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ts of incomplete ion-exchange by
electric field-induced ion polarization

Wei Du, ab Xinmin Liu,b Rui Tian,b Rui Li,b Wuquan Dingc and Hang Li*b

Incomplete ion-exchange results from ion interfacial reactions portray a particular scenario of interactions

between ions and charged surfaces. In this study, the constant flow method was adopted to study the

incomplete ion-exchange state of mono-valent cation adsorption of X+ (X+ ¼ Cs+, Na+ and Li+) in X+/K+

exchange at the montmorillonite particle surface. The pronounced incomplete ion-exchange state and

strong specific ion effects were experimentally observed. Further research found that the disparity in the

activation energies for different ion exchange systems caused by electric field-induced ion polarization

was responsible for the observations. Thus, a theoretical description of the incomplete ion-exchange

state by taking the ion polarization into account was established and verified. Applicable new approaches

to measuring the cationic diffusion coefficient in heterogeneously charged systems and the cationic

actual diffuse depth in the electric double layer were also derived from the theory.
Introduction

Ion exchange adsorption is a signicant physicochemical
process that widely occurs at two-phase interfaces. Studies on
the thermodynamics and kinetics in ion adsorption have
received considerable attention in the past decades.1–3 In recent
years, however, specic ion effects have opened up new elds of
vision in ion-surface interactions, and the rapidly accumulating
new concepts have stimulated physical chemists, biological
chemists as well as colloidal chemists to recheck the availability
of the well-known classical theories in describing ion-surface
interactions in colloidal systems.4,5

According to the law of electrical neutrality, when ion-
exchange adsorption reaches an ideal equilibrium state under
given conditions, the accumulated counterion amounts near
the charged surface should be equal to the surface charge
numbers of the adsorbent. In other words, the previously
adsorbed counterions for compensating surface net charges will
be entirely replaced by other exchanging ions. However, many
studies have demonstrated that achieving complete ion-
exchange is challenging; inversely, the pronounced incom-
plete ion-exchange is generally observed.6–13 Currently, the
reasons for incomplete ion-exchange are as follows: the slow
migration of ions arising from the immobilization of edge-
interlayers or the collapse of frayed edges in clay
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mineral,8,9,13,14 the incompatibility of the cation size with the
space available in specic sites of the materials,15 and insuffi-
cient external disturbances lead to the blocking of the diffusion
of exchange ions.12,16 Although these attempts to make sense of
incomplete ion exchange, systematic and theoretical explana-
tions regarding specic ion effects are still relatively scarce.

The kinetic study is generally known as the most common
method for investigating the ion-exchange adsorption process
for discovering its physical mechanisms; therefore, the kinetic
approach would be possibly more favorable for exploring the
mechanisms and the origins of the incomplete ion-exchange
state. Using kinetic and reactive-transport modeling, research
from E. Tertre et al. has conrmed that incomplete Na+/Ca2+

exchange can be attributed to the kinetic origin of the too-short
residence time for exchanging Ca2+ near the solid surface in
comparison with the half-ion-exchange reaction time (a few
seconds or minutes).16 However, the most commonly applied
kinetic models for investigating the ion exchange adsorption
are empirically or directly cited from simple reaction systems.17

For the exchange adsorption of cations in surface-charged
systems, there is the co-existence of multi-processes,
including series transport processes and exchange
processes,18,19 and multi-driving forces, including electrostatic
forces, induction forces as well as dispersion forces, etc.20

Therefore, obtaining insightful information from ionic
adsorption data through the applications of those kinetic
models is probably untenable.

By employing the miscible displacement experiment or
constant ow method, some researchers have established new
kinetic models based on the detailed theoretical analysis of
cationic exchange adsorption in heterogeneously charged
systems, for which the effects of electrostatic adsorption and/or
This journal is © The Royal Society of Chemistry 2020
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other non-electrostatic force adsorption could be taken into
account.21 According to these theories, cationic adsorption
exhibits two kinetic processes and can be described by two rate
equations, namely, the zero-order and rst-order rate equa-
tions. Most importantly, these theories conrmed that the
kinetic process should be characterized by the zero-order rate
equation in the presence of strong force adsorption (either
electrostatic or non-electrostatic), or by the rst-order rate
equation in the presence of weak force adsorption. Considering
that each parameter in these two rate equations has a denite
physical meaning, the application of the rate equations to deal
with kinetic data would be favorable in discovering insightful
information on ion adsorption at the particle surface. By
extending these two rate equations to the study of cation
exchange adsorptions in the presence of Hofmeister or specic
ion effects in heterogeneous systems, some researchers found
additional energy. This extra energy is referred to as the Hof-
meister energy, apart from the classic Coulomb energy of
cations at the clay mineral surface, which strongly inuences
the adsorption kinetics; an approach to estimating the intensity
has been further established.22,23

On the other hand, in the kinetic study of cation adsorption
by employing the miscible displacement experiment or the
constant ow method,24 the adsorption quantity of X+ (e.g., X+ ¼
Cs+) in X+/Y+ (e.g., Cs+/K+) exchange at equilibrium will not be
limited by cation exchange equilibrium. Also, at t / N, all the
previously adsorbed Y+ can be replaced by X+, and therefore the
adsorption quantity of X+ would be equal to the surface charge
numbers of the adsorbent. The reason is simple: for the
constant ow method, the concentration of the X+ in bulk
solution (owing solution) is always constant but the desorbed
cation Y+ is continuously taken away by the owing solution;
thus, all the previously adsorbed Y+ can theoretically be
exchanged by the X+. However, if the activation energy for Y+

desorption from the negatively charged surface (or from the
negative electric eld of the diffuse layer) to the owing bulk
solution is tremendous, the incomplete ion-exchange state
would be observed theoretically, for which the observed
adsorption quantity of X+ at time t / N would be lower than
the surface charge numbers. Li et al.24 established an efficient
approach to determining the adsorption quantity at t / N

based on the experimental data of cation adsorption kinetics
according to the constant ow method. Therefore, by adopting
the constant owmethod, the kinetic study can provide a rather
valid approach to discovering the incomplete ion-exchange
state and its mechanisms in ion adsorption on particle surfaces.

It is well known that in aqueous solution, colloidal particles
oen have abundant surface charges,20,24 which, combined with
the diffusively distributed counterions, could generate an elec-
tric eld of up to 108 to 109 V m�1 near the particle surface.25

Undoubtedly, the adsorption process of counterions would be
deeply affected by the strong electric eld. Based on the Gouy–
Chapman theory, some researchers have shown that the energy
and state of cationic non-valence electrons could be funda-
mentally changed by such powerful external electric elds,5

which could result in strong ion polarization and produce non-
coulombic interactions between ions and the charged surfaces
This journal is © The Royal Society of Chemistry 2020
of clay.26,27 Further studies have conclusively shown that the
aforementioned ionic interface behavior can be enhanced with
increases in ionic size.28 Thereby, the newly discovered inter-
action forces probably play an essential role in the incomplete
ion-exchange state of cation adsorption, and dominate the
possible specic ion effects. However, such important issues
have scarcely been involved in the current research.

In this study, the constant ow method was employed in the
mono-valent cation adsorption of X+ (X+ ¼ Cs+, Na+ and Li+) in
X+/K+ exchange at montmorillonite particle surfaces. This was
done to (1) conrm the specic ion effects of incomplete ion-
exchange experimentally; (2) establish a mathematical link
between incomplete ion-exchange and specic ion effects with
respect to ion polarization and (3) quantify and verify the val-
idity of model predictions with experimental results.
Material and methods
Material and sample preparation

Since the surface structure of montmorillonite is relatively
simple, the complex chemical bonding between ions and the
surface can be ignored, except for electrostatic interactions. As
such, the negatively charged montmorillonite was used as the
experimental material. The sample was purchased from Wu
Hua Tian Bao Mineral Resources Co. Ltd., Inner Mongolia,
China, and the purity was analyzed by X-ray diffraction (XRD;
Japanese Neo-Confucianism, Ultima IV) to be 98% montmoril-
lonite and 2% quartz. The montmorillonite sample was satu-
rated with 0.1 mol L�1 KNO3 electrolyte solution under neutral
conditions to ensure that the charge-compensating ions (e.g.
Na+ or Ca2+) could be readily replaced without causing obvious
dissolution of clay mineral and the detachment of structural
ions (e.g. Fe2+ or Mg2+).29 Amore detailed preparation process of
the K+-saturated sample was provided by Li et al.30 According to
the combined method,31 the determined surface charge
number, specic surface area, surface charge density, surface
electric eld strength and surface potential of the sample were
1150 mmol(�) kg

�1, 725 m2 g�1, 0.1586 mmol(�) m
�2, �2.164 �

107 V m�1 and �0.2855 V, respectively. The main elemental
composition of the montmorillonite sample detected by X-ray
uorescence spectrometer (Axios advanced PW4400) was SiO2

(57.04%), Al2O3 (15.48%), K2O (5.01%), Fe2O3 (4.92%), MgO
(4.36%), Na2O (0.57%) and CaO (0.26%) respectively.
Kinetic experiments of ion adsorption

The kinetics studies on ion adsorption were carried out at 298 K.
Approximately 0.5 g K+-montmorillonite was layered on the
exchange column. The sample was evenly spread as thinly as
possible to exclude the inuence of ion diffusion caused by the
longitudinal concentration gradient. The thickness of the
sample was approximately 0.2–0.3 mm, and the area was 15
cm2. The CsNO3, NaNO3 and LiNO3 owed through the sample
with a constant ow rate (0.5 ml min�1). All effluents were
collected by the automatic collector (DBS-100, Shang-Hai QPHX
Instrument Co., LTD. China). Since the adsorption rate
increases with increasing ionic concentration, the time interval
RSC Adv., 2020, 10, 15190–15198 | 15191
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was correspondingly adjusted to 20, 20, 5, 2 and 2 minutes at
0.0001, 0.001, 0.01, 0.02 and 0.03 mol L�1, respectively. Flame
photometry (AP1401, Shang-Hai AP Analysis Instrument Co.,
LTD. China) was applied to determine the concentrations of Li+,
Na+ and Cs+ in the effluents. The adsorption quantity for each
cation species was calculated before and aer the exchange
experiments. It is worth noting that since the kinetic results of
ion adsorption are continuous variables involving non-
independent measurement, statistical analysis based on the
average values of repetitions is unnecessary.32,33 However, the
repeatability of all treatments was examined before the present
research.
Experimental results

Based on the constant ow experiment, the relations between
cationic adsorption quantity NX(t) vs. time t for different
monovalent cations of X+ (X+ ¼ Cs+, Na+, and Li+ respectively) in
X+/K+ exchanges are shown in Fig. 1. The conspicuous speci-
city in adsorption kinetics for Cs+, Na+ and Li+ was observed,
which has been reported in our recent research.34

Theoretically, cationic exchange adsorption will obey two
different rate equations:

(1) The zero-order rate equation with strong force
adsorption21,22

dNXðtÞ
dt

¼ kXð0ÞNXðtÞ0 (1)

where NX(t) is the ionic adsorption quantity of X+ at time t; kX(0)
is the zero-order rate coefficient;
Fig. 1 Changes in cationic adsorption quantities with time.

15192 | RSC Adv., 2020, 10, 15190–15198
(2) The rst-order rate equation with weak force
adsorption21,22

dNXðtÞ
dt

¼ kXð1Þ

�
1� NXðtÞ

NXðt/NÞ
�

(2)

where NX(t / N) is the ionic adsorption quantity of X+ at t /
N; kX(1) is the rst-order rate coefficient.

By employing the experimental results of NX(t) � t shown in
Fig. 1, the relationship of dNX(t)/dt vs. NX(t) was obtained,
considering dNX(t)/dtz [NX(tm+1) � NX(tm)]/(tm+1 � tm) and NX(t)
z NX(tm+1/2) ¼ NX(tm) + 0.5[NX(tm+1) � NX(tm)],24 where m ¼ 1, 2,
3,.

Fig. 2 shows that for Cs+, there were strong force adsorptions
of the zero-order kinetic process in the initial stage, which
changed to weak force adsorptions of the rst-order kinetic
process in the cationic concentration range from 0.0001 to
0.03 mol L�1. For Na+ and Li+ adsorptions, only the weak force
adsorption of the rst-order kinetic process appeared. Accord-
ing to Fig. 2, the adsorption quantities of the cations at t / N

under different cationic concentrations are shown in Table 1.
The data in Table 1 show the strong specic ion effects on

the adsorption kinetics for Cs+, Na+ and Li+, and under arbitrary
cation concentrations, the adsorption quantities at t/N were
in the order of Cs+ >> Na+ > Li+. For example, under cationic
concentrations of 0.0001 mol L�1, the adsorption quantity at
t / N for Cs+ was 523.0 mmol kg�1 but it decreased to 111.4
and 79.32 mmol kg�1 for Na+ and Li+, respectively. Corre-
spondingly, under a cationic concentration of 0.01 mol L�1, the
adsorption quantity at t / N for Cs+ was 1098 mmol kg�1,
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The adsorption kinetics curves for Cs+, Na+ and Li+ under different concentrations.

Table 1 The rate coefficients and the adsorption quantities of cations
at t / N

Cation Concentration f0(x) (mol L�1) NX(t / N) (mmol kg�1)

Cs+ 0.0001 523.0
0.001 647.4
0.01 1098
0.02 1140
0.03 1152

Na+ 0.0001 111.4
0.001 165.8
0.01 380.5
0.02 403.5
0.03 485.8

Li+ 0.0001 79.32
0.001 122.8
0.01 348.1
0.02 379.4
0.03 410.8
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which decreased to 380.5 mmol kg�1 for Na+ and 348.1 mmol
kg�1 for Li+.

It is interesting that the adsorption quantities at t/N were
not constant but were dependent on cation species and their
concentrations, and the adsorption quantities at t / N

increased with the increase in the cation concentrations.
Theoretically, the adsorption quantity at t / N will be the
adsorption quantity at equilibrium. In this study of X+ (X+¼ Cs+,
Na+ and Li+) adsorption in X+/K+ exchange, the constant ow
method was adopted and the adsorption quantity of X+ at
equilibrium was not limited by cation exchange equilibrium.
Since all the adsorbed K+ could be exchanged by Cs+, Na+ or Li+

at t / N, the adsorption quantity of Cs+, Na+ or Li+ would be
This journal is © The Royal Society of Chemistry 2020
equal to the surface charge numbers. Considering that the
surface charge was 1150 mmol(�) kg

�1, the adsorption quantity
of Cs+, Na+ or Li+ at t/N would be 1150 mmol kg�1. However,
Table 1 shows that (1) for Cs+ at the concentration of
0.03 mol L�1, the adsorption quantity at t / N reached the
maximum value of 1150 mmol kg�1; under other concentra-
tions for Cs+ and the other two cations, the adsorption quan-
tities at t / N were less than 1150 mmol kg�1. (2) At the given
cationic concentrations, the adsorption quantities at t / N

were in the order of Cs+ >> Na+ > Li+. (3) For a given cation, with
the increases in the cation concentration, the adsorption
quantity at t / N increased. These results imply that (1) there
was an incomplete ion-exchange state for the X+ adsorption in
X+/K+ exchange. (2) The incomplete ion-exchange state was
determined by cationic species and their concentrations, or
there were distinct specic ion effects in the incomplete ion-
exchange state in the cation exchange adsorption. (3) The real
equilibrium state was tough to reach even with the constant
ow experiment, especially for cations with small volumes, such
as Li+ and Na+.
Discussion

The experimental results show distinct specic ion effects on
the incomplete ion-exchange state in cationic exchange
adsorption. For example, at the cationic concentration of
0.03 mol L�1, Cs+ adsorption reached the real equilibrium but
the adsorption quantities of Na+ and Li+ at t / N at the same
concentration merely accounted for 44.2% and 35.7% of the
adsorption quantity at real equilibrium states, respectively. At
the concentration of 0.0001 mol L�1, however, the adsorption
RSC Adv., 2020, 10, 15190–15198 | 15193
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quantities of Na+ and Li+ at t / N were even lower and just
accounted for 9.69% and 6.90% of the adsorption quantity at
the real equilibrium state, respectively. Therefore, we could say
that the specic ion effects strongly inuenced the degree of
difficulty in cation adsorption/desorption.

An explanation and description of such an incomplete ion-
exchange state as inuenced by the specic ion effects are
required. The recent investigation holds the view that the
presence of the incomplete ion-exchange state is directly bound
to the incompatibility between cation size and the specic sites,
or the absence of sites for cation exchange.10,35 However, the
observations in this study were confusing because the cation
species, as well as the ion concentration profoundly inuence
the incomplete ion-exchange state. To answer this question,
a more in-depth analysis will be required.

Theoretical analysis for the incomplete ion-exchange state in
the absence of specic ion effects

For the X+ (X+ ¼ Cs+, Na+ or Li+) adsorption in the X+/K+

exchange of the constant ow experiments, we have21,22,24

dNXðtÞ
dt

¼ p2DX

4l2

"
Sf0ðXÞ

ðl
0

e�
ZXF4ðxÞ

RT dx� S

ðl
0

fXðx; tÞdx
#

(3)

where 4(x) is the potential at position x away from the particle
surface, DX is the ionic diffusion coefficient, ZX is the charge of
X+ and here ZX ¼ 1. l is the thickness of the outer diffuse layer
where X+/K+ exchange occurs; S is the specic surface area of the
sample; fX(x,t) is the ionic concentration of X+ at position x and
time t; F is Faraday's constant; R is the general gas constant; T is
the absolute temperature.

NX ðtÞ ¼ S

ðl
0

fXðx; tÞdx (4)

At equilibrium of t / N, the Boltzmann distribution gives

fX ðx;NÞ ¼ f0ðXÞ e
�ZXF4ðxÞ

RT (5)

Thus at t / N, we have

NXðt/NÞ ¼ Sf0ðXÞ

ðl
0

e�
ZXF4ðxÞ

RT dx (6)

where NX(t / N) is the adsorption quantity of X+ at t / N.
According to eqn (2), (3) and (6), we could have

kXð1Þ ¼ p2DXSf0ðXÞ
4l2

ðl
0

e�
ZXF4ðxÞ

RT dx (7)

A comparison of eqn (6) and (7) gives

NXðt/NÞ ¼ 4l2

p2DX

kXð1Þ (8)

Eqn (8) clearly shows that the adsorption quantity of cation
X+ at t / N in X+/K+ exchange will depend on the rst-order
rate coefficient. The higher the rate coefficient kX(1), the larger
15194 | RSC Adv., 2020, 10, 15190–15198
the NX(t / N) will be. The rate-dependent equilibrium state
must be an incomplete ion-exchange state but not a real equi-
librium.34 Thus, here we theoretically demonstrate that the
experimentally observed equilibrium state of cationic exchange
adsorption would be an incomplete ion-exchange state, other
than the real exchange equilibrium, except that the adsorption
rate coefficient of the rst order could reach the maximum:

max kXð1Þ ¼ p2DX

4l2
½max NXðt/NÞ� ¼ p2DX

4l2
CEC (9)

where CEC is the cation exchange capacity, and here CEC ¼
1150 mmolc kg

�1.
On the other hand, according to the Arrhenius law in

a chemical reaction,36 the rate coefficient of X+ adsorption in X+/
K+ exchange could be expressed as

kXð1Þ ¼ k e�
DwX

RT (10)

where k is a constant, and DwX is the activation energy of X+

adsorption in X+/K+ exchange.
Obviously, when Dwactivation ¼ 0, there will be kX(1) ¼

max kX(1). Thus, from eqn (10), we have k¼max kX(1). On further
considering eqn (9), we have k ¼ [p2DX/4l

2] CEC. Thus, eqn (10)
changes to

kXð1Þ ¼ p2DX

4l2
CEC e�

DwX

RT (11)

Introducing eqn (11) into eqn (8), we obtain

NXðt/NÞ ¼ CEC e�
DwX

RT (12)

Eqn (12) theoretically demonstrates that as DwX s 0, then
NX(t / N) < CEC, indicating an incomplete ion-exchange state
in the cation exchange adsorption in charged clay minerals.

In the owing solution phase of X+ (in bulk solution), there is
4(x) / 0; thus, the potential energy for X+ in bulk solution is
wX(bulk) ¼ ZXF4(x) / 0. On the other hand, in adsorption phase
of X+, wX(adsorption) ¼ ZXF4(x) < 0. Therefore, the change in the
potential energy for X+ in the adsorption process (from solution
phase to adsorption phase), DwX ¼ ZXF4(x) < 0. Correspond-
ingly, in the solution phase of K+ (in bulk solution), there is
wK(bulk) ¼ ZKF4(x)/ 0, and in adsorption phase, wK(adsorption) ¼
ZKF4(x) < 0. Therefore, the change in the potential energy for K+

in the desorption process (from the adsorption-phase to the
solution-phase), would be DwK ¼ ZKF4(x) > 0. These imply that
the activation energy for X+ adsorption in X+/K+ was not from
the X+ adsorption process but from the K+ desorption process
and thus, we have

DwX ¼ ZKF

ðl
0

d4ðxÞ � w0 (13)

and

NXðt/NÞ ¼ CEC e�
ZKF

ðl
0

d4ðxÞ � w0

RT (14)
This journal is © The Royal Society of Chemistry 2020
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where w0 is an unknown constant, and when w0 ¼ ZKF
ðl
0
d4ðxÞ;

there is NX(t / N) ¼ CEC.
According to the classic double layer theory, under arbitrary

concentrations of XNO3 (X ¼ Cs, Na, and Li here), the 4(x)
distributions in the diffuse layer in the presence of CsNO3,
NaNO3 and LiNO3 will be the same; thus, according to eqn (14),
under a given XNO3 concentration, the NX(t / N) values for X
¼ Cs+, Na+ and Li+ will be the same. However, from the exper-
imental data shown in Table 1, we nd that they are quite
different. For example, at a concentration of 0.03 mol L�1, the
NX(t/N) values for X ¼ Cs+, Na+ and Li+ were 1152, 485.8 and
410.8 mmol kg�1, respectively. This indicates that even though
the classic theory can predict an incomplete ion-exchange state,
it cannot quantitatively give a correct prediction for the
incomplete ion-exchange state.
Table 2 The activation energy for cationic adsorption on the clay
surface

Cation Concentration f0(x) (mol L�1)
Activation energy
DwX (RT)

Cs+ 0.0001 0.7879
0.001 0.5745
0.01 0.04627
0.02 0.008734
0.03 0

Na+ 0.0001 2.334
0.001 1.937
0.01 1.106
0.02 1.047
0.03 0.8617

Li+ 0.0001 2.674
0.001 2.237
0.01 1.195
0.02 1.109
0.03 1.029
Theoretical analysis of the incomplete ion-exchange state in
the presence of specic ion effects

Current studies have shown that for clay systems, the electric
eld-induced cation polarization could strongly inuence
cation exchange in both equilibrium20,37,38 and kinetics.22,23,34

Taking the electric eld-induced cation polarization into
account, the total potential energy of the mean force for
adsorbed cations could be expressed as follows:5,22,26

w(x) z gZFj(x) (15)

where j(x) is the potential in the presence of the electric eld-
induced cation polarization, and gZ is the apparent ionic
charge number since all the non-coulombic interactions of the
cation-clay can be attributed the coulombic interactions.

In the absence of the electric eld-induced cation polariza-
tion, eqn (15) is reduced to

w(x) z ZF4(x) (16)

On the other hand, in the adsorption process of X+ in X+/K+

exchange, the potential j(x) in the diffuse layer might be
approximately taken as solely depending on the adsorption
cation of X+;39 thus, from eqn (15) and (16) we have: j(x) ¼ 4(x)/
gX. Therefore, in the presence of electric eld-induced cation
polarization, ZK and 4(x) in eqn (13) and (14) can be replaced by
gKZK and 4(x)/gX, respectively. Here, gK and gX are the effective
charge coefficients of K+ and X+, respectively.

Taking the electric eld-induced cation polarization into
account, eqn (13) and (14) are changed to

DwX ¼ gK

gX

F

ðl
0

d4ðxÞ � w0 (17)

and

NXðt/NÞ ¼ CEC e�
DwX

RT zCEC e�

gK
gX

F

ðl
0

d4ðxÞ � w0

RT (18)

Here, we would like to emphasize that in eqn (16)–(18), 4(x)
is the classic potential, and thus under given concentrations in
This journal is © The Royal Society of Chemistry 2020
bulk solution for X+¼ Cs+, Na+ and Li+, the 4(x) is the same. Eqn
(18) indicates that the larger the gX value for X+, the larger NX(t
/ N) will be. Considering that gX for Cs+, Na+ and Li+ were in
the order of 2.404 >> 1.180 > 1.063,22 theoretically, the NX(t /
N) for Cs+, Na+ and Li+ would be in the order of NCs(t / N) >>
NNa(t / N) > NLi(t / N) based on eqn (18). The experimental
results for NX(t/N) shown in Table 1 indeed exhibit the order
of NCs(t / N) >> NNa(t / N) > NLi(t / N). The observed
incomplete ion-exchange could be rationalized as taking the
electric eld-induced cation polarization into account.

According to the measured NX(t/N) values shown in Table
1 and eqn (18), the activation energy DwX could be calculated,
and the results are shown in Table 2.

For Cs+ at the concentration of 0.03 mol L�1, we have

DwCs ¼ gK

gX

F

ðl
0

d4ðxÞ � w0 ¼ 0 (19)

For Li+ under the same concentration, there is

DwLi ¼ gK

gLi

F

ðl
0

d4ðxÞ � w0 ¼ 1:029 (20)

The solutions of eqn (19) and (20) give w0 ¼ 0.8157 RT.
Here, we should keep in mind that under a given concen-

tration of X+ (X+ ¼ Cs+, Na+, and Li+ respectively), for different
cationic species of X+ the 4(x) values are the same since 4(x) is
the classic potential. Thus, under a given X+ concentration,
based on eqn (17), for X+ ¼ i and j we have

gi

gj

¼ Dwj þ w0

Dwi þ w0

(21)

Supposing w0 to be a constant of 0.8157 in advance, under
other concentrations, the gCs/gNa, gNa/gLi and gCs/gLi values
could be theoretically calculated from eqn (21) on employing the
measuredDwX shown in Table 2; the results are shown in Table 3.
RSC Adv., 2020, 10, 15190–15198 | 15195

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01266a


Table 3 The theoretically estimated gCs/gNa, gNa/gLi and gCs/gLi

Cationic concentration f0(x) (mol L�1) gCs/gNa gNa/gLi gCs/gLi

0.0001 1.964 1.108 2.176
0.001 1.980 1.109 2.196
0.01 2.229 1.046 2.333
0.02 2.260 1.033 2.334
0.03 2.056 1.100 2.262
Average 2.098 1.079 2.260
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On the other hand, based on the experiments of clay aggrega-
tion through dynamic light scattering and cationic exchange
selectivity, the obtained gCs/gNa, gNa/gLi and gCs/gLi values were
2.037, 1.110 and 2.261, respectively.38,40 The estimated gCs/gNa,
gNa/gLi, and gCs/gLi values from the measured activation energies
of cationic adsorption (as shown in Table 3) meet the corre-
sponding values from other methods very well. These results
conrm that the obtained eqn (17) could be applied to describe
the activation energy of cation adsorption in the presence of
electric eld-induced cation polarization, and the theory expressed
as eqn (18) could be used to describe the incomplete ion-exchange
state of cation adsorption in clay, which was produced from cation
polarization in the strong electric eld of clay.

Those results also conrm that w0 was indeed a constant and
independent of the cationic species and their concentrations.
However, currently, the physical denition of w0 is unknown.
Estimation of the cation diffusion coefficient in clay and the
depth in the diffuse layer where the exchange occurs in cation
exchange experiments

As discussed above, at the incomplete ion-exchange state of X+

adsorption in X+/K+ exchange, the cationic distribution in the
diffuse layer could be illustrated as Fig. 3.

In the presence of electric eld-induced cation polarization,
the effective thickness of the diffuse layer could be expressed as
follows:37
Fig. 3 Schematic diagram of the cationic distribution in the diffuse
layer (DL) in the incomplete ion-exchange state.

15196 | RSC Adv., 2020, 10, 15190–15198
1=k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3RT

8pF 2gX f0ðXÞ

s
(22)

where 1/k is the reciprocal of the classical Debye–Hückel
parameter in the presence of cation polarization; 3 is the
dielectric constant for water.
Estimation of the cation diffusion coefficient in clay

For Cs+ adsorption in Cs+/K+ exchange at f0(Cs) ¼ 0.03 mol L�1,
the incomplete ion-exchange state was just the real equilibrium
as discussed above; thus we have l ¼ 1/k ¼ 1.12 nm (calculated
from eqn (22)). At f0(Cs) ¼ 0.03 mol L�1 the NCs(t / N) ¼
1152 mmol kg�1 and kCs(1) ¼ 4266 mmol kg�1 min�1 (Fig. 2 and
Table 1). From eqn (8), we could have DCs ¼ 1.878 nm2 min�1.
We want to emphasize that DX was not the diffusion coefficient
in the bulk solution but in the porous clay system. Considering
that the ion mobility for Cs+ is 1.545 or 2.000 times that of Na+

or Li+, respectively,41 and that the diffusion coefficient of an ion
in solution is proportional to its mobility, we estimated the
diffusion coefficients of Na+ or Li+ in the clay to be DNa ¼ 1.216
or DLi ¼ 0.9390 nm2 min�1 at f0(X) ¼ 0.03 mol L�1, respectively.

On the other hand, the ion mobility is the function of the
ionic concentration or ionic strength in solution, and42 estab-
lished an empirical equation to describe this relationship for
different monovalent ions. Based on this empirical equation,

DX ¼ D0
X e�0.6701I0.5035 (23)

where D0
X is the j coefficient of X+ at I / 0 mol L�1, and I is the

ionic strength.
According to the above obtained DX at f0(X) ¼ 0.03 mol L�1, it

could be estimated that DCs
0 ¼ 2.106 nm2 min�1, DNa

0 ¼ 1.363
nm2 min�1 and DLi

0 ¼ 1.053 nm2 min�1. Thus, DX under other
cationic concentrations could be calculated from eqn (23), and
the results are shown in Table 4.

Table 4 shows that the ionic diffusion coefficient follows the
order of Cs+ > Na+ > Li+ at identical ionic concentrations, which is
in line with the sequence of the polarization intensities of Cs+, Na+

and Li+.22,23,43 This implies that the diffusion ability of equivalent
ions is positively related to their polarization intensity. Further-
more, since the ion polarization is related to the ion size, we can,
therefore, safely infer that there is also a correlation between the
ion diffusion coefficient and the ion size;44 it was found that the
diffusion coefficient of the cations increased with the increase in
the bare diameter ratio of cation to anion. It was also demonstrated
theoretically using amodiedmean spherical approximation45 that
the mutual diffusion coefficients of concentrated 1 : 1 electrolyte
solutions are in the order: Cs+ > Na+ > Li+.46 Themeasured results of
diffusion coefficients presented in Table 4 are in agreement with all
the simulated and theoretically results mentioned above.
Estimation of the depth of the diffuse layer where the
exchange occurs in cationic exchange adsorption experiments

On introducing the kX(1) and NX(t / N) shown in Table 1 and
the corresponding DX estimated by eqn (23) into eqn (8), l and
l/(1/k) could be calculated, and the results are shown in Table 4.
This journal is © The Royal Society of Chemistry 2020
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Table 4 The estimated DX, l, 1/k and the comparison between l/(1/k) and NX(t / N)/CEC

f0(x) (mol L�1)

DX (nm2 min�1) l (nm) 1/k (nm) l/(1/k)[NX(t / N)/CEC] (%)

Cs+ Na+ Li+ Cs+ Na+ Li+ Cs+ Na+ Li+ Cs+ Na+ Li+

0.0001 2.09 1.35 1.05 14.2 6.30 4.92 19.3 27.6 29.1 73.6[45.5] 22.8[9.69] 16.9[6.90]
0.001 2.06 1.34 1.03 4.52 2.39 2.05 6.12 8.73 9.21 73.9[56.3] 27.4[14.4] 22.3[10.7]
0.01 1.97 1.28 0.986 2.01 1.05 0.978 1.93 2.76 2.91 104 [95.4] 38.0[33.1] 33.6[30.3]
0.02 1.92 1.24 0.959 1.36 0.763 0.706 1.37 1.95 2.06 99.3[99.1] 39.1[35.1] 34.3[33.0]
0.03 1.88 1.22 0.939 1.12 0.841 0.619 1.12 1.59 1.68 100 [100] 52.9[42.2] 36.8[35.7]
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It is fascinating that the theoretically calculated l/(1/k) data
corroborated the experimentally determined NX(t / N)/CEC
very well under relatively high cationic concentrations. This
conrmed the correctness of the obtained diffusion coefficient
(DX) in clay, the depth of the diffuse layer (l) where the exchange
occurred, as well as the Debye–Hückel parameter (k), taking the
cation polarization into account. The data in Table 4 show that
for Cs+ with concentration $0.01 mol L�1, the Cs+/K+ exchange
occurred almost in the whole diffuse layer (l/(1/k)/ 100%) and,
correspondingly, the previously adsorbed K+ was almost thor-
oughly exchanged by Cs+ (NX(t/N)/CEC/ 100%). For Na+ or
Li+ with concentration$0.01 mol L�1, the calculated l/(1/k) also
matched the determined NX(t / N)/CEC. The percentage of
measured NX(t / N)/CEC was, to some degree, lower than the
percentage of the calculated l/(1/k), especially at relatively low
ionic concentrations. The reason for such a difference is
apparent: the cationic concentration in the inner space of x ¼
0 to (1/k� l) is higher than that in the outer area of x¼ (1/k� l) to l,
especially at relatively low cationic concentrations. Thus, on the
contrary, the percentage of themeasured [CEC� -NX(t/N)]/CEC
should be higher than the percentage of the calculated (1/k� l)/(1/
k) especially at relatively low ionic concentrations. The data shown
in Table 5 meet these predictions and under relatively high cation
concentrations of$0.01 mol L�1, the percentage of the measured
[CEC � NX(t / N)]/CEC still matches the percentage of the
calculated (1/k � l)/(1/k) well.

This study suggests possible approaches to measuring the
cationic diffusion coefficient in clay and the depth of the diffuse
layer where the exchange occurs in the cationic exchange
adsorption experiments. Again, the comparison of the
theoretically calculated l/(1/k) and experimentally determined
NX(t / N)/CEC values veried the correctness of the estab-
lished theory for describing the incomplete ion-exchange state
Table 5 The comparison of (1/k� l)/(1/k) and [CEC� NX(t/N)]/CEC
values

f0(X) (mol L�1)

(1/k � 1)/(1/k) {[CEC � NX(t / N)]/CEC} (%)

Cs+ Na+ Li+

0.0001 0.264 {0.545} 0.772 {0.903} 0.831 {0.931}
0.001 0.263 {0.437} 0.726 {0.856} 0.777 {0.893}
0.01 0.000 {0.000} 0.619 {0.669} 0.664 {0.697}
0.02 0.000 {0.000} 0.609 {0.649} 0.657 {0.670}
0.03 0.000 {0.000} 0.471 {0.577} 0.631 {0.643}

This journal is © The Royal Society of Chemistry 2020
that was induced by the electric eld-induced cation
polarization.
Conclusions

In this study, the specic ion effects of incomplete ion-exchange
at a montmorillonite particle surface were observed. The
established theoretical framework showed that the disparity of
activation energies caused by different polarized exchanging
cations in the strong electric eld of clay resulted in the
observed specic ion effects of the incomplete ion-exchange
state. Finally, a theory for describing the specic ion effects of
the incomplete ion-exchange state, taking the electric eld-
induced cation polarization into account, was established,
and the availability of the established theory has been veried
independently by the effective charges of the sharply polarized
cations and the depth of the diffuse layer where the exchange
occurred.

This study suggests applicable new approaches for
measuring the cationic diffusion coefficient in clay and the
actual depth in the diffuse layer where the exchange occurs in
clay mineral systems in cationic exchange adsorption
experiments.
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