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Ion exchange equilibria using eluent solutions in water, water-methanol, water-ethanol
and water-acetone have been studied. The ion exchange is controlled by ionic mobilities and
ionic interactions taking place in the sorbed layer on the resin. With dilute solutions of eluent,
square root relationship is found between the concentration of electrolyte in the sorbed layer

and the amount of exchange.

The greater exchange in water-alcohol and water-acetone sys-

tems is due to both the electrolyte and the resin having preference for water resulting in the

enhanced concentration of the electrolyte in the sorbed layer.

The enhanced concentration

corresponds to the reciprocal of the volume fraction of water in the solvent mixture.

QUEOQUS organic solvent mixtures are being

increasingly used for metal separation. This

has given impetusto the studies on the be-
haviour of ion exchange resins in mixed solvent
media. Considerable information is now available,
nevertheless the phenomenon of ion exchange in
mixed solvent solution is less understood from the
theoretical point of view than that in pure aqueous
systems.

The present study has been undertaken for the
purpose of obtaining data useful in nickel and
cobalt recovery in aqueous and mixed solvent
systems. Investigations on the metal uptake and
the metal elution from Agrion C-100 cation ex-
change resin in aqueous system have been made and
compared with the findings in aqueous organic sol-
vent medium under similar conditions. An attempt
is made to find explanations for the semiquantitative
relationships obtained.

Materials and Methods

Agrion C-100, a polystyrene base sulphonic acid
type cation exchange resin in sodium form (IAEC,
Bombay) having a total exchange capacity 4-8 meq/g
resin was used. Analytical grade chemicals were
used. The solvents employed in this investigation
were purified?. The required solutions were prepared
and standardized?®:3.

Known amount of the resin in the required form
and the eluting solutions in the given quantities
were taken in glass stoppered flasks. These were
shaken well from time to time, kept for 48 hr and
aliquots of the supernatant liquid analysed?, and
the extent of the ion exchange calculated per gram
of the dry resin.

Results and Discussion

The exchange of sodium by nickel and cobalt
is faster as compared to the reverse reaction of

elution of nickel and cobalt by sodium. The
concentration of the surrounding electrolyte deter-
mines the position of the equilibrium which is
almost independent of the anion of the salts., The
presence of organic solvent has synergistic effect
and the values in aqueous organic solvent are higher
than the corresponding values in aqueous solution®s,

Ion exchange equilibria were investigated for
(i) uptake of nickel (cobalt) by Agrion C-100 resin
in sodium form from aqueous solution of nickel
(cobalt) chloride, (ii) elution of nickel (cobalt) from
Agrion C-100 in nickel (cobalt) form by aqueous
solutions of three sodium salts, sodium chloride,
sodium formate and sodium acetate and by three
acids, hydrochloric, sulphuric and acetic acids
varying the concentrations and keeping the volume
of the electrolyte solution (50 ml) and weight of the
resin (05 g) same in each case, (iii) elution of nickel
(cobalt) by aqueous sodium chloride, hydrochloric
acid and sulphuric acid, varying the volume of
the eluent, (iv) uptake of nickel (cobalt) in
aqueous organic solvents employing only four com-
positions of water organic solvent mixtures owing
to the limitation of solubility and (v) elution of
nickel (cobalt) using 0-1N sodium chloride solution
in water-methanol, water-ethanol and water-acetone
(ten compositions with regular increasing organic
component) and 100 ml of solution and 05 g resin
in each case.

Nickel (cobalt) uptake — Nickel (cobalt) uptake
by the resin from dilute aqueous solution is fast
and complete. The maximum uptake values (3-91
meq/g resin) are lower (Table 1) than the total ion
exchange capacity (4-8 meq/g resin) because some
of the sites on the resin are occupied by the complex
ion pairs, Ni2*Cl- and Co2+Cl- instead of the simple
nickel (cobalt) ions?.

Nickel (cobalt) uptake is adversely affected in
water organic solvent mixtures (Table 2). This
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TapLE 1 — NickeL {CoBart) Uprake BY Acrion C-100
1N{SopIUM FORM FROM AQUEOUS SOLUTION OF NICKEL
(CoBALT) SALT

(Volume of the salt solution: 50 ml weight of resin, ~ 0-5 g)

Conc. of salt Uptake (meq/g resin)

solution
meq/litre Nickel Cobalt
20-0 2:00 2-:00
56-4 3-81 3:76
90-2 3-91 3-89
224-8 391 3-88
282:0 391 3-87
564-0 372 3-87

TABLE 2 — SopiUM T0 NICKEL/COBALT EXCHANGE IN
AcRIoN C-100 Na UsinG NICKEL/COBALT CHLORIDE IN
AQuEoUs ORGANIC SOLVENT MEDIA

(Cong. of nickel chloride, 56-4 meq/litre; comc. of cobalt
chloride, 51:6 meq/litre; vol. of nickel/cobalt chloride, 50 ml;
weight of resin, 0-5 g)

% | Sodium to nickel/cobalt exchange
(vlv (meq/g resin) in mixture of
watey
Water + Water + ‘Water -
ethanol methanol acetone*
Nickel Cobalt Nickel Cobalt Nickel* Cobalt
100, 3-81 3-76 3-82 3:76 378 3-76
80 363 373 340 3-66 3:48 359
60 2:86 3-70 3-24 3-46 2:91 3:45
50 2-80 3-49 3-28 322 3-28
40 276 322 2-94 317
20 275 2-89 2-97
10 2-70 2-85 2-84

*Concentration of nickel chloride used for nickel uptake in
watertacetone media is 49 meq/litre.
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is attributed by the previous workers to the uptake
of salt as a whole8. Nickel (cobalt) chloride is
not soluble in high organic compositions; for
example, nickel chloride is insoluble in 30:70 water-
methanol and 50:50 water-ethanol and water-
acetone. It is noteworthy that the magnitude of
decrease in cobalt uptake is relatively less than
that of nickel, possibly due to higher solubility of
cobalt salt than nickel salt in alcohols. Cobalt
salt shows complex formation in solutions with
more than 60 volume percent acetone in water-
acetone mixture, as indicated by the intensification
of colour, e.g. violet colour with 20:80 water-acetone
and blue colour in 10:90 water-acetone. The
decrease in nickel (cobalt) uptake thus appears to
be due to the complex formation between metal
salt and organic solvent.

Nickel (cobalt) elution in aqueous solution — The
elution in aqueous medium by the three sodium
salts is nearly same. The eluting capacity of
sodium acetate is about 3-129/ less than that of
sodium chloride, and sodium formate occupies the
middle place. The elution by acetic acid i1s negli-
gible evidently because of the insignificant disso-
clation of acetic acid. Between hydrochloric acid
and sulphuric acid, the former is a better eluent.
This is due to greater dissociation of hydrochloric
acid. In all the cases the elaution by sodium salts
is higher than by acids (Fig. 1). This may be due
to the reverse exchange process being more in the
presence of acids.

Further the magnitude of exchange increases
with the increase in the volume of eluent in contact
with the resin. Elutions of nickel and cobalt are
approximately equal within experimental error for
the same eluent concentration when larger volume
of eluent (200 ml) are used. Comparing the elution
values, it 1s seen that when the exchange is less as

Fig. 1
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in case of sulphuric acid, the increment with the
increase in volume is faster than in the case of
sodium chloride eluent and is proportional to the
volume increase (Taktles 3 and 4).

Nickel (cobalt) elution tn mixed solvent solutions —
The amount of nickel to sodium exchange
increases with the increase in the ethanol content
in the solvent mixture (Fig. 2). There is gradual
increase up to 40 volume per cent of ethanol and
more rapid increase for higher ethanol compositions.
This is in accordance with the observations of
Okuno et al? and Gable and Strobel®®,

The exchange in 50:50 composition is one and
a half times that in aqueous medium. The ex-
change reaction is still higher in the solutions with
greater alcohol content; for water-ethanol (10:90)
compositions the extent of exchange is twice as much
as in aqueous medium. The nickel to sodium and
cobalt to sodium exchange are same in different
compositions of water-ethanol.

The behaviour in water-methanol and water-
ethanol in respect of nickel to sodium exchange is
similar but the elution values in water-methanol
are lower than in water-ethanol in the case of nickel
to sodium exchange but similar in the case of
cobalt to sodium exchange. The results can be
compared with those of Sakaki and Kakihana'! who
found that selectivity is greater in water-ethanol
system than in water-methanol system of the same
alcohol content. The elution values both in the
case of nickel and cobalt are one and a half times
for 50:50 water-methanol and two times for 10:90
water-methanol of the exchange value in water
solution.

Behaviour in aqueous acetone is similar to that
in aqueous alcohol. The increase in nickel to
sodium exchange varies more regularly with the
increase in acetone than in the case of alcohols.
Similar observations have been made by Kakihana
and Sekiguchil? and Bafnal®, while studying the
alkali metal ion to hydrogen exchange. - The increase
in elution values with the organic component is
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TABLE 3 — EFFECT OF VARIATION IN VOLUME OF ELUENT
oN NickeL (CoBaLT) ELUTION FROM AGRION C-100 UsINGg
AgquEeoUus Sopium CHLORIDE

(Weight of resin, ~ 0-5 g)

Vol. of Elution of nickel (cobalt) {meq/g resin) by

eluent  sodium chloride having concentration (meq/litre)
ml
40 100 200
Nickel Cobalt Nickel Cobalt Nickel Cobalt

50 071 0-70 1-27 1-25 2-19 2-03
100 0-81 078 1-62 1-59 2-44 2:36
(14) (12) (28) (24) 12) (16)
150 0-93 0-91 1-85 1-85 2-67 2:57
(31) (30) (46) (48) (22) (27)
200 — 1-08 1-89 1-88 2-68 2-69
49) (50) (2) (31)

Values in parentheses show Pper cent increase of the
elution value over that with 50 ml volume of eluent.

TABLE 4 — EFFECT OF VARIATION IN VOLUME OF ELUENT
ON NickiL (CoBALT) ELUTION FROM AGRION C-100 UsiNg
AQUEOUS HYDROCHLORIC ACID AND SULPHURIC ACID

(Weight of resin, ~ 05 g)

Vol. of Elution of nickel (cobalt) (meq/g resin) by
eluent hydrochloric and sulphuric acids having concen-
ml tration (meq/litre)
55* 45t 97:3%
Nickel Cobalt Nickel Cobalt Nickel Cobalt
50 0-78 0-75 0:56 0-47 0-83 072
100 0-89 0-84 0-73 0-64 1-09 1-09
(31) (36) (31) (50)
150 1-02 0-90 0-79 0-69 1-25 1-20
(41) (47) (51) (62)
200 1-16 1-01 0-91 0-89 1-40 1-39
(63) (87) (68) (93)

Values in parentheses show per cent increase of the elytion
value over that with 50 ml volume of eluent. i

*By hydrochloric acid.

tBy sulphuric acid.

WATER + ETHANOL
WATER + METHANOL
WATER + ACETONE

(1) o
(2) x
(3) o

1S

NICKEL TO SODIUM EXCHANGE IN meq PER GRAM RESIN

WATER PERCENT BY VOLUME

Fig. 2 — Plot of nickel to sodium exchange in Agrion C-100 (Ni** form) against water per cent by volume in aqueous
organic solvents employing 0-1N sodium chloride as eluent
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not ko regular for cobalt to sodium exchange.
Another observation made is that when the resin
in cobalt form is immersed in sodium chloride
solutfion of high acetone composition (containing
30:70, 20:80 and 15:85 water-acetone), the solution
becorpes blue, the intensity of blue colour being
more| with the increase in the acetone content.

It will be seen that the elution composition curves
consikt of two linear portions with a point of tran-
sition between 45 and 559, organic solvent com-
position.

Square root velationship between exchange and eluent
concemtration — A charged sponge modell® is found
useful in explaining the mechanism of the various
ion dxchange processes taking place. The cation
exchange resin consists of a polyanion and positive
counter ion. When the resin is in contact with
an electrolyte solution, the exchangeable cations
in the resin are exchanged for cations in the solution.
The first step in the process is the uptake or sorption
of the solute and solvent from the solution into
the pores of the resin. The replacement of the
counter ion in the resin by the cation in solution
is then determined by the concentration of the cation
in the sorbed layer.

Another factor that influences the exchange is
mobility of the cations in the sorbed liquid. Follow-
ing the same reasoning that led to the Debye and
Huckel theory'® and Onsagar equation$, it can
be agsumed that in the sorbed layer, mobility
of the cations is proportional to the square
root ¢f the concentration of the electrolyte in the
vf strong electrolytes in dilute solution. Tt
may be seen from the results graphically shown in
. 3 and 4 that the elution of nickel and cobalt
Agrion C-100 resin in nickel or cobalt form
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by acids and sodium salts is proportional to the
square toot of the concentration of these strong
electrolytes.

The square root law is obeyed in the range 20-500-
meq/litre electrolyte concentration. The elution
readings taken using more volume of sodium chloride
(or sulphuric acid), generally show closer agree-
ment with the square root relationship. At higher
concentration, the relationship does not hold good
obviously because the mobility of the cations is
decreased owing to the retarding effect of the
Interionic attraction.

Enhanced concentration effect in vesin phase —
The replacement of water by a nonaqueous solvent
In an ion exchange system influences the solvent
uptake by the resin phase. More polar the solvent
the greater is the amount of solvent taken up, while
the solvents of low polarity are as a rule taken up
to a less extent10.17-21,

It is reported that in aqueous organic solvent,
water is concentrated in the resinous phase20,22:23
while the solution is richer in the organic solvent.
This effect is more pronounced with mixed
solvent2425 having low water content. The selective
sorption of solvent is influenced by the cation to
a marked degree2®??. In aqueous methanol or
cqueous acetone the solvation shell around the
cations consists of water molecules?s,

A study in progress at this Institute has revealed
that in aqueous organic solvents, clusters contain-
ing both water and organic solvent molecules exist
and that the ions which have a preference for water
can displace organic molecules from the clusters.
As a result of this rearrangement, counter ions in
the resin in water organic solvent mixtures are
solvated entirely by the water molecules. The
electrolyte has " also preference for water and
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TABLE 5 — ENHANCED CONCENTRATION TERMS
DETERMINED FROM SOLVENT COMPOSITION AND ELUTION
VALUES IN AQUEOUs ORGANIC SOLVENTS

% (v/v) . Enhanced concentration terms (meq/litre) ) from
water* elution values in mixture of
Water + Water + Water +
ethanol methanol acetone
Nickel Cobalt Nickel Cobalt Nickel Cobalt
100 (1-00) 100 100 100 100 100 100
90 (1-11) 110 110 105 . 130 120 120
80 (1-25) 125 120 105 135 130 120
70 %1'43) 145 140 110 140 140 150
60 (1-66) 160 145 125 140 170 180
50 (2-00) 200 200 200 190 205 185
40 (2:50) 240 215 200 215 255 240
30 (3-33) 280 240 270 220 300 280
20 (5-00) 360 440 300 290 430 380
15 (6-66) 450 440 310 410 500 500

*Values in parentheses refer to reciprocal of volume fraction
of water in solvent mixture.

accumulates in water medium in the neighbour-
hood of the resin. As amount of water goes on
diminishing with the increase in the organic com-
ponent in the mixture, the system behaves as if
there is enhancement of the concentration™29 of
the sorbed solution. The enhanced concentration
term corresponds to the reciprocal of the volume
fraction of water in the solvent mixture and is the
same for the three aqueous organic solvents employed
in this study. These are calculated for the ten
solvent compositions and are given in Table 5.

The enhanced concentration terms thus calculated
are compared (Table 5) with the concentration terms,
corresponding to the elution values experimentally
observed for nickel (cobalt) elution in water-ethanol,
water-methanol and water-acetone read from the
elution curves for nickel (cobalt) under otherwise
similar conditions in pure aqueous systems.

The enhanced concentration terms obtained by
the two methods show close agreement for all the
three aqueous organic solvents up to 70 volume
per cent of the organic solvent. At higher organic
compositions, the concentration values determined
from the experimental data are lower than the cal-
culated enhanced concentration terms. This may
be due to the interference on account of the for-
mation of polymeric species by the interaction of
water and organic solvent. The exchange reaction
-in the aqueous organic solvents is 1-2 to 2-2 times
that of the corresponding value in pure aqucous
medium. Considering the square root relationship,
this means that the concentration of the electrolyte
in the sorbed layer is enhanced 2 to 5 times its con-

centration in the eluting solution. The non-uniform
distribution of the electrolyte and its enhanced con-
centration in the sorbed layer is the cause of the
synergistic behaviour in the mixed solvent medium.
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