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• Cation exchange was focused to en-
hance the adsorption performance of ti-
tanate.

• Five amorphous titanates were facilely
synthesized for NH4

+ removal from
water.

• The adsorption performance of as-
prepared titanates was counter cations
dependent.

• The ion selectivity of cations to tita-
nates framework was affected by
ions property.

• Affinity coefficient Kf is defined to in-
dicate the cation exchange process.
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Cation exchange is one of the dominant mechanisms in the adsorption of cationic ammonium nitrogen (NH4
+)

from water. In this study, we focus on the role of counter cations in cation exchange process of NH4
+ to enhance

the adsorption capacity. Five amorphous titanates namely lithium titanate (LiT), sodium titanate (NaT), potas-
sium titanate (KT), strontium titanate (SrT) and barium titanate (BaT) with different counter cation were facilely
synthesized. The adsorption performance forNH4

+by these samples is in the order of LiT>NaT>KT>>SrT>BaT.
Themaximum adsorption capacity of LiT calculated by Langmuir is as high as 50.31mg·g−1. According to the ex-
perimental results and theoretical analysis, the electrostatic interaction between counter ions (cations in frame-
work or eternal solution) and charged framework (fixed ions) is the main influence factor during cation
exchange process in general. The cation valence and the hydrated ionic radius of the counter ions can inversely
affect the ion exchange equilibrium and the affinity of counter ions to titanates. Therefore, a definition of a
brief parameter, affinity coefficient Kf (relating to ion valence and distance between opposite charged ions), is in-
troduced and used to explain the difference in adsorption performance of five titanates for NH4

+. The conclusion
about cation exchange and ions affinitymay provide possible strategies for enhancement of cationic contaminant
adsorption from water or wastewater.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

During the past decades, ammonium nitrogen (NH4
+) removal has

drawn much attention in water treatment research area due to its ex-
cessive contents in waterbody (Kelly and He, 2014), which tends to
bring a series of environmental issues like eutrophication (Yang et al.,
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2016). Adsorption, one of the typical and developed water treat-
ment methods, has been widely investigated in the uptake of
NH4

+ from wastewater because of its straightforward process and
high efficiency (Adam et al., 2019b). A few common materials in-
cluding zeolite (Adam et al., 2019a; Vocciante et al., 2018), hydro-
gel (Zheng and Wang, 2015), resin (Chen et al., 2019) and biochar
(Vu et al., 2017) were used to adsorb NH4

+. Numerous literatures
revealed that ion exchange is the main adsorption route for NH4

+

uptake instead of physical or chemical adsorption (Abukhadra
and Mostafa, 2019). There were several methods created to en-
hance the adsorption capacity of samples for NH4

+ but few of
them focused on the cation exchange process.

It has been deduced that someproperties like surface area, size of the
adsorbents and surface chemistry could affect cation exchange perfor-
mance of adsorbent materials for the removal of cationic chemicals
(He et al., 2017; Wang et al., 2019). Among these factors, the effect of
counter ions (original cations in the adsorbent framework which can
be exchanged) plays an important role due to its significant impact on
the ion exchange performance proved by experimental results
(O'Connor et al., 2020).

Understanding the cation exchange process in NH4
+ adsorption is

in favor of mechanism analysis and adsorbent material design. The
equilibrium between cation exchangers and solution has been fre-
quently investigated by a sum of experimental and theoretical ap-
proaches. Some of the initial theoretical works only described the
equilibria state by empirical equations and the theories developed
later were in consistent with experimental results (Kamcev et al.,
2016; Kamcev et al., 2017; Katchalsky et al., 1953; Lazare et al.,
1956). According to these theories and models, the counter cations
play a key role in determining the cation exchange equilibrium
and further the adsorption performance (Chen et al., 2018).
However, up to now, the effect of counter cations on the ion ex-
change of NH4

+ by adsorbent materials from water is still unclear.
It is widely observed that materials containing certain amount of
Na+ like zeolite performs well in the adsorption of NH4

+, which
also inspires the modification of adsorbents with Na compounds.
However, it is rarely discussed about the synthesis and application
of other cations (like Li+, K+) contained adsorbents for the NH4

+

wastewater treatment, especially about the correlation between
ion exchange performance and counter ions properties.

Although the theoretical knowledge on ion exchange equilibrium is
generally precise now, it is still difficult to briefly describe a certain prac-
tical cation exchange process by the complex equations or models be-
cause most of the parameters hereon are arduously obtained like
swelling pressure of materials (Helfferich, 1962). Only the qualitative
discussion of counter ions and ion exchange equilibriumwas employed
in the application (Hu et al., 2020; Li et al., 2012), which might not be
enough for analysis. For example, the ionic radius and valence are con-
sidered to have opposite effect on the ion exchange equilibrium. These
two parameters of Na+ are both different from that of Ca2+, which
might easily make confusions when used to analyze the cation ex-
change performance. Therefore, a brief but effective equation or param-
eter is necessary for the analysis of effect of counter ions on cation
exchange process.

Titanate, one of typical cation exchange materials that have
been widely used in water purification (Yang et al., 2013), can be
facilely prepared with different counter cations and be appropriate
for cationic contaminant removal. Therefore, there are several
issues discussed in this article: 1) A series of titanates with differ-
ent counter ions were facilely synthesized and characterized;
2) The performance of these titanates for NH4

+ removal from
simulated wastewater were investigated and compared; 3) The
effect of counter ions on NH4

+ removal was investigated through
competitive experiment and theoretical discussion of the selectiv-
ity; 4) A new parameter, affinity coefficient Kf, was introduced for
more powerful explanation and indication.
2

2. Experimental procedures

2.1. Chemicals

Titanium isopropoxide ((Ti(OC3H7)4, TIPT), isopropanol (99.7%),
lithium hydroxide (LiOH), potassium hydroxide (KOH), strontium hy-
droxide (Sr(OH)2), sodium hydroxide (NaOH) and barium hydroxide
(Ba(OH)2·8H2O) were of analytical reagent grade and purchased from
Sinopharm Chemical Reagent Co., Ltd., China without purification. The
simulated wastewater (1000 mg·L−1 of NH4

+) obtained by dissolving
ammonium chloride (NH4Cl, Guaranteed reagent) into deionized
water was stocked for use. The deionized water was obtained by
EPED-40TF Superpure Water System.

2.2. Synthesis of titanate samples

Five titanate samples were prepared according to a previous re-
ported hydrolysis method (Zhang et al., 2019). During the synthesis,
10 mL TIPT was added to 4 mL isopropanol to form a homogeneous so-
lution, the mixture was then added into 200mL 0.1 mol·L−1 LiOH solu-
tion with magnetic agitation at 60 °C for 2 h. Afterwards, the above
mixed solution was agitated for another half an hour at room tempera-
ture. The final white suspension was filtrated and the solid from the fil-
tration was rinsed with deionized water for various times until the pH
value of filtrate was about 7.0. After that, the solid was dried at 60 °C
in an oven for 12 h. The other alkaline solution, 0.1 mol·L−1 NaOH,
0.1 mol·L−1 KOH, a mixture of NaOH and Ba(OH)2 (0.05 mol·L−1 for
both two components), a mixture of NaOH and Sr(OH)2
(0.05 mol·L−1 for both two components) replaced 0.1 mol·L−1 LiOH
for the preparation of other titanates, Sr(OH)2 or Ba(OH)2 was added
with NaOH on account of their weak solubility. The as-prepared tita-
nates were denoted as LiT (lithium titanate), NaT (sodium titanate),
KT (potassium titanate), SrT (strontium titanate), BaT (barium titanate)
according to the counter ions, respectively.

2.3. Samples characterization

The morphology of the titanate samples was investigated using a
scanning electron microscopy (SEM, MAIA3 LMH, USA). The surface el-
ements distribution of thematerials was determined by the energy dis-
persive X-ray spectrometry (EDX, Gemini 500, Zeiss, Germany). Powder
X-ray diffraction (XRD, Bruker, Germany) was used to analyze the crys-
tallographic phases of adsorbents. The X-ray Fluorescence Spectrometer
(XRF, S4PIONEER, Germany) and X-ray photoelectron spectroscopy
(XPS, AXIS ULtrabld, UK) were used to know the composition of sam-
ples. The functional groups of adsorbentmaterials were tested by a fou-
rier transform infrared spectrometer (FT-IR, Bruker, Germany). The
Brunauer-Emmett-Teller specific surface area (SBET) was determined
on the Builder SSA-4300 analyzer (Beijing, China). The zeta potential
of the samples was measured with Brookhaven 90plus Zeta, samples
of which (1.0 mg) were added into 10 mL NaCl solution
(10−3 mol·L−1) at different pH values.

The NH4
+ concentration of solution before and after adsorption was

measured by the salicylate spectrophotometric method (Lovibond,
Germany). The concentration of Li+, Na+, K+, Ca2+ and Mg2+ in
water were obtained with the help of ion chromatograph (DiONEX
INTEGRION, USA). The concentration of heavymetal ions in the aqueous
solution after competitive adsorption were measured by inductively
coupled plasma emission spectrometer (ICPE-9000, Japan).

2.4. Adsorption experiments

The batch experiments were mainly performed at 25 °C. The final
suspensionswerefiltratedwith 0.45 μmacetatemembranefilter for fur-
ther measurement of the concentration. The adsorption experiments
were repeated three times to ensure the reliability of results.
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The batch adsorption experiments were studied as follows: The ef-
fect of contact time on the adsorption performance was carried out in
a beaker with magnetic stirring in water bath by adding 0.2 g of tita-
nates into 100mLNH4

+ solution (20mg·L−1) at 25 °C. About 2mL solu-
tion was withdrawn for further measurement from beaker along with
time. To investigate the effect of the solution pH on the adsorption per-
formance, 0.04 g of as-prepared titanatewasmixedwith 20mLNH4

+ so-
lution (20 mg·L−1) at a series of pH values from 2.0–12.0 (modified by
NaOH or HCl) in 50mL centrifugal tube and shook for 120min in a tem-
perature controlled shaker. Adsorption isotherms for removal of NH4

+

was performed at the following conditions: 0.04 g of each titanates
was added into a 50 mL centrifuge tube, which contained 20 mL adsor-
bates solution with different initial NH4

+concentration varying from 10
to 160 mg·L−1. The mixture was shaken for 120 min in a temperature
controlled shaker. The concentration of counter cations in solution
after adsorption was also determined to prove the ion exchange
process.

The competitive adsorption experiment was conducted as the fol-
lowing procedure: 0.04 g of LT was added into 20 mL mixed solution
containing 4.0 meq·L−1 NH4

+ and 1.0, 2.0, 4.0, 6.0, or 8.0 meq·L−1 one
of the individual coexisting cations, respectively. The cations used in
the experiments consist of monovalent cation (Na+, K+), divalent cat-
ion (Ca2+, Mg2+, Cu2+, Pb2+, Ni2+, Zn2+, Cd2+, Sr2+, Ba2+) and triva-
lent ion (Al3+, La3+). The initial solution pH was controlled at 3.5 to
eliminate the possible effect of precipitate reaction and the contact
time was set as 120 min.

The removal rate η (%), the adsorption capacity of as-prepared tita-
natesQt (mg·g−1) at time t (min) andQe (mg·g−1 ormeq·g−1) at equi-
librium were calculated by Eqs. (1)–(3). Where C0 (mg·L−1 or
meq·L−1) is the initial concentration of adsorbates solution, Ct
(mg·L−1) and Ce (mg·L−1 or meq·L−1) are the concentration of adsor-
bates solution at time t (min) and equilibrium; m (g) is the adsorbent
mass and V (L) is the initial volume of solution. The unit milligram
equivalentwas used for the comparison of competitive ion exchange ca-
pacity of different cations. As shown in Eqs. (S1)–(S4), kinetic models
(pseudo-first order and pseudo-second order models) and isotherm
models (Langmuir and Freundlichmodels)were used to analyze the ad-
sorption data and reveal the adsorption process.

η ¼ C0−Ct

C0
� 100 ð1Þ

Qt ¼
C0−Ct

m
� V ð2Þ

Qe ¼
C0−Ce

m
� V ð3Þ

3. Results and discussion

3.1. Characteristics

The SEM images presented in Fig. 1 clearly shows the particle
morphologies of the titanates. All the titanate samples possess
same morphology indicating that ion species used in synthesis is ir-
relative to the micro-structure formation. However, the particles
sizes of these samples varied along with different ion species.
According to Fig. 1(a–c) and (d–e), agglomeration occurs more
frequently in SrT and BaT than LiT, NaT and KT. The BET surface
area (m2·g−1) and pore volume (cm3·g−1) of these samples are
listed in Table 1 (Fig. S1 shows N2 gas adsorption-desorption
isotherm). It's shown that the surface areas of SrT and BaT are
significantly larger than those of LiT, NaT and KT, which is corre-
lated to the decrease of particles size. From the inset in Fig. S1,
the SrT and BaT are predominantly microporous and LiT, NaT and
KT are mainly mesoporous, which is constant with the average
3

pore diameter value in Table 1. The surface area of titanates in
this study can be controlled from around 20 to 200 m2·g−1 via
changing counter ion species. The change of interaction between
different counter cations and framework might cause the above
phenomenon. In addition, the XRD results (Fig. S2) indicate that
all the titanate materials are amorphous except that SrT possesses
weak crystalline, which is consistent with the results of hydrolysis
process in literatures (di Bitonto et al., 2017; Li et al., 2013).

It is well accepted that the existence of counter cations is related to
the adsorption performance of titanates (Zhao et al., 2019). The XRF re-
sult (Table 1) successfully demonstrates that Na+, K+, Sr2+ and Ba2+

were introduced to the titanate framework during the synthesis pro-
cess. The XPS result (Fig. S3) made it clear that Li+ entered into LiT
after the synthesis. The element distribution on the surface of each tita-
nate was measured by the EDX mapping and the results are shown in
Fig. S4. It is obvious that Ti, O and metal ions are uniformly distributed
on the surface of titanates. It's worth noting that there is little Na+

contained in as-prepared SrT and BaT although NaOH was used in the
synthesis procedure, which indicated that the interactions between
Sr2+ or Ba2+ and titanate framework are stronger than that between
Na+ and the framework. Sr2+ or Ba2+ is preferential to the titanate
framework.

The difference of counter ions might also affect the group or bond
species in titanates. It is evident from the FTIR spectra of titanates that
peaks change or shift are counter ion species dependent (Fig. S5). All
the samples exhibit obvious broadpeaks at 500 to 700 cm−1,which rep-
resents the Ti-O-Ti vibration. The peaks at 1640 cm−1 in all samples can
be ascribed to O\\H bending vibration. The peak at about 1340 cm−1

corresponds to the Ti\\O bond (Zhang et al., 2017), which has been
demonstrated probably owing to the fracture of Ti-O-H by alkali envi-
ronment. During the hydrolysis process, counter ions entered the struc-
ture of titanates and developed interactions (probably ionic bond) with
Ti\\Obonds (Chen et al., 2010; Ye et al., 2013). The species and amounts
of counter cations vary among titanates and contribute to the peak
shifting and strength changing of the Ti\\O bond in the spectra. In addi-
tion, Sr2+ and Ba2+ differ from alkali metals in chemical properties and
can develop covalent bonds with oxygen, which results in the appear-
ance of Sr\\O (1477 cm−1) and Ba\\O (1512 cm−1) bonds in SrT and
BaT, respectively (Khollam et al., 2005; Sadeghzadeh et al., 2017). The
above results indicate that the interactions between titanate frame-
works and the counter ions are ion species dependent, which is consis-
tent with the XRF results.

The counter cations species also have impact on the surface charge
distribution of the as-prepared titanates (Fig. S6). During the synthesis
process, the negative charge framework of titanates was compensated
by the cations (Li+, Na+, K+, Ba2+, Sr2+) accompanied by the adsorp-
tion of electrolyte ions like OH−, which can affect the charge case of sur-
face (He et al., 2017; Helfferich, 1962). Furthermore, the affinity of
cations to titanates vary with the counter ion species, which results in
the difference of cations amount in titanates. The electrostatic attraction
between the negative charged surface and positive NH4

+ are beneficial
for the actual adsorption process.

3.2. Adsorption kinetics

All the five titanate samples (LiT, NaT, KT, SrT and BaT) were used in
the kinetic experiment. The adsorption capacity of NH4

+ onto these ad-
sorbents are in the order of LiT> NaT > KT > SrT > BaT (Fig. 2a). For
the solution with initial concentration of 20 mg·L−1, LiT maintains a
high adsorption efficiency (80%) for NH4

+. The change of counter cations
can successfully enhance the adsorption performance of titanates. The
adsorption capacity of LiT (Li+ contained) is 5 times higher than that
of BaT (Ba2+ contained). It is satisfactory that all the materials can
reach adsorption equilibrium within 10 min. The rapid adsorption can
be attributed to the nanoscale of particles size and the negative charged
surface or framework of materials.



Fig. 1. SEM images of LiT (a), NaT (b), KT (c), SrT (d) and BaT (e).
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Furthermore, two typical fitting models (Eqs. (S1)–(S2)) are used to
fit the experimental data to reveal the kinetic controlling mode of NH4

+

onto titanates (Fig. 2a). The calculated results are listed in Table S1. It is
Table 1
Physical-chemical properties of titanates by BET and XRF.

Sample Ti/wt% O/wt% Ion/meq·g−1 SBET/m2·g−1 V/cm3·g−1 r/nm

LiT 70.8 27.1 Lia: 3.13 24.9 0.16 13.3
NaT 64.3 28.4 Na: 3.17 21.9 0.20 12.1
KT 42.7 44.0 K: 3.23 18.5 0.15 15.7
SrT 37.0 47.0 Sr: 3.24 Na:0.300 108.4 0.40 7.40
BaT 31.7 39.5 Ba: 3.90 Na:0.150 207.6 0.46 4.40

a The amount of Li+ was determined by ion chromatography.

4

clear from the value of R2 that both pseudo-first-order and pseudo-
second-order models fit the experimental data of NaT and BaT well.
The adsorption process of NH4

+ onto LiT and KT can be more effectively
revealed by pseudo-second-ordermodel, but the adsorption process for
SrT fits the pseudo-first-order model preferably.
3.3. Effect of pH on NH4
+ adsorption

As a rule, the solution pH has a significant effect on the adsorption
performance because the surface state of adsorbent and the form of ad-
sorbate might be pH dependent. For the removal of NH4

+ from water,
the solution pH can effectively influence the form of NH4

+ (pKa



Fig. 2. The evaluation of adsorption performance of titanates. (a) effect of contact time on the adsorption ofNH4
+by titanates, (b) effect of initial solution pHon the adsorption performance

of titanates, (c) adsorption isotherms of NH4
+ onto the titanates at 25 °C, (d) the cation exchange capacity of titanates, the concentration of counter cations and reduction of NH4

+ after
adsorption of NH4

+ onto individual titanate. Experimental conditions for (a): initial solution pH = 7, C0 = 20 mg·L−1; (b): C0 = 20 mg·L−1, contact time = 120 min; (c): C0 =
10–160 mg·L−1, solution pH= 7.0, contact time = 120 min; (d): pH= 3.5, C0 = 40 mg·L−1.
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(NH4
+) = 9.246). As shown in Fig. 2b, the adsorption efficiency of LiT,

NaT and KT climb up along with pH and maintain an almost constant
value in the pH range of 3.0–9.0 or 4.0–9.0. However, the adsorption
of SrT and BaT don't show the same trend, but stay in low level in the
whole pH range. In the solution with pH ranging of 3.0–9.0, NH4

+ is
the primary form of ammonium nitrogen (Huang et al., 2008), which
is the main component participating the ion exchange with counter
ions in titanates. Moreover, the surface of titanates is easily negative
charged and attractive for cationic ions in these pH values because of
the zeta potential results (Fig. S6). The electrostatic attraction between
the negative adsorbent surface and cationic NH4

+ is beneficial for the ad-
sorption process. However, the percentage of molecular form ammo-
nium nitrogen (NH3·H2O) would increase significantly when the pH is
larger than 9.0, which limits the cation exchange process of NH4

+.

3.4. Adsorption isotherms

Fig. 2c compares the adsorption isotherms of NH4
+ onto LiT, NaT, KT,

SrT and BaT (C0 = 10–160 mg·L−1). It is evident that the equilibrium
adsorption capacity of the titanates increases along with the increasing
of initial NH4

+ concentration. In the same environmental conditions, the
adsorption performance of titanates for NH4

+ is in the order of LiT>
NaT> KT>> SrT> BaT, which agrees with the results of pH and kinetic
experiments.

In order to understand the adsorption process and evaluate the ad-
sorption performance, two typical isotherm models (Langmuir and
Freundlich models, Eqs. (S3)–(S4)) have been used to fit the experi-
mental data. The fitting curves are shown in Fig. 2c and the calculated
results are listed in Table S2. These curves and the higher value of R2
5

demonstrate that Langmuir model is in reasonable agreement with
the experimental data, indicating a monolayer NH4

+ adsorption onto
the titanates. The KL calculated from Langmuir demonstrates that the
adsorption of NH4

+ onto LiT is more favorable than others (Li et al.,
2019). Among all the five materials, LiT has the largest calculated ad-
sorption capacity (Qmax=50.31 mg·g−1) followed by NaT
(44.54 mg·g−1), KT (43.48 mg·g−1), SrT (24.61 mg·g−1) and BaT
(24.50mg·g−1) at the temperature of 25 °C. Table 2 summarizes the ad-
sorption performance of NH4

+ onto different adsorbents reported in the
literature. It is shown that titanates, especially the LiT, possesses an out-
standing adsorption performance and fast adsorption rate compared
with other commonly used adsorbents such as zeolites and biochar. Fi-
nally, the enhancement of adsorption performance by changing counter
cation species should be investigated detailedly.

3.5. Cation exchange equilibrium and selectivity

It is evident from the FTIR spectra (Fig. S7) of titanates adsorbent be-
fore and adsorption that the peak at about 1340 cm−1 corresponding to
the Ti\\O bond shifts. The peak presents the interaction between Ti\\O
and exchanged ions. After adsorption, the peak shifts to 1400 cm−1 in
LiT, NaT and KT, which is attributed to NH4

+ and indicates that most of
the exchangeable ions has been replaced (He et al., 2016). However,
there is no peak appearing at about 1400 cm−1 and only tiny shift for
the Ti\\O bond peak occurs during the NH4

+ adsorption onto SrT or
BaT, which demonstrates that cation exchange with Sr2+ or Ba2+ is
difficult.

It is obvious that Li+, Na+, K+, Sr2+ and Ba2+ exist in the solution
after adsorption of NH4

+ as shown in Fig. 2d. The lower concentration



Table 2
Adsorption characteristics for NH4

+ by LiT and other reported materials.

Samples C0/mg·L−1 Equilibrium time/min Qmax/ mg·g−1 Reference

D113 resin 20–200 30 26.2 (Chen et al., 2015)
Maple wood biochar 0–100 960 5.44 (Wang et al., 2015)
Modified corncob biochar 10–100 120 22.6 (Vu et al., 2017)
Iranian zeolite 90–3610 60 11.5 (Malekian et al., 2011)
natural Chinese (Chende) zeolite 50–300 180 9.41 (Alshameri et al., 2014b)
Na-Yemeni natural zeolite 10–250 20 11.2 (Alshameri et al., 2014a)
NaOH-activated and La-zeolite 20–500 1440 23.9 (He et al., 2016)
Mg-biochar 15–200 1440 51.5 (Xu et al., 2018)
Vermiculite 10–1500 30 50.1 (Alshameri et al., 2018)
Modified bentonite 0–350 60 5.85 (Cheng et al., 2019)
Waste-based biochar 5–150 1500 7.18 (Xue et al., 2019)
Lithium titanate 10–160 10 50.3 This study

C0 is the initial concentration of adsorbates (NH4
+ in this report); Equilibrium time is the time needed to reach the adsorption equilibrium; Qmax (mg·g-1) is themaximummonolayermo-

lecular adsorption capacity calculated by Langmuir model.
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of Sr2+ and Ba2+ in solution is consistent with the result of Fig. S7. The
cation exchange capacity of titanates are calculated according to the
concentration of exchanged cations in solution and can present the
total cation exchange capacity. The amount of counter cations entering
into solution is more than the reduction of NH4

+ during adsorption pro-
cess, which might be attributed to that some of counter cations are ex-
changed by H+. All the above results indicate that LiT, NaT and KT can
successfully exchangewith NH4

+ in the solution. On the contrary, the in-
teractions between Sr2+ or Ba2+ and titanate framework might be too
strong and reject cation exchange with NH4

+. The difference between
monovalent ion and divalent ion might answer for this phenomenon.
The divalent ions can enter into the metastable framework of titanates
more tightly than monovalent ones due to the possible structure col-
lapse and charge balance (He et al., 2017), which would result in the
low exchangeability of SrT and BaT for monovalent NH4

+.
In order to reveal the effect of counter ions on NH4

+ removal during
cation exchange process in detail, a series of competitive adsorption ex-
periments between NH4

+ and other co-existing cationswere conducted.
LiTwas chosen as the adsorbent because of its excellent performance for
NH4

+.
The adsorption capacities of LiT for different metal cations with the

existence of NH4
+ are shown in Fig. 3. The competition between individ-

ual cation andNH4
+ varies alongwith the ion species, and the adsorption

capacities of LiT for these ions also differs with each other. It's shown
that most cations used here like Sr2+ or Ba2+ enters into the adsorbent
framework in preference to NH4

+, which is consistent with the phenom-
enon that NH4

+ adsorption from water is affected by the co-existing
Fig. 3. The ion exchange capacity of different cations onto LiT in the coexistence of NH4
+.

Experimental conditions: initial NH4
+ concentration 4 meq·L−1, initial cation

concentration (like Na+ or Ca2+) 1.0, 2.0, 4.0, 6.0 and 8.0 meq·L−1, contact time
120 min, initial solution pH 3.5.
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cation as shown in literatures (Chen et al., 2018; Guaya et al., 2015).
The ion exchange ability with cations are in the order of trivalent
ions> divalent ions>monovalent ions, which indicates that the ions va-
lence state affects the ion exchange ability. The above results demon-
strate that ion selectivity occurs in the ion exchange with different
cations by titanates.

The ion exchange equilibrium is focused to understand the cation se-
lectivity during the ion exchange process for titanates. There are some
classical theories or models of ion exchange equilibrium to help under-
stand the ion exchange selectivity (Gaines and Thomas, 1953; Thomas,
1944). Some theories are raised bymeans of rigorous and abstract ther-
modynamics, which are correct but only yields a limited information
about the physical phenomenon (Helfferich, 1962). Among these
models, Donnan equilibrium (Tian et al., 2015) is one of the fundamen-
tal theories about ion exchange equilibrium and describes fixed and
counter ions partitioning in a quantitative way (Münchinger and
Kreuer, 2019; Yang and Wang, 2019).

According to Donnan theory, the selectivity coefficient of cation A to
cation B (KB

A) in the exchange system can be obtained by Eq. (4). Where
γA or γB is activity coefficient of A or B ion, zA or zB is charge number of A
or B,Π is the swelling pressure, νA or νB (L·mol−1) is partial molal vol-
ume of A or B ion,mA ormB (mol·g−1) is molality of A or B ion, R is gas
constant (J·(mol·K)−1) and T (K) is Kelvin temperature. While the pa-
rameter with overbar (such as mA) represents the state in framework
case (Helfferich, 1962). The first item on the right side of Eq. (4) reflects
the interaction between counter cations and fixed anions in framework.
The second one reflects the interaction between counter ions and other
components in solution (Helfferich, 1962). In this study, the species and
concentration of counter ions are the variables, and ion exchange pro-
cess takes place mainly in the titanate framework. Therefore, the effect
of the first item on the value of KB

A is more remarkable compared to the
second item. In addition, the third item can be ignored because the
swelling pressureΠ of inorganic materials is usually very low like tita-
nates in this study. Therefore, the discussion of selectivity coefficient
can be simplified to only the first item on Eq. (4), i.e. the interaction be-
tween counter cations and fixed anions in the framework.

lnKA
B ¼ ln

mA
zBmB

zA

mB
zAmA

zB
¼ ln

γB
zA

γA
zB þ ln

γA
zB

γB
zA
þ Π
RT

zAνB−zBνAð Þ ð4Þ

Usually the electrostatic attraction is the main or common interac-
tion between cations and anions among other interactions like ion
pairs and covalent bonds. It is also the same case for interactionbetween
counter cations and fixed anions in the framework. The electrostatic at-
traction between counter ions and charged framework is dependent on
charge number and average minimum distance which is related to
Debye-Huckel parameter (Celebi et al., 2019).The effect of ion proper-
ties like valence, ion radius and hardness on ion exchange selectivity



Table 3
The values of valence and hydrated radius of some common cations.

Cations Valence rA
a/Å

Li+ +1 3.82
Na+ +1 3.58
K+ +1 3.31
NH4

+ +1 3.31
Mg2+ +2 4.28
Ca2+ +2 4.12
Zn2+ +2 4.30
Cd2+ +2 4.26
Cu2+ +2 4.19
Ni2+ +2 4.04
Sr2+ +2 4.12
Ba2+ +2 4.04
Pb2+ +2 4.01
Al3+ +3 4.75
La3+ +3 4.52

a The data of cation hydrated radius (rA) is given by Nightingale
(Nightingale, 1959).

Fig. 4. The values of affinity coefficient to titanates for different counter cations obtained
by Eq. (5).
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have been qualitative discussed before (He et al., 2017; Li et al., 2012;
Mubita et al., 2019). However, the qualitative discussion is not precise
when there are more than one parameter taking effects oppositely.
For instance, the effects of ion radius and valence on selectivity are
Fig. 5. The effect of counter cations spe
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opposite and these two parameters of Na+ are different from that of
Ca2+ in value, which might easily make confusion. It is essential to es-
tablish a brief but direct relation between cations properties and ion se-
lectivity or affinity.

The values of ion valence and hydrated radius of cations used in the
competitive experiments are listed in Table 3 (Nightingale, 1959;
Shannon, 1976). According to the results of Fig. 3 and Table 3, the higher
valence or the smaller hydrated radius corresponds to the higher affin-
ity of cations to titanate framework in general, which is consistent with
results in literatures (Li et al., 2012). Considering that the electrostatic
interaction between counter ions and fixed ions (in framework) plays
a key role in themotion of counter ions, the Coulomb's law is referenced
here to explain the affinity or selectivity order of the cations. The affinity
coefficient Kf of cation A to titanates is defined and used instead of KB

A for

direct prediction by Eq. (5) (KA
B ¼ KA

f

KB
f
Þ, where zA is the valence of cation

A, rA is the hydration radius of counter ion A, rC is the hydration radius of
fixed ion C and is thought to be constant for different case in this study, b
is the distance betweenfixed ions and hydrated counter ions. Supposing
that the value of b is constant for different counter ionswhen other con-
ditions are consistent, the results of Kf can be calculated as shown in
Fig. 4.

Kf ¼
zA

bþ rA þ rCð Þ2
ð5Þ

It is notable that the results of Fig. 4 from Eq. (5) can successfully ex-
plain the affinity or selectivity of most common cations to titanates
when compared to the results of competitive experiment (Fig. 3). The
good agreement demonstrates that the valence and hydrated radius of
cations conversely affect the cation exchange selectivity in the light of
Eq. (5). The higher Kf value of cation, the higher selectivity or affinity
of cation to titanates. The results show that the Kf values of NH4

+, Li+,
Na+, K+, Sr2+ and Ba2+ are in the order of Ba2+ > Sr2+>> K+=NH4

+-

> Na+ > Li+, which demonstrates that Li+, Na+ and K+ can be ex-
changed out from titanate framework more easily and completely
than Sr2+ or Ba2+ when NH4

+ is in external solution. Therefore, the def-
inition of Kf successfully reveals the main reason about the effect of
counter ion species on the adsorption of NH4

+ from water by titanates
and can also help explain the enhancement of adsorption performance
of LT for NH4

+. The results and findings discussed above are combined
in a diagram as shown in Fig. 5. Furthermore, the definition and discus-
sion can also be used for future ion exchange mechanism analysis and
cies on ion exchange equilibrium.
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adsorbent design especially for the inorganic ion-exchanger because the
definition of Kf value is brief and effective.

4. Conclusions

In this study, the cation exchange for NH4
+ uptake is focused on to

enhance the adsorption capacity for titanates. A series of titanates (LiT,
NaT, KT, SrT, BaT) containing different counter cationswere synthesized
and served as adsorbents for the uptake of NH4

+ from aqueous solution.
The primary conclusions according to the experimental results and dis-
cussion are as follows:

The adsorption capacity of titanates for NH4
+ is in the order of LiT>

NaT>KT>> SrT> BaT, which is regulated by changing counter cations
in framework of adsorbents. The adsorption capacity of LiT is as high as
50.31 mg·g−1, which is about 5 times larger than that of BaT. The ad-
sorption equilibrium of NH4

+ onto titanates can be reached quickly
within 10min. A brief but effective parameter affinity coefficientKf is in-
troduced and can satisfactorily reveal that the valence and hydrated ra-
dius have opposite effect on ion selectivity of counter ions to titanates.
The inorganic nature and manageable structure-function relationship
make titanate a stable and efficient adsorbent for NH4

+ removal.
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