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t of temperature and background
counterions on ion-exchange equilibria

Masami Shibukawa, *a Masaru Yanagisawa,a Ryota Morinaga,a Tomomi Shimasaki,a

Shingo Saito, a Shao-ting Wangb and Yu-qi Feng b

The effects of temperature and background counterions on ion-exchange selectivity for alkali metal ions and

tetraalkylammonium ions on strongly acidic cation-exchange resins have been investigated using superheated

water ion-exchange chromatography (SW-IEC). We have found out that alkali metal ions show reversal in the

order of the distribution coefficient (KD), fromLi+ < Na+ < K+ < Rb+ in water at ordinary temperature to Rb+ < K+

< Na+ < Li+ in superheated water, when a relatively large cation such as cesium ion is used as the background

counterion. The effect of counterion on the ion-exchange selectivity is enhanced with the ion-exchange

resins of higher ion-exchange capacity and cross-linking degree. Tetraalkylammonium ions chosen as

model ions for poorly hydrated ions also exhibit reversal in the order of KD at around 430 K in superheated

water. However, the effect of the nature of alkali metal counterions on the change in KD values of

tetraalkylammonium ions is rather small compared with the effect on the KD of alkali metal ions. These

results are attributed to the change in local hydration structures of the ions in the ion-exchange resin due

to dehydration of alkali metal ions enhanced by interionic contacts of the analyte ion with the coexisting

counterion and lower hydration energy of the ions at elevated temperatures. Although it has been

considered that temperature is not effective at changing the ion-exchange separation selectivity, significant

selectivity changes can be achieved by SW-IEC.
Introduction

Ion-exchange chromatography has a long history of applica-
tions, including the separation, identication, and quantica-
tion not only of simple inorganic ions but also of various
organic ionic compounds such as amino acids, proteins, and
nucleic acids, etc.1–3 Ion-exchange separation is based on the
fact that different ions have different degrees of interaction with
the ion-exchanger. Although it is obvious that the charge on the
ionic solutes is a decisive factor determining the selectivity of
ion-exchange separations, the natures of ions as well as those of
the xed functional groups and the resin matrices are equally
important parameters.

Ion-exchange is the process in which ionic solutes in solu-
tion bind to charged functional groups on a solid matrix, which
in turn releases different counterions of like sign. Therefore the
stoichiometric ion-exchange reaction between an analyte ion AzA

and the counterion of the xed charged groups of the exchanger
EzE may be written as1

zEA
zA(s) + zAE

zE(r) % zEA
zA(r) + zAE

zE(s) (1)
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where s and r refer to the solution and exchanger phases,
respectively. The selectivity of an ion-exchange separation may
be expressed as the separation factor for a pair of analyte ions A
and B, aA/B, which is dened by the equation:

aA/B ¼ KD(A)/KD(B) (2)

where KD(A) and KD(B) are the distribution coefficients of ions A
and B between the solution and exchanger phases, respectively.
If it can be assumed that the distribution of the analyte ions
takes place solely by displacement of the counterion on the xed
ions through the ion-exchange reaction represented by eqn (1),
the distribution coefficient of ion A is expressed as

KDðAÞ ¼
½A�ðrÞ
½A�ðsÞ

¼ KDðEÞ
jzAj
jzE jKc

A=E
1

jzE j (3)

where [A](s) and [A](r) are the concentrations of the analyte ion
AzA in the solution and exchanger phases, KD(E) is the distri-
bution coefficient of the counterion EzE, and Kc

A/E is the molar
selectivity coefficient for the ion-exchange equilibrium of ions
AzA and EzE, respectively. Substituting the distribution coeffi-
cients for ions AzA and BzB with equal charge (zA ¼ zB) given by
eqn (3) into eqn (2), we have

aA=B ¼
 
Kc

A=E

Kc
B=E

! 1
jzE j

¼ Kc
A=B (4)
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This equation indicates that the separation factor or the selec-
tivity coefficient of a pair of analyte ions of equal charge should
be constant independent of the nature of the background
counterion. However, it has been known that the selectivity
coefficient is characteristic of the nature and concentration of
the counterion even when the other equilibria than ion-
exchange such as complexation of the analyte ion with coex-
isting species in the system and specic adsorption onto the
surface of the exchanger matrix are negligible.1,4–8 This reveals
that the selectivity coefficient cannot be regarded as a thermo-
dynamic equilibrium constant but depends on the nature of
coexisting counterions particularly in the exchanger phase.

Most of the studies that have so far been devoted to the
prediction of the selectivity coefficient are based on empirical or
semi-empirical estimation of the activity coefficients of the
chemical species in the solution and the exchanger. Several
physicochemical models have also been set up on the basis of
electrical double layer theories to estimate the activity coeffi-
cient of the analyte ion in the exchanger phase.4–13 However, no
rational explanation has yet been given with regard to the
dependence of the selectivity coefficient on the type of the
counterion.

It must be noted that the interaction of ions with water
molecules or hydration is always involved in ion-exchange
processes whatever the main mechanisms contributing to the
separation are. In particular, it is essential to clarify the manner
in which the hydration of ions is affected by the presence of the
coexisting counterion in the exchanger phase in order to
understand the change in the separation factor with the nature
of background counterion.

We recently developed superheated water ion-exchange
chromatography (SW-IEC) that uses liquid water under pres-
sure at temperatures above 100 �C and claried that the change
in hydration structure of ions with temperature causes a drastic
change in the ion-exchange separation selectivity.14–16 For
example, the selectivity coefficient for a pair of alkali metal ions
or that of halide ions approaches unity as temperature
increases. Therefore the distribution coefficient of an analyte
ion decreases with an increase in temperature when the back-
ground eluent counterion in the mobile phase has stronger
affinity than that of the analyte ion for the ion-exchanger,
whereas it increases when eluted by a weaker counterion.14–18

Presuming that the dependence of ion-exchange selectivity
observed for simple inorganic ions on temperature can be
attributed to the change in hydration of the ions in the solution
phase and/or in the ion-exchange resin with temperature, we
investigated the effect of temperature on the rst-shell coordi-
nation structures of Rb+, Sr2+, Br� and I� in aqueous solution
and those for Rb+ and Sr2+ in a sulfonated styrene-
divinylbenzene copolymer cation-exchange resin in the
temperature range from ambient temperature to 450 K by X-ray
absorption ne structure (XAFS) spectroscopy.19 The spectral
changes observed for these ions indicate that the number of
coordinated rst shell water molecules decreases with an
increase in temperature. It has thus been concluded that the
effect of temperature on separation selectivity in ion-exchange
processes can be interpreted by the change in hydration of
26850 | RSC Adv., 2018, 8, 26849–26856
ions due to disruption of ion-dipole bonding by thermal motion
of water molecules, which makes the charge and the size of an
ion decisive factors determining the separation selectivity in
ion-exchange processes at elevated temperatures.

On the other hand, the experimental results obtained by SW-
IEC reveal that not only the ion-exchange selectivity itself but
also its temperature dependence varies depending on the
nature of the co-existing background counterion.14,15 This
suggests that the counterion may affect the hydration structure
of the analyte ion in the internal region of the ion-exchange
resin. However, the origin of the effect of the co-existing coun-
terion on the ion-exchange selectivity has not been claried yet.
In the present work, the effect of elevated temperature on the
distribution coefficients of alkali metal ions and tetraalky-
lammonium ions on strongly acidic sulfonated ion exchangers
has been examined over a wide temperature range using SW-
IEC with aqueous solutions of alkali metal and tetraalky-
lammonium salts. We will show that the effect of the co-existing
counterion on the ion-exchange selectivity is attributable to the
change in the ion hydration structure caused by the counterion
in the resin. A drastic change in separation selectivity of ionic
solutes will also be demonstrated using a synergistic effect of
temperature and the counterion on the hydration structure of
analyte ions.
Experimental
Chemicals

All chemicals used in this study were obtained from commercial
sources and were of analytical reagent-grade unless otherwise
stated. Deuterated water (D2O) for NMR use was purchased
from Wako Pure Chemicals (Tokyo, Japan) and Blue Dextran
2000 was obtained from Pharmacia Fine Chemicals (Uppsala,
Sweden). Water was puried subsequently with an ion-exchange
cartridge PF-III H10 (Organo, Tokyo, Japan) and an Arium 611
DI (Sartorius, Tokyo, Japan). The cation-exchangers used were
sulfonated polystyrene-divinylbenzene copolymer resins, DIA-
ION MCI GEL CK10S (degree of crosslinking ¼ 10%, particle
diameter ¼ 11 mm) and CK02A (degree of crosslinking ¼ 2%,
particle diameter ¼ 20 mm), purchased from Mitsubishi
Chemical (Tokyo, Japan), and a tetrauoroethylene-peruoro[2-
(uorosulfonylethoxy)-propylvinylether] copolymer resin,
Naon (35–60 mesh), from Sigma-Aldrich Japan (Tokyo, Japan).
The Na+ form of MCI GEL CK10S or CK02A was slurry packed
into a stainless steel column with water. The H+ form of Naon
was converted to the Na+ form by decantation with 50 mM
Na2SO4 and then packed into a stainless steel column with the
same solution.
Determination of cation-exchange capacities of the cation-
exchange resin columns

The ion-exchange capacity of the MCI GEL CK10S column was
determined by titrating hydrogen ion eluted from the H+ form
resin column by passing a sufficient amount of Na2SO4 solution
with standard NaOH solution. On the other hand, the ion-
exchange capacities of the MCI GEL CK02A and the Naon
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03309a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 2
:1

8:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
columns were measured in the following manner because the
value of the ion-exchange capacity is rather small. An aqueous
solution containing 25 mM Li2SO4 was passed through the
column at the ow rate of 0.5 mL min�1 for 2 h. Aer the
column was washed with pure water at the ow rate of 0.5
mL min�1 for 1 h, 10 mM K2SO4 solution was passed into the
column at the ow rate of 0.5 mL min�1 for 3 h and the effluent
from the column was collected into a 100 mL volumetric ask.
The concentration of lithium ion in the solution was deter-
mined by means of an inductively coupled plasma atomic
emission spectrometer, OPTIMA 5300DV (Perkin Elmer, Yoko-
hama, Japan). The capacity of every column used for the study
was determined just aer a series of experiments conducted
with superheated water.

SW-IEC conditions

Chromatographic measurements were performed on an HPLC
system consisting of a GL Science (Tokyo, Japan) Model DG660
degasser, a Hitachi (Tokyo, Japan) Model L-6000 pump,
a Rheodyne (Cotati, CA, USA) Model 7215 loading injector tted
with a 1 or 20 mL sample loop, and a Showa Denko (Tokyo,
Japan) Model Shodex RI-101 refractometric detector. A pre-
heating coil (Hastelloy, 0.5 m � 0.5 mm I.D.) and a back-
pressure coil (stainless steel, 1.5 m � 0.1 mm I.D.) were placed
between the injector and the column inlet and between the
column outlet and the detector, respectively. The preheating
coil and the column were thermostated using a Sandra Selerity
Technologies (Salt Lake City, UT, USA) Model Polaratherm
Series 9000 column temperature controller for SWC. The
temperature of the oven was monitored with a mercury ther-
mometer inserted into the oven.

Aqueous solutions of alkali metal sulfates or tetrame-
thyammonium bromide were used as eluents. All the eluents
were ltered through a 0.45 mm membrane lter and degassed
with an aspirator in an ultrasonic bath, US CLEANER US-2R (AS
ONE, Tokyo, Japan) before use.

The extra column volume was determined by measuring the
elution volume of a sample solute through the system from
which the column had been removed. The volumetric ow rates
Fweremeasured using a volumetric ask and the exact values of
the ow rates F0 in the column were calculated according to the
following equation:

F 0 ¼ rr

rT
F (5)

where rr and rT are the density of liquid water at room
temperature and at the column temperature, respectively.30 The
retention volume VR of an analyte ion was obtained from the
values of F and F0 and the retention time tR as follows:

VR ¼
�
tR � Vex

F

�
F 0 (6)

where Vex is the extra column volume.
Test solutions were prepared by dissolving analyte

compounds in the eluent to be used. The retention volumes for
each analyte ion wasmeasured in the temperature range of 273–
473 K for the MCI GEL CK10S column, 298–403 K for the MCI
This journal is © The Royal Society of Chemistry 2018
GEL CK02A column and 308–423 K for the Naon column,
respectively. The detection signal was fed into a CDS plus data
analysis system (LA So, Tokyo, Japan).
Measurement of temperature-dependent swelling properties
of a cation-exchange resin

The Na+ form of MCI GEL CK10S was slurry packed into
a stainless steel column (150 mm � 4.6 mm i.d.) with water.
The Li+, Na+, K+, Rb+ and Cs+ forms of the cation-exchange resin
column were prepared by passing 120 mL of aqueous solutions
containing the respective metal sulfates (25 mM) through the
column at 60 �C and then washing the column with water. The
total water volume and the interstitial volume or inter-
particulate volume in the column were determined by
measuring the retention volumes of D2O and Blue Dextran
2000, respectively.
Results and discussion
Effects of temperature and counterion on the distribution
coefficients of alkali metal ions and tetraalkylammonium ions

Assuming that the mobile phase is the space occupied by water
in the column and the stationary phase is the other part of the
column, i.e., the resin matrix, we calculated the KD value of an
analyte ion by the following equation:

KD ¼ VR � V0

V s

¼ VR � V0

V t � V0

(7)

where V0 is the retention volume of D2O and Vs is the volume of
the ion-exchange resin obtained by subtracting the V0 value
from the total column volume Vt. Fig. 1(a) and (b) show the van't
Hoff plots for alkali metal ions on a column packed with
a sulfonated polystyrene-divinylbenzene copolymer resin, MCI
GEL CK10S, obtained by elution with 25 mM Rb2SO4 and
Cs2SO4 aqueous solutions, respectively. The KD(E) for each
system was estimated by

KDðEÞ ¼ Q

jzEjV s½E�ðsÞ
(8)

where Q is the ion-exchange capacity of the column used. The
KD(E) value is shown as a solid line in Fig. 1. It should be noted
that all the plots are nonlinear and the reversal in the retention
order of alkali metal ions was observed at a higher temperature.
When cesium was used as the eluent counterion, in particular,
the order of KD values for alkali metal ions was completely
reversed by increasing temperature from 273 K (Li+ < Na+ < K+ <
Rb+) to 430 K (Rb+ < K+ < Na+ < Li+) and lithium showed much
larger KD value than the other alkali metal ions at 370 K or
above. To our best knowledge, it is the rst time ever that this
very interesting phenomenon has been found in pure aqueous
system.

We reported in a previous paper that the KD values of alkali
metal ions on the MCI GEL CK10S column appear to converge
on the KD(E) value or the K

c
A/E approaches unity with an increase

in temperature when Li+, Na+ or K+ is used as the eluent ion.14

The results shown in Fig. 1, however, indicate that the selectivity
RSC Adv., 2018, 8, 26849–26856 | 26851
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Fig. 1 Plots of ln KD for alkali metal ions as a function of reciprocal of temperature on a MCI GEL CK10S column. Eluent: (a) 25 mM Rb2SO4, (b)
25 mM Cs2SO4. Symbols: ( ) Li+, ( ) Na+, ( ) K+, ( ) Rb+, ( ) Cs+. The solid line denotes the ln KD(E) value for each column.

Fig. 2 Plots of ln KD for tetraalkylammonium ions as a function of
reciprocal of temperature on a MCI GEL CK10S column. Eluent: 25mM
Cs2SO4. ( ) tetramethylammonium ion, ( ) tetraethylammonium ion,
( ) tetra-n-propylammonium ion, ( ) tetra-n-butylammonium ion.
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coefficient does not approach unity with an increase in
temperature but is reversed at a temperature specic to the
background counterion. The reversal of the order of KD for Li+

and Na+ occurs at around 290 K in the Cs2SO4 eluent system,
while it does at 360 K in the Rb2SO4 system.

We claried by XAFS measurements that hydration of alkali
metal ions and halide ions in the ion-exchange resin as well as
aqueous solutions becomes weaker as the temperature rises due
to disruption of ion-dipole bonding by thermal motion of water
molecules.19 We thus concluded that the ion-exchange selec-
tivity for simple inorganic ions decreases with an increase in
temperature by the reduction of the difference in hydration
structure between different ions. However, the ln KD vs. 1/T
plots shown in Fig. 1 suggest that the coexisting counterion may
also affect the hydration structures of analyte ions resulting in
the drastic change in ion-exchange selectivity due to the
synergistic effect of temperature and the background
counterion.

We have shown that smaller tetraalkylammonium ion with
a shorter alkyl chain exhibits lower KD value at lower tempera-
tures, while at higher temperatures the larger ion is eluted faster
than the smaller one, indicating that the electrostatic interac-
tion is a predominant mechanism and then ionic size is
a determinant in retention in SW-IEC.14 Taking into account the
fact that the order of hydrated ionic radii for alkali metal ions at
ordinary temperature is Rb+ < K+ < Na+ < Li+, whereas that of
crystal ionic radii is Li+ < Na+ < K+ < Rb+,20,21 it is presumed that
a similar phenomenon to that of tetraalkylammonium ion may
also be observed even for relatively strongly hydrated alkali
metal ions by the synergistic effect of temperature and coun-
terion when cesium is used as the background eluent ion.

Fig. 2 shows the ln KD vs. 1/T plots for tetraalkylammonium
ions when eluted with 25 mM Cs2SO4 solution. Although the
temperature at which the reversal of retention order occurs
appears to be a little lower in Cs2SO4 eluent system than in
Na2SO4 system,14 the effect of the nature of alkali metal
26852 | RSC Adv., 2018, 8, 26849–26856
counterions on the change in retention of tetraalkylammonium
ions is not very large. This is probably because tetraalky-
lammonium ions are poorly hydrated even at lower tempera-
tures. The SW-IEC chromatograms obtained by elution with
25 mM Cs2SO4 aqueous solution are shown in Fig. 3 and 4 for
mixtures of alkali metal ions and tetraalkylammonium ions,
respectively. It will be noted that lithium is selectively separated
from the other alkali metal ions and the retention order of
tetraalkylammonium ions is completely reversed in super-
heated water.

Fig. 5(a) and (b) show the ln KD vs. 1/T plots for alkali metal
ions obtained by elution with 25 mM Cs2SO4 aqueous solution
The solid line denotes the ln KD(E) value.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Chromatograms of alkali metal ions on a MCI GEL CK10S
column (4.6 mm I.D. � 50 mm) obtained at 308 K, 353 K and 423 K.
Eluent: 25 mM Cs2SO4. Detection: differential reflactometer. Flow
rate: 1.5 mL min�1.

Fig. 4 Chromatograms of tetraalkylammonium ions on a MCI GEL
CK10S column (4.6 mm I.D. � 50 mm) obtained at 373 K and 473 K.
Eluent: 25 mM Cs2SO4. Detection: differential reflactometer. Flow
rate: 1.8 mL min�1. Analyte: 1 ¼ tetramethylammonium ion, 2 ¼ tet-
raethylammonium ion, 3¼ tetra-n-propylammonium ion, 4¼ tetra-n-
butylammonium ion.
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on the columns packed with MCI GEL CK02A and Naon,
respectively. These ion-exchange resins are not so stable that
they decompose and lose the xed ions over 403 K and 423 K,
respectively, probably due to relatively low cross-linking degree.
Actually the other commercially available ion-exchange resins
that we tried to use have even lower heat stability than MCI GEL
CK02A and Naon. We have thus carried out a series of exper-
iments for MCI GEL CK02A and Naon in the range of 313–390
K. The upper temperature limits of the cation-exchange resins
used in this study determined by measurements of the change
in ion-exchange capacity are listed in Table 1 together with
other characteristics of the resins. As shown in Fig. 5(b), the
retention order of alkali metal ions on the Naon column does
This journal is © The Royal Society of Chemistry 2018
not change in the temperature range examined. On the other
hand, the reversal of the retention order for Li+ and Na+ was
observed at 340 K for the MCI GEL CK02A column. However, the
change in retention selectivity with temperature is much
smaller than that observed on the MCI GEL CK10S column.
These results indicate that the change in the hydration struc-
ture of an analyte ion caused by the counterion (Cs+) does not
take place in the solution but in the ion-exchange resin.

It has been reported that the number of water molecules
hydrated to some ions such as Na+ and H2PO4

� decreases with
an increase in the ion-exchange capacity and the cross-linking
degree and this experimental result can be ascribed to dehy-
dration of the ion by a decrease in the void space for the ions in
the ion-exchange resins.22–26 The difference in the distribution
coefficients of alkali metal ions between Naon, MCI GEL
CK02A and MCI GEL CK10S may also be attributed to differ-
ences in the ion-exchange capacity and crosslinking degree of
these resins (Table 1). Since Cs+ has relatively large ionic size
and its concentration is larger in MCI GEL CK 10S than in
CK02A and Naon, the remaining void space should be smaller
than in the other two resins. The counterion effect on the
hydration structure of the analyte ion is thus expected to be
enhanced in MCI GEL CK10S resin at elevated temperatures.

From the results shown above, it is expected that counter
cations larger than Cs+ may cause more drastic change in
retention of alkali metal ions. Fig. 6(a) and (b) demonstrate the
ln KD vs. 1/T plots for alkali metal ions obtained on MCI GEL
CK02A and Naon columns by elution with 50 mM tetrame-
thylammonium bromide (TMABr) aqueous solution. The
counterion (Na+) of MCI GEL CK10S could not completely be
replaced by TMA+ probably because TMA+ is partly excluded
from the pores of the resin owing to the relatively large size of
TMA+ and high cross-linking degree or small pore size of the
resin. As can be seen from the comparison of Fig. 6(a) with
Fig. 5(a), the KD value of Li+ on MCI GEL CK02A is larger not
only than the value for Na+ but also than that for K+ even at
ambient temperature and becomes larger than the value for Rb+

at 320 K or above in the TMABr elution system. On the Naon
column, Li+ also has the larger KD value than Na+ by elution with
the TMABr aqueous solution although the difference in KD value
between Li+ and Na+ is rather small probably because of the low
ion-exchange capacity (Fig. 6(b)). These results indicate that the
relative size of the background counterion with respect to the
inner pore size of the ion-exchange resin as well as the hydra-
tion energy governs the ion-exchange selectivity.
Effects of temperature and counterion on the swelling of the
cation-exchange resin

The swelling or water absorbing properties of the cation-
exchange resin in different counterion forms were evaluated
by measuring the volumes of water-swollen ion-exchange resin
and water absorbed in the resin at different temperatures in
order to further investigate the origin of the effect of counterion
on the temperature dependence of the ion-exchange equilibria.
The volume of the water-swollen ion-exchange resin VIER was
determined by a chromatographic method using a stainless
RSC Adv., 2018, 8, 26849–26856 | 26853
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Fig. 5 Plots of ln KD for alkali metal ions as a function of reciprocal of temperature on a MCI GEL CK02A column (a) and a Nafion column (b).
Eluent: 25 mM Cs2SO4. Symbols: ( ) Li+, ( ) Na+, ( ) K+, ( ) Rb+. The solid line denotes the ln KD(E) value for each column.
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steel column packed with the resin according to the following
equation:

VIER ¼ Vt � Vint (9)

where Vint is the interstitial or interparticulate volume. The Vint

values were obtained from measurements of the retention
volume of Blue Dextran 2000, which one can regard as
a compound that is completely excluded from the network of
the resin by steric exclusion.

The change in VIER with temperature in the range of 308 K to
433 K for alkali metal forms ofMCI GEL CK10S is shown in Fig. 7.
It is noteworthy that the VIER values for the K

+, Rb+ and Cs+ forms
of the resin gradually increase with an increase in temperature,
while those for the resins in Li+ and Na+ forms decrease. Espe-
cially the resin in Li+ form shows remarkable decrease of VIER
with an increase in temperature. On the contrary, the Vs value for
each alkali metal form of the resin was approximately constant
independent of temperature as shown in Fig. 8. The VIER can be
given by the sum of the volumes of hydrated metal counterion
VHM and xed sulfonate ion VHF, the resin polymer matrix VP and
the free water in the resin VW as follows:

VIER ¼ VHM + VHF + VP + VW (10)
Table 1 Properties of the cation-exchange resins used in this study

Resin
Functional
group

Cation-exchange
capacity (meq. mL�1)

MCI GEL CK10S –SO3
� 2.2

MCI GEL CK02A –SO3
� 0.66

Naon –SO3
� 0.35

a The highest temperature at which the decrease in cation-exchange capa
b Manufactures' data.

26854 | RSC Adv., 2018, 8, 26849–26856
on the other hand, Vs is represented by the sum of the volumes
of the polymer matrix and the nonhydrated metal ion VM and
sulfonate ion VF as:

Vs ¼ VM + VF + VP (11)

it can thus be concluded that VP as well as VM and VF are
constant regardless of the change in temperature and the
difference in temperature dependence of VIER between the
counterion forms of the resin is attributed to the change in the
VHM and VW with temperature.

We have shown that the hydration number of Rb+ as well as
Sr2+ present as the counterions of xed sulfonate groups in MCI
GEL CK10S slightly decreases with an increase in temperature
similarly to the changes observed for their aqueous solutions.19

The thermal motion of the resin polymer chains would be
intensied at higher temperatures, leading to expansion of the
resin network or increase in VW. Therefore, the decrease in VIER

of the cation-exchange resin in Li+ and Na+ forms with an
increase in temperature indicates that the hydration numbers
of these metal ions in the resin remarkably decrease as the
temperature rises compared to the other alkali metal ions.

The VIER of the resin in Li+ form is the largest up to 403 K,
while that for the Cs+ form resin becomes larger over 418 K,
which reveals that the swelling energy of the resin in Cs+ form is
Upper temperature
limita (K)

Cross-linking
degreeb (%)

Particle
diameterb

473 10 11 mm
403 2 20 mm
423 — 35–60 mesh

city of the resin by elution with 25 mM Na2SO4 for 30 h is less than 5%.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Plots of ln KD for alkali metal ions as a function of reciprocal of temperature on a MCI GEL CK02A column (a) and a Nafion column (b).
Eluent: 50 mM TMABr. Symbols: ( ) Li+, ( ) Na+, ( ) K+, ( ) Rb+, ( ) Cs+. The solid line denotes the ln KD(E) value for each column.
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larger than those for the other alkali metal forms of the cation-
exchange resin at 418 K or above. The swelling pressure P may
be one of the important determinants of the ion-exchange
selectivity as indicated by the Gregor equation:27–29

ln KA=E ¼ P

RT
ðzAvE � zEvAÞ (12)

where R is the gas constant and v is the partial molar volume of the
hydrated ionic species. This equation predicts that the ion-
exchanger prefers the ion with smaller solvated volume. This
prediction is partly in accord with the results shown in Fig. 1 and 7
since Li+ has the smallest distribution coefficient among the other
alkali metal ions at lower temperatures, while at higher tempera-
tures it preferentially distributes into the cation-exchange resin.

However, this simple model cannot completely account for
the observed selectivity reversals with change in temperature
because the temperature at which the reversal of the retention
Fig. 7 Dependence of the VIER values on temperature for MCI GEL
CK10S resin in alkali metal ion forms. Symbols: ( ) Li+, ( ) Na+, ( ) K+,
( ) Rb+, ( ) Cs+.

This journal is © The Royal Society of Chemistry 2018
order of alkali metal ions occurs depends on the background
counterion in the resin. The chemical components of the Gre-
gor's model are the hydrated ions as well as the resin matrix
with its solvated xed ions and the solvent. The hydration of the
ions in the resin phase is assumed to be the same as that in the
solution phase in this model. The results shown in Fig. 1 and 5–
7, however, reveal that the hydration structure of an analyte ion
in the resin is different from that in the aqueous solution and it
also depends on the nature of the background counterion of the
ion-exchange resin. At elevated temperatures, the hydration
energy of ions becomes smaller so that the cations with smaller
ionic radii are easily dehydrated and selectively distribute into
the cation-exchange resin. Large counterions present in high
density in the resin may enhance the dehydration of the analyte
ions at elevated temperatures, leading to quite different ion-
exchange selectivity from that observed at ambient
temperature.
Fig. 8 Dependence of the Vs values on temperature for MCI GEL
CK10S resin in alkali metal ion forms. For other details see Fig. 7.
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Conclusions

We have made a new nding by SW-IEC that even relatively
strongly hydrated small metal ions show a drastic change in ion-
exchange selectivity on a usual cation-exchange resin by syner-
gistic effect of temperature and the nature of the background
counterion in the aqueous solution. With the ion-exchange
resin of higher ion-exchange capacity and cross-linking
degree, large sized counterions such as Cs+ and tetramethy-
lammonium ion cause a drastic change in retention order from
Li+ < Na+ < K+ < Rb+ in water at ordinary temperature to Rb+ < K+

< Na+ < Li+ in superheated water. These observations can be
ascribed to the change in local hydration structures of the ions
in the resin phase due to dehydration enhanced by interionic
contacts with a large coexisting counterion and lower ionic
hydration energy at elevated temperatures.

These results suggest that even at ambient temperature the
separation of analyte ions in ion-exchange processes is affected
by the nature of the coexisting counterions. It has been well
known that larger separation factor is usually obtained with
weaker counterions.7 For example, the difference in the distri-
bution coefficient between analyte cations is better with Li+

counterion than with Cs+ at ambient temperature. The mecha-
nism presented in this study may explain this phenomenon,
which has not been successfully interpreted yet. In other words,
the change in the hydration of the exchanging ions upon their
transition from the solution phase to the resin phase or vice
versa may play a predominant role in determining the ion-
exchange selectivity. SW-IEC with the aqueous mobile phase
containing large eluting ions may also bring about drastic
change in separation selectivity and can improve the separation
of ionic solutes through temperature programming.
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