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ABSTRACT

The effect of the temperature variation on ion exchange equilibrium between an anion exchange
membrane and solutions of electrolytes containing the most dominant anions of natural waters
(CI-,NOj3 and SO7%") was studied. All experiments were carried out at 0.3 mol I"'. AMX mem-
brane experimented in this work is a commercial product provided by TOKUYAMA SODA.
Humidity percentage and ion exchange capacity were determined. Ionic exchange isotherms
for the binary systems (CI"/NO3),(CI"/SO%") and (NO3 / SOF~) were established at different
temperatures from 283 to 313 K. At 283 and 298 K, the affinity order was: CI” > NO3 >SO7". This
order was NO3 > CI” >SO%™ at 313 K. Selectivity coefficients K! and thermodynamic equilib-
rium constants K calculated for uni-univalent and uni-bivalent ions exchange reaction sys-
tem increase with increasing temperature. Thermodynamic parameters such as standard free
enthalpy change, standard enthalpy change, and standard entropy change were calculated. Ion
exchange equilibrium at temperatures 283, 298 and 313 K of studied binary systems are found
to be endothermic processes. Standard deviations calculated for ion exchange selectivity coef-
ficient and thermodynamic equilibrium constant were lower than 5% at studied temperatures.
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1. Introduction

Ion exchange membranes are receiving considerable
attention and are successfully applied for desalination
of sea and brackish water and for treating industrial
effluents [1-3]. They are the efficient tools for the con-
centration or separation of food and pharmaceutical
products containing ionic species as well as the manu-
facture of basic chemical products [4]. The advantages
of membrane technology compared to other physical
and chemical processes mainly reside in the continuity
of operations, the facility of their control and the respect
for the environment.

*Corresponding author.

Mixtures of ions can be separated without any auxiliary
reagents using ion-exchange methods based on the depen-
dence of ion-exchanger selectivity upon temperature,
concentration, etc. Extensive work was done by previous
researchers [5-9] to study the concentration and tempera-
ture effect in ion exchange equilibrium between resin and
uni-univalent and uni-bivalent ion systems.

The influence of temperature on the equilibrium prop-
erties of ion exchange resins was studied in the pioneer-
ing works of many researchers [10] mainly using newly
discovered resins with the strongly acidic sulfonic and
strongly basic active groups synthesized from function-
alized copolymer of styrene and divinylbenzene. It was
shown that the selectivity of cation exchange resin usually
decreased insignificantly with temperature in the case of
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exchange of the equally charged cations, and increased in
case of exchange of monovalent and divalent cations.

Valverde et al. [11], had studied the equilibrium ion-
exchange isotherms of (H*/Cu*), (H*/Zn*) and (H*/
Cd**) on a strong acid resin, Amberlite IR-120 at 283
and 303 K in order to assess the possibility of using ion
exchange to eliminate heavy metal ions from industrial
aqueous liquid streams. They showed that the affinity
of the resin for the metal ions increases with increasing
temperature. This result was confirmed by the studies of
Lee et al. [12] for the same systems using the same resin.

Lokhande and Singare [13], had studied ion exchange
equilibrium in (C1-/50%") system using strongly basic
anion exchanger Amberlite IRA-400. It was shown that the
equilibrium constant increase from 20 at 30°C to 31 at 41°C.

Ion exchange processes in systems containing
CI~,NOj3 and SO3™ anions have been studied in a num-
ber of works in the connection with the problem of water
purification from nitrates [14-19]. Most of research-
ers account that the most suitable resins for selective
removal of nitrates from natural waters are strong base
resins on styrene—divinylbenzene matrix with tetraalkyl-
ammonium groups.

The aim of the present work is to study the influ-
ence of temperature on ion exchange between
the AMX membrane and the binary systems
(CI"/NO3), (CI"/S03") and (NO3/S03™). The affin-
ity order and the values of the selectivity coefficients at
different temperatures will be determined. All experi-
ments were maintained at constant concentration of 0.3
mol 1"". The thermodynamic parameters such as stan-
dard free enthalpy change, standard enthalpy change,
and standard entropy change were calculated.

Ions analyses were performed by ionic chromatogra-
phy, coupled to a conductimetric detector.

2. Experimental procedure
2.1. Ionic chromatography

The analyses of nitrate, chloride, and sulphate
ions were carried out by ion chromatography using a
Metrohm 761 compact IC with conductivity detector
and chemical suppression, 4.6 x 250 mm Metrosep A
Supp 1 (6.1005.300), an eluent of 3 mmoll™” sodium car-
bonate at 1 ml min™, an injection volume of 20 ul , and a
pression from 8 to 9 MPa.

2.2. Membrane characteristics

The anion exchange membrane studied was the AMX
membrane produced by TOKUYAMA SODA. The base
polymer of this membrane is styrene and divinylben-
zene, and the ionic fixed sites are quaternary ammonium
groups, so the membrane is a strong anion exchanger.

The membrane characteristics were determined in
our laboratory by measuring the humidity percentage
and the ion exchange capacity. The methodology has
already been described in previous papers [20,21].

Before experiments the membrane was acid-conditioned
with 0.1 mol I" HNO, and HCI several times to remove
impurity from the membrane and to convert the exchange
sites to the desired ionic form [22].

2.3. lon exchange equilibrium

In order to obtain the ion exchange equilibrium of
(CI’ /NO3 ) , (CI’ /SO%~ ) and (NOg /SO?[q) systems at
desired temperatures 283, 298 and 313 K, different sam-
ples of the AMX membrane (5 x 5 cm?) in A" form were
immersed in the solution with two exchanging anions
(Aza’ and B
ments were carried at constant concentration 0.3 moll™.
The solution and membrane were maintained at a fixed
temperature under vigorous stirring, until equilibrium
was achieved. At the end of equilibrium, the concentra-
tion of ionic species in the solution was determined by
ion chromatography. The membrane phase composition
was determined by the following equations:

in a certain proportions. All experi-

m.CE+v.[AZH-]0:V-[AZa-] +m-[AZa-] )

S m

V-[B*v ]y =V [B*r ] +m-[B*], @

where [i], is the concentration of the ionic species in solu-
tion, [i] _is the solute concentration in the membrane, C,
is the ion exchange capacity of the membrane, V and m
are the volume of solution and the mass of the dry ion
exchange membrane, respectively.

The equivalent ionic fractions in the solution phase,
X (i), and in the membrane, X (i), for a binary system
can be introduced as:

Cr 3)
Zi[i]m
Cg

X (1) =

Xm(i) =

where z is the valence of the ionic specie i and C_ is the
total concentration.

3. Results and discussion
3.1. Humidity percentage and ion exchange capacity

Humidity percentage and ion exchange capacity val-
ues for the AMX membrane in Cl-, NO3 and SO3~ form
are given in Table 1.
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Table 1
Humidity percentage and ion exchange capacity of AMX
membrane

Ionic form T (%) C,(meq.g") Ionicradiusr, (A)
Cl 274 1.5 1.81
NO3; 248 15 1.89
S0 28 15 240

Humidity percentage varies with the ionic form of
the membrane. The obtained result can be interpreted
by the fact that the humidity percentage of ion exchange
membrane depends on a number of different param-
eters such as the membrane matrix, the nature of the
counter-ions, their charge and their size [23,24]. It can be
shown that the humidity percentage increases with the
decreasing of the ionic radius of the counter-ion given
in Table 1, small counter-ion will absorb more molecule
of water.

The results shown in Table 1 confirm that the ion
exchange capacity is independent for the nature of the
counter-ion [26].

3.2. Effect of temperature on ion exchange equilibrium

The fitted isotherms at different temperatures (283,
298 and 313 K) and for the studied binary systems were
plotted in Figs. 1-3 in order to study the effect of tem-
perature on ion exchange equilibrium.

These isotherms make possible the determination
of the affinity order of the AMX membrane. Affinity for
nitrate over chloride, sulphate over chloride and sul-
phate over nitrate increases with increasing temperature.
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Fig. 1. Ton exchange isotherms for the system (CI"/NO3 ),
C,=0.3 mol-L.
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Fig. 2. Ion exchange isotherms for the system (CI’ / SO?{) ,
C,=0.3 mol-L.
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Fig. 3. Ion exchange isotherms for the system (NO; /SO7 ) ,
C,=0.3 mol-L™.

This behavior was observed by Valverde et al. [11]
and Lee et al. [12]. The order of preference for the
anions studied in this investigation at 283 and 298 K is:
Cl~ >NOj3 >S035 and NO3 > Cl~ >S0Oj at 313 K.

The AMX membrane has a greater affinity for chlo-
ride than nitrate at 283 and 298 K. This can be explained
by comparing the ions ratio Z/r, for which the order
is the following: Z / ry, (Cl‘) >7Z /1t (NOg) (Table 2).

Chlorideis very strongly preferred by the AMX mem-
brane over sulphate at a temperature range 283-298 K.
A similar affinity sequence has been reported previously
for Purolite A-520E resin at a total ionic concentration
of 0.16 mol I'! [28], as it was observed by Smith and
Woodburn [19].

The AMX membrane has more affinity for nitrate
than sulphate. In fact Smith and Woodburn [19] found
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Table 2

Values of hydrated ion radius [27]

Ions r, A) Z/r,
Cl- 3.24 0.308
NO3 340 0.294

the similar affinity order for Amberlite 400 (quater-
nary ammonium resin) from 0.2 to 0.6 mol I'! at 295 K.
This order NO3 >SO3~ must occur between 0.3 and
0.1 mol I"! since the observed order at 0.05 mol 1" was
SO~ > NOs3 [18].

At 313 K, the affinity order was: NO3 > CI~ >S0j3™.
Jackson and Bolto [29] found that the affinity
sequence for the anion exchange resin IRA 900 was:
NO3 > Cl~ and NO3 >S0%~ at 293 and 353 K. Since
hydrophobic interactions increase with increasing tem-
perature, and since the nitrate selectivity of the anion
exchange resins increases with an increase in the hydro-
phobic nature of the resin, it might have been expected
that the nitrate selectivity would increase with tem-
perature [29]. On the other hand, Sata et al. [30] found
that, for various anion exchange membranes with dif-
ferent hydrophobicity, the affinity for nitrate over chlo-
ride increases with increasing hydrophobicity of anion
exchange membranes. A similar finding was obtained
by Valverde et al. [11] and Lee et al. [12]. They found by
using cationic exchanger Amberlite IR 120and (H*/Cu?),
(H*/Zn*) and (H*/Cd**) binary systems, whose affin-
ity order was Cu* > Zn* > Cd?*" at 283 K and Zn*" >
Cu? > Cd* at 303 K.

3.3. Effect of temperature on the selectivity coefficients

For the binary ion exchange reaction the selectivity
coefficients can be determined at different temperatures
according to Eq. (5):

ZuAZ + ZBl [ ZpAZ- + Z,B%- 4)

where z_and z, are the valences of the ionic species A and B,
respectively, the selectivity coefficient is usually defined as

Table 3
Effect of temperature on the selectivity coefficients values

[+ ]}

KE = X

B

Table 3 summarizes the selectivity coeffi-
cients, with standard deviations SD (%), at dif-
ferent temperatures for the three studied systems
(CI7/NO;3),(CI7/SO5™ ) and (NO3 / SO%" ).

The selectivity coefficients at 283, 298 and 313 K for
chloride, nitrate and sulphate presented in Table 3 show
that these coefficients are related to the temperatures
and increase with increasing temperature, the reaction
products are favored at high temperatures. This is due
to the endothermic ion exchange reactions as showed by
Pehilvan and Altun [31] and as found in Section 3.5. In
addition, according to the Van't Hoff equation selectiv-
ity coefficient increases as the temperature increases. This
obtained result was found in previous studied with IRA
900 and IRA 400 anion-exchange resins [13,32,33] at dif-
ferent temperatures. The product of selectivity coefficients

)2 2 _
Kg&) -Ki%o, -Kégz, is close to theoretical value of
3 4

unity at different studied temperatures, showing the accu-
racy of our measurements.

[a] )

- ©)
[a*],

3.4. Thermodynamic equilibrium constant

The thermodynamic equilibrium constant for the ion
exchange equilibrium given by Eq. (4) is usually defined as:

KA‘(<B>s) X((A)J ©

where (i), and (i)  are the activities of ionic species i in
the solution and the membrane, respectively.

The thermodynamic equilibrium constant is related
to the selectivity coefficient by:

Z, Zy,
KB — K 7m_<B>) (M)
S o I s 7

2 _
3 o S03- - NO3; SO3 -
Temperatures () KN sD() K& spe) K5 sD() (LSD I SN s
283 048 3.00 003 0.81 012 01 092
298 071 248 011 301 021 219 096
313 110 318 029 186 027 116 112
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where y (i) and y,_ (i) are the activity coefficients of ion i in
the solution and in the membrane, respectively.

The activity coefficients in the solution were determined
according to the extended Debye-Hiickel model [34,35]:

~AZ2T
—

b; -1
1+Bai\/i !

log Ys() = (8)
where A and B are the Debye-Hiickel constants, I is the
ionic strength for aqueous solution, z the charge of the
ionic species and a, is the hydrated ionic radius of ion i.

The activity coefficients in the membrane phase were
calculated using the Wilson equations [36]:

1-In(Xpm (A)+ X (B). Asg)
Xm (A)
X (A) + X (B) . Aag
Xm (B). Apa
Xm (B) + X (A) . Apa

Ym (A) =exp| -

Ym (B) =exp| - 10)

where A, and A, are the Wilson binary interaction
parameters.

The thermodynamicequilibrium constants, atstudied
temperatures, were calculated starting from relation (7)
and the results are represented in Table 4.

The values obtained show that for all temperatures

thermodynamic equilibrium constants K'§ (I1=0) are

greater than selectivity coefficients K2 (1 # 0). The gap
appears to be more important at higher temperatures.
The influence of ionic strength is more important in
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ion exchange systems when bivalent ions are involved.
This shows that we make significant error by confusing
K] and KEeven with weak ionic strength [21].

3.5. Thermodynamic parameters of ion exchange equilibrium

The standard thermodynamic properties of the
binary systems constituted by (CI-/NO3), (CI-/SO%")
and (NO3/S03%") and the AMX membrane could be
evaluated from the thermodynamic constant, K’} and
the temperature. At the equilibrium at fixed temperature,
the standard free enthalpy change AGt of the ion
exchange reaction is given by the following formula:

AG; = —-RTLn(K'B) (11)
where R is the universal gas constant.

AGT can be also defined as:
AGr = AHp — T ASt (12)

where AH7 and ASt are the standard enthalpy change
and entropy change, respectively.

The combination of Egs. (11) and (12) gives the fol-
lowing equation which can be used to determine the
thermodynamic parameters AHt and ASt:

)= (-5 )5

According to Eq. (13), Ln(K'R) versus 1/T plot
should be straight line, as given in Fig. 4, from which
the entropy change and the enthalpy of ion exchange
process can be obtained.

The various thermodynamic parameters of
AH®, AS® and AG®  for (CI"/NO3), (CI"/SOi") and
(NO3/S07 ) systems at different reaction temperatures
(283, 298 and 313 K) are given in Table 5.

Analysis of the data presented in Table 5 indicates
that, positive values of standard enthalpy changes (AH °)

(13)

Table 4
Experimental values of the thermodynamic equilibrium constants, with standard deviation SD (%), for the AMX
membrane

283 K 298 K 313K
System A-B K& K% SD (%) K& K% SD (%) KB K} SD (%)
(CI"/NO3) 0.48 0.49 299 0.71 0.72 2.51 1.10 1.20 340
(CI-/S0%) 0.03 0.05 114 0.11 0.24 4.56 0.29 0.80 491
(NO3/S0%") 0.12 0.31 2.02 0.21 0.67 451 0.27 094 4.80
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Fig. 4. Ln (KOR ) versus plot for (CI"/NO3),
(CI~/S0%") and (NO3 /SO7 ") exchange systems.

Table 5
Thermodynamic parameters of the binary systems studied
System T AGr AH7 ASt
A-B (K) (KJ.mol?)  (KJ.mol™") (J.mollK™)
(CI*/NOg) 283 1.68 2191 71.28
298 0.81
313 -047
(CI‘/SO%‘ ) 283 7.04 68.15 216.16
298 3.53
313 0.58
(NO3 /803 ) 283 275 27.39 87.46
298 0.99
313 0.16

were reported for all systems studied. This observation
indicates that, the ion exchange between the AMX mem-
brane and the binary system of CI", NO3 and SOj™ is
an endothermic process resulted in the equilibrium
extent of reaction increase with an increasing with
temperature [37]. The standard entropy in this study
is found to be positive; it means that the increased ran-
domness appeared on the membrane-solution interface
during the ion exchange reaction, this obtained result
was found by Mohan et al. [38]. In addition, the stan-
dard free enthalpy change AGt value for all systems
studied becomes smaller with increasing temperature,
which is an indication that the anion exchange becomes
more favorable [39].

4. Conclusion

The effect of the temperature on ion exchange equilib-
riumwasstudied forthethreebinarysystems: (CI~/NO3 \),

(CI/SO% ) and (NO3/S07%") from 283 to 313 K and at
constant concentration of 0.3 mol 1. The affinity order
for the AMX membrane was CI- > NO3 > SO3~ at 283
and 298 K and NOj3 > CI~ > SO7~ at 313 K. Selectivity

coefficients KNO3 KS0F and K501 were determined and
cr /acr 2NO3

increase with increasing temperature. The product of

_\2 2- -
. . NO; \* | SOF  po2Cr .
selectivity coefficients (Kcr ) Konos Ko is close to

theoretical value of unity atdifferentstudied temperature.

Thermodynamic equilibrium constants K;' and ther-
modynamic parameters of ion-exchange equilibrium
were determined. Furthermore, the exchange process is
endothermic, as the positive standard enthalpy indicates.
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