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SUMMARY

The effect of temperature and degree of resin crosslinking on the anion ex-
change of phosphate complexes of Ga(IlI) and In(III) on Dowex 1 has been investi-
gated. It was found by slope analysis that gallium and indium in orthophosphoric
acid solution form complexes of different charge, viz., [Ga(HPO,),]- and
[In(HPO,);>~. The selectivity coefficients for the two complexes were determined-
from the elution curves for the temperature range 5-85° and nominal degrees of resin
crosslinking of 2, 4 and 8. From the data obtained the free energy (4G), enthalpy
(4H) and entropy (4S) changes for the ion-exchange reactions in question were
calculated. Also, the influence of temperature and degree of resin crosslinking on the
plate height was evaluated and the optimal conditions for the separation of the two
metals in this system were established.

INTRODUCTION

Temperature and degree of resin crosslinking are the important factors that
influence the efficiency of ion-exchange separations!-2. On the other hand, investiga-
tion of the thermodynamics of ion-exchange reactions sometimes permits one to
achieve a deeper insight into the mechanism of these reactions? and also to throw some
light on the structure of complex ions in solution®.

In this paper, the effects of degree of resin crosslinking and temperature on
the anion exchange of gallium and indium phosphate complexes were examined and
optimal conditions for the separation of these two metals in the system Dowex 1-—
aqueous orthophosphoric acid were established.

EXPERIMENTAL

Resins
Dowex 1, a strongly basic ion-exchange resin with quaternary ammonium
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functional groups, was used. Methods of grinding and fractionating the resins and
the microscopic determination of particle size have been described earlier?. The resin
was converted into the phosphate form by passing excess of 3 M orthophosphoric
acid solution through the hydroxyl form of the resin and washing with deionized
water. The resin was then air-dried and its water content was determined by drying
it in an oven at 105° to a constant weight. The exchange capacity of the strongly basic
groups {Z,) was determined by converting a known amount of the resin in the
hydroxyl form into the chloride form by using an excess of 1 N sodium chloride solu-
tion. After washing the bed with deionized water until chloride was no longer detected
in the eluate, the chlorides were eluted from the resin with 1 NV sodium hydroxide
solution and determined titrimetrically®. .

The total excharige capacity was determined in an analogous manner except
that the resin was converied into the chloride form with 1 N hydrochloric acid and
washed with absolute ethanol instead of water. The water content of the swollen
resins was determined by a modified method of Pepper et @l.? (see ref. 7).

The bed density (d.) (grams of dry resin in a given form per millilitre of the
bed) was determined by measuring the volume of a known amount of the resin in
deionized water in a graduated cylinder.

Radioactive tracers and reagents

The tracers used were **Mn (7, = 291 days), >Ga (fy = 14.2 h) and "“™In
(¢, = 50 days), where 7, = half-life. *Mn was supplied by the Radioisotope Produc-
tion and Distribution Centre (Swierk, Poland) while 7>Ga and ***™In were prepared
by neutron irradiation of the spectrally pure nitrates (Johnson Matthey, Royston,
Great Britain) in the EWA nuclear reactor at Swierk. Orthophosphoric acid solutions
were prepared from 85 9 analytical-reagent grade material (P.O.Ch., Gliwice, Poland).

Apparatus and procedures

Glass micro-columns of I.D. 0.2 cm surrounded by water-jackets were used. A
constant temperature (4-0.2°) was maintained by employing a Hoppler ultrathermo-
stat. A microdose pump (Unipan, Poland) was used to exert the desired pressure. The
tracer solution (about 20 ul) was applied to the top of the bed in the column and elu-
tion was carried out with 0.1-1.0 M orthophosphoric acid solutions. The loading
did not exceed 19/ of the exchange capacity of the resin. Individual fractions were
collected in flat-bottomed test-tubes using a drop counter and a fraction collector
(Unipan). The count rate was measured by means of a 2 X 2-in. well-type Nal(T1)
counter. The gamma-spectrometeric measuremenis were carried out with theaidof a
Ge(Li) detector (active volume 70 cm3, resolution 3.1 keV for the 1332-keV line of
68Co) and a Didac 4000 pulse-height analyser.

All calculations were made with the aid of a MULTI-8 (Intertechnique)
minicomputer using a simple program written in Basic language.

RESULTS AND DISCUSSION
The properties of the resin used are summarized in Table I, from which it can

be seen that all of the resins can be considered to be practically monofunctional. As
in a previous study’, the degree of crosslinking of the resin could conveniently be



ANION EXCHANGE OF Ga(ITl) AN In(IIf) PHOSPHATE COMPLEXES - 287

TABLE I

PROPERTIES OF THE RESIN USED

Resin Exchange capacity Bed density Maximun water content H>0 in
[mequiv.ig dry resin  [g dry resin - - air-dried
(cr-)] (H,PO~)[ml], [8 H:0lg dry [g H:Olmequiv..] resiy (o)

d. resin (Cl}—7 Wﬂzo/Z,

Zs Zc - WH 2O

Dowex 1-X2 4.21 4.41 0.163 2.901 0.691 41.89

Dowex 1-X4 3.80 3.82 0.307 1.075 0.283 13.25

Dowex 1-X8 3.61 3.68 0.465 0.692 0.192 16.74

characterized in terms of the specific water content, Wy,o/Z. (g/mequiv.), which was
a linear function of the reciprocal of the nominal divinylbenzene content.

Using the method described earlier®, it was found that the ion-exchange resin
in 0.1-1.0 M orthophosphoric acid solution is in the [H,PC,~ ] form. Hence, the ion-
exchange reactions in this system for anionic phosphate complexes of Ga3®*and In3*
(M37) cations can be written as follows:

1
13—@B—k)

1
= B3=06=50 ’”R I3~ G-nal IMHPO,),] + H,PO,~ @

RH.PO, + — [M(HPO,), P~ == ,

where R represents the resin matrix. Orthophosphoric acid is a weak tribasic acid of
which the first dissociation constant (K, = 7.52-1073) exceeds the subsequent two
(K, = 6.31-107%, K; = 1.26-10712). Hence, in aqueous orthophosphoric acid solu-
tions only H,PO,~ anions are present in significant amounts. The selectivity coef-
ficient (equilibrium quotient) for reaction 1 is given by

14

B Ny g"mH-»l’O-t_
Kiseor = z = Ill 2)
N, RH2PO4 " mB"p—
where B?~ = anionic phosphate complexes of gallium or indium, N = mole fraction

of a given ion in the resin phase and m = molality in solution.

For trace amounts of the complex ions in question the following relationship
exists’*> between the selectivity coefficient and the weight distribution coefficient,
A4w®~y (amount per gram of dry resin [H,PO~1/amount per millilitre of the solution):

o
87—, _ (Kiwpoi)?!-C,
A @BPTy _ - = 3)

H,PQ,

where C, = concentration of the resin phase (millimoles per gram of dry resin) and
d = density of the solution. )
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For solutions of low ionic strength and tracer loadings, Kg:l,';; can be as-
sumed to be comnstant (the ratio of activity coefficients in solution should not vary
significantly) and, from eqn. 3, it follows that

dlog 44", _ _i% @)

d log my,eo;

The values of the distribution coefficients were calculated from the elution curves by
means of the equation
’ Upax>>7? — (Uy + V)

—_ (Bp— Mn2+
- Umax ) — Umax( 2e ™) (5)
my

Zd(Bp—) =

where Uy = Tetention volume of the ion in question, U, = dead volume of the col-
umn, ¥ = free volume of the column and m; — weight of the dry [H,PO,~] form of
the ion-exchange resin in the column (grams). The Mn?+ ion, which shows no adsorp-
tion in this system, was used for the determination of the sum U, + V.

In Fig. 1, 2, values of Ga(III) and In(III) phosphate complexes are presented
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Fig. 1. Slope analysis for anionic phosphate complexes of Ga(Ill) and In(IlI). The abscissa gives
the concentration of H,PO,™ ion (molality) and the corresponding concentration of orthophosphoric
acid (molarityy. O, Ga(iil), siope = —1; @, In(Iil), siope = —3."
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as a function of the molality of H,PO,~ ions in a log-log plot. It can be seen that
straight lines with slopes of —1 and —3 for Ga(IIl) and In(IIl), respectively, were
obtained, indicating that complex ions of different charge, probably [Ga(HPO,),]~
and [In(HPO,);P~, respectively, exist in solution. In general, the equation of the
complexing reaction for these trivalent cations could be written as

Me** -+ HPOZ™ = [Me(HPO)I* + HPO;™ == [Me(HPO,),]~ + HPO}~ ‘=
== [Me(HPO,);P*- ©)

This is consistent with the suggestions of other workers® %

As can be seen from Fig. 2, the values of log K are as a rule a non-linear func-
tion of 1/7, indicating that the enthalpy changes are not constant throughout the
temperature range investigated. By using the least-squares procedure described
earlier*12, the selectivity coefficients for the ion exchange reactions

RH,PO, + |Ga(HPO,),]- == R[Ga(HPO,),] + H.PO,~ @)
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Fig. 2. Selectivity coefficients for the ion-exchange reactions 7 and 8 as a function of temperat;.u‘e.
Points, experimental values; lines, calculated by least-squares procedure assuming 4C,* = constant
(e, AH* = AH® L AC,T). Top: Dowex 1-X8: centre, Dowex 1-X4; bottom, Dowex 1-X2.
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and
1 1
RH,PO, + 3 {In(HPO,);F~ == 3 R; [In(HPO,);] + H,PO,~ ®)
were calculated for the temperature range 5-85° and are shown in Table II. From
these data, the enthalpy changes:
dlogK

4(7)

AH* = —2.303 R- &)

TABLE II

SELECTIVITY COEFFICIENTS FOR ION-EXCHANGE REACTIONS 7 AND 8 AS A FUNC-
TION OF TEMPERATURE

Temper- Dowex 1-X2 Dowex 1-X4 Dowex I-X8
Py K(Ga) K(In) K(Ga) K(In) K(Ga) K(In)

5 1.072-107* 8.715:10°2 7.801-10-2 8.587-10°2 6.263-10-* 6.621-10"2
15 1.016-10~* 8.134-10"2 8.323-10-* 8.362-10™2 1.405-1072 7.182-10"*
25 1.004-107' 7.703-10"2 8.745-10~* 8.106-1072 2.677-10—2 7.608-10"2
35 1.024-10"* 7.388-102 9.063-10~* 7.827-10~2 4.486-10-%2 7.895-10-2
45 1.088-10-! 7.167-1072 9.282-10"2 7.532-10"2 6.677-1072 8.044-10
55 1.184-10~* 7.028-102 9.406-10-2 7.228-10"2 8946-10% 8.066-1072
65 1.321-10~* 6.942-1072 9.443-10-* 6.918-1072 1.092-10~* 7.973-10°*
75 1.506-10"* 6.917-10"* 9.401-10~% 6.609-102 1.226-10-* 7.781-10"*
85 1.739-10"* 6.936-10"2 9.290-10—* 6.301-10"2 1.278-10-' 7.512-10"?

free energy changes:

AG* = —RTInK (10)
and entropy changes:
* ___ *
AS*:AH TAG 48))

were computed and are summarized in Table IXI. These are in fact differential values
for equivalent fraction of a complex ion in the resin phase close to zero (Xgr— =~ 0).

It follows from Tables II and III that the affinities of the complex ions towards
the resin are small, and usually decrease with increase in the degree of resin cross-
linking. This effect probably reflects the large volumes of the ions and their strong
hydration due to the presence of hydrophilic hydroxyl groups. It is interesting to
note that for [Ga(HPOQ,),]~ exchange on Dowex 1-X8 at low temperatures very high
AH* and AS* values were observed, much larger than those which usually occur in
ion-exchange reactions!. As the enthalpy changes for the two ion-exchange reactions
involved are different, the separation factors (ai2):

3—.3
[In(HPO43)3Y
In __ }'d(ln) . {KHzPO4— }

Ga — - Ga(HPO,),1— . 132
Aaca) Koo 0a2l = i, o,

(12)
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also changes considerably with temperature, as shown in ‘Table IV. The feasibility of
achieving practical separations can be expressed in terms of the resolution, R,, which
is a function of both separation factor and plate height3:

. (agla _ 1) ’\/L
&=3er T DVA “

where L is the length of the resin bed and H is the mean plate height.

TABLE 1V
SEPARATION FACTORS AS A FUNCTION OF TEMPERATURE

Temperature
(°C) 2
Dowex I-X2 Dowex I-X4 Dowex 1-X8

15 12.01 14.04 33.76

25 12.00 8.49 45.26

45 10.33 9.47 11.69

65 5.60 290 8.87

85 4.84 5.34 6.36

Some examples of elution curves illustrating the effect of temperature and
degree of resin crosslinking on the separation of gallium and indium in 1 M ortho-
phosphoric acid solutions are shown in Figs. 3 and 4, together with the values of «,
H and R;.

The plate heights were calculated from the equation

Lo*?

H=— """
(Umnx - Uo)z

(14

where ¢ is the standard deviation of a chromatographic peak, and the experimental
resolutions from the relationship

Umax([n) ~~ Ymax(Ga)
, (15)
R; = 3 (o + 9Ga)

The dependence of ¢, H (normalized for the value of the weight distribution coefficient,
A4 = 15) and R; upon the degree of resin crosslinking is shown in Figs. 5-7, and values
of the plate height and resolution at different temperatures are given in Tables V and
VI

At low temperatures, the plate height decreases with decreasing degree of
resin crosslinking over the whole range of degrees of crosslinkings examined and
only at higher temperatures does the minimum on the H versus Wy,o/Z, occur at
X = 4 (cf., Fig. 6). At the same time, the plate height always decreases with an in-
crease in temperature or distribution coeflicient (¢f., Figs. 3 and 4).

Hence, it can be concluded that the particle diffusion mechanism predominates



ANION EXCHANGE OF Gaﬂllj AND In(lIl) PHOSPHATE COMPLEXES 293

o3

85°C Hg s0164
H _,n- 0061
all=534
R3=1490

H3,=0.076
«dn=-890
R3=1610

4 9,
5°c He om0 481
Hy,=0.094
Q‘J;g=9.47
R3=1500
' R 6a

25°C Hga=0.632
Hj,=0161
In_
azh=8.49
R3 =1149

1’ 65 °c Hge=0.252

x
-y
-»mwauvo:v spwdbo oy

amub(ﬂm\l

Counts/ minute

_-mwbmclxl

15 °C Heo=0930
Hgn =0.207
«20=14.04

P{ R3 1092

<

S pwdbopoN

I

1 30 50 70 90 10 130 150
Effluent volume, drops

Fig. 3. Effect of temperature on elution of gallium and indium. Column: 4 cm x 0.031 cm? Dowex
1-X4 (H,PO,7) (I5um < & < 48 um). Eluent, 1 M H;PO,; flow-rate, 2.5 cm/min.

here and only at higher temperatures does the longitudinal diffusion in the resin
phase start to contribute significantly to the total plate height. Comprehensive ac-
counts of similar effects in other ion-exchange-systems have been published else-
where” 1415, ]

As the separation factor, «ff, in this system generally decreases with a de-
crease in the degree of crosslinking and also with increase in temperature (¢f., Fig.
5), the best resolution can be achieved either with Dowex 1-X4 at 65° or with Dowex

1-X2 at 45° (cf., Fig. 7).
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Fig. 4. Effect of degree of resin crosslinking on elution of gallium and indium. Temperature, 65°;
eluent, 1 M H,;PO,; flow-rate, 2.5 cm/min. A, Column 4 cm X 0.031 cm® Dowex 1-X8 (H.PO.™)
(24pum < g < 42 um); B, column 4cm x 0.031 cm? Dowex 1-X4 (H.PO;") (15um < & < 48
zm); C, column 4 cm X 0.031 cm?® Dowex 1-X2 (H.PO;™) (6um < @& < 38 pm).

TABLE VY

PLATE HEIGHT NORMALIZED FOR A VALUE OF THE WEIGHT DISTRIBUTION CO-
EFFICIENT 4, = 15 () AS A FUNCTION OF TEMPERATURE

Temperature H (cm)

°C,
(°C) Dowex 1-X2 Dowex 1-X4 ~Dowex 1-X8
15 9.590 0.710 1.723
25 0.523 0.520 1.450
45 8308 - - 433G 1412
5% 0295 - 0.180 i .0.428

85 0.235 0.100 0.210
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2, — 15 on the specific water content of the resin for different temperatures: (3, 15°; 4, 25°; A, 45°;
M. 65°: @, 85°.
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Fig. 7. Dependence of resolution, R,, on the specific water content of the resin for different temper-
atures: [, 15°; A, 25°; A, 45°; O, 65°; @, 85°.

TABLE VI
RESOLUTION, R;, AS A FUNCTION OF TEMPERATURE

Temperature R;

°c Dowex 1-X2 Dowex 1-X4 Dowex I-X8
15 115 1.092 0.46
25 1.34 1.149 0.56
45 1.62 1.500 0.81
65 1.35 1.610 1.04
85 1.30 1.490 0.92

The results of this study show that for large complex ions the best separa-
tions can be obtained by using relatively lightly crosslinked resins, despite the opposite
trend in separation factors. Careful choice of both degree of crosslinking and tem-
perature can be a decisive factor in achieving good separations on smail columns.
Similar conclusions counld also be drawn from prekus studies mvolvmg rare-earth
eam'g{exes with EDTA and DCTA™,
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