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The equilibrium of Br- and Cl- 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. 1-2 

The concentra t ion  of bromides from natural water, 
for example, from the ocean water, using strong-basic 
anion-exchanger  is one of the interesting problems. 3 -s  
For solution of this problem, data on the Br-  and CI-  
exchange equil ibr ium at different temperatures in solu- 
tions of different composit ions 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. 6,7 

The temperature  dependence of the exchange equi- 
librium constants is studied for bromide and chloride 
ions on the D o w e x - l x l 0  anion-exchanger  in acidic 
chloride solutions containing microaddit ions of bro- 
mides. 6 

Data on the exchange equil ibrium of C1- and [ -  ions 
to O H -  on the D o w e x - l x 4  and D o w e x - l x I 0  anion-  
exchanger at temperatures below 328 K are available. 7 

In this work, exchange equilibria of Br-  and CI -  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 concentrat ion and separation. 

Experimental 

Strong-basic anion-exchanger with the parameters indi- 
cated in Table 1 were used. 

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

Bromide in solution was analyzed by the known proce- 
dure 8 based on the oxidation of Br- to Br 2 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 l x l  l x 4  l x 8  l x16  

Average grain size in air-dry state (d /mm) 0.75 0.20 0.10 0.10 0.20 
Full exchange capacity of the C1--form in the air-dry 2.76 4.03 3.22 2.51 1.87 
state (mg-eq. g- l )  
Full exchange capacity per 1 mL of  the sorbent layer in 0.5 N 1.41 0.65 1.22 1.17 1.14 
NaCI (mg-eq. mL -1) 

bromides by this method does not  exceed 1--2 %. The content  
of  CI-  and B r -  ions was additionally determined by ion 
chromatography and potent iometr ic  t i t rat ion of the solutions 
of the mixtures of  sodium chloride, bromide,  and nitrate with 
an AgNO 3 solution, using a cell with a silver working electrode 
and a calomel reference electrode. 9 This procedure allows one 
to determine separately anions with a molar ratio of [Br-] : 
[CI-] within 1 : 20 to I0 : l with error no more than 1--2 %. 

Coefficients of the ion-exchange equilibrium were found 
by the dynamic method,  using ion-exchange columns with 
thermostated jackets and anion-exchanger  layers: l = l 2 to 20 
cm, S = 0.40 to 0.60 cm 2. 

Equil ibrium 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 
concentra t ion  of  salts C o cl + Co Br = CO was passed through a 
column with an anion-~xchang~r in the C1--form with the 
total exchange capacity over the whole layer Q0 (mg-eq.) 
containing V 0 (mL) of  the free volume of 0.5 NNaC1 solution. 
The solution was passed with linear velocity v = 60 to 100 
cm h -1 (under  the condi t ion v/l = 5 h - I )  till the equilibrium 
with the an ion-exchanger  was achieved. The fractions of V/in 
volume were collected, and the concentra t ion  of  bromide in 
the fractions C i Br was measured in parallel several times. After 
passage of  the s~51ution, whose volume exceeded the volume V e 
corresponding to the equilibrium, the column was washed with 
distilled water until  the salts were completely washed off, and 
desorption with 1 N N a N O  3 solution was performed till the 
bromide ion was not  found in the eluate. The concentrat ions 
of C1- and B r -  ions in the total volume of  the eluate (Ce,Cl 
and C e Br) were determined in parallel several times. 

Th~ concent ra t ion  equilibrium constant  (equilibrium coef- 
ficient) in the direct method was found as follows: 

KCBf _ QBr C 0 , c  1 , 
Q0 - QBr C0,Br 

where Q was calculated from the balance correlation: 

n 

Q B r  : (Ve - V 0 ) C 0 , B r  - ZViCi,Br, 
i = 1  

where n is the n u m b e r  of  fractions. 
Unde r  the condi t ions of  the experiments performed and 

taking into account  the errors of  the analytical procedures 
used, the errors of  de terminat ion of KcB[ by this method 
(estimated by the rules of  calculat ion of  the limiting errors for 
functions of  several arguments) do not  exceed 10--15 %, and in 
the case where C o Br << CO they are not  more than 5--8 %. 

For  the solut'ions with a comparable concentra t ion  of 
exchanged anions,  the values of  the equilibrium coefficients 
obtained from the analysis of  the eluate solutions after desorp- 

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

KCBlr _ OBr C0,Cl _ Ce,Br C0,Cl - 

Ocl C0,sr Ce,cl C0,Br 

The maximum errors of determinat ion of KcS~ 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. 7 The accuracy 
of the results obtained by this method is comparable with the 
accuracy of dynamic methods only under  the condit ion of  the 
independent  analysis of  the anionic composit ion 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. 

R e s u l t s  a n d  D i s c u s s i o n  

T h e  e lu t ion  curves  p r e sen t ed  in Fig. 1 show t h a t  the  
so rp t ion  capac i ty  o f  s t rong -bas i c  a n i o n - e x c h a n g e r  to  B r -  

ions  to  a grea t  ex ten t  d e p e n d s  on  t e m p e r a t u r e .  T h e  results  
of  t he  d e t e r m i n a t i o n  o f  equ i l i b r ium B r -  and  C I -  ex-  
c h a n g e  coeff ic ients  o n  a n i o n - e x c h a n g e r  are p r e sen t ed  in 

Table 2. 
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Fig. 1. Elution curves for Br-  sorption on the AB-17x8  anion-  
exchanger in the C1--form from the solution: NaBr, 8- 10-4; 
NaCI, 0.5 g-eq. L- l ;  T/K: 363 (1); 344 (2); 328 (3); 297 (4); 
and 282 (5). 
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The study o f  A B - 1 7 x 8  and D o w e x - l x l 6  anion-  
exchanger  in equi l ibr ium with the  solutions with differ- 
ent ratios of  [Br-]  : [CI-]  attests that  the selectivity of  
an ion-exchanger  depends  on the exchange extent  within 
errors of  de te rmina t ion .  

A similar  conclus ion  has previously been made in the 
study of  the exchange of  Br- ,  NO3- ,  and IO 3- to C I -  
on the D o w e x - 2 x 8  an ion-exchanger  and attests to the 
symbate  charac te r  of  the  changes in the ratio of  activity 
coefficients o f  resinates and electrolytes and in their  
ratio in equi l ibr ium solutions. 1~ For  C I -  and Br -  ions, 
the corresponding salts of  alkaline metals  in solutions 
are character ized l l  by almost  the same values of  average 
ionic act ivi ty  coefficients  up to a concen t ra t ion  of  
1 g-eq.  L - I .  Therefore ,  the t he rmodynamic  equi l ibr ium 
constant  for the C I -  and Br -  exchange is related to the 
concent ra t ion  constant  independent ly  of  the t empera-  
ture by the following correlat ion:  

l n K ~  = In KcB[ + In (~-+)2-Br 
(i • )~.-o ' (1) 

where K is the  t he rmodynamic  constant ,  (7-+)R-B~ and 

(~-+)R-o are the average ionic activity coefficients of  

resinates. Based on the results of  Table 2, one should 
assume that  the lat ter  term of  Eq. (1) retains a constant  
value independent ly  on the extent  of  exchange. 

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

A general  t he rmodynamic  method  for the  calculat ion 
of  selectivity coefficients for strong-basic anion-exchanger  
is known, 12 which is based on the Gregor  osmotic  
theory.  However,  this me thod  requires information about 

water  sorpt ion with mixed forms of  ion-exchangers  and 
for the exchange of  ions s imilar  in propert ies ,  which are 
Br -  and CI - ,  it turns out  to be too cumber some  and 
does not  allow one to predict  the  equi l ibr ium in a wider  
range of  condi t ions,  based on a l imited number  of  
experiments.  

When  the approach based on the osmot ic  theory  is 
used, s tandard states for a solut ion 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 di lute  solution.  

In most cases, when the swelling abili t ies of  an ion- 
exchanger in different ionic forms differ_slightly and at 
the ment ioned choice of  s tandard states K ~1, and selec- 
tivity is comple te ly  de te rmined  by the ratio of  activity 
coefficients. 13 

The energy factor 

RT ln[(y-+)2_ a / (y+)Z_B] 

can be calcula ted as the difference between the total  
energies of  the interact ion of  A and B counter ions  with a 
polyion.  This approach was used for the cat ionic  ex- 
change on sulfocation-exchangers.13 

The the rmodynamic  constant  becomes a real charac-  
teristic of  the selectivity of  the ion-exchange  system, 
and the value of  R T l n K  can be calcula ted as some 
difference of  the total  energies of  the interact ion of  
counter ions  with a polyion,  if s tandard states for re- 
s ina tes  are  chosen  as fol lows:  14 (Y-+)R--A = 1 at 
NR_ A = 1, (~'-+)R--B = 1 at NR_ B = 1, where  N is the 
equivalent  fraction for a componen t  in a mixed resinate,  
which is in equil ibrium with a pure solvent~ 

In this case, K and K are in ter re la ted  with the 
correlat ion based on the G i b b s - - D u e g e m  equat ion:  

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

Anionite Molar fraction 1(282 K363 

of Br-  in equi- 
librium solution 

Dowex-1 x I 1.6 �9 10 - 3  2.50+0.25 1.94+0.19 
Dowex-I x4 1.6 " 10 - 3  3.75+0.38 2.46+0.25 
Dowex-I x8 1.6" 10 -3 4.90+0.25 2.81+0.14 
AB-17x8 1.6" 10 -3 4.80+0.24 2.79+0.14 
AB-17x8 8.3" 10 -3. --  2.82_+0.28 
AB-17x8 3.8- 10 .2* 5.02+0.50 --  
AB-17x8 4.5- 10 .2* --  2.85+0.29 
AB-17x8 7.7" 10 .2 5.32+0.53 --  
AB-17x8 9.1 �9 10 .2* --  2.79+0.28 
AB-17x8 1.6" I0 -I  4.84_+0.24 2.68_+0.13 
AB-17x8 2.1 �9 10 - l* 5.28+0.53 --  
AB-17x8 3.2- 10 -I  4.75_+0.24 2.77_+0.14 
AB-17x8 6.0" 10 -1 4.85+_0.24 2.81_+0.14 
Dowex-1 x 16 1.6" 10 .3 6.92_+0.35 3.52_+0.18 
Dowex-lx 16 3.2" 10 -I  6.83_+0.34 3.51_+0.18 
Dowex-I x 16 6 . 0 "  10 - 1  6.70_+0.34 3.40+0.18 

* Experiments under static conditions. 

1 

= j In K B d N R _  A . (2) 
0 

It should be ment ioned  that  the problem of  the 
calculat ion of  K A from K A was considered,  14 based oll 
the assumption that  an ion-exchanger  is a t w o - c o m p o -  
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 e lectrolyte  absorbed without  
an exchange. A more  precise analysislSA a shows that  the 

values of  H A, according to expression (2), can be used 
for the  calculat ion of  the Gibbs  energy of  the  ion-  
exchange process with cer tain correc t ion  coefficients.  
For  the exchange with par t ic ipat ion  of  monova len t  elec-  
trolytes in solution,  the value of  the correc t ion  coeffi- 
cient can be evaluated from the l i terature data  is and is 
equal to the  ratio of  the  molar  concent ra t ions  of  A and 
B res ina tes  in the  c o r r e s p o n d i n g  pure  A and  B, 
monoforms of  the ion-exchanger  considered as a two-  
componen t  system. In the  general  case, the  correc t ion  
coefficient is equal to the ratio o f  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 corrections 16 made 
for standard conditions for resinates (using ~'R--A instead 
of ~'A)' 

In this approach, it follows from the results pre- 
sented in Table 2 and the data l~ on the Br- and C1- 
exchange that 

- .r  . r ( )  /(,) 
KC1 ~ KC,,  y+ -+ [ 

R-Br R-C, 

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

It is shown, 17 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. 17 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 lnKBA = AAEel - cZAAH h, (3) 

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

The quantitative calculations of r and K are diffi- 
cult, because the terms of the right part of Eq. (3) are 
greater values than the energy RT lnK . The values of 
the enthalpies and entropies of hydration for individual 
ions were multiply improved. 18 However, the accuracy 
of the determination of AAE~I is associated with many 
additional assumptions. 

The exchange of Br- and C1- is a convenient model 
for the calculation of ~, because the value of AAEel for 
this system is almost equal to zero. 17 

Our selected experimental data on the equilibrium 
constants of the Br- and CI-  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 ~. Most of them are 

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

R T  In X g y  = ~ [ ( a / r  - AH, , , c~)  - T(~S~, ,Br  - ~S , , , c ,  )] = 

= c~AAG h . (4) 

The dehydration extent is determined as follows: 

= (AG h - Aah, R )/AG h, (5) 

where AG h 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), AG h R is the change in the 
Gibbs energy for hydration of an ion in an anion- 
exchanger. 

As so doing, expression (3) (when the A A G  h values 
are used in it instead of AAHh) retains the form and the 
physical meaning of the previously known equations for 
the ion exchange constants of Panchenkov and Gorshkov, 
Izmailov, and Eisenman analyzed previously. 11,19 

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

RT lnK A = CYAAGh, A - -  O'BA O h ,  R . (6) 

Correlation (4) was used for the following reasons. 
Different data on hydration expressed in the form of 
AAG h are more reliable and agree well with each other, 
because the value of AAG h 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. 11,18,2~ On the other hand, our cal- 
culations of r and ~Br, using different tabulated data, 
showed that in all cases r ~ r �9 

The starting material 18 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: 

AcOp (aAH~ Ae 0 (OTAS~ :C ~ )p' : C ~ - - - ) p  (7) 

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 h and TAS h are weakly temperature-dependent. The 
use of empirical equations, 18 which take into account 
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Table 3. Thermodynamic parameters of hydration for Br- and C1- ions (kJ tool - l )  at different 
temperatures (calculated using the data on thermal coefficients under standard conditions TM) 

T/K A/~h,B r TASh,Br A/~h,Ci TaSh,cl AGh,Br AGh,cI AAGh 
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 t empera tu re  dependence  of  Acp and Ae, does not  
affect the  results of  the calculat ions.  Taking into ac-  
count  that  the  tabula ted  data  on enthalpy and entropy of  
hydrat ion of  B r -  and C I -  ions are character ized 18 by 
relative errors of  1--1.5 %, one should expect  that  the 
relative error  o f  the  AAGI~ values in Table 3 is less than 
10 %. A compar i son  of  the results obta ined at different 
reference states for the change in the Gibbs energy for 
hydrat ion of  individual  ionsll,18, z~ indicates also that  
the values o f  AAGi~ under  s tandard condi t ions differ by 
less than 10 %. 

The dependences  of  the extent  of  dehydra t ion  of  the 
anion in the ion-exchanger  on the content  of  DVB at 
different t empera tures  are presented in Fig. 2. The 
empir ical  equat ion for ~, which can be used for the 
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Fig. 2. Dependence of the extent of dehydration of Br- and 
C1- ions on the content of DVB (Z(%)) 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. 

calculat ion of  the Br -  and C I -  exchange equi l ibr ium 
constants,  including constants  for o ther  condi t ions  that  
were not  s tudied exper imental ly ,  has the  form 

c~ = 8.31. i0-24~ - 7- t0-5,f~(T - 273), (8) 

where ~ is [DVB] in the an ion-exchanger ,  %. 

2.0 

1.8 

! 

2 

3 

1.6 

1.4 

1.2 

1.0 

I I I I I I 
2.8 3.0 3.2 3.4 3.6 3.8 

1/T. 10 3 

Fig. 3. Temperature dependence of the Br- and CI- exchange 
interaction for anion-exchanger with [DVB] (%): 24 (1); 16 
(2); 8 (3); 4 (4); and 1 (5). 
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T a b l e  4. Calculated and experimental values of Gibbs energy for 
the C1- and Br- exchange on anion-exchanger (-AG~ r 
/kJ tool -1) 

T/K Dowex- Dowex- Dowex- Dowex- Dowex- 
l x l  lx4 lx8 lx16 lx24 

exp. calc. exp. calc. exp. calc. exp. calc. calc. 

k T 

2.5 

273 -- 2.26 -- 3.20 --  3.80 -- 4.52 5.00 2.0 
282 2.15 2.23 3.10 3.15 3.72 3.75 4.49 4.45 4.92 
298 -- 2.19 --  3.06 3.65 3.63 -- 4.28 4.73 
308 -- 2 . 1 5 -  3.00 3.55 3.54 -- 4.18 4.59 
328 -- 2.10 -- 2.90 3.38 3.41 -- 4.00 4.38 1.5 
363 2.00 2.00 2.72 2.70 3.13 3.16 3.75 3.68 3.99 
373 -- 1.97 --  2.66 -- 3.11 -- 3.59 3.89 

At fixed temperatures these dependences are virtu- 
ally l inear 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 C1- ions (see Table 3), are presented in Table 4. 
The dependences In K Br cl vs. f ( 1 / T )  based on the calcu- 
lated values of the ion-exchange equil ibr ium 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 AHcBI r values in the studied temperature range, 
which seems to be related to the equal value of the sums 
of heat capacities of Br-  and CI-  ions in anion-ex-  
changer and solutions. 

Thus, 

AH~[ = f [a (T) .AAG h(T)];~ 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  mo1-1 3.05 4.68 5.70 7.04 8.05 
-AS/kJ mo1-1 K - l  2.89 5.42 6.95 9 . 2 5  11.16 

This corresponds to the previously drawn conclu-  
sions that there is a l inear dependence between the 
values of AH and AS in ion-exchange processes for 
monovalent  ions on ion-exchangers with linkages of 
different extents. 16 The calculation of AH~{ for the 
Dowex-1 x 10 anion-exchanger  satisfactorily coincides at 
298 K with the previously obtained results 6 (6.2 and 6.4 
kJ t o o l - l ) ;  however, the estimate of the contr ibut ion of 
the entropy factor to the Gibbs energy for the Br-  and 
C1- exchange (55 %) seems overstated. According to our 
approximate calculations,  the contr ibut ion of the en-  
tropy factor under  standard condit ions ranges from 30 % 
for weakly l inked ion-exchangers to 40 % for strongly 
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Fig. 4. Temperature dependence of the ratio of the equilibrium 
exchange coefficients k 7. at different values of AT: 90 (1); 70 
(2); 50 (3); 30 (4); 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 AHB( in the range of 273--413 K 
found previously 6 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 ion-exchange equil ibrium is 
ment ioned.  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 C1- exchange equil ibrium which are 
necessary for choosing condit ions of the dual- tempera-  
ture processes of concentrat ion and separation of these 
ions. 
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The thermal  coefficient  is one of  the main  pa ram-  
eters used in dua l - t empera tu re  methods  

k T =  K ( T ) / [ K ( T  + AT)I. 

It is easy to  show that  

AH AT 1 
Inkr = R T(T + AT) (9) 

The diagrams presented as an example  for some 
an ion-exchanger  in Fig. 4 are convenient  for the est ima- 
tion of  the m a x i m u m  extent  of  the concent ra t ion  of  
b romide  in the  solut ion of  a mixture of  chlor ide and 
bromide ,  which is achieved for one stage of  concentra-  
tion in the dua l - t empera tu re  process at the  l inear iso- 
therm.  It follows from these diagrams, for example,  that  
the max imum extent  of  the bromide  concent ra t ion  is 2 
when the solut ion of  the mixture is passed through the 
layer of  the AB-  17• 8 (or Dowex-  1 x8) an ion-exchanger  
first at 273 K and then at 373 K. As seen from Fig. 4, 
the concent ra t ion  extent  is higher  in the range of  low 
tempera tures  at the  same value of  AT. 

It should be ment ioned  in conclusion that  the ap- 
proach used in this work can also be useful for the study 
of  the exchange equi l ibr ium of  o ther  anions. In this 
case, a corre la t ion of  the type of  Eq. (6) must be used 
with s imul taneous  account  for the Coulomb componen t  
of  the  full energy of  the interact ion of  ions and an 
anion-exchanger .  17 The data  for Br -  and CI -  obtained 
above may be used as one of  the reference values of  the 
extent  of  dehydra t ion  to increase the reliabil i ty of  calcu-  
lations. It is evident  that ,  unlike the B r - - - C 1 -  system, 
which is a lmost  an ideal model  (for this an ion-ex-  

changer,  Cycl ~ (YBr, K ~ K , AH = const),  the study of  
o ther  systems seems to be a considerably more difficult 
problem. Significant advances in this area are possible if 
reliable exper imenta l  and theoret ical  data  on the ther-  
modynamic  parameters  and thermal  coefficients of  hy- 
drat ion of  monomer i c  analogs of  s t rong-basic  an ion-  
exchanger  ( tetraalkyl  a m m o n i u m  salts) become avail- 
able. 

References 

1. D. Tondeur, Dual-Step Counter-  Current Processes: Theory 
and Applications, Sijthoff and Noordhoff, Netherlands, 1981. 

2. V. A. Ivanov, V. D. Timofeevskaya, and V. I. Gorshkov, 
Reactive Polymers, 1992, 17, 101. 

3. R. Kh. Khamizov, O. V. Fokina, and M. M. Senyavin, 
Abstracts of Lectures and Posters of the 6th Symposium on 
Ion Exchange, Balatonfured--Hungary, 1991, 140. 

4. Patent RF 1.726.387, Buyl. Izobr., 1992, No. 14 (in Rus- 
sian). 

5. Author's Certificate USSR 1.728.133, Buyl. Izobr., 1992, 
No. 15 (in Russian). 

6. K. A. Kraus, R. J. Raridon, and D. L. Holcomb, 
J. Chromatography, 1960, 3, 178. 

7. G. L. Starobinets and T. L. Dubovik, Vestsi Akademii 
Navuk Belaruskai SSR, Ser. fizika-tekhnichnykh navuk, 1963, 
No. 2, 48 [Bull. Acad. Sci. BSSR, 1963 (in Belorussian)]. 

8. N. G. Polyanskii, Analiticheskaya khimiya broma [Analyti- 
cal Chemistry of Bromine], Nauka, Moscow, 1980 (in Rus- 
sian). 

9. P. K. Agasyan and E. R. Nikolaeva, Teoriya i praktika 
potentsiometrii i potentsiometricheskogo titrovaniya [Theory 
and Practice of Potentiometry and Potentiometric Titration], 
Ed. I. P. Alimarin, Moscow State University, Moscow, 
1972 (in Russian). 

10. F. Hellferich, Ion-exchange, McGraw--Hill,  New York, 
1962]. 

11. N. A. Izmailov, Elektrokhimiya rastvorov [Electrochemistry 
of Solutions], Khimiya, Moscow, 1976 (in Russian). 

12. G. E. Boyd, S. Lindenbaum, and G. E. Myers, J. Phys. 
Chem., 1961, 65, 577. 

13. E. M. Kuznetsova, Zh. Fiz. Khim., 1992, 66, 2688 [3". Phys. 
Chem. USSR, 1992, 66 (Engl. Transl.)]. 

14. G. C. Jaines and H. C. Thomas, J. Chem. Phys., I953, 21, 
714. 

15. A. M. Tolmachev and V. |. Gorshkov, Zh. Fiz. Khim., 
1966, 40, 1924 [J. Phys. Chem. USSR, 1966, 40 (Engl. 
Transl.)]. 

16. Yu. A. Kokotov and V. A. Pasechnik, Ravnovesie i kinetika 
ionnogo obmena [Equilibrium and Kinetics of Ion Exchange], 
Khimiya, Leningrad, 1970 (in Russian). 

17. D. Reichenberg, Ion-exchange, Ed. J. Marinsky St. Univ. 
New York Publ., Buffalo, New York, 1966. 

18. G. A. Krestov, Termodinamika ionnykh protsessov v 
rastvorakh ]Thermodynamics of Ionic Processes in Solutions], 
Khimiya, Leningrad, 1984 (in Russian). 

19. G. Eisenman, J. Bioenergetics, 1973, 4, 93. 
20. Kratkii spravochnik fiziko-khimicheskikh velichin [Brief 

Manual of Physieochemical Values], Eds. K. P. Mishchenko 
and A. A. Ravdel', Khimiya, Leningrad, 1967 (in Russian). 

Received February 8, 1994," 
in revised form June 10, 1994 


