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Bz-1, complex, for example, Plyler and Mulliken!!
used a 4 mm. cell to study I, absorption. The en-
hanced benzene bands in Bz-I, complex at 992 and
850 cm.—! are measured to have intensities of
roughly 200 and 400 darks. respectively, while the
I, absorption in the same complex is indeed less,
around 120 darks.?®

A consideration which may be significant here is
that part of the intensity of the Iy Bz band must be
due to solvent effects. That this can be important
is shown by the data of Person, et al.,% on ICI in
various solvents. The vapor intensity is reported
as 650 darks, while the intensity in the inert sol-
vents CCly, #-heptane and #-hexane, are all around
1000 darks. The intensity in benzene is 1900
darks, but the BzICl complex is considerably
stronger (K = 4.76 cm. moles™!) than the Bz-X,
complexes.

It is of interest to note that the ‘‘electronic vibra-

(15) In a previous paper (ref. 2) the 992 cm. ~! benzene band in the
benzene—iodine complex has been assigned an intensity of 770 =% 300
darks on the basis of a crudely measured peak intensity, an estimated
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tion”’ intensity is large compared to the normal or
“permanent dipole” contribution. The spectro-
scopic values of dative coefficient appear larger
than those inferred from binding energy and dipole
moment data. Using a lower dative coefficient
would decrease the calculated intensities and hence
lessen the agreement with experimental data.'é
However, the relative importance of the ‘‘elec-
tronic vibration” intensity to the “permanent di-
pole” intensity would increase with decreasing da-
tive coefficient since the first goes as the square and
the latter as the fourth power of the dative coeffi-
cient.

We wish to express our appreciation to Dr. R. E.
Erickson, to our anonymous reviewer for a num-
ber of helpful suggestions and to Professor Person
for sending us copies of his work before publication.

(16) TFor example, using the value & = 0.21, calculated from the ob-
served dipole moment (assuming the overlap integral § = 0 consistent
with the other calculations here) would reduce the calculated intensity
by a factor

. 2
normal half width and an assumed Lorentz shape. A recent direct <0~21 — l
measurement made in this Laboratory yields the value 190 =+ 40 darks.
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Anion Exchange Studies. XXXI. Adsorption of Zn(II) and Ga(III) from HCI Solutions
in the Temperature Range 25 to 150°!

By KurtT A. KRAUS AND RICHARD J. RARIDON?
REcEIVED NOVEMBER 30, 1959

Adsorption functions of Zn(II) and Ga(III) have been determined by the preloaded column technique in the temperature
range 25 to 150° in HCl solutions. Large changes in adsorbabilities with temperature have been gbserved. Adsorbability
of negatively charged complexes decreases rapidly with increasing temperature and for GaCl,~, AH for the ion exchange re-
actionsis ca. —14 keal. (extrapolated to mmc: = 0). Theshape of the adsorption functions changes rapidly with temperature.
From these changes one can deduce that the degree of complexing of Zn(II) and Ga(III) increases rapidly with tempera-
ture at constant chloride concentration. Attempts were made to estimate the average heats of the complexing reactions,
While these are largely of a qualitative nature, one may conclude that with increasing temperature stability constants

change in a direction which increases the preponderance of neutral species or of species of low absolute charge.

From the adsorption functions of metals, one
may deduce®* information regarding the exteut
of complexing of the metals in the aqueous phase.
Because of the high intrinsic selectivities of anion
exchangers for some complexes, substantial ad-
sorption may occur even when the fraction of the
metal in the form of negatively charged complexes
is small and when the average charge of the dis-
solved metal is positive. In an earlier paper,*
some of the techniques were discussed in detail

(1) This document is based on work performed for the U. S. Atomic
Energy Commission at the Oak Ridge National Laboratory, Oak Ridge,
Tennessee, operated by Union Carbide Corpuration.  Previous papers;
(a) XXVIII, F. Nelson, J. Polymer Sci., 40, 563 (1959); (b) XXIX,
F. Nelson and K. A. Kraus, J. Chromatography. 3, 279 (1960); (c)
XXX, F. Netson, R. A. Day, Jr., and K. A Kravs, J. Inorg. & Nu-
clear Chem. (in press).

(2) Based on work submitted by R. J. Raridon to Vanderbilt Uni-
versity in partial fulfillment of the requirement for a Ph.D. degree.
Work carried out at Oak Ridge National Laboratory under sponsor-
ship of the Oak Ridge Institute of Nuclear Studies.

(3) K. A. Kraus and F, Nelson, ''Proceedings of the International
Conference on the Peaceful Uses of Atomic Energy,” Vol. VII, page
113, 131 (United Nations, 195€).

(4) K. A. Kraus and F, Nelson, ''Anion Exchange Studies of Metal
Complexes,"’ in "The Structure of Electrolytic Solutions,' Walter J.
Hamei, Editor, John Wiley and Sons, Inc., New York, N. Y., 1959, p.
340.

which may be used for computation of the average
charge of the metals from anion exchange data and
of the fraction of the metal present as negatively
charged complexes in the aqueous phase.

With the development® of relatively simple
equipment for measurement of ion exchange equi-
libria as a function of temperature up to 200°,
it became of interest to illustrate the use of the
anion exchange techniques for study of complex-
ing reactions at high temperatures. Zinc(II)
and Ga(III) in HCl were chosen for illustration
since these elements have been studied in con-
siderable detail at room temperature.

Experimental

1. Method and Equipment.—Adsorbabilities were de-
termined by the ‘“‘pre-loaded column technique’’ with the
high temperature column equipment previously described.
In this method, a sample of resin, uniformly loaded with the
ion whose adsorption is to be studied, is placed in the
column. At proper flow rates, eluent passing through the
column leaves it equilibrated with the lower layers of the bed
whose composition does not materially change if the number
of column volumes of solution passed through the column is

(8) (a) K. A. Kraus, R. J. Raridon and D. L. Holcomb, J. Chroma-
tography 8, 178 (1960); (b} K. A. Kraus ana R. ], Raridon, J. Phys,
Chem., 68, 1901 (1959).
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Fig. 1.—Adsorption of Zn(II) from HCI solutions as a func-
tion of temperature (Dowex-1X10, Cl~ form).

not excessive. Equilibrium was assumed established if the
effluent concentration was independent of flow rate. From
the concentration of material in the effluent and the known
initial concentration in the resin bed, the distribution coeffi-
cient D (amount per kg. dry resin/amount per kg. water in
solution) may be computed.

2. Solutions and Radioactive Tracers.—All analyses
were carried out radiometrically using the tracers Zu% (71,
= 250 d.) and Ga¥ (71, = 78 h). The liquid samples
were collected in glass vials, counted in a well-type scintilla-
tion counter (NaI-T! activated) and their size ascertained
by weighing. From the values of activity per kg. of solu-
tion, the concentrations in terms of amount per kg. of water
were computed using density values from the literature.
The specific activity of the tracers was sufficiently large so
that resins loading was always substantially less than 19 of
capacity.

Zns tracer was obtained from the Radioisotopes Division
of ORNL, with stated radiochemical purity greater than
989%,.

The Ga® tracer was prepared by cyclotron bombardment
of zinc foil and separated and purified by anion exchange.?
The bombarded zinc foil was dissolved in 8 HCl. The
solution was passed through a small resin bed, pretreated
with 8/ HCl, whose total capacity was much less than would
have been needed to adsorb the dissolved zine. Thus, while
some zinc is adsorbed, the bulk passes through this bed of
litnited capacity. However, because of its very high distri-
bution coefficients, essentially all gallium is adsorbed by the
resin. The loaded column was washed with a small amount
of 1A HCI to remove Ga(I1I) from the resin while most of the
adsorbed zine was retained by the bed. Concentrated HCl
was added to the effluent to raise its concentration again to
81/ and a second adsorption—elution cycle carried out with a
new, small resin column to remove the remaining zinc from
the solution. Purity of the tracer was checked by following
its decay for several half-lives.

Results and Discussion

(1) Zn(II).—The adsorption function of Zn(II)
in HC1 solutions was determined in the range
0.02 < muc1 < 8 (mis moles per 1000 g. of water)
at 25, 70, 115 and 150°. Attempts to make meas-
urements at higher temperatures were abandoned
since in some tests (muct =& 0.5) drifts in the distri-
bution coefficients with time occurred indicating
decomposition of the exchanger® For example,
at 173°, D varied by ~0.29, per minute. At
150°, there was no appreciable change of D in
several hours.

Measurements were made with increasing and
decreasing temperature. The results were aver-
aged and are summarized in Fig. 1. The char-
acteristic maximum of the distribution function
which at 25° is located near muci = 2 decreases
significantly with increasing temperature and
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Fig. 2.—Chloride complexing of Zn(II) froin anion ex-
change data. (Solid lines are d In D/d In mgrc1; broken
lines are corrected for Debye-Hiickel theory.)

shifts to lower value of muc). Further, the maxi-
mum broadens substantially and the slope at low
HCl concentrations decreases with increasing
temperatures.

(1.1) Average Charge.—As discussed earlier,*
the slope S of a plot of log D vs. log mua is closely
related to the average charge % of all metal species
in solution and hence to the average ligand number
7 which is given by

7= vy — Z (1)
where » is the charge of the uncomplexed metal

species. We may define zas
P
E= Y zF (2)
i=o

where 2z is the charge of the species ZnCl;, Fj is
the fraction of the metal as this species and p
is the maximum number of chloride ions which
can be coordinated. The relationship between z
and the slope S, though complicated in the general
case, simplifies to

dinD
S = dln MHEC

dln G;
"Lt R P T ©
if resin invasion and activity coefficients in the
resin phase change little with HCI concentration.
In equation 3, Gj is the activity coefficient of the
component involving the species ZnCl, 1.,
Gi = gzacygar®>™

By graphical differentiation (Gerber Derivi-
meter Model D-1) of the curves, Fig. 1, the slopes
S = d log D/d log muc: plotted in Fig. 2 (solid
lines) were obtained. These should approximate
the average charges of the species at low mimc
since then presumably the simplifications, implied
in equation 3, hold. For the more dilute HCl
solutions, an attempt was made to correct for the
(aqueous phase) activity coefficient term

dln Gi
2B Tt e
assuming that G is given by the Debyve-Hiickel
expression in the form
1/2
log g = —8&23; TF 1507 4)

where § = 1.8252 X 108(p/e3T%)'/* (0.509 at 25°)
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(see also ref. 5b). Since the individual values of
F; cannot be determined readily, the activity
coefficient derivatives were weighted according to
the average charge rather than Fj?

The average charge % estimated in this manner
(dotted lines, Fig. 2) is, at least at low HCI con-
centrations, a good indication of the extent of com-
plexing of Zn(II). At low temperatures (25°),
the average charge remnains close to +2 up to
almost muci = 0.5, reflecting the small tendency
for chloride complexing of Zn(1I) under these con-
ditions. (For more detailed discussion of com-
plexing of Zn(II) at 23°, see ref. 4.) With in-
creasing temperature, the average charge of Zn-
(II) decreases rapidly at any given mmuci and,
conversely, a given average positive charge (e.g.
z = 1) occurs at substant1ally lower values of
muci as the temperature increases. Clearly,
Zn(II) at high temperatures becomes extensively
complexed even at low HCI concentrations and the
enthalpy change for the complexing reaction, in
general, is large and positive.

(1.2) Complex Constants and Enthalpy
Changes.—In order to obtain even a semi-quantita-
tive estimate of the heat of the complexing reac-
tions, it is necessary to evaluate as a function of
temperature the stability constants k;; defined as

. (M)
ki = k0 G = ey O (8
where ( ) indicates concentration of species, ki;©
is the concentration quotient and Gj; the ap-

propriate activity coefficient quotient. Rear-
ranging equation 1 to
7 = (Vo b 2) = EZFI = FoziFi/Fo (6)
and remembering that*
-1%:0 = ZkoiOmc)! (7

one obtains the general relationship between z and
the stability constants’
i=p
Yo (w— 2 — Dkt mer' = 0 (8)
i'=o0
In the case of Zn(II) where », = 2 and where
presumably p = 4, equation 8 simplifies to
2 -3z z — 1

GFome " i¥2k Omer +

w0 + o b

1

% i 5 ko mcy? + kol mc® (9)
(8) This was achieved through replacing ZF; (d In Gi)/(d In mgc))
by (d 1In Gi)/(d In mpuc)) where G; is the activity coefficient of the
average component which is determined by the average charge % (or the
average ligand number 7) 7.e., f;i = g7ZaCli £C12 -%, The activity
coefficient derivative was evaluated through the Debye—Hiickel equa-
tion (see eq. 4) considering the valence factor variable. This valence
factor for log Giis 6,2,0,0,2for¢ = 0,1, 2, s and 4, respectively, which
corresponds to zi = 2, 1,0, —1and —2. A smooth curve was drawn
through these valence factors and its value read for each S of interest.
This yielded an approximation of Z; the final valnes were obtained by a

short iteration.
(7) Stability constants may also be obtained more directly from the
slopes S. Setting Gi’ = d ln Gi/d ln m¢) and 3; = »y - 7 one obtains

from equation 3

S = RI(Fi/F)(» — 1+ Gi')] (a)
This yields with equation 7
SlheiO mc (S+7—»w—G’)] =0 (b)

gmect!/enct; = Go/Gi simplifies to

Thoi mor! (é)(s Fi=w—G)=0 (o)

which with the relationship Gjo =
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Application of equation 9 to evaluation of the
complex constants of Zn(II) is unfortunately
greatly limited because of uncertainties in the
activity coefficients and activity coefficient deriva-
tives needed in the computation of 2. We there-
fore have used equation 9 only to estimate the sta-
bility constants k.0 and ko,® at 115 and 150° where
the applicable data were obtained at reasonably
low ionic strength. If one assumes that for 2 > 1
negatively charged complex species are of negligible
importance at these high temperatures, equation
9 simplifies to

1
O my g =
kos ot (atz = 1) (10a)
B m —— — 3k0 mei(at £ = 1.5)  (10b)
mci

From the values of myci at which 2 = 1, we obtain
at 150° k.0 = 400 (mpca = 0.05) and at 115°
ko = 40 (mmc = 0.138). With the Debye-
Hiickel extrapolation function (eq. 4), one obtains
ko, = 2 X 10% and 3.7 X 10% at 150 and 115°,
respectively. This change in k., corresponds to
an apparent enthalpy change AH,, = 15.7 kcal.
for the reaction Zn++ 4 2Cl~ — ZnCl, in the range
115 to 150°. Attempts to evaluate ko,© were aban-
doned because the residuals obtained after sub-
tracting the term involving k2" (eq. 10b) were not
?ulfﬁciently large to make these numbers meaning-
ul.

We may compare the high temperature values
of ko, with the value k,, = 5 X 102 for Cd(II) at
25°8% Under the same condition ko, for Zn(II)
must be several orders of magnitude smaller.?
It is interesting to note that the large differences
in complexing properties of Zn(II) and Cd(II)
which exist at room temperature can be com-
pensated with Zn(II) by a moderate (ca. 90°)
increase in temperature.

(1.3) Average Enthalpy Change for Complexing
Reactions.—As mentioned, detailed analysis of the
data at higher muc in terms of stability constants
and enthalpy changes for the complexing reactions
is premature because of lack of sufficient informa-
tion regarding activity coefficients. Nevertheless,
a qualitative picture of the enthalpy changes may
be obtained by plotting against 1/7 the log of the
chloride concentration at which % has a given value.
The slopes of such plots yield weighted average
apparent enthalpy changes for the complexing
reactions, as shown in eq. 11 which was obtained by
differentiation of eq. 8

(g ’(“1;”79»2 = |:2(vo — 7 — iymorike® —ﬁ"’/

[Zi(l’o -z — i)koi()m01,] =

[z(z — DF, AZ"‘]/[E it — z')F;:l (11)

Here AH,; is the apparent enthalpy change for the
reaction M™ 4+ Cl=—MClp~:i. The second
part of eq. 11 was obtained by the substitutions
7 = yo — Zand mciike® = Fi/Fo.

(8) J. Bjerrum, G. Schwarzenbach and L. G. Sillén, "'Stability Con-

stants,’’ Part II, The Chemical Society (L.ondon), Special Pubtication
No. 7 (1938).
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Fig. 3.—Estimation of heat of complex formation (Zn(II)
in HC1).

The meaning of the weighted enthalpy change of
eq. 11 is not easy to see in general. However, the
importance of the various terms becomes clearer
if one considers an idealized system in which only
two species are of importance at half-integral values
of z (or 7), 1., if Fop = Fi = 0.5 at z = 1.5;
Fi=F,=05atz=0.5; etc. Under these condi-
tions, we find 0 In mc/0(1/T) = AH,/R at z =
1.5; 0 ln mc/0(1/T) = AH,,/R — AH,/Rati =
0.5; and in general at 7 = ¢ — 0.5: 3 In mci/0-
(1/T) = AHu/R — AH,/R = AHj/R where j
=17 — 1

Since in our case z is difficult to evaluate, we
have substituted S for 2. A family of curves of
log muc1 vs. 1/T for § = 1.23, 1.0, 0.5, 0, —0.5
and —1.0 is given in Fig. 3. These slopes should
be related, at least qualitatively, to the average
(apparent) enthalpy changes which occur as a
function of the average degree of complexing.®
Clearly, the enthalpy change is largest when the
average charge is large and positive; the slope at
S = 1.25 suggests a AH of ca. 15 kcal. at high
temperatures. The enthalpy change decreases
to almost zero at S = —0.5 and becomes slightly
negative for more negative values of S. This
implies that the enthalpy change for the first com-
plexing reaction (corresponding to k) is large and
positive, particularly at high temperatures and
that AX is negative when the complex species
carries a negative charge, e.g., when k; describes
the dominant equilibrium.

This leads to the interesting conclusion that
with increasing temperature the stability constants

(9) The meaning of this plot may be deduced by differentiation of
eq. ¢ (footnote 7) with respect to (1/T) which yields

(S, =[xt +i = w =GR, Ay

dGY

TR a(T/T)]/l:z(S T G;’)iF-,:l

KurT A. KrRAUS AND RICHARD J. RARIDON

Mg

Fig. 4.—Adsorption of Ga(IlI) from HCI solutions as a
function of temperature (Dowex-1X10, C1~ form).

vary in such a manner as to increase the stability
of neutral species or those of low absolute charge.
If this were general, it would imply that at very high
temperatures the characteristics of highly charged
electrolytes diminish in importance and that
the solutes would behave increasingly like electro-
lytes of low charge and even like non-electrolytes.
Fig. 3 implies a parabolic relationship between the
log of constants and (1/7). Since the curves pre-
sented flatten in a region where measurements
were made at high supporting electrolyte concen-
trations, the meaning of this pseudo-parabolic
shape is in doubt. However, it might imply that
when the enthalpy change for complexing reactions
leading to ions of lower charge is negative at low
temperatures, a change in sign of AI7l at higher
temperatures is likely and that the generalization
regarding preponderance at high temperatures of
species of low or zero charge is miore broadly
applicable.

(2) Ga(IlI).—Adsorbabilities of Ga(III) were
determined in the range 0.2 < muc < 16 at 25,
70, 115 and 150°. Measurements were carried
out with increasing and decreasing temperatures
and the averaged results are summarized in Fig. 4.

As in the case of Zn(II), the ads~rption function
of Ga(IIl) varies drastically wizli temperature.
At room temperature, adsorbabilities increase
rapidly with increasing mmuci; the distribution
coefficients reach a maximum near mpa = 8
beyond which log D decreases approximately
linearly with increasing mmct. Increasing tem-
perature causes a shift of the adsorption maximum
toward lower HCI concentrations and adsorbabili-
ties at high #mpuc1 decrease greatly.

(2.1) Enthalpy Change for the Ion Exchange
Reactior.—As described earlier,®* in the region
where the distribution coefficients decrease with
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Fig. 5.—Adsorption of GaCl,~ at constant mmuci as a func-
tion of temperature (Dowex-1X10, C1~ form).

muct, Ga(III) in the aqueous phase probably exists
principally as the species GaCl,~. The change of
distribution coefficients with temperature at high
HCl concentration thus presumably reflects changes
in the intrinsic adsorbability of this complex and
the data in principle should permit computation
of the apparent enthalpy change for the ion ex-
change reaction.

The equilibrium constant for the reaction is

(GaCh _)(r)(CI _)

= = 2 AT Y = O
K=1 (GaCL~)Cl™)n G = KOG (12)
where
— gGacmr)_gg (13)
gGackECir)
KO = (Gach_)(r)(CI_)

(GaCh‘)( Cl _)(r)

In confornity with our usual selection of standard
states, K has been set identically equal to unity at
all temperatures. Estimation of the apparent
enthalpy change presupposes evaluation of the con-
centration quotient KO as a function of tempera-
ture which in turn requires knowledge of the dis-
tribution coefficients in the region where Fgacy,
is unity and knowledge of the chloride concentra-
tion of the resin phase. At high chloride concen-
trations in the aqueous phase, there is invasion of
electrolyte and hence (Cl7)) may be substantially
greater than the capacity of the resin. Since elec-
trolyte uptake data are not available at high
temperatures, this effect was ignored temporarily
and the apparent enthalpy change was estimated
from a plot of log D muci vs. 1/7T rather than of log
KO ps. 1/T. With these reservations, omne con-
cludes (see Fig. 5) that the enthalpy change A
is approximately constant throughout this tem-
perature range and is of the order of —8 kcal. at
muct = 16, —10.6 kcal. at muct = 8 and —14
kcal. at muci = 0. The latter value was obtained

I I SN
6

m .
HGI
Fig. 6.—Formation of GaCly~ in HCl solutions as a function
of temperature (Dowex-1X10, Cl~ form).

by extrapolating (straight lines) the values of log
Dmucy pertaining at high mucy to muci = 0 (dashed
lines Fig. 4).

While these estimates of AH are considerably
uncertain, they nevertheless establish that AH is
large and negative for thlS ion exchange equilibrium
in contrast to many ‘“normal’ ion exchange equi-
libria.® Indeed, AX here is of the order of magni-
tude one usually expects for chemical reactions.

The species GaCly~ belongs to a small group of
complexes (including FeCl~ and AuCl~) which
are extremely strongly adsorbed by the anion ex-
change resin. One extrapolates from the data at
high muct that KO at 25° is of the order of 108
at macr = 0. This corresponds to an excess free
energy change AFe = —8 kcal. Combining this
value with the estimated Al = —14 kcal., one
obtains AS = —~20eu, a surprisingly large nega-
tive entropy change for an ion exchange reaction.
These values may be compared with those for the
Br— (tracer) — Cl— exchange reaction where AF'e

= ca. —0.5 kecal,, AH = —1.2 % 0.3 kecal. and
AS = —20 = 09 eu. in the temperature range
25 to 150° 5=

(2.2) Average Enthalpy Change for the Com-

plexing Reactions.—The adsorption function of
Ga(IlI) at 25° has been interpreted* in terms of
the ion fraction Fy = (GaCly™)/mca of Ga(IIl)
converted to the species GaCl,~ (mca is the stoichio-
metric concentration of Ga(III) in the aqueous

phase). The fraction Fy may be computed through
the relationship
p LC17) Y~ L 2
F (Cl )(n/K D e >/K (14)
which is obtained by rearranging eq. 12 after

numerator and denominator have been multiplied
by mGa.

The method of ion (or species) fractions had
been chosen previously for Ga(III) since many of
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Fig. 7.—Estimation of heat of complex formation (Ga(III)
in HCl).

the simplifications needed for slope analysis do
not apply at the extremely high electrolyte con-
centrations where the pertinent points for Ga(III)
are obtained. Further, with this element the pre-
dominantly adsorbed species (GaCly~) seems well
established. In contrast, the adsorbed species
of Zn(1I) has not been established with certainty
and the relative preponderance of the species
ZnCl;~ and ZnCls~ as a function of muc remainsin
doubt.

Since these considerations still apply, we shall
attempt analysis of the adsorption functions of
Ga(III) as a function of temperature in terms of F,
although, because of uncertainties in resin invasion,
KO cannot at present be determined at high tem-
peratures. As in the estimation of the heats of
adsorption, we shall again assume that log (K©-
mecyr) is a linear function of mucy, 2.e., that Fy is
given by the ratio of Dmci vs. the extrapolated
values of Dmci for Fy = 1, the dashed lines in
Fig. 4. Such analysis leads to the values of F
shown in Fig. 6, which, though approximate and
perhaps even to some extent incorrect (note e.g.
the unexpected crossing of the 150° curve with the
lower temperature curves), demonstrate the rapid
increase with temperature of complexing of Ga-
(111). They substantiate the general comments
regarding heats of complexing made in the discus-
sion of Zn(11).

To obtain a qualitative estimate of the apparent
enthalpy changes for the coniplexing reactions,
we shall examine the values of muci at which Fy
has a given value. The slope of a plot of log muci
ws. 1/7T gives a weighted average of the heats of
the coniplexing reactions as shown by differentia-
tion at constant Fy of the relationship

1 .
7T SkyOmer

which yiclds

. - ol nicl P (—-A[;/“> .
) = 3 — 4 F - - - XF | —
0= (i — F, (a(un)h + SF = (16)
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and hence

(b In o1 -~ g:f-ﬁ

—43 (1/T) .\ R (4 — 1)F;

17)

In Fig. 7 a family of curves is given of log muc
vs. 1/T for F, = 0.1, 0.03, 0.01 and 0.003. At
high temperatures and low values of Fy, AH;, for
the complexing reaction is near 10 kcal. and pre-
sumably will become even larger as the measure-

ments are extended to lower values of F,.
C
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Fig. 8.—Adsorption of Ga(III) from HCl solutions as a func-
tion of temperature (Dowex-1X10, Cl— form).

In addition to the rapid increase in degree of
complexing of Ga(III) with temperature, the pat-
tern of complexing of Ga(IIl) seems to change.
It was pointed out earlier* that at 25° complex-
ing of Ga(I1I) seems to proceed in essentially a
single step from Ga*t+* (or GaCl*t) to GaCl~.
Examination of a plot of log D vs. log mucy, Fig. 8,
shows that this perhaps unusual situation does not
persist at high temperatures and that intermediate
species (GaCly* or GaCl;) may assume importance.
Thus a rather broad inaximum in the log D us.
log mucl curve exists at 150° suggesting that the
average charge remains close to zero over a sub-
stantial range of chloride concentrations. Fur-
ther, the slope at low mmuct remains moderately
shallow. Thus S = ca. 1 at muc1 = 0.7 and S 1s
still substantially less than 2 at mmc = 0.25.
The increasing importance of intermediate species
with increasing temperatures of course is expected
if, as mentioned earlier, the apparent enthalpy
changes AHj; (j = 1+1) become increasingly
positive as the charge of the species MX; in-
creases.



