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General and Inorganic Chemistry

Equilibrium of Br~ and Cl™ exchange on strong-basic anion-exchanger
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The equilibrium of Br~ and CI™ exchange is studied on the strong-basic anion-
exchangers. Quantitative characteristics which can be used for elaboration of dual-tempera-
ture separation processes have been obtained. An empirical equation for the dehydration
extent of an anion in a phase of a sorbent has been suggested, allowing one to calculate the
Br~ and CI™ exchange equilibrium constants on the anion-exchanger in a wide temperature

range.
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The creation of ecologically pure technological pro-
cesses in the areas of purification and isolation of indi-
vidual components from complicated mixtures has be-
come possible in recent years owing to the development
of dual-temperature ion-exchange methods of separa-
tion of substances in solutions.1—%

The concentration of bromides from natural water,
for example, from the ocean water, using strong-basic
anion-exchanger is one of the interesting problems.3—5
For solution of this problem, data on the Br™ and CI™
exchange equilibrium at different temperatures in solu-
tions of different compositions and on different anion-
exchangers are primarily needed.

The data presented in the known monographs on the
ion exchange and in several articles are rather scarce.57

The temperature dependence of the exchange equi-
librium constants is studied for bromide and chloride
ions on the Dowex-1x10 anion-exchanger in acidic
chloride solutions containing microadditions of bro-
mides.®

Data on the exchange equilibrium of C1~ and I ions
to OH™ on the Dowex-1x4 and Dowex-1Xx10 anion-
exchanger at temperatures below 328 K are available.”

In this work, exchange equilibria of Br~ and C1™ on
anion-exchanger are studied in a wide range of condi-
tions with the purpose of obtaining values of parameters
which can be used for the creation of the dual-tempera-
ture processes of concentration and separation.

Experimental

Strong-basic anion-exchanger with the parameters indi-
cated in Table | were used.

The exchange equilibrium for Br~ and CI™ was studied in
model solutions with a total concentration of 0.5 g-eq. L™ at
different ratios of concentrations of exchanging ions.

Bromide in solution was analyzed by the known proce-
dure8 based on the oxidation of Br™ to Br, with chloramine T,
decomposition of the oxidant excess, interaction of bromine
formed with Phenol red, and photometry of the dye,
tetrabromo-derivative. The relative error of determination of
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Table 1. Parameters of sorbents

Sorbent AB- Dowex- Dowex-  Dowex- Dowex-
17x8 1x] x4 1x8 1x16

Average grain size in air-dry state (d/mm) 0.75 0.20 0.10 0.10 0.20

Full exchange capacity of the Cl™-form in the air-dry 2.76 4.03 3.22 2.51 1.87

state (mg-eq. g7)

Full exchange capacity per 1 mL of the sorbent layer in 0.5 N 1.41 0.65 1.22 1.17 1.14

NaCl (mg-eq. mL™1)

bromides by this method does not exceed 1—2 %. The content
of CI~ and Br~ ions was additionally determined by ion
chromatography and potentiometric titration of the solutions
of the mixtures of sodium chloride, bromide, and nitrate with
an AgNOj solution, using a cell with a silver working electrode
and a calomel reference electrode.? This procedure allows one
to determine separately anions with a molar ratio of [Br7] :
[CI™] within 1 : 20 to 10 : 1 with error no more than 1—2 %.

Coefficients of the ion-exchange equilibrium were found
by the dynamic method, using jon-exchange columns with
thermostated jackets and anion-exchanger layers: / = 12 to 20
cm, S=0.40 to 0.60 cm?.

Equilibrium coefficients were determined by direct frontal
analysis and by the analysis of solutions after desorption of Br™
and CI~ from an anion-exchanger. An initial solution with the
concentration of salts CO,CI + CO,Br = (, was passed through a
column with an anjon-exchanger in the Cl™-form with the
total exchange capacity over the whole layer @, (mg-eq.)
containing ¥, (mL) of the free volume of 0.5 N NaCl solution.
The solution was passed with linear velocity v = 60 to 100
emh™! (under the condition v// = 5 h™1) till the equilibrium
with the anion-exchanger was achieved. The fractions of ¥} in
volume were collected, and the concentration of bromide in
the fractions Ci,Br was measured in parallel several times. After
passage of the solution, whose volume exceeded the volume ¥,
corresponding to the equilibrium, the column was washed with
distilled water until the salts were completely washed off, and
desorption with 1 N NaNO, solution was performed till the
bromide ion was not found in the eluate. The concentrations
of ClI™ and Br~ ions in the total volume of the eluate (Ce’Cl
and Ce,Br) were determined in parallel several times.

The concentration equilibrium constant (equilibrium coef-
ficient) in the direct method was found as follows:

B s, Gocr
K& = ———

cl = ~

QO - QBr CO,Br

where Q was calculated from the balance correlation:

n
O = (Ve ~Vo)Cope = 2 ViCipr
i=1

where n is the number of fractions.

Under the conditions of the experiments performed and
taking into account the errors of the analytical procedures
used, the errors of determination of K& by this method
(estimated by the rules of calculation of the limiting errors for
functions of several arguments) do not exceed 10—15 %, and in
the case where C; g << C, they are not more than 5—8 %.

For the solutions with a comparable concentration of
exchanged anions, the values of the equilibrium coefficients
obtained from the analysis of the eluate solutions after desorp-

tion of both anions are the most reliable. They were calculated
by the formula

kB~ @ Qo _ G Qa -
A= 00 Con Coct Com
QCl 0,Br

Ce,Cl CO,Br

The maximum errors of determination of K& in this
method do not exceed 4—6 %.

The equilibrium coefficients found by both of the methods
in all cases coincided with an error < 10 %.

Equilibrium coefficients were additionally determined un-
der static conditions by the known procedure.” The accuracy
of the results obtained by this method is comparable with the
accuracy of dynamic methods only under the condition of the
independent analysis of the anionic composition of the sorbent
phases and the equilibrium solution. These data were used only
as reference in the analysis of only one of the ions and in the
calculation of the equilibrium coefficient taking into account
the mass balance.

Results and Discussion
The elution curves presented in Fig. 1 show that the
sorption capacity of strong-basic anion-exchanger to Br™
ions to a great extent depends on temperature. The results
of the determination of equilibrium Br~ and CI™ ex-

change coefficients on anion-exchanger are presented in
Table 2.
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Fig. 1. Elution curves for Br™ sorption on the AB-17x8 anion-
exchanger in the ClI™-form from the solution: NaBr, 8- 1074,
NaCl, 0.5 g-eq. L1 T/K: 363 (1); 344 (2); 328 (3); 297 (4);
and 282 (5).
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The study of AB-17x8 and Dowex-1%X16 anion-
exchanger in equilibrium with the solutions with differ-
ent ratios of [Br7] : [CI7] attests that the selectivity of
anion-exchanger depends on the exchange extent within
errors of determination.

A similar conclusion has previously been made in the
study of the exchange of Br~, NO;™, and I0;™ to CI™
on the Dowex-2%8 anion-exchanger and attests to the
symbate character of the changes in the ratio of activity
coefficients of resinates and electrolytes and in their
ratio in equilibrium solutions.?® For CI™ and Br~ ions,
the corresponding salts of alkaline metals in solutions
are characterized!! by almost the same values of average
ionic activity coefficients up to a concentration of
1 g-eq. L™!. Therefore, the thermodynamic equilibrium
constant for the CI~ and Br™ exchange is related to the
concentration constant independently of the tempera-
ture by the following correlation:

- 5k
INKE = In K& + In L R-Br R-Br | (H
O Hr-a

where K is the thermodynamic constant, (7*)g_g, and
(¥5)r.c are the average ionic activity coefficients of
resinates. Based on the results of Table 2, one should
assume that the latter term of Eq. (1) retains a constant
value independently on the extent of exchange.

The calculation of K according to (1) can be per-
formed by different approaches at different standard
states of an ion-exchanger.

A general thermodynamic method for the calculation
of selectivity coefficients for strong-basic anion-exchanger
is known,12 which is based on the Gregor osmotic
theory. However, this method requires information about

Table 2. Average values of the equilibrium Br~ and Cl™ exchange
coefficients on anion-exchanger

Anionite Molar fraction Kygo K63

of Br™ in equi-

librium solution
Dowex-1x1 1.6-1073 2.50+0.25  1.94+0.19
Dowex-1x4 1.6-1073 3.75£0.38  2.46%0.25
Dowex-1x8 1.6-1073 4.90+0.25 2.81%£0.14
AB-17x8§ 1.6-1073 4.80+0.24 2.79+0.14
AB-17x8 8.3-1073* — 2.82+0.28
AB-17x8 3.8-1072* 5.02+0.50 —
AB-17x8 451072 — 2.85+£0.29
AB-17x8 7.7-1072 5.32+0.53 —
AB-17x8 9.1-1072* — 2.79+0.28
AB-17x8 1.6-107! 4.8440.24 2.68+0.13
AB-17%8 2.1-1071* 5.2840.53 —
AB-17x8 3.2-1071 4.75+0.24 2.77+0.14
AB-17x8 6.0-1071 4.85+0.24 2.81+0.14
Dowex-1x16 1.6-1073 6.9240.35 3.52+0.18
Dowex-1x16 3.2-1071 6.8310.34 3.51%+0.18
Dowex-1x16 6.0- 107! 6.70+£0.34  3.40%0.18

* Experiments under static conditions.

water sorption with mixed forms of ion-exchangers and
for the exchange of ions similar in properties, which are
Br~ and ClI7, it turns out to be too cumbersome and
does not allow one to predict the equilibrium in a wider
range of conditions, based on a limited number of
experiments.

When the approach based on the osmotic theory is
used, standard states for a solution and an ion-ex-
changer are chosen in similar way (indeed, they cannot
be achieved for an ion-exchanger): y = 1 for pure solvent
and for a solute in a definitely dilute solution.

In most cases, when the swelling abilities of an ion-
exchanger in different ionic forms differ slightly and at
the mentioned choice of standard states K ~1, and selec-
tivity is completely determined by the ratio of activity
coefficients. 13

The energy factor

RT In[(v%)k_a / (v5)h_s]

can be calculated as the difference between the total
energies of the interaction of A and B counterions with a
polyion. This approach was used for the cationic ex-
change on sulfocation-exchangers.13

The thermodynamic constant becomes a real charac-
teristic of the selectivity of the ion-exchange system,
and the value of RT InK can be calculated as some
difference of the total energies of the interaction of
counterions with a polyion, if standard states for re-
sinates are chosen as follows:" (yf)p , = 1 at
Np_a =1, F)p_p = 1 at Ny_p = 1, where N is the
equivalent fraction for a component in a mixed resinate,
which is in equilibrium with a pure solvent.

In this case, K and K are interrelated with the
correlation based on the Gibbs—Duegem equation:

InKf=[InK§dNg_, . (2)

=) S—

It should be mentioned that the problem of the
calculation of K4 from K4 was considered,!4 based on
the assumption that an ion-exchanger is a two-compo-
nent system of A and B resinates, and in the general
case, taking into account the contents in an ion-ex-
changer of a solvent and an electrolyte absorbed without
an exchange. A more precise analysis!5-16 shows that the
values of X §, according to expression (2), can be used
for the calculation of the Gibbs energy of the ion-
exchange process with certain correction coefficients.
For the exchange with participation of monovalent elec-
trolytes in solution, the value of the correction coeffi-
cient can be evaluated from the literature datal® and is
equal to the ratio of the molar concentrations of A and
B resinates in the corresponding pure A and B,
monoforms of the ion-exchanger considered as a two-
component system. In the general case, the correction
coefficient is equal to the ratio of molar fractions of A
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and B resinates (taking account of a solvent) in the
corresponding monoionic forms, which are in equilib-
rium with a solvent.16

For ions similar in properties, when the swelling
abilities of ion-exchangers in different ionic forms differ
slightly, and for the same standard states for a solvent in
an ion-exchanger and in a bulk solution, Eq. (2) can be
used for the calculation of thermodynamic exchange
constants, taking into account the correctionsl® made
for standard conditions for resinates (using yp_, instead
of y,).

In this approach, it follows from the results pre-
sented in Table 2 and the datal® on the Br~ and CI™
exchange that

It is evident that this approach is the most conve-
nient one for the system studied.

It is shown,!” based on a detailed analysis of the
regularities of the anionic exchange, that none of the
accepted concepts, including the osmotic theory and the
concepts about the formation of Coulomb ionic pairs or
about the ion polarization, explains the experimentally
observed selectivity of strong-basic anion-exchanger.

The most satisfactory results, which agree qualita-
tively with the known experimental data, were obtained
from the calculation of full energies of the interaction of
an anion with a polycation of a resin, including the
energy of Coulomb interaction, the energy of the polar-
ization interaction, and the enthalpy of the ion hydra-
tion.!? The main assumption is the fact that the mecha-
nism of selectivity of the anionic exchange is related to
the partial dehydration of an anion in the ion-exchanger
phase. According to this, we can write

RT InK} = AAE, — oZAAH,, 3)

where AAE,, is the difference of the energies of the
Coulomb. and polarization interactions of A and B with
a polyion of an anion-exchanger, AAH, is the difference
of the enthalpies of hydration of these ions, and o is the
extent of dehydration. N

The quantitative calculations of ¢ and K are diffi-
cult, because the terms of the right part of Eq. (3) are
greater values than the energy RT InK . The values of
the enthalpies and entropies of hydration for individual
ions were multiply improved.}® However, the accuracy
of the determination of AAE, is associated with many
additional assumptions.

The exchange of Br~ and Cl™ is a convenient model
for the calculation of o, because the value of AAE, for
this system is almost equal to zero.1”

Our selected experimental data on the equilibrium
constants of the Br~ and Cl~ exchange at some fixed
values of temperature for anion-exchanger with different
contents of the linking agent, divinylbenzene (DVB),
were used for the calculation of o. Most of them are

presented in Table 2. The calculations were performed
using the correlation

RTInK§ = G[(AHh,Br —AHy ) - T(8Sy 3 ~ ASh 1 )] =
= cAAG, - 4)

The dehydration extent is determined as follows:
c=(AG, — AGh’R )/AG, (%)

where AG, is the change in the Gibbs energy for hydra-
tion of an ion in water (for the ion transfer from the
gaseous phase to water), AGh’R is the change in the
Gibbs energy for hydration of an ion in an anion-
exchanger.

As so doing, expression (3) (when the AAG, values
are used in it instead of AAH,) retains the form and the
physical meaning of the previously known equations for
the ion exchange constants of Panchenkov and Gorshkov,
[zmailov, and Eisenman analyzed previously.11:19

The following equation for A and B ions should be
written using a rigid approach:

RTInK} = 6,AG, , — 6pAG, . (6)

Correlation (4) was used for the following reasons.
Different data on hydration expressed in the form of
AAG, are more reliable and agree well with each other,
because the value of AAG; is, in fact, the difference
between the hydration energies of two salts with the
common ion, which allows one to unambiguously inter-
pret this parameter. At the same time, data on the
thermodynamic parameters of hydration of ions may
significantly differ in different works, which is associated
with the different choice of standard states and different
methods for the separation of hydration energies for
anions and cations.11:18:28 On the other hand, our cal-
culations of o, and o, using different tabulated data,
showed that in all cases o = o, .

The starting material’® for further calculations of
correlation (4) contained, in addition to the values of
the standard enthalpies and entropies of ion hydration,
the thermal coefficients as follows:

0 0
7 aT |p oT |p

The results of the calculations of the thermodynamic
parameters for Br~ and CI™ hydration at different tem-
peratures based on the mentioned data are presented in
Table 3. The calculations are performed in an approxi-
mation in which the values of the changes in heat
capacity and entropy capacity determined under stan-
dard conditions by correlations (7) remain constant in
the range from 273 to 373 K. This assumption is accept-
able, because it is seen from Table 3 that the values of
AH, and TAS, are weakly temperature-dependent. The
use of empirical equations,1® which take into account
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Table 3. Thermodynamic parameters of hydration for Br~ and CI™ ions (k¥ mol™!) at different
temperatures (calculated using the data on thermal coefficients under standard conditions!8)

T/K AI{h,Br TASh,Br AI{h,Cl TASh,Cl AGh,Br AGh,Cl AA Gh

273.0 110.0 —61.70 81.30 —63.20 171.70 144.50 —27.20
282.0 109.3 —63.09 80.60 —64.64 172.40 145.20 —27.20
298.0 107.9 —65.59 79.50 —67.14 173.50 146.60 —26.90
308.0 107.0 —67.20 78.80 —68.70 174.20 147.50 —26.70
328.0 106.2 —68.70 78.10 —70.30 174.90 148.40 —26.50
363.5 102.4 —75.90 74.90 —77.40 178.30 152.30 —-26.00
373.0 101.6 —=77.39 74.10 —78.94 178.99 153.04 —25.95

the temperature dependence of Ac, and Ae, does not
affect the results of the calculations. Taking into ac-
count that the tabulated data on enthalpy and entropy of
hydration of Br~ and CI™ ions are characterized!® by
relative errors of 1—1.5 %, one should expect that the
relative error of the AAG, values in Table 3 is less than
10 %. A comparison of the results obtained at different
reference states for the change in the Gibbs energy for
hydration of individual ionsl1:18:20 indjcates also that
the values of AAG; under standard conditions differ by
less than 10 %.

The dependences of the extent of dehydration of the
anion in the ion-exchanger on the content of DVB at
different temperatures are presented in Fig. 2. The
empirical equation for o, which can be used for the

(S QLT O]

N

Fig. 2. Dependence of the extent of dehydration of Br~ and
CI” ions on the content of DVB ((%)) in the anion-exchanger.
T/K: 273 (1); 282 (2); 328 (3); 363 (4); and 373 (5). The
results of the calculation from the experimental plots are
presented by points.

calculation of the Br~ and Cl~ exchange equilibrium
constants, including constants for other conditions that
were not studied experimentally, has the form

c=8.31-1024y - 7-10° /X (T - 273) (8)

where y is [DVB] in the anion-exchanger, %.

1
Br
In K¢y
2
20
1.8+
3
1.6+
4
1.4
1.2+
1.0+ 3
0.8+
Il ] 1 | i H
2.8 3.0 3.2 3.4 3.6 3.8

1/T-103

Fig. 3. Temperature dependence of the Br~ and CI™ exchange
interaction for anion-exchanger with [DVB] (%): 24 (7); 16
(2; 8 (3); 4 (9); and 1 ().
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Table 4. Calculated and experimental values of Gibbs energy for
the CI” and Br~ exchange on anion-exchanger (—AGE
/kJ mol™})

T/K  Dowex~ Dowex- Dowex- Dowex- Dowex-
1x1 1x4 1%x8 1x16 1x24

exp. calc. exp. calc. exp. cale. exp. cale. calc.

273 — 226 — 320 — 380 — 452 5.00
282 2.15 2.23 3.10 3.15 3.72 375 449 445 492
298 — 219 — 3.06 3.65 363 — 428 4.73
308 — 215 — 3.00 355 354 — 4.18 4.59
328 — 210 — 290 338 341 — 4.00 4.38
363 2.00 2.00 2.72 2.70 3.13 3.16 3.75 3.68 3.99
373 — 197 — 266 — 311 — 3.59 3.89

At fixed temperatures these dependences are virtu-
ally linear and start from the beginning of coordinates,
because the value of the first term of the right part of
Eq. (8) considerably exceeds the value of the second
term.

The results of the calculations of the Gibbs energy
for the ion exchange on anion-exchanger, using Eq. (8)
and the data on the difference of hydration energies of
Br~ and Cl™ ions (see Table 3), are presented in Table 4.
The dependences In K& vs. £ (1/T) based on the calcu-
lated values of the ion-exchange equilibrium constants
and those presented in Fig. 3 turned out to be linear for
all of the anion-exchanger. This attests to the constancy
of the AHZ' values in the studied temperature range,
which seems to be related to the equal value of the sums
of heat capacities of Br~ and Cl™ ions in anion-ex-
changer and solutions.

Thus,

AHE = flo(T) - 8AG, ()] = f(T) -

The calculated values of enthalpies and entropies of
the exchange on Dowex-1 anion-exchanger linearly de-
pend on each other.

x (%) 1 4 8 16 24
—AH/ kJ mol™! 305 468 570 704 805
—AS/kY mol~ Kt 289 542 695 925 1116

This corresponds to the previously drawn conclu-
sions that there is a linear dependence between the
values of AH and AS in ion-exchange processes for
monovalent jons on ion-exchangers with linkages of
different extents.1® The calculation of AHE for the
Dowex-1X10 anion-exchanger satisfactorily coincides at
298 K with the previously obtained results® (6.2 and 6.4
kJ mol—!); however, the estimate of the contribution of
the entropy factor to the Gibbs energy for the Br~ and
C1~ exchange (55 %) seems overstated. According to our
approximate calculations, the contribution of the en-
tropy factor under standard conditions ranges from 30 %
for weakly linked ion-exchangers to 40 % for strongly
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Fig. 4. Temperature dependence of the ratio of the equilibrium
exchange coefficients k. at different values of AT: 90 (7); 70
(2); 50 (3); 30 (9; and 10 (5); for anion-exchanger with
{DVB] (%): 24 (a); 8 (b); and 1 (c¢). The area where dual-
temperature methods are used is indicated by the dotted line.

linked ion-exchangers. On the other hand, the tempera-
ture dependence of AHE' in the range of 273—413 K
found previously® can be explained by the fact that the
authors compared the experimental data obtained at
different pressures. The possibility of the influence of
external pressure on the jon-exchange equilibrium is
mentioned. 12

Thus, the approach used allows one to calculate on
the basis of empirical Eq. (18) and the tabulated ther-
modynamic data on the hydration of ions all parameters
of the Br~ and CI™ exchange equilibrium which are
necessary for choosing conditions of the dual-tempera-
ture processes of concentration and separation of these
ions.
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The thermal coefficient is one of the main param-
eters used in dual-temperature methods

kp= KD/[KT + aD].

It is easy to show that

AHAT 1
_ . 9
Inkr R T(T+AT) ©)

The diagrams presented as an example for some
anion-exchanger in Fig. 4 are convenient for the estima-
tion of the maximum extent of the concentration of
bromide in the solution of a mixture of chloride and
bromide, which is achieved for one stage of concentra-
tion in the dual-temperature process at the linear iso-
therm. It follows from these diagrams, for example, that
the maximum extent of the bromide concentration is 2
when the solution of the mixture is passed through the
layer of the AB-17x8 (or Dowex-1X8) anion-exchanger
first at 273 K and then at 373 K. As seen from Fig. 4,
the concentration extent is higher in the range of low
temperatures at the same value of AT.

[t should be mentioned in conclusion that the ap-
proach used in this work can also be useful for the study
of the exchange equilibrium of other anions. In this
case, a correlation of the type of Eq. (6) must be used
with simultaneous account for the Coulomb component
of the full energy of the interaction of ions and an
anion-exchanger.1” The data for Br~ and Cl~ obtained
above may be used as one of the reference values of the
extent of dehydration to increase the reliability of calcu-
lations. It is evident that, unlike the Br——CI™ system,
which is almost an ideal model (for this anion-ex-
changer, o = oy, K ~ K , AH = const), the study of
other systems seems to be a considerably more difficult
problem. Significant advances in this area are possible if
reliable experimental and theoretical data on the ther-
modynamic parameters and thermal coefficients of hy-
dration of monomeric analogs of strong-basic anion-
exchanger (tetraalkyl ammonium salts) become avail-
able.
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