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Ion exchange: an essential piece in the fabrication
of zeolite adsorbents
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Adsorptive separation, which relies on the size, polarity, and affinity of guest molecules, is an efficient,

eco-friendly, and cost-effective method. Zeolite-based adsorbents, known for their uniform pore size and

regenerability, have exhibited exceptional performance in many challenging adsorption processes, such as

the separation of n-paraffin/i-paraffin and xylene isomers. Ion exchange, as an essential piece in the

fabrication of zeolite-based adsorbents, significantly affects overall performance. In this review, we survey

the recent key developments and issues within ion exchange research of zeolite-based adsorbents,

including the solution pH, solution concentration, ion-exchange cycles, ion-exchange temperature, ion-

exchange time, calcination temperature, and discuss the mechanisms of their influence on zeolite

adsorption. This review also elaborates on the negative effects of improper ion exchange on incomplete

cation exchange, cation migration, collapse of the zeolite structure, and blockage of zeolite pores. Other

parameters that lack research but have been proven to affect ion exchange are also mentioned. We hope

to generate interest in the wider community and encourage others to make use of ion exchange in

tackling challenges of adsorption separation science and engineering.

1. Introduction

Adsorption is a cost-effective and efficient separation method
widely utilized for separating chemicals that are difficult to
separate using traditional distillation techniques.1 Zeolite adsor-
bents, known for their uniform pore size and regenerability, have
been successfully employed in various industrial applications,
including gas drying, oxygen production, hydrogen production,
CO2 separations, and the separation of n-paraffins from i-paraffins
and xylene isomers.2 In 2022, zeolites accounted for approximately
40% of the adsorbents market and are projected to experience a
compound annual growth rate of 6.1% from 2023 to 2033.3

Zeolite, which is a classic inorganic porous material featured
with exceptional stability, high adsorptive capacity, tuneable
adsorption selectivity, and low production cost, has been seen
as an excellent and practical adsorbent. Zeolite adsorbents are
usually aluminosilicates,4 whose frameworks are constructed
by corner-sharing of TO4 (T = Si and Al) tetrahedra. These
frameworks have considerable stability and offer abundant
uniform pores to store guest molecules (adsorbates). In order
to balance the negative charges from the framework AlO4

tetrahedra, there are some framework and extra-framework

cations located in the zeolite pores, which significantly affect
the adsorption selectivity of zeolites. The selective adsorption
capacity of zeolites is typically attributed to four major effects:
steric effect, equilibrium effect, kinetic effect, and trapdoor
effect.5 All of these effects are related to the counter cations
within zeolites, meaning that the adsorption selectivity of
zeolites can be improved by altering the counter cations.

Ion exchange is a common, simple, and valuable method to
introduce specific cations into zeolites.6 Numerous zeolite
adsorbents are fabricated through this process. For example, 3A
and 5A zeolites, which are K- and Ca-exchanged forms of zeolite A,
respectively, have been widely used in gas drying, air separation,
hydrogen purification, and paraffin isomer separation.7 Addition-
ally, Li- and Ba-exchanged zeolite X demonstrate impressive
adsorptive performance in oxygen purification8 and p-xylene
purification,9 respectively. The growing demand for zeolite
adsorbents with high selectivity for specific chemicals has led
to the continuous development and reporting of novel zeolite
adsorbents.10 Currently, a large amount of research has explored
the exchange of almost all alkali metals and alkaline earth metals
in zeolites,11 but improper ion exchange operations would
decrease zeolite adsorption performance. Based on the mechan-
isms of adsorptive separation in zeolites,5 those with a high
degree of ion exchange, optimal cation distribution, and large
surface area typically exhibit remarkable selective adsorption
properties. As illustrated in Fig. 1, there are four key issues
during the ion exchange process that can affect the adsorption
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capabilities of zeolites: incomplete cation exchange,12 cation
migration,13 collapse of zeolite structure,14 and blockage of
zeolite pores.15

Complete cation exchange is beneficial for adsorption,12,16

as incoming cations provide interaction sites for adsorbate
molecules. However, achieving this in some ion exchange
systems is challenging. Once cations enter the zeolite, they
randomly distribute among various cation sites, but only those
in specific locations can effectively interact with adsorbate
molecules.17–19

Additionally, the zeolite pores play a crucial role in its
adsorption properties, providing channels for adsorbates to
diffuse and interact with cations. The pores are formed by the
zeolite framework, meaning that pore integrity is compromised if
the framework collapses. During ion exchange, the framework
may be damaged due to hydrolysis and thermal vibrations.20,21

Moreover, pore blockage can occur when cations and anions are
absorbed into the pores after cation exchange, a phenomenon
known as salt imbibition,22 leading to undesirable pore
obstruction.15

Therefore, the impact of ion exchange on zeolite adsorption
performance is determined by factors such as the degree of ion
exchange, cation migration, the integrity of the zeolite frame-
work, and pore blockage. These criteria are essential for under-
standing the mechanisms of ion exchange in zeolite adsorption.

Given the importance of ion exchange in the separation
performance of zeolites, we provide a brief review of the factors
influencing the ion exchange process and explore how these
factors affect the adsorption performance of zeolites. We mainly
focus on the parameters of solution pH, solution concentration,
ion exchange cycles, ion exchange temperature, ion exchange
time, and calcination temperature. These variables play a crucial
role in influencing the ion exchange process, and their mechan-
isms have been extensively researched.

To avoid redundancy, we discuss the impact of these vari-
ables on zeolite adsorption performance through the four
mentioned criteria, including the degree of ion exchange,

cation migration, the integrity of the zeolite framework, and
pore blockage within the zeolite. These discussions emphasize
the connections between the four criteria and the parameters of
ion exchange, rather than directly relating these variables to the
adsorption capacity of zeolite. Based on these connections,
tailored suggestions are presented to optimize the ion exchange
process of zeolites. Furthermore, other parameters that have
not been adequately researched but have demonstrated effects
on ion exchange are also discussed.

2. Fundamental principles of ion
exchange in zeolite

Although most cations can move freely within the zeolite
channels and the external solution, the ‘‘anions’’ inside the
zeolite cannot move freely as they are part of the zeolite
framework. However, both cations and anions in the external
solution can move freely. Namely, while anions in aqueous
solution can theoretically move into and out of the zeolite
freely, the anionic framework of the zeolite cannot do the
converse with respect to the solution phase. Therefore, anions
in the solution can only enter the zeolite when accompanied by
an equivalent amount of cations; otherwise, it would violate the
requirement of charge neutrality in each phase. This raises an
important question: how is the ion exchange process in zeolites
actually achieved?

The details of cation exchange in zeolite, which are pictured
in Fig. 2, can be described as follows: (1) the incoming cations
are dissociated in water to become hydrated cations; (2) the
incoming cations, accompanied by water molecules, diffuse
from the external solution into the zeolite pores; (3) the
incoming cations exchange with the outgoing cations in the
zeolite pores; (4) the outgoing cations diffuse from the zeolite
pores into the external solution; (5) an ion exchange equili-
brium is achieved between the zeolite and the solution.

Fig. 1 Schematic illustration of four major issues in ion exchange of zeolite.
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The ion exchange equilibrium can be described by the
following equation:23

bAa+
(sol) + aBb+

(zeo) " bAa+
(zeo) + aBb+

(sol) (1)

Here, A and B are the incoming and outgoing cations, with a
and b denoting the valencies of cations A and B, while the
subscripts ‘‘(zeo)’’ and ‘‘(sol)’’ refer to the ions being either
inside the zeolite or in the solution. Based on this equation, the
concept of the degree of ion exchange (DE) in this paper is
defined as:

DE ¼ mB0 �mB1ð Þ
mB0

� 100% (2)

Where mB0 and mB1 stand for the molalities of cation B in the
zeolite before and after ion exchange. The degree of ion
exchange is calculated based on the molality of the outgoing
cation instead of the incoming cation because the molality of
the incoming cation is affected by ion exchange and salt
imbibition simultaneously. When salt imbibition occurs, the
degree of ion exchange calculated based on the molality of the
incoming cation may be overestimated. In contrast, the cation
loading is calculated based on the molality of the incoming
cation, which reveals the real content of the incoming cation in
the zeolite.

If zeolites are exposed to a series of isonormal solutions
containing different incoming and outgoing cations under
standard conditions of temperature and pressure, an ion
exchange isotherm can be constructed to obtain information
on the cation distribution between the zeolite and the solution
phase. We can plot an isotherm to record the equivalent
fraction SA of the incoming cations in solution and their
equivalent fraction ZA in the zeolite. These fractions reflect
the proportion of the exchange capacity in each phase and can
be expressed in binary ion exchange as follows:

ZA ¼
amA

amA þ bmB
(3)

SA ¼
anA

anA þ bnB
(4)

Here, subscript ‘‘A’’ and ‘‘B’’ refer to cations A and B, with a
and b representing the valencies of exchanging cations A and B,
while m and n indicate the molalities of cations in the zeolite
and solution phases, respectively.

The idealized shape of the ion exchange isotherm for zeolites is
shown in Fig. 3.24 This shape illustrates the relative preferences of
cations between the solid zeolite and the solution. When the zeolite
has equal affinity for two cations, the isotherm appears as a straight
line, represented by the dashed line in Fig. 3. When cation A readily
displaces cation B from the zeolite, the isotherm resembles curve
(i). Conversely, if cation A remains in solution and does not easily
displace cation B from the zeolite under the experimental

Fig. 2 Schematic overview of fundamental principles of ion exchange in zeolite.

Fig. 3 Idealized cation exchange isotherms. Dashed line: non-selective
exchange; curve (i) selective exchange for incoming cations; curve (ii)
unselective exchange for incoming cations; curve (iii) a change in selec-
tivity as a function of S.
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temperature and concentration conditions, the isotherm takes the
shape shown as curve (ii). When selectivity changes occur within
the studied concentration range, an S-shaped curve appears as
shown as curve (iii), indicating that the zeolite has multiple
exchange sites available for competing cations.

The ion exchange process in zeolite can be considered a
chemical reaction, as mentioned in eqn (1). The relationship
between its thermodynamic equilibrium constant Ka and the
concentration of each species can be described as follows:25

Ka ¼
f bAZ

b
Ag

a
Bn

a
B

f aBZ
a
Bg

b
An

b
A

(5)

Let fA and fB represent the rational single-ion activity
coefficients of ions A and B in the zeolite phase, while gA and
gB denote the molal single-ion activity coefficients of ions A and
B in the solution phase. ZA and ZB refer to the equivalent
fractions of ions A and B in the zeolite phase, and nA and nB

are the molalities of ions A and B in the solution phase.
Although the molal single-ion activity coefficients can vary with
the degree of ion exchange,22 their values remain greater
than zero.

To calculate the thermodynamic equilibrium constant
of ion exchange, it is common to define a function Kc

(known as the corrected selectivity quotient26), which is related
to Ka:

Kc = Ka(fa
B/fb

A) (6)

Generally, the thermodynamic equilibrium constant Ka

can be determined using the Gaines and Thomas equation:27

lnKa ¼ b� að Þ þ
ð1
0

lnKcdZA (7)

However, in reality, changes in water activity within the zeolite
framework and salt imbibition may alter the thermodynamic
equilibrium constant. When these phenomena cannot be ignored,
corresponding functions should be added to the equation:

lnKa ¼ b� að Þ þ
ð1
0

lnKcdZA þ DþC (8)

Here, D represents a composite factor that accounts for
alterations in both the quantity and activity of water within
the exchanger, reflecting differences in external electrolyte
concentration and the zeolite composition, and c is a function
that takes salt imbibition into account (see ref. 26 for more
details).

Fig. 4 Schematic overview of zeolite hydrolysis mechanism under acidic, neutral and basic conditions. M1: dealumination in acidic conditions;32 M2:
dealumination in neutral conditions;33 M3: desilication in neutral conditions;33 M4: desilication in basic conditions.35
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3. Effect of solution pH

For a specific zeolite, effective adsorption performance relies on
two key factors: the integrity of the zeolite framework, which
ensures the availability of sufficient effective adsorption sites,
and the type of extra-framework cations, which typically alter
the zeolite’s pore structure or enhance its selectivity for specific
molecules. The above two factors are significantly influenced by
the pH of the ion exchange solution.

During the ion exchange process, both zeolites and incoming
cations can undergo hydrolysis in aqueous solutions. Zeolite
hydrolysis can cause structural damage,28 while cation hydrolysis
may hinder the effective entry of cations into the zeolite pores.29

To minimize these hydrolytic effects, it is crucial to control the
solution pH, as these reactions are undesirable. The mechanism
of zeolite hydrolysis, detailed in Fig. 4, varies with the pH of the
ion exchange solution.

In acidic environments, zeolite hydrolysis primarily proceeds
through dealumination reactions.30,31 Therefore, we only focus
on the mechanism of Al–O bond cleavage promoted by the acid
medium. This mechanism is denoted as M1 and is shown in
Fig. 4. In this process, HCl molecules provide an acidic environ-
ment and act as catalysts to accelerate zeolite hydrolysis.32 The
proton of HCl is positioned at a bridging oxygen near another
OH-bridging (located at the Al–O4 bond) that had been estab-
lished before the introduction of HCl. At the same time, a single
water molecule is adsorbed on the aluminum, resulting in the
distance of the Al–O4 bond being enlarged until it breaks.

Even under neutral conditions, water molecules act as
nucleophiles to attack the silicon or aluminum of the zeolite
framework, and thereby promoting partial and reversible
hydrolysis. Heard et al. proved that zeolite could be hydrolyzed
under milder aqueous conditions and revealed the mechanisms
of the Al–O and Si–O bonds breaking, which are denoted as M2
and M3 in Fig. 4, respectively.33 In M2, due to a Brønsted proton
located in the bridging oxygen of the Si–O–Al bond, there is no
requirement to introduce more water molecules for proton
transfer to facilitate Al–O bond scission. After the aluminum
absorbs a water molecule, it is easy for the Al–O bond to break.
In M3, apart from the attacking water molecule, there are three
other water molecules participating in the reaction. These addi-
tional water molecules transfer a proton from the attacking
water to the axial framework oxygen via the Grotthuss mecha-
nism to promote the Si–O bond breaking. Compared to the Si–O
bond, the Al–O bond can break faster, because the energy barrier
of Al–O bond scission is lower than that of Si–O bond scission.
However, the hydrolysis products of Si–O–Si bond cleavage are
slightly more stable based on thermodynamic analysis. There-
fore, it is difficult to conclude which hydrolysis mechanism plays
a leading role in neutral conditions.

In basic environments, it is generally believed that the desilica-
tion reaction plays a dominant role in zeolite hydrolysis.34,35

During the desilication process, basic molecules can serve as a
reactant36 or a catalyst.35 Taking the NaOH molecule as an
example, Jin et al. suggested that NaOH could act as a reactant
in the desilication reaction only under the conditions in which

there was a local excess of NaOH and little water.35 Therefore, they
proposed another mechanism that was more suitable for zeolite
hydrolysis under aqueous basic conditions. This mechanism is
denoted as M4 in Fig. 4. In this process, there is one NaOH
molecule and two water molecules participating in the reaction.
One water molecule, whose oxygen binds to the Na+ cation,
provides a hydroxyl group and a proton; the other water molecule
is used to transfer the proton. Finally, the Si–O–Si bond is broken,
which binds to the Na+ cation.

It should be noted that the models of these dealumination
mechanisms are protonic zeolites, including M2 and M3
mechanisms. It does not mean that the aluminum in cationic
zeolites cannot be hydrolyzed, but protonic zeolites more easily
achieve dealumination with respect to cationic zeolites. Sun
et al. used DFT calculations to successfully prove that the first
Al–O bond in H-LTA zeolite was easier to break than in cationic
LTA zeolite.37 The minimal activation energies of the first Al–O
bond scission in H-LTA and Na-LTA zeolites were 75 and
118 kJ mol�1, respectively.37 Therefore, the outgoing cations
within the zeolite probably exchange with protons from water
dissociation before zeolite dealumination. Taking sodium zeo-
lite as an example, the reaction equation can be expressed as:

Na(zeo)
+ + H2O " Na(sol)

+ + H(zeo)
+ + OH(sol)

� (9)

Where the subscripts ‘‘(zeo)’’ and ‘‘(sol)’’ refer to the ions being
either inside the zeolite or in the solution, respectively. Eqn (9)
illustrates that elevating the hydroxide ion concentration
diminishes the ingress of hydrated hydrogen ions into the
zeolite, implying that raising the solution’s pH value can
decelerate the zeolite’s dealumination rate.

Enhancing the solution’s pH value can reduce zeolite deal-
umination, but it may promote zeolite desilication based on
mechanism M4. Therefore, in order to reduce zeolite hydro-
lysis, it is crucial to adjust the pH of the ion exchange solution
to balance the adverse impacts of dealumination and desilica-
tion on zeolite structural stability.

Fig. 5 The conjectural relationship between the rate of zeolite hydrolysis
and the pH of the ion exchange solution.

PCCP Tutorial Review

Pu
bl

is
he

d 
on

 0
4 

Ju
ne

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
7/

29
/2

02
5 

7:
32

:4
1 

PM
. 

View Article Online

https://doi.org/10.1039/d5cp00894h


Phys. Chem. Chem. Phys. This journal is © the Owner Societies 2025

Generally, there exists an optimum pH range that minimizes
the rate of zeolite hydrolysis, as illustrated in Fig. 5. This
optimum range typically lies near neutral pH. Cama et al.
investigated the dissolution rate of NaP1 zeolite at various pH
values in the range of 2–12.38 Their results showed that dissolu-
tion rates decreased with increasing pH under acidic conditions,
but increased under basic conditions, with the slowest rates
observed at near neutral pH (6.5–9.5). A similar trend was
reported by Ragnarsdóttir,39 who found that the dissolution of
heulandite was accelerated in both acidic and basic environ-
ments, with a minimum dissolution rate at pH 7.2.

The precise optimum pH range for minimizing zeolite
hydrolysis depends on the nature of the zeolite,33,39,40

especially the Si/Al ratio.31 In general, zeolites with higher
framework aluminum species exhibit a higher optimal pH.
Experimental studies on A-type zeolites (which have high
framework aluminum species) confirm that such zeolites are
more stable in weakly alkaline environments.40–42

Although it is advantageous for zeolites to maintain their
structural stability in near neutral environments, this doesn’t
mean that all ion exchange systems are suitable to operate
under these environments. The hydrolysis of the incoming
cations should not be ignored, as it can decrease the efficiency
of cation exchange, and it is easily achieved in basic
solutions.43,44 Apart from alkali metals and some alkaline-
earth metals (strontium, barium), whose hydroxides can easily
dissolve in water, most metal cations are readily hydrolyzed in
basic or even neutral environments. Even though no metal
precipitations occur, when cations hydrolyze, other hydrolyzed
species will become the predominant metal species in water,
such as MOH+, M(OH)2, and M(OH)3

�, which are more difficult
to pass through small cages compared to free cations.45 For
example, Cd(II) exists primarily as Cd2+ at pH r 8; the Cd(OH)+

ion begins to form at pH 4 8 and its contribution is important at
pH 9; at pH 10.6, the majority of the cadmium is in the form of
Cd(OH)2 with the remainder Cd(OH)+ and Cd(OH)3

�; finally the
anion Cd(OH)3

� is the predominant species at pH 4 13
(Fig. 6).46 Suzuki et al. investigated how pH affected the move-
ment of Co2+ ions within zeolite Y.47 They discovered that the
Co2+ levels in the zeolite decreased as the pH exceeded 10.5. They
suggested that it was difficult for Co2+ ions to enter the sodalite
cages of zeolite Y, because some Co2+ ions associated with
hydroxide ions and were blocked in the supercages of zeolite Y
at pH 10.5. When the pH exceeded 10.7, the hydrolysis of Co2+

ions increased, causing them to preferentially remain in the
supercages and outside the zeolite rather than in smaller cages.

Therefore, it is necessary to adjust the pH of the ion
exchange solution to balance the influences of zeolite and
cation hydrolysis. Weakly acidic conditions facilitate the migra-
tion of most metal cations, while weakly alkaline conditions
help reduce the rate of zeolite hydrolysis. When cations are
prone to hydrolysis in alkaline or even neutral conditions, ion
exchange operations should ideally occur in a weakly acidic
environment, particularly for transition metal cations. For
instance, Sung et al. exchanged Ni2+ ions into zeolite Y in an
aqueous solution of 0.05 M Ni(NO3)2�6H2O at pH 4.9.48 Bae and

Seff introduced Zn2+ ions into zeolite X at pH 5.5 with a 0.05 M
Zn(NO3)2�6H2O.49 Firor and Seff exchanged Ni2+ and Fe2+ into
zeolite A at pH values of 6.5.50 In alkaline solutions, metals that
can exist as free cations can be exchanged in mildly alkaline
environments, which helps mitigate zeolite hydrolysis. For
example, Zhang et al. adjusted the pH to 9 while preparing
Na-CHA, K-CHA, and Li-CHA zeolites through ion exchange.51

Similarly, Hutson et al. set the pH to 9 for Li–LSX and Li–X
zeolite preparation,52 while Liu et al. adjusted the pH to 12 for
SrA zeolite preparation.53 Although the optimal pH value for
ion exchange, which differs depending on the type of zeolites, is
challenging to predict, it can be determined through experi-
mental methods.

4. Effect of solution concentration

During the ion exchange process, cations from the solution
diffuse into the zeolite channels, where they exchange with
outgoing cations and neutralize the negative charges of the
zeolite framework. This diffusion process adheres to Fick’s laws
of diffusion,22 which can be expressed as:

Ji = �Dirci (10)

Here, J is the flux, D is a diffusion coefficient, c stands for the
concentration of species i, andr refers to gradient. In eqn (10),
it is evident that the flux increases with the concentration
gradient. At the beginning of ion exchange, the concentration
of species i in the zeolite is zero. Therefore, increasing the
solution concentration is an effective way to enhance the
concentration gradient. This indicates that a higher solution
concentration can accelerate the diffusion of cations into the
zeolite, facilitating the ion exchange process until equilibrium
is achieved. In addition, a higher concentration can reduce the
immersion time of the zeolite in the solution, thereby mini-
mizing hydrolysis.

As indicated in eqn (3), ZA (the equivalent fraction of ions A
in the zeolite phase) can increase with mA (the molality of ion A)

Fig. 6 Speciation diagrams of Cd(II) in water solutions at T = 25 1C.46
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until complete ion exchange occurs. This relationship is illu-
strated in Fig. 7,54 which shows a typical adsorption equili-
brium isotherm for ion exchange in zeolite.

A high concentration of the solution benefits both the kinetics
and thermodynamics of the ion exchange process. However, it
does not necessarily improve the adsorption performance of the
zeolite. Once the ion exchange at the cation sites is complete, a
high concentration may cause cations along with their corres-
ponding anions to enter the zeolite, potentially obstructing its
pores and reducing its adsorption capacity.15,55,56 For example,
Liu et al. investigated Zn-exchanged Y zeolite for selective adsorp-
tion of benzene from benzene–cyclohexane mixture, and discov-
ered that the adsorption performance of the zeolite was
significantly influenced by the concentration of the ion exchange
solution.57 At a concentration of 0.05 M, the zeolite exhibited
limited adsorption capacity and selectivity for benzene. As the
concentration increased to 0.1 M, the zeolite demonstrated opti-
mal adsorption capacity and improved selectivity. However,
further increasing the concentration to 0.2 M led to a decrease
in adsorption capacity, although selectivity continued to increase.
When the concentration increased to 0.3 M, both adsorption
capacity and selectivity were reduced. These results can be better
understood by considering the isotherm of Zn2+ on NaY zeolite.58

At initial concentrations below 0.06 M, the zinc uptake by the
zeolite increased rapidly with increasing concentration, implying
that a limited zinc content led to a reduced number of active sites
available for benzene adsorption. At the concentration ranged
from 0.06 M to 0.12 M, the Zn2+ loading approached saturation,
suggesting most active sites were occupied, and resulting in
improved adsorption capacity and selectivity. Once the concen-
tration exceeded 0.12 M, the rate of zinc content uptake slowed,
indicating that excess zinc salts began to fill the zeolite pores,
ultimately leading to a decline in both the adsorption capacity and
selectivity for benzene.

Based on these experimental phenomena and the mentioned
theories of kinetics and thermodynamics, the adsorption equili-
brium isotherm can be roughly categorized into three regions,
which are shown in Fig. 7:

(1) Region I: the loading of incoming cations in zeolite
increases rapidly with rising solution concentration, implying
that the solution concentration of the incoming cation is
too low to favor ion exchange in terms of kinetics and
thermodynamics.

(2) Region II: the cation loading increases more slowly as the
solution concentration rises, indicating that the cation loading
is approaching saturation and the solution concentration is at a
moderate level.

(3) Region III: changes in the cation concentration have little
effect on the cation loading, suggesting that the cation loading
reaches saturation and the zeolite pores are prone to blockage.

Therefore, when utilizing ion-exchanged zeolite for adsorp-
tion, it is crucial to control the concentration of the ion
exchange solution to remain within region II. Maintaining a
moderate concentration of the solution can help preserve the
efficiency of ion exchange and prevent excessive cation accu-
mulation, which can block the zeolite pores.

In order to obtain the adsorption equilibrium isotherm, the
experimental data should be fitted to models of adsorption
isotherms. Even though ion exchange is a unique form of
adsorption, its adsorption equilibrium isotherm can often be
fitted to common adsorption isotherm models, especially the
Langmuir and Freundlich models.59–61 The Langmuir isotherm
model is a monolayer adsorption model, assuming a homo-
geneous adsorbent surface with equal energy across all sorp-
tion sites.62 Its equation can be written as:

qe ¼
qmKLCe

1þ KLCe
(11)

In this context, qe represents the amount of adsorbate per
unit of adsorbent mass at equilibrium, Ce is the concentration of
adsorbate at equilibrium, qm denotes the maximum saturated
monolayer adsorption capacity of the adsorbent, and KL is the
Langmuir constant, which reflects the affinity between the
adsorbent and adsorbate. The Freundlich isotherm, on the other
hand, is a multilayer sorption model that assumes a heteroge-
neous sorbent surface.63 Apart from ion exchange, the adsorp-
tion process may also involve complexation and multilayer
sorption on the zeolite surface. Its equation can be written as:

qe = KFC1/n
e (12)

Where KF represents the Freundlich isotherm constant, with n
values ranging from zero to one, indicating the degree of
surface heterogeneity or the intensity of adsorption.

Both the Langmuir and Freundlich equations have some
limitations in practical applications. For instance, the Lang-
muir equation is only applicable to ideal monolayer adsorption
scenarios, whereas the Freundlich equation can describe multi-
layer adsorption at low concentrations but may not be suitable
at high concentrations. Furthermore, both equations do not
account for intermolecular interactions and surface heteroge-
neity during the adsorption process. If Langmuir and Freun-
dlich models do not adequately fit the experimental data,
alternative models such as Dubinin–Radushkevich, Tempkin,
Redlich–Peterson, Sips, and Toth isotherm models can be

Fig. 7 Typical adsorption equilibrium isotherm. Region I: far from satura-
tion; region II: approaching saturation; region III: saturated state.
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considered.60,64,65 Fitting the adsorption equilibrium isotherm
allows us to predict the relationship between solution concen-
tration and cation loading. This understanding helps control
the degree of ion exchange and prevent excessive cation load-
ing, which may lead to the obstruction of zeolite pores.

5. Effect of ion exchange cycles

If a single ion exchange cycle with zeolite does not achieve the
desired degree of ion exchange, additional cycles should be
performed to improve the exchange efficiency. Although few
studies directly investigate the impact of ion exchange cycles on
the degree of ion exchange, we can predict this influence by
analyzing the ion exchange isotherms.

In multi-cycle ion exchange, renewing the ion exchange
solution increases S, which in turn affects Z. The influence of
ion exchange cycles on the degree of exchange can be categor-
ized into four types of isotherms.

The first type, shown by curve a in Fig. 8,66 indicates that the
preferences of incoming and outgoing cations for the zeolite
are similar. Therefore, the degree of ion exchange can increase
with each cycle until both S and Z reach 1.0.

The second type, represented by curve b in Fig. 8,66 demon-
strates that the zeolite has a significantly higher selectivity for
incoming cations compared to outgoing ones. In this case,
complete exchange of the cation can occur without S needing to
equal 1.0, allowing the zeolite to achieve a high degree of ion
exchange in just a few cycles.

The third type, represented by curve c in Fig. 8,66 reveals that
the zeolite’s selectivity for incoming cations is much lower than
that for outgoing cations. Achieving a relatively high degree of
ion exchange requires more cycles, and complete exchange of
the incoming cation is rarely attained, even though S
equals 1.0.

The fourth type, shown by curve d in Fig. 8,67 indicates that
outgoing cations cannot be completely exchanged by incoming

cations. Here, selectivity is not the limiting factor; rather, size
or volume exclusion prevents incoming cations from entering
certain small zeolite cages or channels where cations are
already present. Consequently, even with an infinite number
of ion exchange cycles, the ion exchange level will stabilize at a
certain value determined by the number of inaccessible cation
sites for the incoming cations.

In addition to affecting the degree of ion exchange, the
number of ion exchange cycles may also impact the structural
stability of zeolite. As mentioned earlier, zeolite can hydrolyze in
water, which raises the pH of the solution according to eqn (9).
Hence, an increase in solution pH serves as evidence of zeolite
hydrolysis. Townsend et al. observed that when zeolite was
immersed in an aqueous solution, the pH initially increased
with time before stabilizing at equilibrium.68 If the zeolite was
separated from the solution and placed into fresh solution, the
pH would exhibit a similar pattern (Fig. 9).68 This means that
renewing the ion exchange solution promotes zeolite hydrolysis.

6. Effect of ion exchange temperature

As previously mentioned, ion exchange is a chemical reaction
whose equilibrium is influenced by temperature. Generally, the
standard enthalpy DH0 of a reaction indicates whether heating
can enhance it: if DH0 4 0, the reaction is endothermic and can
be promoted by heating; if DH0 o 0, the reaction is exothermic
and can be inhibited by heating. However, during the ion
exchange process of zeolite, other reactions also affect cation
loading and the overall standard enthalpy, including cation
hydration and dehydration. Notably, the level of cation hydra-
tion decreases with increasing ion exchange temperature, while
the energy required for cation dehydration rises with reduced
hydration.69 Once the hydrated incoming cation sheds its
hydration shell, it becomes easier for the cation to enter the
narrow cation sites within the zeolite framework,67,70 altering
interactions with framework oxygens.71 Consequently, the

Fig. 8 The ion exchange isotherm of NaX zeolite with K+ (red curve a),66

Ag+ (green curve b),66 Li+ (bule curve c),66 Ba2+ (black curve d),67 respec-
tively, at 0.1 total normality and 25 1C.

Fig. 9 Kinetic pH responses of zeolite after immersion in a 0.1 M sodium
nitrate solution, illustrating the effects of repeated treatment with fresh
solution.68
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standard enthalpy of the entire ion exchange process varies with
temperature72 and is not necessarily monotonic.71 Consequently,
it is challenging to determine whether heating facilitates ion
exchange in zeolite by measuring the standard enthalpy.

Fortunately, a straightforward method exists to directly
distinguish whether high temperatures promote ion exchange
in zeolite. This involves measuring the ion exchange isotherm
at different temperatures. If any changes occur in the isotherm,
as listed below, it indicates that high temperatures can indeed
enhance ion exchange in zeolite:

(1) Complete ion exchange in zeolite cannot occur at low
temperatures; increasing the temperature enhances the max-
imum degree of ion exchange (Fig. 10(a) and (b));

(2) Regardless of whether complete ion exchange is achiev-
able, the maximum degree of ion exchange can be achieved at
lower incoming cation equivalent fractions (SA) after an
increase in temperature (Fig. 10(c) and (d)).

The diffusion of cations within zeolite pores follows Fick’s laws
of diffusion, with Fick’s first law described in eqn (10). In the
equation, the diffusion coefficient D is temperature-dependent.
For cation self-exchange, if a linear relationship can be estab-
lished between the natural logarithm of the diffusion coefficient
(ln D) and the inverse of the temperature (T�1), this relationship
can be described using the Arrhenius equation:

DAA = D0
AA exp(�Ea/RT) (13)

Where DAA is the self-diffusion coefficient of cation A, D0
AA is the

pre-exponent factor, Ea is the activation energy, R is the gas
constant (8.314 J (mol K)�1), and T is the ion exchange
temperature. Within a specific temperature range, D0

AA and Ea

can be considered as constants independent of temperature. As
shown in eqn (13), the self-diffusion coefficient DAA increases
with temperature.73–76 Outside this range, D0

AA and Ea may vary
due to factors such as changes in the cation hydration radius,
cation diffusion pathways, and interactions between cations
and zeolite frameworks.77

Although D0
AA and Ea may fluctuate with temperature, higher

temperatures consistently enhance the cation diffusion rate,
regardless of the rate-controlling step.78 Furthermore, the
values of D0

AA and Ea can differ among cation sites, even when
the cation is dehydrated. For instance, in the framework of X
zeolite, the barrier for cation diffusion into supercages is lower
than that for diffusion into sodalite cages and hexagonal
prisms.73 Furthermore, as indicated by eqn (13), changes in
temperature have a more significant impact on the diffusion
process when the activation energy is higher.

The exchange of two different cations is a more complex
process, and the inter-diffusion coefficient DAB does not directly
follow the Arrhenius equation. The value of DAB is related to
both DAA and DBB. If there is no correlation between the fluxes
other than the influence of the electrical potential gradient, the
relationship can be expressed as follows:79

DAB ¼
D�AAD

�
BB b2cB @ ln aA=@ ln cAð Þ þ a2cA @ ln aB=@ ln cBð Þ
� �

a2cAD
�
AA þ b2cBD

�
BB

(14)

Where aA and aB are activities of cation A and B, respectively,
and D�i is defined as:

Di ¼ D�i
@ ln ai
@ ln ci

(15)

It is important to note that the flux JA in a system with two
different cations cannot be simply described by Fick’s laws. The
cation diffusion process is affected by both concentration
gradients and the electrical potential gradient throughout the
crystal, which is explained by the Nernst–Planck equation:22

JA = �DAB[rcA + (acAF/RT)rV] (16)

Where F is Faraday, and V is the electrical potential. Combining
eqn (13)–(16), it can be qualitatively concluded that high
temperatures may also speed up the exchanging process
between the two types of cations.

During the ion exchange process, zeolite hydrolysis is also
temperature-dependent. Higher temperatures can accelerate
zeolite hydrolysis and amorphization for several reasons:34

(1) The ionization constant of water (Kw) increases with
temperature, leading to higher concentrations of hydronium
and hydroxyl ions; for example, pKw decreases from 14 at 20 1C
to 12 at 100 1C.80

(2) Elevated temperatures enhance the diffusion of incom-
ing hydronium cations into zeolite.

(3) High temperature facilitates reactions involved in zeolite
hydrolysis, including hydronium absorption and the breaking
of Si–O and Al–O bonds.81

Nevertheless, the relationship between zeolite hydrolysis and
temperature is not linear. Zeolites can remain stable in water
within a specific temperature range. Buhl et al. investigated the
hydrothermal stability of various ion-exchanged X zeolite sam-
ples at temperatures between 150 1C and 240 1C,82 comparing
their water sorption capacities. Their findings revealed that Li+

and Na+ exchanged zeolites were hydrothermally stable below

Fig. 10 Changes in the ion exchange isotherm indicate that ion exchange
of zeolite has been promoted. The red solid line represents data at high
temperature, while the blue dashed line represents data at low
temperature.
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200 1C, while K+, Rb+, Sr2+, and Ba2+ exchanged zeolites experi-
enced significant degradation above 170 1C. Ravenelle et al.
assessed the hydrothermal stability of zeolites Y and ZSM-5 with
varying Si/Al ratios.83 They found that all ZSM-5 zeolites were
stable at 200 1C in liquid water, but the micropore volumes of
Y zeolites significantly decreased after being heated at 150 1C for
6 h in liquid water. It is challenging to accurately predict the
breakdown temperatures of zeolites, as these temperatures
mainly depend on the density of defects (silanols) in the zeolite,
which are influenced by multiple factors including Si/Al ratios,
the framework topologies, and synthesis and post-synthesis
methods.84

Therefore, it is crucial to balance the effects of temperature on
the thermodynamics and kinetics of the ion exchange process with
the hydrothermal stability of the zeolite. Typically, ion exchange
temperatures are kept below 100 1C to avoid significant changes in
the total concentration of cations. If the zeolite is stable at 100 1C
in water, consideration should be given to the influence of
temperature on the degree of ion exchange. Conversely, if the
zeolite is not stable at this temperature, the ion exchange tem-
perature should be reduced to ensure the stability of the zeolite.

7. Effect of ion exchange time

Ion exchange is a time-dependent process that does not occur
instantaneously but instead requires time to reach equilibrium.85

As shown in Fig. 11, the degree of ion exchange initially increases
with time, eventually reaching an equilibrium where further
cation loading in the zeolite cannot be enhanced by prolonging
the ion exchange time.54 As a type of adsorption, the kinetics of
ion exchange can be modeled using adsorption kinetics models,
especially the pseudo-first-order kinetic model and the pseudo-
second-order model, which are widely used for liquid adsorption
due to their effectiveness in curve fitting.86 By applying these
kinetic models, the relationship between cation loading and ion
exchange time can be established, allowing for the prediction of
the time needed to achieve ion exchange equilibrium.

If incoming cations serve as the adsorption sites for the
zeolite adsorbent, extending the ion exchange time can enhance
the adsorption performance until ion exchange equilibrium is
reached. After equilibrium, further increases in ion exchange
time may not improve, and could even reduce, the adsorption
properties. For instance, Song et al. studied Ag-exchanged zeolite
Y for adsorptive desulfurization and found that the desulfuriza-
tion rate significantly increased before peaking at 24 hours, then
declined.55 They suggested that Ag+ loading increased with ion
exchange time, enhancing performance, but an excessive Ag
species could block zeolite pores after 24 hours, reducing
desulfurization efficiency.55 Similarly, Liu et al. investigated Zn-
exchanged zeolite Y and identified an optimal ion exchange time
of 4 hours for benzene purification.57 They noted that excess
Zn2+ might accumulate and block zeolite channels after 4 hours,
resulting in a decrease in the adsorption selectivity to benzene.57

Additionally, the impact of zeolite hydrolysis should not
be overlooked. Sung et al. observed non-framework Al3+ ions
in Ni-exchanged zeolite Y after prolonged ion exchange, which
indicates structural hydrolysis and damage.48 Firor and Seff
also noted that excessive ion exchange time could lead to the
disintegration of single crystals in zeolite A.50

To minimize significant hydrolysis and the risk of pore
blockage, the ion exchange time should be as brief as possible.
Based on kinetic curves, it is advisable to separate zeolites from
the ion exchange solution promptly as equilibrium approaches.

8. Effect of calcination temperature

After filtering and drying zeolites, the cations within them,
especially those located in large cages, remain hydrated. Calci-
nation aids in dehydrating these cations, exposing them to other
adsorbates while altering their interactions with the zeolite
framework and leading to cation migration. As the calcination
temperature rises, the hydration levels of the cations decrease,
resulting in more pronounced migration.

Generally, cations prefer to occupy crystallographic sites that
maximize interactions with the framework oxygens and mini-
mize electrostatic repulsion.11 For instance, in the FAU-type
zeolite, a commonly used zeolite employed for adsorption
separation in industry,4 cation distribution can be summarized
as follows.11 In the FAU topological structure (Fig. 1287), the six-
membered rings (site I, I0, II) contain more framework oxygens
than the four-membered rings (site III, III0), resulting in the
cations preferentially occupying the cation sites located in the
former. Moreover, compared to the site I and I0, the site II
minimizes electrostatic repulsion between cations. Hence, in
the absence of competition, most cations preferentially occupy
site II. When site II approaches its maximum capacity of 32 per
unit cell, sites I and I0 become the next preferred locations.
Except for K+ and Ag+, it is impossible for the cations to
simultaneously occupy both site I and I0 within the same
hexagonal prism due to strong repulsion from their close
proximity. As the number of cations increases from 32 to 48
per unit cell, most cations prefer to occupy site I. When the

Fig. 11 Typical kinetic curve illustrating the relationship between cation
loading and ion exchange time.
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number of cations reaches between 48 and 64 per unit cell,
occupation of site I decreases while that of site I0 increases,
because the hexagonal prism configuration allows one site I to
effectively convert into two site I0 to accommodate more
cations. Once sites II and I0 are filled up, other cation sites
would be considered for occupation.

However, the above cation distribution changes when they
are hydrated. Assuming the cations are initially dehydrated,
water molecules diffusing into the supercages or sodalite cages
can attract the cations, causing them to deviate from their
original sites and become hydrated. Mortier et al. found that
while the cation distribution of dehydrated NaY zeolite could
not be significantly changed with increasing calcination tem-
perature, the distribution of the hydrated cations could be.88

Under a water pressure of 1870 Pa, Na+ cations preferentially
migrated to site I0, where they could interact more effectively
with water molecules in sodalite cages, and this preference
increased with the calcination temperature. Norby et al. indi-
cated that the energy differences among various cation distri-
butions in zeolite Cs(Na)–Y were minimal, and even weak
interactions between the cations and adsorbed gases could
alter these distribution.89 Interestingly, the migration of Cs+,
the largest cation, is hardly affected by kinetics, suggesting that
the calcination primarily affects cation dehydration and migra-
tion. As the calcination temperature rises, cation migration
becomes increasingly significant.90

In multi-cycle ion exchange operations, calcining the zeolite
after each ion exchange can indirectly boost the effectiveness of
subsequent exchanges.91 Normally, the substitution of Na+

cations with Cs+ in NaY zeolite can reach a maximum of around
70% through ion exchange in aqueous cesium salt solutions at

room temperature.92 However, after calcination and dehydration,
a portion of the residual Na+ cations can migrate to exchangeable
sites, allowing for further enhancement of ion exchange capacity
in subsequent cycles. Koller et al. reported that the cesium
exchange levels in Cs(Na)–Y increased from 72% to 90% through
a three-fold exchange-calcination cycle.92 Similarly, Norby et al.
observed a similar phenomenon that cesium exchange levels in
Cs(Na)–Y increased from 68% to 83% using the same method.89

Furthermore, there exist structural changes in the zeolite
frameworks during calcination. Notably, the framework of
zeolite is flexible, which makes it impossible for the framework
to remain unchanged during calcination.93 In pure siliceous
zeolite, where extra-framework cations are absent, the thermal
expansion of zeolite is mainly influenced by the thermal vibra-
tions of the framework oxygen atoms. These vibrations cause
rotations of TO4 tetrahedra (where T = Si), resulting in either
positive or negative thermal expansion.94 On the other hand,
when the channels are filled with cations, which is common in
zeolite adsorbents, these extra-framework cations can interact
with the zeolite framework and control its thermal expansion.95

During calcination, the hydrated cations undergo dehydration
and migration, resulting in the adaptation of the zeolite frame-
work to these migrations.96 As the extra-framework cations
become fully dehydrated, they can restrict the rotation of the
TO4 tetrahedra (where T = Si or Al), thereby mitigating struc-
tural changes in zeolites.97,98 However, if zeolite is calcined at
excessively high temperatures, the extra-framework cations can
no longer stabilize the framework. At high temperatures, T–O–T
bonds will vibrate severely and even break, leading to zeolite
structural collapse.99 Because breaking the Si–O bond requires
more energy than breaking the Al–O bond,100 zeolite framework
collapse is often accompanied by dealumination of the frame-
work. The structural changes of hydrated zeolite during

Fig. 12 Diagram of the FAU structure, illustrating the cation site designa-
tions. Site I: centre of hexagonal prism; site I0: in the sodalite cage, near the
hexagonal window adjacent to the hexagonal prism; site II: centre of the
hexagonal window between the sodalite cage and the supercage; site II0:
within the sodalite cage, near the hexagonal window adjacent to the
supercage; site II*: within the supercage, near the sodalite cage; site III:
within the supercage, near a square window shared by the sodalite cage
and the supercage; site III0: within the supercage, near a square window
between the hexagonal prism and the supercage; site IV: centre of the
supercage; site V: centre of the 12-ring window shared by two supercages.

Fig. 13 Lattice parameter (K) of LaY zeolite and migration of La3+ and
Al3+ extra-framework cations in LaY zeolite during heating.101 Region I:
cation migration accompanied by dehydration; region II: complete migra-
tion of dehydrated cations; region III: collapse of the zeolite framework.
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high-temperature calcination can be divided into three regions,
as shown in Fig. 13:101

(1) Region I: extra-framework cations begin to migrate dur-
ing dehydration, resulting in either positive or negative frame-
work expansion depending on the cation rearrangement.

(2) Region II: extra-framework cations are almost fully
dehydrated, and the distortions of the zeolite framework are
restrained by the remaining cations.

(3) Region III: the zeolite framework starts to collapse, with
some Al3+ cations leaving the framework, causing oxygen
anions from the empty tetrahedra to be drawn to neighboring
silicon tetrahedra, resulting in the zeolite contracting.

In some cases, zeolite may exhibit weak thermal stability,
which can eliminate region II and lower the starting tempera-
ture of region III.99 Moreover, when the extra-framework
cations are too small to significantly impact the expansion of
the zeolite framework, such as protons, region II will undergo
apparent thermal expansion.102

The thermal expansion of zeolite, resulting from the rear-
rangement of extra-framework cations, is unavoidable. The
magnitude of this expansion depends on various factors such
as the Si/Al ratio of the zeolite framework, the nature of charge-
compensating cations, the coordination of bare cations, and
the framework topology of the zeolite.100 However, preventing
the collapse of zeolite is achievable and should be a key focus.
Each type of zeolite has a specific temperature at which
significant structural collapse occurs; therefore, the calcination
temperatures should not exceed this threshold.

9. Other effects

There are several other ion exchange factors that influence the
adsorption properties of zeolites; yet research on these factors
is limited, and their mechanisms remain unclear. These factors
include the choice of precursor salt, the presence of acidic
gases, and the volume-to-mass ratio of the solution to zeolite.
To emphasize the importance of these factors, we review them
in this section.

9.1 Precursor salt selection

When preparing an ion exchange solution, selecting the appro-
priate precursor is crucial. The choice of precursor can signifi-
cantly impact the adsorption properties of the ion-exchanged
zeolite. Sosa and Rios found that there were different degrees of
ion exchange depending on the precursor salt used in the
solution, which was likely due to the influence of anions on
the pH of the solutions.103 Lotfi et al. also agreed that anions
could affect the degree of ion exchange and demonstrated
through calculations that the formation energy of ion-
exchanged zeolite was very sensitive to the type of salt.104 Lima
et al. exchanged sodium cations in NaX and NaA zeolites with
cesium solutions made from three different cesium salts
(chloride, nitrate, and acetate) and observed variations in
cation distributions depending on the type of cesium salt
used.105 Young and Ki demonstrated that the adsorption

performance of zeolite was directly affected by precursor salts
in ion exchange solutions.106 They compared the adsorptive
desulfurization performances of three Cu–Y zeolites exchanged
with Cu(NO3)2, Cu(Ac)2, and CuSO4 respectively, and found that
the zeolite exchanged with Cu(Ac)2 exhibited the highest
adsorption capacity. This was attributed to the impact of Cu
precursors on the framework atoms (Al and Si) of zeolite, the
positioning of Cu2+, and the extent of ion exchange. However,
they didn’t explain the mechanisms behind these differences.

Although there is some evidence proving that precursor
selection affects cation exchange and zeolite adsorption, under-
standing the role of anions within the zeolite and their impact
on cation exchange remains challenging. It is difficult to detect
the extra-framework anions within the zeolite, and the role of
the anions may depend on the nature of the cations. With the
development of theoretical calculations, they can help us better
understand the role of anions in ion exchange.107

9.2 Presence of acidic gases

As mentioned earlier, zeolite hydrolysis results in an alkaline
solution capable of absorbing acidic gases (i.e., carbon dioxide)
from the air.22 Prolonged exposure to these gases depletes
hydroxyl ions, which promotes the reaction described in
eqn (9) and further hydrolysis of zeolite.108 Additionally, while
some alkaline earth cations are soluble in alkaline solutions,
their carbonates are not. The solubility of these carbonates is
detailed in Table 1.109 When a considerable amount of carbon
dioxide is absorbed into the solution, even if the alkaline earth
cations remain dissolved, their association with carbonate or
bicarbonate ions can disrupt cation diffusion into zeolite.110

For example, in a solution in contact with NaX zeolite that had
been exposed to air for an extended period, the total carbonate
concentration was 2 � 10�4 M at a volume-to-mass ratio of
100.110 This concentration is significant, particularly consider-
ing that cation concentrations during zeolite preparation typi-
cally range around 10�1 M. However, there is a lack of research
on how carbonates affect the adsorption performance of
zeolites.

9.3 Volume-to-mass ratio of the solution to zeolite

When zeolite is added to a solution, the mass of the zeolite
must be considered. Based on ion exchange isotherms, the
degree of ion exchange may improve as the volume-to-mass
ratio of the solution to zeolite increases. However, a higher
solution volume does not always correlate with enhanced
adsorption performance of the zeolite. Song et al. compared
the desulfurization ratio of Ag–Y zeolites ion-exchanged with

Table 1 The solubility constants of three alkaline earth carbonates (25 1C).
All data represent average values collected from the literature, as sum-
marized in ref. 109

Carbonates log Ks

CaCO3 �8.45
SrCO3 �9.27
BaCO3 �8.56
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different solution volumes, ranging from 10 mL to 40 mL.55

They found that the zeolite treated with 20 mL of solution
demonstrated the best desulfurization performance. While a
larger volume can facilitate greater cation loading, an excessive
volume may block some zeolite pores.55 Additionally, high
solution volumes can dissolve more aluminum and silicon spe-
cies, promoting zeolite hydrolysis. Thus, the adsorption capacity
may initially increase with solution volume before eventually
decreasing, indicating that an optimum solution volume exists,
though few studies have explored this mechanism.

10. Conclusion and outlook

Given their exceptional performance in terms of environmental
sustainability, efficiency, and cost-effectiveness, adsorptive
separations based on zeolite adsorbents exhibit tremendous
potential for further development. In order to enhance the
selectivity of zeolite adsorption, ion exchange has been widely
employed in the introduction of extra-framework cations into
zeolite adsorbents. In this review, we provide a concise overview
of the various factors impacting zeolite ion exchange and delve
into the mechanisms by which these factors affect zeolite
adsorption. Normally, zeolites with a high degree of ion
exchange, proper cation distribution, and high surface area
will exhibit remarkable selective adsorption properties. Hence,
there are four criteria proposed to distinguish the mechanisms
of ion exchange factors in zeolite adsorption, namely the degree
of ion exchange, cation migration, the integrity of the zeolite
framework, and pore blockage within the zeolite. To facilitate
discussion, this review article primarily summarizes the rela-
tionships between these criteria and the critical factors in ion
exchange. Based on these relationships, corresponding sugges-
tions are provided to optimize the ion exchange processes.

Ion exchange in zeolite is a complex process consisting of
cation hydration, diffusion, adsorption, and desorption, while
it is sometimes disturbed by some side-reactions such as zeolite
and cation hydrolysis, salt imbibition, and even carbon dioxide
absorption. Despite the thermodynamic and kinetic data of the
entire ion exchange process are measurable through experi-
ments, it is challenging to identify the contribution of each
component to the thermodynamics and kinetics, and to distin-
guish which component dominates the whole process. With the
development of theoretical studies, it has been established that
molecular simulation approaches can provide a deep under-
standing of the ion exchange process on a molecular and
atomic scale,111 which is not detectable through experimental
approaches. For instance, Monte Carlo simulation has been
successfully employed to elucidate the mechanisms of cation
hydration affecting the equilibrium ion exchange properties in
zeolite Y.112 Therefore, further studies of molecular simulation
should be utilized to gain deeper insights into the mechanism
of ion exchange in zeolites at the molecular scale, thereby
guiding us in better optimizing experimental operations.

Additionally, when we introduce more than one type of
cation into zeolite, the complexity of the ion exchange system

will be multiplied, requiring more synergistic investigations com-
bining experiment and theory. The utilization of polymetallic
cation exchange in zeolite has been demonstrated to facilitate
more precise control over pore size, internal electrostatic field, and
adsorption sites compared to monometallic cation exchange.113,114

Nevertheless, it is challenging to achieve an optimal cation dis-
tribution and proportion in polymetallic cation-exchanged zeolites
due to the varying preferences of various cation sites for specific
cations and the complex equilibrium of multicomponent ion
exchange. Thus, the combination of crystal structure analysis with
molecular simulation deserves further study to determine the
principles of cation distribution and ion exchange equilibria in
polymetallic cation-exchanged zeolites.

Ultimately, we hope this article provides a thorough com-
prehension of the ion exchange factors affecting zeolite adsorp-
tion and aids in the exploration of zeolite adsorbents for
specific chemical separations. During searching for suitable
zeolite adsorbents for specific chemical separations, comparing
the adsorption properties of different cation-exchanged zeolites
is an essential method.115,116 However, improper ion exchange
processes may cause us to overlook suitable zeolite adsorbents.
With a deeper understanding of the preparation of cation-
exchanged zeolite adsorbents, we believe that more advanced
zeolite adsorbents will emerge, contributing to significant
advancements in adsorption separation.
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