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Abstract 
Ion flotation studies have shown tha t  a surface- 

active agent  is useful for quali tat ive analysis 
of complex ions in dilute aqueous solution, with 
the sur fac tan t  forming a par t iculate  complex 
with the complex ion of concern. Exper iments  
with a monovalent,  cationic su r fac tan t  have 
established the prevalence of Cr2072- ( H C r 0 4 )  
and not Cr042-; of [Fe(CN)6]  4- and [Fe- 
(CN)sHfO]S- ;  and of [FeFe(CN)6]  2- and not 
[FeFe (CN)6 ] -  or [Fe(CN)6]  3-. The results can 
be contrasted to those with ions tha t  do not form 
part iculate  complexes with the surfactant ,  such 
as HPO4 ~ and  phenolate;  with the latter,  no 
qualitative analytical  information can be gained. 
Ion flotation appears  to be a promising technique 
in general for the determinat ion of ionic species 
present  in aqueous solution; the sur fac tan t  must  
react with the ion of significance to fo rm a 
part iculate  complex and the initial snr fac tan t  
concentration must  be controlled carefully. 

Introduction 

S URFACE-ACTIVE AGENTS have been utilized to foam- 
separate a number  of organic and inorganic ions 

f rom aqueous solution. Applicat ions have ranged 
f rom a laboratory  scale, including the concentration 
of ions f rom very  dilute solution into a concentrated 
foam for analytical  purposes, to pract ical ly  an in- 
dus t r ia l  scale, including te r t ia ry  radioactive waste 
t reatment .  Ion flotation has been applied as a tech- 
nique for the quant i ta t ive analysis of cationic and 
anionic surfac tants  below the critical micelle con- 
centrat ion (1). The process also has considerable 
promise for the elucidation of the s t ructure  and 
charge of complex ions, using the foam-separat ion 
potential  of surface-active agents as a technique of 
quali tat ive analysis. 

The ion flotation process involves addit ion to the 
solution of a surface-active agent  of opposite charge 
to the ion to be separated. The resul tant  surface- 
aetive complex, generally a colloidal suspension of 
par t iculates  produced by reaction between the sur- 
f ac t an t  and the ion to be separated,  may  be floated 
to the surface of the suspension by  gas bubbles at 
the interfaces of which it is adsorbed, and a f ro th  
is formed. In  some eases the ion to be separated may  
itself be a complex ion and may  form colloidal, poly- 
nucleated species. In  other cases, the par t icula te  
cmnplex may  be formed only in the presence of the 
high sur fac tan t  concentrations at the bubble inter-  
faces, with the p r i m a r y  step being the migrat ion 
of the sur fac tan t  ions to the interfaces. Examples  
of ion flotation include s t ront ium (2),  copper  and 
iron (3), dichromate (4,5), and eomplexed cyanide 
(6,7). 

The objective of this investigation is to determine 
the feasibili ty of ion flotation with a cationic sur- 
f ac tan t  for qualitative analysis. Three  anions are 
determined, Cr2072- (or H C r O ( ) ,  [Fe(CN)6]  4-, 
and  [FeFe(CN)6]  2-, using the molar  ratios of sur- 
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fac tan t  to Cr or to CN in the foam to establish the 
ions that  are actual ly  present. The results of about 
40 individual  experiments  are analyzed, correcting 
for entra ined bulk solution to establish the molar  
ratios a t  the bubble-solution interfaces. 

Experimental Procedures 
The exper imenta l  appara tus  used herein is similar 

to tha t  used in the foan~l f raet ionat ion of phenol 
and of or thophosphate  (8,9). The foam column was 
9.6 cm in diameter  and was made of Pyrex.  Fo r  
each experiment ,  2 liters of feed (initial)  solution 
was prepared,  containing 0.463 mmolar  or 0.926 
mmotar  hexavalent  chromium, as Cr (NafCrfOT), 
with the p i t  adjusted to 4.2 with HC1; or containing 
f rom 1.54 to 3.08 mmolar  cyanide, as CN (NaCN),  
complexed with ferrous iron ( F e S Q . 7 I I f O )  with 
F e / C N  molar  ratios of 0.206 and 0.351 and the p H  
adjusted to 7.0 with NaOH.  The sur fac tan t  used 
was cationic, a qua te rna ry  ammonium salt, ethyl- 
hexadecyld imethylammonium bromide ( E H D A - B r ) .  
I t  was added to the initial  solutions in concentrations 
ranging f rom 0.198 to 1.59 mmolar,  with premixing  
times of 5 or 15 min. 

The 2 liters of initial  solution was placed in the 
foaming eolmnn. The solution was ion floated for 
times ranging  f rom 7.5 to 25 rain with foam removal 
f rom a por t  located 9.0 cm (7.0 em for  complexed 
cyanide) above the initial  solution level. Fi l tered 
ni t rogen gas was the flotation medium. I t  was 
sa tura ted  with water,  metered with a calibrated 
rotameter ,  and  passed through twin sintered glass 
diffusers of 50 ~ porosi ty at  a rate of 1,440 ml /min ,  
metered at 25C and one atmosphere. The rate was 
1,300 m l / m i n  for  the experiments  with complexed 
cyanide. Tempera tu re  was mainta ined at 25C 
throughout.  Af t e r  the terminat ion of each experi- 
ment,  the volume of the residual solution was mea- 
sured, and  the concentration of su r fae tan t  in the 
residual solution determined by  a two-phase t i t ra t ion 
technique, using sodium te t raphenylboron as the 
t i t ran t  and  bromophenol  blue as the indicator  (10). 
The residual  concentrat ion of complexed cyanide 
was determined by  volumetric  analysis and that  of 
hexavalent  chromium by a eolorimetrie technique 
(11). 

F o r  each exper iment  the fol]owing mater ial  
balances can be wr i t ten :  

Vi = Vr -~ Vf [1] 
ZiVi -- ZrVr 2[_ ZfVf [2] 

XiVi = XrVr + XfV~ [3] 

The volumes in liters of initial solution, residual solu- 
tion, and collapsed foam are represented by  V~, Vr, 
and V~, respectively. V~ was always main ta ined  at  
2.0 liters. The same subscripts app ly  also to the 
sur fac tan t  concentration, X, mmolar,  and to the 
hexavalent  chromium concentration or eomplexed 
cyanide concentration, Z, mmolar  Cr or CN. 

To utilize ion flotation as a quali tat ive analysis 
technique, fundamenta l  a t tent ion must  be focused on 
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FIG. I. Relative fractionation parameter for the ion flotation 
of dichromate. 

the collapsed foam accumulated dur ing the course 
of an experiment.  The foam can be collapsed readily 
using thermai  or mechanical  means. Some informa- 
tion can be gained f rom the molar  foam ratio, Xt /Z, ,  
re la t ing the gram ions of su r fac tan t  to the g ram ions 
of the complex ion whose charge or structure,  or both, 
is to be established. However,  the foam stream in- 
cludes sur fac tan t  and dichromate or complexed 
cyanide contained in the bulk liquid entrained with 
the rising foam. Although a sufficient column height 
may  be used to enable adequate foam drainage, most 
of the liquid volume in the foam consists of entrained 
liquid. A more accurate  foam rat io is defined X d /  
Z / ,  the relative f ract ionat ion pa ramete r  developed in 
previous studies (8,9). The concentration of sur- 
fac tan t  at  the bubble-solution interfaces (in the sur- 
face layers)  is calculated from, 

X f ' V f  ~- X i V i - X r V r - (  x l  "~- X r  ) (Vi--Vr) --~ 
2 

Xi  + X r  
Vf(Xf  ) [4] 

2 

In  using Eq. 4, it is assumed tha t  the volume of 
entrained bulk liquid is equal to the total liquid 
volume of collapsed foam (and tha t  the volume of 
the bubble-solution interfaces is negligible);  also 
tha t  the average bulk solution concentration dur ing  
the course of an exper iment  can be represented by  
the ar i thmetic  average. Both of these assumptions 
ha~e been val idated approx imate ly  (8). Considering 
the dichromate or complexed cyanide, or both, a 
similar relation is used to calculate Zd:  

VOL. 45 

Zi + Zr 
Zf"Vf : Z i V i - Z r V r -  ( ( V i - V r )  : 

2 

Zi + Zr Vf(Zf-- [5] 
2 

The ratio is then computed using both Equations 
4 and 5. 

Results and Discussion 
The relative fract ionat ion parameter ,  X f ' / Z / ,  is 

calculated f rom experimental  data for 12 individual 
experiments with dichromate shown in Fig. 1. The 
paramete r  is related to the average bulk solution 
concentration ratio occurring during the course of an 
experiment.  This ratio, (Xi + X,.)/(Z~ + Zr), is used 
instead of the feed ratio, Xi/Z,,  as being more rep- 
resentative of the actual concentrations involved over 
an entire ion flotation experiment.  The dotted 45 ~ 
line on Fig. 1 indicates equali ty between values of 
the relative fractionation paramete r  and the average 
bulk concentration ratio and is shown only as a 
reference. With  the exception of three values cor- 
responding to the 15-rain foaming time, all values 
of Xt ' /Z~ '  lie between 1.0 and 1.1 g ions E H D A  § 
per gram ion of Cr. Fo r  qualitative analysis, the 
shorter  t ime of 7.5 rain is more representative, be- 
cause significant concentrations of both surfaetant  
( E H D A - B r )  and dichromate are still present  in the 
residual solution. At  15 min, the concentrations of 
sur fac tan t  and of dichromate are very  low (foaming 
has ceased) and sur fae tan t  not associated with the 
"stoiehiometric" quant i ty  of dichromate may have 
been foam separated for several minutes, giving high 
values of Xd/Z~' .  

The data  in Fig. 1 establish clearly that  the pre- 
valent species in the initial solutions are H C r O ( ,  or 
CreO72 , or both, and not Cr042-. The part iculate 
complexes formed between the sur fac tan t  and the 
chromium are EHDA-HCrO4,  or (EHDA)2-Cr207,  
or both;  both correspond to X~'/Z~' values of 1.0. 
The flotation of ( E H D A ) 2 - C r Q  would yield ratios 
of 2.0. The ratios of 1.0-1.1 may  have been due 
to the presence of a very  small amount  of CrO42-. 
In  the p t I  range 2-6, it has been reported that  
H C r O ( ,  and Cr20~ 2- are the prevalent  species, with 
C r O (  ~- present  in negligible concentrations (12,13). 

The dichromate s tudy validates information in the 
li terature.  Considerably less is reported with cer- 
ta in ty  on cyanide complexed with iron. At  a molar 
iron-to-cyanide ratio of 0.206, before sur fac tan t  addi- 
tion the initial solution was clear yellow, with 
[Fe (CN) 6] 4- being the predominant  species, together 
with a small quant i ty  of [Fe (CN)sHeO]  3- (6,14,15). 
Results of 8 individual ion flotation experiments are 
shown in the top half  of Fig. 2. Only complexed 
cyanide is considered because the extent of flotation 
of noneomplexed cyanide was very  small (6). Ex-  
cept for  one point, the relative fract ionation param- 
eter ranges between 0.60 and 0.66 g ion E H D A  § 
per  g ram ion CN. These values establish clearly that  
the dominant  species is [Fe (CN) ~] ~-, with 
[Fe (CN)~H20]  3- also being present. I t  is of interest 
that  over the average bulk concentration ratio range 
of 0.14 to 0.65, the relative fract ionation parameter  
ranged only between 0.60 and 0.66. The particulates 
that  were ion floated were definitely a combination 
of ( E H D A ) 4 - [ F e ( C N ) 6 ]  and ( E H D A ) 3 - [ F e ( C N ) 5 -  
H20] .  
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At  a molar iron-to-cyanide ratio of 0.351, before 
surfaetant  addition a blue suspension of poly- 
nucleated species was formed consisting of what is 
known as soluble Prussian blue. The predominant  
species was probably polynucleated [FeFe(CN)6]2- ,  
with some [Fe(CN)6]  3 and polynucleated [FeFe-  
(CN)8]- also being present (6,16,17). Results of 
19 individual ion flotation experiments are shown in 
the lower half of Fig. 2. Some points represent aver- 
ages of several experiments. Except  for 4 points, the 
relative fractionation parameter  ranges f rom 0.27 
to 0.37 g ions E H D A  § per gram ion CN. The points 
corresponding to foaming times of 8, 12, or 15 mAn 
are again the most representative, because of the 
presence of significant concentrations of both sur- 
factant  and complexed cyanide, and are more useful 
for  qualitative analysis. The values 0.27-0.37 establish 
clearly that the dominant species is [FeFe(CN)6]  2- 
with lesser concentrations of [FeFe (CN)6] -  and 
[Fe (CN) 6] 3- also being present. 

I t  should be pointed out tha t  as the average bulk 
concentration ratio becomes larger than the "stoichio- 
metric" value of the relative fractionation parameter,  
i.e., the value corresponding to the formula of the 
species being floated (for  example, ( E H D A ) u -  
[FeFe(CN)8]  ), the relative fractionation parameter  
begins to increase in proport ion to the average bulk 
concentration ratio. This can be observed on the 
lower half of Fig. 2 as the points begin to follow 
the 45 ~ line. The high values of X / / Z /  tha t  would 
be obtained using too high Yalues of ( X i + X r ) /  
(Z~ + Zr) can be avoided by careful selection of the 
initial (feed) surfaetant  concentration, using a series 
of prel iminary experiments. A very  low initial sur- 
faetant  concentration should be used at first, cor- 
responding to no foam formation ( V ~ - - 0 ) ;  then 
Xi should be increased gradual ly to give a moderate 
amount of foam (Vf/Vi----0.05 to 0.10) at the foam 
cease point. The determination of X~'/Zf'  should be 
made with the X~ that  gives this moderate amount  of 
foam; higher values of X~, corresponding to excessive 
surfactant,  will give high values of X~'/Z:~'. 

The relative fractionation parameter  has been con- 
sidered previously in foam fractionation studies of 
orthophosphate (9) and phenolate (8) ; entirely 
homogeneous systems in which ion competition be- 
tween OH- and Br-  with IIP042- or phenolate was 
prevalent. For  orthophosphate, X~'/Z~' ranged from 
2.5 to 7.5 g ion E H D A  § per gram ion I tP042- and 
from 0.62 to 7.2 g ion E H D A  § per gram ion 
phenolate. The corresponding ranges of the average 
bulk solution concentration ratio were 0.13 to 12.5 
for orthophosphate and 0.025 to 8.3 for  phenolate. 
At  (Xi + X r ) / ( Z i  + Zr) = 2.0 for  tIP042-, X~'/Z~" = 
4.8; at ( X ~ + X ~ ) / ( Z i + Z r )  = 1.0 for  phenolate, 
X~'//Z~ ' -- 3.0. Both values of X~'/Zf' were far  
greater than the values of 2.0 and 1.0 that  would 
be predicted if all the surfaetant  were foam separated 
as ( E H D A ) 2 - H P 0 4  and EHDA-phenolate .  
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F i n .  2. R e l a t i v e  f r a e t l o n a t i o n  p a r a m e t e r  f o r  the  ion  
f l o t a t i o n  o f  c o m p l e x e d  c y a n i d e .  
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