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Abstract 
An experimental  s tudy has been conducted 

for  the first t ime of the foam fraet ionat ion of 
orthophosphate using a cationic surfactant .  F o r  
feed solutions 2.63 • 10 -4 molar in phosphate and 
three sur fac tan t  concentrations, p H  has a pro- 
nounced effect on residual concentrations of phos- 
phate. A comparison with the ion flotation of 
dichromate and with the foam fract ionat ion of 
phenolate shows dichromate flotation to be the 
most efficient. 

F OAM SEPARATION- processes have been used success- 
ful ly by chemists, biologists and engineers for  the 

removal f rom aqueous solution of a number  of in- 
organic and organic compounds and ions (1). Al- 
though extensive studies have been made on several 
inorganic cations, work on anions is much more lim- 
ited. t texavalent  chromium in the fo rm of the di- 
chromate anion has been floated in part iculate  form 
(2,3). The process relies on the formation of an in- 
soluble complex between divalent dichromate anions 
and monovalent cations provided by the surface-active 
agent. Excess sur fac tan t  produces a stable foam, at 
the gas-liquid interfaces of which the par t iculate  com- 
plex is preferent ia l ly  adsorbed. Phenol in the ionized 
form phenolate (C6H50-) has been foam fract ionated 
with a cationic sur fac tan t  (4,5) with opt imum sepa- 
rations obtained at p H  11.5. The process involves 
either the format ion of a soluble phenolate-surfaetant  
complex which is then adsorbed at the gas-liquid, 
bubble interfaces or the electrostatic at t ract ion of the 
phenolate anions to the sur fac tan t  cations already ad- 
sorbed at the interfaces. There is some evidence that  
the surface-act ivi ty of phenolate, al though weak, has 
a beneficial effect on the separation process. Ortho- 
phosphate has been foam fract ionated (6), including 
the determinat ion of the effects of several independent  
variables. 

The object of this s tudy was to investigate for  the 
first time the foam fract ionat ion of an inorganic anion 
which would remain soluble when contacted with a 
cationic surfaetant .  Orthophosphate was selected for 
two reasons: first, the separat ion process should be 
strongly p H  dependent  due to the interconversion of 
the mono-, di-, and tr ivalent  forms with variat ions in 
hydrogen ion concentrat ion;  second, a new method 
for  phosphate removal f rom wastewaters is being 
sought to prevent  the format ion of algal blooms on 
lakes and reservoirs. 

The experimental  appara tus  used herein is similar 
to that  in which phenolate was foam fraet ionated (4). 
The batch foaming column was cylindrical, made of 
Pyrex,  and was 9.5 cm in diameter  and 52 em in 
height. For  each experiment,  two liters of feed solu- 
tion in distilled water  were prepared  containing 
2.63 • 10 a molar  or thophosphate;  monobasic potas- 
sium phosphate, KH2P04,  was the reagent. Ethyl-  
hexadecyldimethylammonium bromide ( E H D A - B r ) ,  
a cationic surfactant ,  was added in a concentration 
of either 5.28 • 10 -4 (200 mg /1 )  or 10.56 x 10 -4 (400 
r a g / l )  or 15.84 • 10 -4 (600 mg/1)  molar. The p H  
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was adjusted to the required value with 8.93 • 10 ~ 
molar  KOH,  or in a few cases with K O H  pellets. 

The two liters of feed solution were placed in the 
foaming eo]umn and the ni trogen gas flow was be- 
gun. The filtered nitrogen gas was sa tura ted  with 
water, metered with a calibrated flowmeter and passed 
through a sintered glass diffuser, 3 cm in diameter  
and of 50 ~ porosity. The nitrogen flow was 400 m l /  
min at 25C and one atmosphere. As the experiment  
progressed, foam was col]ected continuous]y at a por t  
located 44.5 em above the base of the column, 16.3 
cm above the feed solution level. Each experiment  
was terminated a f te r  all foaming had ceased, which 
required from 2-3 hr ;  t empera ture  was maintained 
at 25C throughout.  Af te r  termination,  the volmne 
of residual solution was measured, and the concen- 
t ra t ion of E H D A - B r  in the residual solution was 
determined by a two phase t i t ra t ion technique (7,8). 
The concentration of orthophosphate was determined 
by the Amino Naphthol  Sulfonic Acid Method (9), 
modified by the addit ion of sodium lauryl  sulfate to 
complex the residual E t t D A - B r  and thereby to pre- 
vent the reaction of E H D A - B r  with ammonium 
mo]ybdate. 

Results of 32 individual  experiments are presented 
in F igure  1, in which the fract ional  residual, z,/zi, 
of orthophosphate is related to p H  for  the three feed 
concentrations of E H D A - B r .  The fract ional  residual 
is the concentration of phosphate in the residual so- 
lution af ter  foaming divided by that  in the feed solu- 
tion (alway 2.63 • 10 _4 molar) .  At  constant pH,  the 
fract ional  residual clearly decreases with an increas- 
ing feed concentration of surface-active agent, reach- 
ing a minimum value of 0.13 at p I I  8 and a feed con- 
centrat ion of E H D A - B r  of 15.8, • 10 -4 molar. 

In  order to unders tand  the effect of p H  on the frac- 
tional residuals, Table I gives the concentrations of 
the various anions in the feed solutions as functions 
of pH.  The fract ional  residuals of phosphate  include, 
of course, all three phosphate forms;  however, the 
predominant  form affects the magni tude of the frac- 
tional residual. As the feed solution p H  is elevated 
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FIG. 1. I ) s t a  fo r  f rae t ionM residuals  of p h o s p h a t e  and  pH, 

wi th  three  feed s u r f a c t a n t  concen t ra t ions  (x i ) .  
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T A B L E  I 

Concent ra t ions  of Var ious  Anions  in  Feed Solut ions  Versus  p i t  
(Molari ty,  X 104) 

p H  P0~ 3- HP042-  H2P0~- 0 H -  

6 ...... 0.15 2.48 ...... 
7 ...... 1.00 1.63 
8 ...... 2,26 0.37 0.01 
9 ...... 2.59 0.04 0.10 

10 ...... 2.62 ...... 1.00 
11 0.06 2.57 ...... 10.00 
12 0.46 2.17 ...... 100.00 
13 1.79 0.84 ...... 1000.00 

Total  phosphate  = 2.63 )4 10 -4 molar.  

f rom 6 toward 8, the monovalent  H2P04- ion is con- 
verted to the divalent t IP042- ion: at p H  6, 94 mole 
per  cent of the phosphate is in the monova]ent form, 
while at p H  8, 86 mole per  cent of the phosphate is 
in the divalent  form. Since the mechanism of the 
process involves complex format ion between phos- 
phate  anions and E H D A  cations or electrostatic at- 
t ract ion of the phosphate anions to the E H D A  ca- 
tions adsorbed at bubble interfaces, the divalent form 
should be more readily separated and the fractional  
residual should be lower at p H  8. F u r t h e r  p H  ele- 
vation above 8 converts more phosphate to the 
divalent fo rm but  the per  cent increase is small, and 
now begins to produce measurable concentrations of 
competing hydroxide anions. These two effects pro- 
duce the minima in all three curves in the p H  range 
8-9. As the p H  is elevated f rom 9 toward 11, the com- 
petit ion by the increasing number  of hydroxide ions 
becomes more appreciable until  t r ivalent  phosphate 
begins to appear  in measurable quantities, producing 
the slight maxima in the vicinity of p H  11. Fu r the r  
reductions in the residuals f rom p H  11 to p H  12 with 
fur ther  conversion of phosphate to the tr iva]ent  form 
are overshadowed by the preponderant  concentrations 
of hydroxide. The bromide anion added to the feed 
solutions as pa r t  of the surfac tant  produces a constant 
(with p H )  competit ion with the various phosphate 
species for  the E H D A  cations (Br  ---- 5.28 • 10 -4 
molar, etc.). 

In  these experiments,  collapsed foam volumes were 
very insensitive to p H  and were a function only of 
the feed E H D A - B r  concentration. For  feed E H D A -  

T A B L E  I I  

Comparison of Foam Separa t ion  Processes 
(Molari ty,  X 104) 

Res idua l  Res idua l  Res idua l  
Feed cone. of conc. of eonc. of 

conc. of dichro- pheno- ohos- 
E H D A - B r  mate late phate  

5.28 0.56 1.03 1.20 
7.92 0.09 0.62 0.95 

]0 .56  0.02 0.42 0.73 
15.84 ..... 0.17 0.30 

Feed concen t ra t ion :  2.50 X 10 -4 molar.  

Br  concentrations of 5.28 • 10 -4, 10.56 X 10 4, and 
15.84 • 10 -4 molar, the collapsed foam volumes aver- 
aged 0.17 liter, 0.41 liter, and 0.57 liter, respec- 
tively. The volume of the feed solution was always 
2.0 liters. The residual concentrations of E H D A  were 
also quite insensitive to p H :  average values of 0.33 • 
10 -4 , 0.53 • 10 4, and 0.70 • 10 -4 molar, residual 
E H D A  were obtained for  the three feed concentra- 
tions. In  each experiment,  the fractional  residual of 
E H D A  was considerably lower than  that  of phos- 
phate, clearly indicating the competition with bro- 
mide and hydroxide ions. These la t ter  results arc 
similar to those obtained for phenolate (4). 

Results are presented in Table I I  for the ion flo- 
tation of dichromate (3), the foam fract ionat ion of 
phenolate (4),  and the foam fractionation of phos- 
phate. Each feed solution was 2.50 • 10 4 molar  in 
the par t icular  ion and the feed concentrations of 
E H D A - B r  are listed in the first column. The p H  of 
the dichromate feed solutions was 3.6, that  of the 
phenolate feed solutions was 12.9, and that  of the 
phosphate feed solutions was 8.0. Fo r  dichromate the 
air rate was 4250 ml /min ,  and for phenolate and phos- 
phate  the ni trogen rates were approximtaely  400 m l /  
min. The higher gas rate  for  dichromate was necessi- 
tated by the reaction of E H D A  with Cr2072-, effec- 
t ively removing the sur fac tan t  f rom solution and 
thereby considerably reducing the foamabil i ty of the 
feed solution. Clearly, the best results were achieved 
with dichromate, indicating that  the ion flotation of 
an insoluble complex is a more efficient process than 
the foam fract ionation of soluble complexes or elec- 
trostat ieally a t t rac ted  ion pairs. The greater  effici- 
ency of phenolate fract ionat ion over phosphate frac- 
tionation is apparen t ly  produced by the surface 
act ivi ty of the phenolate anions or by the greater  
tendency of the phenolate to complex with E H D A .  
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