHDA-
Br. At pH 8.0, where these experiments were conducted, 84
mole % of the phosphate would be in the divalent HPO,~ form
and 1 gram ion of phosphate should be removed with every 2
gram ions of EHDA, giving a theoretical value of z{/x{]zr of 0.5.
The fact that this value was never achieved indicates that there
was competition between bromide and hydroxide (to a lesser
extent at this pH) ions with phosphate for the EHDA cations.
Although phosphate is complexed or attracted preferentially,
the existence of high concentrations of competing anions could
cause a substantial interference to the fractionation process.

THE EFFECT OF CHLORIDE AND SULFATE INTERFERENCES

A final series of experiments was conducted to establish inter-
ferences that other anions might provide with the foam fractiona-
tion of phosphate. The competition of other anions with phosphate
was clearly evidenced in experiments in which sodium chloride
and sodium sulfate were added to the initial solutions. The initial
concentration of phosphate was 25 mg/liter, the initial concentra-
tion of EHDA-Br was 400 mg/liter, and the pH of the initial solu-
tions was adjusted to 8.0. Results for the fractional residuals and
removal ratios are presented in Fig. 5, related to the initial concen-
trations of chloride and sulfate. The interference from the mono-
valent chloride ion is not too significant, similar to that from
hydroxide, as discussed previously. However, the interference
from sulfate is most pronounced, indicating that the foam fractiona-
tion of phosphate would be seriously impaired by the presence of
appreciable concentrations of sulfate anions. For example, for an
initial solution containing 25 mg/liter (2.64 X 10~* M) of phosphate,
the presence of an equimolar concentration of sulfate would in-
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crease the fractional residual of phosphate from 0.3 to 0.7, and
would decrease the phosphate removal ratio from 0.76 to 0.47.
This difficulty could be overcome, perhaps, through modifications
in operating conditions and through the use of higher initial con-
centrations of surfactant, enabling the eflicient foam fractionation

I,c v T v L) T T A ¥ Ll T T v v Ll L]

0.8

06
z¢ Vg
zj Vi

04 503

0.2} 1

% 02 04 06 08 10 12 14 16
Chloride, sulfate concentration, meq /I

FIG. 5. The effect of competing anions on the foam fractionation of phosphate.

of phosphate and sulfate simultaneously. Although analyses were
not run for sulfate on the residual solutions, there is little doubt that
sulfate was simultaneously foam-fractionated. This was evidenced
in a previous investigation of the ion flotation of dichromate (5). The
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presence of both chloride and sulfate produced increases in the col-
lapsed foam volumes, but had virtually no influence on the residual
concentration of EHDA-Br.

CONCLUSIONS

Orthophosphate has been foam-fractionated using a cationic
surfactant, ethylhexadecyldimethylammonium bromide, in a batch
foaming unit.

1. For initial solutions containing 25 mg/liter of phosphate (as
PO,) and 200 or 400 or 600 mg/liter of surfactant, maximum phos-
phate removal ratios and minimum phosphate fractional residuals
were obtained in the pH range 8 to 9. Poorer results were produced
at higher hydrogen-ion concentrations due to the existence of phos-
phate in the monovalent form, and at lower hydrogen-ion concen-
trations due to competition with hydroxide. Collapsed foam vol-
umes and residual surfactant concentrations were independent of
pH and were functions only of the initial surfactant concentration.

2. For initial solutions at pH 8.0 containing from 12.5 to 150
mg/liter of phosphate and from 50 to 600 mg/liter of surfactant, the
phosphate fractional residuals, collapsed foam volumes, and phos-
phate removal ratios could be related analytically to the initial
concentrations. The removal ratio was inversely proportional to
the initial phosphate concentration. 100 mg/liter EHDA-Br pro-
vided 99% removal of 9.0 mg/liter phosphate, while 600 mg/liter
EHDA-Br provided 99% removal of 24.2 mg/liter phosphate. The
calculation of a relative fractionation parameter established the
competition between bromide (and hydroxide) with phosphate for
the EHDA cations.

3. The presence of divalent sulfate anions provided a serious im-
pairment to the foam fractionation of divalent phosphate (HPO,~).
However, this difficulty could possibly be overcome by modifica-
tions in operating conditions and through the use of higher surfac-
tant concentrations to produce the simultaneous foam fractionation
of phosphate and sulfate.

4. Results indicate that the process has sufficient merit for
further study, including modifications in equipment geometry
and operation, such as continuous, multicolumn processes with
foam reflux.
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