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SEPARATION AND PURIFICATION METHODS, 13(2), 141-152 (1984) 

PURITY CONSIDERATIONS AND INTERFACIAL BEHAVIOR 
OF SOLVENT EXTRACTION SYSTEMS 1 

Anilkumar G. Gaonkar and Ronald D. Neuman 
Department of Forest Products 

University of Minnesota 

St. Paul, Minnesota 55108 U . S . A .  

ABSTRACT 

The techniques to purify different components of a typical 
solvent extraction system, viz., n-hexane/di(2-ethylhexyl)phos- 

phoric acid (HDEHP)/CaC12 solution, are described. Data showing 

how the purity of the different components affects the interfacial 
tension (Y) are given. The interfacial behavior of the n-hexane/ 
HDEHP/O.Ol mol dm-3 CaC12 solution system was studied as a function 
of HDEHP concentration and aqueous phase pH. Y-log [HDEHP] curves 
were also determined at pH 4 when the aqueous phase contained 0.05 

mol MgC12, CaC12, SrC12 or BaC12. Y-log [HDEHP] curves re- 
vealed interaction of the metal ions with the extractant and exhi- 
bited a behavior reminiscent of aggregate formation wher. the 

aqueous phase contained Ca2+. 

INTRODUCTION 

Solvent extraction of metal ions from an aqueous solution to a 
non-polar organic phase has gained tremendous popularity in numer- 
ous separation operations, e.g., hydrometallurgical, nuclear waste 
processing, and spent fuel reprocessing technologies. Principally, 
three steps are involved in the transfer of metal ions from an 
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142 GAONKAR AND NEUMAN 

aqueous  s o l u t i o n  t o  an  o r g a n i c  phase :  ( i )  a d s o r p t i o n  o f  e x t r a c t a n t  

m o l e c u l e s  from t h e  o r g a n i c  phase  t o  t h e  l i q u i d / l i q u i d  i n t e r f a c e ,  

( i i )  i n t e r f a c i a l  chemica l  r e a c t i o n  be tween such  m o l e c u l e s  and t h e  

m e t a l  i o n s  t o  form a n  i n t e r f a c i a l  s p e c i e s  c a p a b l e  o f  d i s s o l v i n g  i n  

t h e  o r g a n i c  p h a s e ,  and  ( i i i )  t h e i r  d e s o r p t i o n  i n t o  t h e  o r g a n i c  

p h a s e .  Thus ,  t h e  l i q u i d / l i q u i d  i n t e r f a c e  p l a y s  a n  i m p o r t a n t  r o l e  

i n  t h e  s o l v e n t  e x t r a c t i o n  p r o c e s s .  

I t  i s  w o r t h w h i l e ,  t h e r e f o r e ,  t o  o b t a i n  i n f o r m a t i o n  on t h e  

i n t e r f a c i a l  b e h a v i o r  o f  e x t r a c t a n t s .  Due t o  t h e i r  a m p h i p a t h i c  

n a t u r e ,  s o l v e n t  e x t r a c t i o n  r e a g e n t s  t end  t o  a d s o r b  a t  t h e  l i q u i d /  

l i q u i d  i n t e r f a c e  and r e d u c e  t h e  i n t e r f a c i a l  t e n s i o n  Y (2-9) .  The 

e x t e n t  o f  t h e  l o w e r i n g  o f  Y i s  r e l a t e d  t o  t h e  i n t e r f a c i a l  a c t i v l t y  

o f  t h e  e x t r a c t a n t .  S e v e r a l  r e s e a r c h  g r o u p s  have  i n t e r p r e t e d  t h e  

i n t e r f a c i a l  a c t i v i t y  o f  e x t r a c t a n t s  t o  h e l p  e x p l a i n  t h e  e q u i l i b r i u m  

and k i n e t i c  b e h a v i o r  obse rved  i n  s o l v e n t  e x t r a c t i o n  sys t ems  

(10-16). 

I n  s u r f a c e  chemica l  s t u d i e s  ex t r eme  c a r e  s h o u l d  be  e x e r c i s e d  

w i t h  r e g a r d s  t o  t h e  p u r i t y  o f  t h e  sys t em b e c a u s e  small amounts  o f  

s u r f a c e - a c t i v e  i m p u r i t i e s  c a n  a f f e c t  t h e  i n t e r f a c i a l  t e n s i o n  s i g -  

n i f i c a n t l y .  One o f  t h e  p u r p o s e s  o f  t h i s  pape r  i s  t o  show how 

i m p u r i t i e s  i n  t h e  t y p i c a l  s o l v e n t  e x t r a c t i o n  sys t em n-hexane/d i  

(2-ethylhexy1)phosphoric a c i d  (HDEHP)/aqueous s o l u t i o n  a f f e c t  t h e  

i n t e r f a c i a l  t e n s i o n .  In a d d i t i o n ,  t h e  i n t e r f a c i a l  a c t i v i t y  o f  t h e  

a f o r e m e n t i o n e d  sys t em w i t h  0.01 mol dm-3 C a C 1 2  i n  t h e  aqueous  phase  

as a f u n c t i o n  o f  pH and  c o n c e n t r a t i o n  o f  HDEHP, i . e . ,  [HDEHP], w a s  

s t u d i e d .  The i n t e r f a c i a l  a c t i v i t y  i n  t h e  p r e s e n c e  o f  0.05 mol dm-3 

s o l u t i o n s  o f  o t h e r  a l k a l i n e  e a r t h  m e t a l  c h l o r i d e s  such  as MgC12, 

SrC12 and  BaC12 a l s o  w a s  i n v e s t i g a t e d .  

EXPERIMENTAL METHODS 

An i n t e r f a c i a l  t e n s i o m e t e r  based  on  t h e  Wilhelmy p l a t e  t e c h -  

n i q u e  ( s a n d b l a s t e d  g l a s s  p l a t e )  was c o n s t r u c t e d  f o r  t h e  a c c u r a t e  

measurement of Y o f  s o l v e n t  e x t r a c t i o n  sys t ems .  The d e s c r i p t i o n  o f  

t h e  e x p e r i m e n t a l  s e t  up and g e n e r a l  p r o c e d u r e s  have  been  d e s c r i b e d  
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PURITY C O N S I D E R A T I O N S  143 

elsewhere (17). If we use the attachment method however, there 

seems to be some problem with the plate being wetted completely in 

the presence of metal ions and high concentrations (ca. > 10-3 mol 
dm-3) of HDEHP. Hence, the procedure was slightly modified as 

follows: After just touching the bottom edge of the plate to the 

liquid/liquid interface and adjusting the plate to zero buoyancy, 

the position of the translator and, hence, that of the liquid/ 

liquid interface was noted. The cell was then raised till the 

plate was immersed in the aqueous phase to effect what appears to 

be complete wetting of the plate. Finally, the cell was lowered to 

its original position (zero buoyancy), the pull was noted, and Y 

was calculated. Y was also determined by the maximum pull method. 
Both Y values agreed to within tO.1 mN m-1. The measurements were 

carried out at 20°C iO.05'C. 

RESULTS AND D I S C U S S I O N  

Purification Effefe 
Knowledge of the interfacial behavior of extractants and their 

specific chemical interactions with metal ions is important and 

will further o u r  understanding of the mechanism by which transfer 

of metal ions occurs. Such studies, however, require well-defined 

systems free from interferring surface chemical impurities. 

Unfortunately, some investigators studying solvent extraction 

use extractants, diluents, and modifiers without any further puri- 

fication. The liquid/liquid interface is very sensitive to trace 

contaminants relative to the liquid/air interface. The presence of  

impurities in the liquid/liquid system will lead to a lowering of y 

as a result of their accumulation at the interface. For example, 

presumed high purity 99 mole % n-dodecane (diluent) has been used 

in the "as received" condition, and a value of 44 mN rn-l has been 

reported for the interfacial tension of the n-dodecane/O.l N HC1 

interface (12). This value is about 8.8 mN m-l less than that 

obtained recently in this laboratory (17), presumably due to the 

presence of impurities in the earlier study. Hence, it is 
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144 GAONKAR AND NElJMAN 

necessary to ensure that the system under investigation is free 
from interferring surface chemical impurities by following 

stringent precautions and purification procedures. 
Impurities may come from two possible sources: (i) glassware 

and parts of the apparatus coming into contact with the system and 

(ii) different chemical components of the system. In order to 

avoid contamination from the first source, sufficient care should 
be taken in cleaning the glassware. Soap and detergent solutions 
should be avoided. Use of chromic acid for cleaning the glassware 
is not advisable from an environmental pollution point of view. 

Also, chromium ions have been found to be present on glass surfaces 
even after ten rinses with distilled water (18,191. In this study 
we used a mixture of Nochromix (Godax Laboratories) and concen- 

trated sulfuric acid as the cleaning solution. Nochromix is an 
inorganic oxidizer containing no metallic ions, its solution with 
concentrated sulfuric acid is a stronger oxidizing agent than chro- 

mic acid, and yet it rinses more completely from glass surfaces. 
The jacketed Pyrex cell and its cover, the Wilhelmy glass plate, 
and all the glassware used for making solutions are soaked over- 
night in Nochromix-sulfuric acid cleaning solution and then rinsed 
many times with reverse-osmosis deionized water, distilled water, 
and finally with our best quality water distilled in an all-quartz 

distilling apparatus. 
A typical solvent extraction system consists of different com- 

ponents such as water, organic diluent, extractant, acid or base, 
and metal ions. One of the objectives of this paper is to 
demonstrate how the impurities in the different components affecty 
assuming that the glassware are free from impurities as evidenced 
later. The purification methods for the different components in 
the n-hexane/HDEHP/aqueous solution system are described below. 

Water used in this investigation was purified as follows: 
St. Paul city water was passed through a carbon filter, Culligan 
Aqua-Clear reverse-osmosis unit and Culligan Uni-Bed exchanger. 
The reverse-osmosis deionized water was then distilled in an all- 
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PURITY CONSIDERATIONS 145 

Pyrex bi-distillation apparatus, the first distillation being from 

alkaline potassium permanganate to oxidize any organic impurities. 

The distillate from each stage was passed through double traps and 

a column packed with cut Pyrex tubing. The Pyrex receiver was 

fitted with three traps in series containing double-distilled 

water, sulfuric acid, and sodium hydroxide solution in order to 
avoid contacting the final distillate with laboratory air. The 

double-distilled water was further distilled in a quartz bi- 

distillation apparatus (Heraeus-Amersil, Model Bi-41, and the final 

distillate was stored in clear fused quartz flasks. The surface 

tension of the purified water was 72.94 and 72.13 mN m-l at 20 and 

25"C, respectively. These values are in excellent agreement with 

literature values (20-231, thus confirming its high purity. 

Although 99 mole % pure grade n-hexane (diluent) was obtained 

from Phillips Chemical Company, it was not suitable to use in the 

"as received" condition because a 9-11 mN lowering in Y ,  

depending on the batch, was observed for the n-hexane/water inter- 

face. Hence, the n-hexane was first distilled, and the middle 

fraction was passed slowly through two 4-ft long columns packed 

with adsorbents, viz., silica gel, Florisil, and activated alumina, 

to adsorb surface-active contaminants, if any, in n-hexane. The 

percolation rate was maintained to about 6 drops per minute. The 

columns were equipped with traps of purified n-hexane so that the 

percolated diluent did not come into contact with the laboratory 

air. The n-hexane, thus obtained, was finally distilled in an all- 

Pyrex distillation apparatus. Additional distillation did not 

increase the value of Y. Table I depicts how the contaminants in 
n-hexane lower the value of y .  The interfacial tension of the 

purified n-hexane/water interface at 20°C was found to be 50.60 mN 

m-1. This value is in good agreement with the values reported in 

the literature (24,251 and thus provides an ultimate check on the 
high purity of the bulk phases and the cleanliness of the asso- 

ciated glassware. 
98% pure HDEHP was obtained from Alfa Products. The major 

impurity in this material is the mono-homologue. HDEHP was further 
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146 GAONKAR AND NEUMAN 

TABLE I 

Effect of Purity of n-Hexane on the Interfacial Tension (mN m-l) 

of the n-Hexane/Water Interface at 20°C 
-- 

Distilled and 

packed columns 

40-42 

purified by forming its copper salt and then reforming HDEHP upon 

contact with 0 . 5  N HC1 as described elsewhere (26). Water and tra- 

ces of solvents (ether and acetone) were removed by using a rotary 

evaporator at 50°C and high vacuum for 3 hours. A l l  solvents used 

in the purification process were high purity glass distilled 

solvents (Burdick and Jackson) and were again distilled twice prior 

to use. An attempt to distill HDEHP even under reduced pressure 

resulted in decomposition of HDEHP, and hence it was not subjected 

to distillation. The results showing the effect of the purity of 

HDEHP on the organic/O. 1 N HCl interfacial tension is illustrated 
in Table 11. Note that Y increased by about 4 mN m-1 after purifi- 
cation. Subsequent purification had no significant effect. 

Even the Ultrex Grade inorganic acids (J.T. Baker) such as HC1, 

HNO3, or H2SO4, if used to adjust the pH of the aqueous solution in 

extraction systems, were found to yield lower Y values, presumably 
due to the presence of trace impurities. Therefore, these acids 

were vacuum distilled twice in an all-Pyrex distillation apparatus 

with proper traps. The effect of the purity of HC1 on the Y values 

in the absence and presence of HDEHP is shown in Table 111. In the 

presence of HDEHP it was difficult to detect impurities in the acid 

because of the relatively low interfacial energy of the system. 

The salts may sometimes be another source of contamination if 
used without purification. We found that even ultra-high purity 
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PURITY CONSIDERATIONS 147 

TABLE 11 

E f f e c t  o f  P u r i t y  o f  HDEHP on  t h e  I n t e r f a c i a l  T e n s i o n  (mN m - l )  

o f  t h e  Organ ic /O . l  N H C 1  I n t e r f a c e  a t  2OoC 

O r g a n i c  = 7.6 x 10-4 mol dm-3 HDEHP i n  p u r i f i e d  n-hexane 
___ _--- ~ 

32.04  

TABLE I11 

E f f e c t  o f  P u r i t y  o f  H C l  on t h e  I n t e r f a c i a l  T e n s i o n  (mN m - l )  

o f  t h e  Organ ic /O . l  N HC1 I n t e r f a c e  a t  20°C 
~____I_______-_______________ _____- 

Once vacuum Twice vacuum 

U l t r e x  Grade HC1 d i s t i l l e d  HC1 d i s t i l l e d  HC1 

O r g a n i c  = 7.6  x 10-4 mol dm-3 HDEHP i n  p u r i f i e d  n-hexane 

36 .24  36.25 

- 

36.07 
_____-__- 

s a l t s  o b t a i n e d  Erom commerc ia l  s u p p l i e r s  a r e  n o t  s u i t a b l e  f o r  u s e  

i n  h i g h  q u a l i t y  s u r f a c e  c h e m i c a l  r e s e a r c h  i n  t h e  "as r e c e i v e d ' '  con- 

d i t i o n .  S a l t s  u s e d  i n  t h i s  work were  o b t a i n e d  from Spex Indus-  

t r i e s .  A c e r t i f i c a t e  o f  a n a l y s i s ,  which  was h e l p f u l  i n  making 

s o l u t i o n s  o f  known c o n c e n t r a t i o n s ,  was p r o v i d e d  f o r  e a c h  s a l t .  

S a l t  s o l u t i o n s  o f  d e s i r e d  c o n c e n t r a t i o n s  were p r e p a r e d  w i t h  

p u r i f i e d  water and  e x t r a c t e d  two t imes  w i t h  p u r i f i e d  n-hexane i n  a 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



148 GAONKAR AND NEUMAN 

clean separatory funnel to remove surface--active impurities, if 

any, present in the salt. Some salts having high melting points 

such as NaC1, KC1, etc. can be roasted at temperatures below their 
melting points for 24 hours before making solutions. Table IV 
illustrates how Y between purified n-hexane and 0.01 mol dm-3 CaC12 

in 0 
out. 
t ion 
l x  

1 N HC1 increases as the purification processes are carried 
Atomic absorption spectroscopy revealed that the concentra- 
of the salt solution (CaC12) remains unchanged to within 
0-5 mol dm-3 after extraction with n-hexane. 

Interfacial Behavior 
Since knowledge of the interfacial activity is important from 

the mechanistic point of view of the extraction process, y was 
measured as a function of [HDEHP] at various equilibrium pH of the 

aqueous phase for the system n-hexane/HDEHP/O.Ol mol dm-3 CaC12 
solution at 20°C. Y-log [HDEHP] curves for this system at dif- 
ferent pH are shown in Fig. 1 along with a curve obtained in the 

absence of Ca2+ at pH 2. In the presence of Ca2+ a slight lowering 
in Y is observed at pH 2. However, Y is lowered significantly at 
pH 3, 4 and 5 .  At these pH values the slope of the Y-log [HDEHP] 
curves changes suddenly. The HDEHP concentration at which this 

break occurs depends on the pH for a given concentration of metal 

ions and decreases with increasing pH. The abrupt change in the 
slope of the Y-log [HDEHP] curve may be ascribed to a change in the 
packing, orientation, or nature of the adsorbed species. It is 
worth noting that at pH 4 and 5 curves characteristic of the aggre- 
gation of surfactant molecules in solution are obtained, possibly 
due to the formation of reversed micelles. 

In order to check whether the interesting behavior observed in 
Fig. 1 at higher pH is common to alkaline earth metal ions or is 
only characteristic of Ca2+, we determined Y -log [HDEHP] curves 
also in the presence of Mg2+, Sr2+ and Ba2+. Figure 2 shows 
y - l o g  [HDEHP] curves at pH 4 in the absence and presence of 0.05 
mol dm-3 MgC12, CaC12, SrC12 or BaC12 in the aqueous phase. 
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PURITY CONSIDERATIONS 149 

TABLE IV 

E f f e c t  of  Purity o f  CaC12 on the I n t e r f a c i a l  Tension (mN m-l> 

o f  the n-Hexanelhqueous Interface a t  20'C 

Aqueous = 0.01  mol dmd3 CaC12 i n  0.1 N HCI 

Unextracted CaC12 Once extracted Twice extracted 

CaC12 Solution CaC12 Solut ion 
_- __ __________ - 

50.36 50.70 
_ _ - ~ -  

48 

44 

'E 40 
z 
E 

36 

2 
32 

h 
r 

v) z 
? 28 

2 
p 20 

J 
5 
0 24 

a 

z - 
16 

12 

-V----Qv 

1 1 1 1 1 1 

-6 -5 -4 -3 -2 -1  

LOG [HDEHP] 

FIGURE 1 

y - l o g  [HDEHP] curves for the n-hexane/HDEHP/O.Ol 
s o l u t i o n  system a t  various pH and 20°C. 
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150 GAONKAR AND NEUMAN 

48 

44 

40 z 
E 

36 

i 
0 32 
v) z 

A 0.06 rnol dm-3 MgCl, 
CI 
r 

p 28 

2 
p 20 

5 
0 24 

a 

z 
16 

12 
-6 -5 -4 -3 -2 -1  

LOG [HDEHP] 

FIGURE 2 

Y - log 
e a r t h  
a t  pH 

[HDEHP] c u r v e s  f o r  t h e  n-hexanefHDEHPf0.05 mol dm-3 a l k a l i n e  
metal c h l o r i d e  (MgC12, CaC12, SrC12 o r  BaC12) s o l u t i o n  sys t em 
4 and 2OOC. 

Once a g a i n  Y d e c r e a s e d  s i g n i f i c a n t l y  i n  t h e  p r e s e n c e  of t h e  

metal i o n s .  A change i n  t h e  s l o p e  o f  t h e  Y-log [HDEHP] c u r v e s  was 

e x h i b i t e d  a t  [HDEHP] 'L 5 x mol dm-3 i n  t h e  p r e s e n c e  o f  Ca2+, 

S r2+  o r  Ba2+ and [HDEHP] 2 2 x mol dm-3 i n  t h e  p r e s e n c e  o f  

Mg2+ w i t h  t h e  change b e i n g  ve ry  a b r u p t  when Ca2+ was p r e s e n t .  

I t  i s  s u r p r i s i n g  t h a t  t h e  sys t em behaves p e c u l i a r l y  when t h e  

aqueous phase  c o n t a i n s  Ca2+ i n  t h a t  Y-log [HDEHP] c u r v e s  cha rac -  

t e r i s t i c  o f  a g g r e g a t e  f o r m a t i o n  are o b t a i n e d  a t  pH 4 and 5. A s  

i n d i c a t e d  e a r l i e r ,  t h e s e  a g g r e g a t e s  may be  r e v e r s e d  micelles. 

Aggregate  f o r m a t i o n  might  be  e x p e c t e d  t o  l e a d  t o  an enhancement o f  

t h e  e x t r a c t i o n  p r o c e s s  due t o  t h e  s o l u b i l i z a t i o n  of metal i o n s  i n  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



PURITY CONSIDERATIONS 15 1 

the polar core of the reversed micelles (27). Measurements of mass 

transfer coefficients using a Lewis-type cell are in progress with 

the view to correlate interfacial tension with the results of mass 

transfer studies on calcium extraction systems. The mass transfer 

results will be discussed in a forthcoming paper. 
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