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m adsorption using synthesized
sodium titanate in aqueous solution

Gyuhyeon Kim, a Dae Sung Lee, b Harry Eccles,c Su Min Kim,d Hyun Uk Cho*d

and Jong Moon Park *aefg

Amorphous sodium titanates were synthesized using a mid-temperature sol–gel method for evaluation as

selective adsorbents of strontium in the presence of cesium or metal cations (Al3+, Mg2+, Ca2+, and Mn2+)

from aqueous solution. Synthesized sodium titanate showed high adsorption capacity and selectivity for

strontium. The maximum adsorption capacity of strontium by sodium titanate was 193.93 mg g�1 in

aqueous solution containing an initial concentration of 5 mM (438.60 mg L�1) strontium and 5 mM

(666.67 mg L�1) cesium, and this sodium titanate removed 99.9% of the strontium and 40.67% of cesium

from an aqueous solution that had an initial concentration of 1.14 mM (100 mg L�1) strontium and

0.75 mM (100 mg L�1) cesium. Strontium adsorption by synthesized sodium titanate followed pseudo-

second-order kinetics and a generalized Langmuir isotherm model, and reached an adsorption

equilibrium within 1 h with high adsorption capacity at equilibrium. Adsorbed strontium onto synthesized

sodium titanate showed the behavior of forming a strontium titanate structure with a titanate frame via

surface precipitation.
1 Introduction

Radionuclide pollutants have been released in large amounts by
atmospheric nuclear tests, mining and milling of uranium,
reprocessing of spent nuclear fuel, and operation, decontami-
nation and decommissioning of nuclear power facilities.1–5

Particularly, aer the Fukushima Dai-ichi nuclear power plant
accident many of the radionuclides have fallen to rivers,
groundwater, and oceans.6 In water, radionuclides can take
various forms such as elements, precipitates, oxides, ionic
forms, and organic or inorganic complexes, so suitable methods
must be developed to treat each discharged radionuclide.7

Among these radionuclides, strontium-90 and cesium-137
have long-term environmental inuence because of their high
ssion yield and long half-life (90Sr ¼ 28.8 years; 137Cs ¼ 30.1
years).8,9 Particularly, strontium species have high mobility,
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high water solubility, and high specic radioactivity.10 More-
over, radioactive strontium is more weakly adsorbed to particles
in seawater than is radioactive cesium, which is also an abun-
dant material in released radionuclides, because the elemental
concentration of inactive strontium is signicantly higher than
cesium in seawater. Strontium therefore acts more strongly as
a carrier and is much better stabilized than cesium.11 Hence,
effective and specic methods to treat strontium in aquatic
environment are required for nuclear safety and prevention of
environmental pollution.

To remove radionuclides in a water environment, many
techniques are used in the nuclear industry.12 Adsorption is
a primary technique for removing radionuclides with high
economic feasibility and availability.13 Several types of organic
and inorganic adsorbents such as natural zeolites, porous
carbon composites, graphene oxides, ammonium molybdo-
phosphate composites, hydroxyapatites, and sodium titanates
have been used for removing strontium from aquatic circum-
stances.10,14–18 In particular, sodium titanates have distinctive
physico-chemical characteristics such as a low temperature
compound, chemical stability at high pH, and great ability to
adsorb strontium, uranium, neptunium, and plutonium in
a wide range of pH and high salt concentrations.19–22 Several
sodium titanate composites such as monosodium titanates,
sodium peroxotitanates, sodium nonatitanates, and sodium
iron titanates have been developed for effective adsorption of
strontium in aquatic environment that includes diverse radio-
nuclides.22–25 However, selective adsorption of strontium onto
sodium titanates in aqueous solution containing cesium or
© 2022 The Author(s). Published by the Royal Society of Chemistry
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metal cations has not been evaluated; this competitive
adsorption behavior of strontium under multicomponent
conditions should be quantied.

The objectives of this study were to evaluate the selective
adsorption of strontium onto sodium titanates in aqueous
solution containing cesium or metal cations, and to investigate
the adsorption mechanism of strontium onto sodium titanates
in the presence of cesium. For these purposes, we synthesized
two amorphous sodium titanates that had higher selectivity for
adsorption of strontium than of cesium by using a mid-
temperature (#100 �C) sol–gel method, then evaluated their
physical and chemical characteristics. We also compared their
adsorption capacity, kinetics, and isotherms for adsorption of
strontium.
2 Experimental
2.1 Chemical reagents

All chemical compounds and reagents were high purity labo-
ratory grade or ACS reagents, and were used without additional
purication. All were purchased from Merck KGaA: titanium
isopropoxide (Ti[OCH(CH3)2]4, $97%), sodium methoxide
(CH3ONa, 25 wt% in methanol), cesium nitrate (CsNO3, 99%),
strontium nitrate (Sr(NO3)2, $99%), isopropanol (C3H8O,
$99.5%), sodium nitrate (NaNO3, $99%), calcium nitrate tet-
rahydrate (Ca(NO3)2$4H2O, 99%), magnesium nitrate hexahy-
drate (Mg(NO3)3$6H2O, 99%), aluminium nitrate nonahydrate
(Al(NO3)3$9H2O, $98%), manganese nitrate tetrahydrate
(Mn(NO3)2$4H2O, $97%), and Triton X-100. For safety, non-
radioactive cesium and strontium nitrates were used as
substitutes for radioactive isotopes. Ultrapure Milli-Q water
(distilled water, DW) with a resistivity of 18.2 MU was used in all
experiments.
2.2 Preparation of sodium titanates

Sodium titanates were synthesized using a modication of
a previous method.26 First, 12 mmol of titanium isopropoxide,
6 mmol of sodium methoxide, 0.88 mL of Triton X-100, and
0.48 mL of DW were mixed, then isopropanol was added to
bring the volume to 300 mL; this step was performed in
a 500 mL three-neck round-bottom ask. Aer the chemicals
had been mixed, the ask was sealed and stirred at room
temperature (RT) for 24 h, then heated at 82 �C for 90 min, then
purged with nitrogen until the total volume of solution reached
50 mL. While the isopropanol was evaporated, DW was simul-
taneously added dropwise to the ask. Aer heat reduction, the
solution in the ask became a slurry of sodium titanate. This
aqueous slurry was centrifuged, then the supernatant was
removed. The remaining product was treated in two ways. First,
adsorbent ST1 was obtained by washing the remaining sodium
titanates three times with DW to remove any surfactant and any
remaining isopropanol. Second, adsorbent ST2 was obtained by
drying the remaining sodium titanates at 100 �C overnight in an
oven to remove remaining aquatic residues without DW
washing. Both ST1 and ST2 were stored in an oven at 60 �C until
they were used in experiments.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.3 Characterization of sodium titanates

The chemical composition of sodium titanates was analyzed
using an X-ray diffractometer (XRD: X'pert PRO MPD, Malvern
PANalytical B.V., Almelo, Netherlands). Surface structure of
sodium titanates was observed using a scanning electron
microscope (SEM: JSM-6510, JEOL Co., Ltd, Tokyo, Japan) and
an energy-dispersive X-ray spectroscopy (EDS: Emax, Horiba,
UK). Physical adsorption capacities and surface area of gas
molecules on the surface of sodium titanates were quantied
using a Brunauer–Emmett–Teller (BET) surface analysis device
(Nanoporosity-XQ analyzer, Mirae SI Co., Ltd, Gwangju, Korea).
BET surface area and pore size distribution were quantied
using the Barrett–Joyner–Halenda (BJH) equation to draw an
isothermal adsorption line.27,28 The strontium adsorption
mechanism of sodium titanates was analyzed using an X-ray
photoelectron spectroscope (XPS: ESCALAB 250, Thermo
Fisher Scientic, Waltham, U.S.).
2.4 Cesium and strontium adsorption experiments

To determine their capacities to adsorb strontium and cesium
by ST1 and ST2, 0.1 g of ST1 or 0.1 g of ST2 were added to Pyrex
bottles containing 100 mL solutions of 1.14 mM (100 mg L�1)
strontium and 0.75 mM (100 mg L�1) cesium with initial pH
value 7. Each bottle was sealed then stirred in a shaking incu-
bator (VS-8480SF, Vision Science Co., Ltd, Daegu, Korea) with
mixing at 200 rpm and temperature of 25 �C. Samples were
collected at 10min, 30min, 1 h, 3 h, 6 h, 9 h, and 24 h from each
bottle, then strontium and cesium concentrations were deter-
mined according to standard methods using an inductively
coupled plasma-mass spectrometer (ICP-MS: ELAN DRC-e,
PerkinElmer SCIEX, Wellesley, U.S.).

In addition, the competitive adsorption ability of ST2 for
cesium, strontium, and metal cations (Al3+, Mg2+, Ca2+, and
Mn2+) were investigated in a batch test. 0.1 g of ST2 was added
to four Pyrex bottles with experimental solution (100 mg L�1

concentration of Al3+ or Mg2+ or Ca2+ or Mn2+ with 100mg L�1 Sr
and Cs, respectively) with pH value 7 were prepared. Each bottle
was sealed then stirred in a shaking incubator with mixing at
200 rpm and temperature of 25 �C. Samples were collected aer
24 h from each bottles and the concentration of Sr, Cs was
determined by ICP-MS as described above.

Finally, to examine whether ST2 can be used as a specic
strontium adsorbent in the presence of cesium, the strontium
adsorption capacity (mg g�1) by ST2 was measured for 48 h
using aqueous solution that had initial concentrations of 1 #

Sr and Cs # 5 mM (87.72 mg L�1 # Sr # 438.60 mg L�1,
133.33 mg L�1 # Cs # 666.67 mg L�1, respectively). Experi-
mental method was same with the batch test as discussed
above with differences of concentration and time. The above
experimental conditions remained unchanged during the
experiment.
2.5 Kinetics and isotherms

The adsorption equilibrium capacity qe [mg g�1] was
calculated as
RSC Adv., 2022, 12, 18936–18944 | 18937
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qe ¼ ðC0 � CeÞV
W

(1)

where C0 and Ce [mg L�1] denote, respectively, the initial and
equilibrium concentrations of adsorbate in the solution, V [L] is
the volume of solution, andW [g] is the mass of adsorbent in the
solution.

The kinetics of experimental data were tted using a pseudo-
rst-order equation,

ln(qe � qt) ¼ ln qe � k1t (2)

a pseudo-second-order equation,

1

qt
¼ 1�

k2ðqeÞ2
�
t
þ 1

qe
(3)

and the Elovich equation,

qe ¼ 1

b
lnð1þ abtÞ (4)

where qt [mg g�1] represents adsorption capacity for the
adsorbate at time t [min], qe [mg g�1] is the adsorption equi-
librium capacity for adsorbate, k1 [min�1] and k2 [g (mg min)�1]
are the adsorption-rate constants, a [g (mgmin2)�1] is the initial
adsorption rate, and b [g (mg min)�1] is the initial desorption
coefficient.29–31

To calculate strontium adsorption isotherms by ST2, the
data were tted with the Langmuir equation,

qe ¼ qmKLCe

1þ KLCe

(5)

the Freundlich equation,
Fig. 1 SEM pictures and EDS profile data of ST1 and ST2; (a) SEM picture o
ST2.

18938 | RSC Adv., 2022, 12, 18936–18944
qe ¼ KfC
1/n
e (6)

the Dubinin–Radushkevich equation,

qe ¼ qme
�b32 (7)

and the Temkin equation,

qe ¼ RT

bT
lnðATCeÞ ¼ B lnðATCeÞ (8)

where qe [mg g�1] is the amount of adsorbate adsorbed at
equilibrium, KL [L mg�1] is the Langmuir constant, Kf [L g�1] is
the Freundlich equation constant, qm [mg g�1] represents
a theoretical maximum adsorption capacity, and Ce [mg L�1] is
the adsorbate concentration at equilibrium in the solution. n is
the Freundlich exponent constant, b is Dubinin–Radushkevich
constant of mean energy of extraction per mole of adsorbent
[mol2 J�1], 3 ¼ RT ln(1 + 1/Ce) is the Polanyi potential, bT is the
Temkin isotherm constant related to adsorbent–adsorbate
interactions, AT [L g�1] is the Temkin isotherm equilibrium
binding constant, R ¼ 8.314 [J mol�1 K�1] is the universal gas
constant, T ¼ 298 K is reaction temperature, and B ¼ RT/bT [J
mol�1] is a constant related to the heat of sorption.32–35 Ori-
ginpro soware (version 9.0) was used to draw gures and to t
kinetics and isotherm curves by nonlinear regression methods.
3 Results & discussion
3.1 Characteristics of sodium titanates

ST1 and ST2 were aggregated solid form of amorphous phases
without any crystalline structure (Fig. 1); this result agrees with
f ST1, (b) SEM picture of ST2, (c) EDS profile of ST1, and (d) EDS profile of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD analysis data of ST1 and ST2.
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previous reports.36,37 The EDS spectra indicated that both ST1 and
ST2 include only Na, Ti, and O. The amount of Na was smaller in
ST1 than in ST2. Sodium titanates can easily hydrolysed as reac-
tion (9), so ST1, which was synthesized using a process that
involved DW washing, may have been more hydrolysed than ST2,
and therefore had less Na content than ST2.38

NaxTiyOz + xH2O / HxTiyOz + xNa+ + xOH� (9)

The chemical compositions of the ST1 and ST2 (Na0.28-
H1.72TiO3 and Na0.56H1.44TiO3, respectively.) in this study were
estimated to be NaxH(2�x)TiO3, as suggested by the ideal
chemical composition of perovskite (CaTiO3).38 TiO3 seemed to
combine with one of Na or H.
Fig. 3 Time-dependent adsorption rate of Cs and Sr by ST1 and ST2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
XRD spectra showed no distinguishable peaks in further
investigation to determine the crystal structures of ST1 and ST2
(Fig. 2); this result illustrates that both ST1 and ST2 had
amorphous phase in RT condition.

To investigate the availability of Sr and Cs adsorption by ST1
and ST2, BET analysis was conducted with BJH method for
determining surface area, adsorption/desorption area, andmean
pore diameter of ST1 and ST2. BET surface area (m2 g�1) of ST1
was 24.36 and ST2 was 244.17. BJH adsorption/desorption area
(m2 g�1) of ST1 was 16.54/21.78 and ST2 was 44.31/47.59. BJH
mean pore diameter (nm) of ST1 was 439.1 and ST2 was 1034.4.
Compared to ST1, ST2 had 10.0 times higher BET surface area,
2.1–2.6 times higher BJH adsorption/desorption area, and 2.3
times higher BJH mean pore diameter. This result may be
a result of a conversion of sodium titanate to hydrogen titanate,
which is described in reaction (9). DW evaporation during ST2
synthesis process also contributed to increase in surface area and
pore size, and thereby facilitate the growth of sodium titanate
particles when the remaining sodium titanate was supersatu-
rated in the slurry.39
3.2 Cesium and strontium adsorption

Adsorption rate of Sr and Cs by ST1 and ST2 from aqueous
solution containing 1.14 mM (100 mg L�1) Sr and 0.75 mM
(100 mg L�1) Cs was examined (Fig. 3). The amounts of Sr and
Cs adsorbed onto ST1 and ST2 increased as adsorption time
increased to 24 h.

On ST1, the adsorption rate of Sr increased from 11.45% to
26.35% with 0.84 mM (73.65 mg L�1) Sr equilibrium concen-
tration, and the adsorption rate of Cs increased from 18.87% to
21.93% with 0.59 mM (78.07 mg L�1) Cs equilibrium concen-
tration. Aer 24 h, the difference was not large.
RSC Adv., 2022, 12, 18936–18944 | 18939

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02494b


Fig. 5 Time-dependent equilibrium data for the adsorption capacity
of Sr by ST2.
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On ST2, the adsorption rate of Sr signicantly increased from
41.24% to 99.86% with 0.16 mM (0.14 mg L�1) Sr equilibrium
concentration, and the adsorption rate of Cs increased from
32.91% to 40.67% with 0.44 mM (59.33 mg L�1) Cs equilibrium
concentration. The Sr adsorption rate was 2.5 times higher than
the Cs adsorption rate (Fig. 3). A difference in adsorption rates
of Sr and Cs has been reported earlier using sodium iron tita-
nate composites.25

The difference of Cs, Sr adsorption rate between ST1 and ST2
can be explained that ST2 occupies larger surface area, larger
mean pore diameter, and higher Na content than ST2. The ionic
affinity during adsorption by sodium titanate was in the order
H+ > Ca2+ > Sr2+ [ Mg2+ > NH4+ > K+ > Li+.40 Therefore, ST1,
which underwent DW washing that was converted HxTiyOz

instead of NaxTiyOz, contained more H content than ST2,
resulting less adsorption rate of both Cs, Sr.

Sodium titanates have greater adsorption capacity for diva-
lent and trivalent cations such as Sr, Np, Pu, and U than for
monovalent cations such as Cs, which is normally monovalent
in water.20,37,41 However, in this trial, the amount of Sr adsorbed
by sodium titanates was much higher than the amount of Cs
(Fig. 3). This difference from expectation may be a result of the
difference in ionic radii. Sr (125 pm) is much smaller than Cs
(173 pm); this difference indicates that more Sr can be adsorbed
than Cs in certain areas on sodium titanates.42

ST2 showed better capacity than ST1 to adsorb Sr and Cs, so
ST2was used in a test of the inuence ofmetal cations (Al3+, Mg2+,
Ca2+, and Mn2+) on Sr and Cs adsorption in a batch test (Fig. 4).
Interference with Sr adsorption capacity was relatively high (10–
40%) in the presence of each co-existing cation, but interference
with Cs adsorption was relatively low (<10%). Ca2+ interfered
strongly with Sr adsorption, possibly as a result of the ionic radii
of the cations.43 The ionic radii are 110 pm (Ca2+), 57 pm (Al3+), 86
pm (Mg2+), and 81 pm (Mn2+); the difference in ionic radii of Sr2+

(125 pm)may not be high enough to prevent interference by Ca2+.
However, Cs+ (173 pm) has larger ionic radii than Sr2+; this
seemed to be less affected by co-existing cations.43–47
Fig. 4 Effect of co-existable cations on the adsorption of Cs and Sr by
ST2 (control condition: 40.67% adsorption rate of Cs and 99.86%
adsorption rate of Sr in 100 ppm Cs, Sr concentration).

18940 | RSC Adv., 2022, 12, 18936–18944
To examine whether ST2 can be used as a specic Sr adsor-
bent in the presence of Cs, the Sr adsorption capacity by ST2 was
quantied using aqueous solution with initial pH value 7 that
had initial concentrations of 1 # Cs and Sr # 5 mM (Fig. 5). All
Sr adsorption capacities of ST2 increased as time increased, and
reached equilibrium at 96 h. The adsorption capacities of Sr at
equilibrium by ST2 increased from 99.86 to 193.76 mg g�1 as
the initial Cs and Sr concentrations increased from 1 to 5 mM.
Although Sr competed with Cs for Na from ST2 during ion-
exchange process, the Sr adsorption capacity obtained
from adsorption experiments was higher than that in previous
other studies that used aqueous solution that contained
only Sr.10,25,43,46

3.3 Kinetics and isotherm

To understand the mechanism of Sr adsorption by ST2 equi-
librium data, pseudo-rst order, pseudo-second order, and
Fig. 6 Non-linear adsorption kinetics for the adsorption of Sr by ST2 at
different initial Cs, Sr concentrations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Kinetic model parameters for the adsorption of strontium by ST2

Initial conc.
(mM) qe,exp (mg g�1)

Pseudo-rst order Pseudo-second order Elovich

qe,cal (mg g�1) k1 (min�1) r2 qe,cal (mg g�1) k2 (g mg�1 min�1) r2
a

(g (mg min2)�1)
b

(g (mg min)�1) r2

1.000 99.864 98.644 0.038 0.944 102.694 0.001 0.986 244.873 0.099 0.745
2.000 142.911 136.326 0.046 0.774 142.096 0.001 0.956 726.620 0.077 0.859
3.000 172.943 158.856 0.102 0.542 165.744 0.001 0.884 6.708 � 104 0.093 0.883
4.000 188.991 182.445 0.108 0.872 188.288 0.001 0.979 2.835 � 106 0.103 0.687
5.000 197.757 177.274 0.089 0.788 184.012 0.001 0.975 9.893 � 104 0.086 0.777

Fig. 7 Non-linear adsorption isothermmodels for strontium by ST2 at
different concentration at equilibrium.

Table 2 Isotherm model parameters for the adsorption of strontium
by ST2

Langmuir Freundlich
Dubinin–
Radushkevich Temkin

KL 0.633 Kf 106.880 qm 199.564 AT 5.326
qm 259.730 n 2.526 B 1.557 bT 37.348
r2 0.993 r2 0.955 r2 0.958 r2 0.985

Table 3 A comparative summary of Sr adsorption capacity and soluti
capacity was calculated by Langmuir isotherm model)

Materials Compositions

RSBC beads Rice straw-based b
Barium-sulfate-impregnated reduced graphene
oxide

BaSO4$rGO

Sodium iron titanate NaFeTiO
Sodium titanate Na0.90H1.10Ti2O5

Sodium titanate Na0.56H1.44TiO3

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Elovich kinetic models were tted using non-linear regression
analysis (Fig. 6) and kinetic parameters were obtained (Table 1).
Among the kinetic models, the correlation coefficients from the
pseudo-second kinetic model were the highest for 1# Cs and Sr
# 5 mM; this result indicates that the pseudo-second kinetic
model showed the best t to the experimental data. This kinetic
model provides information on the Sr adsorption mechanism,
which entails a fast initial step that is limited by general
diffusion, then a slow second step that is limited by diffusion in
small pores or by slow adsorption.25,48

To determine the mechanism of Sr adsorption onto ST2,
Langmuir, Freundlich, Dubinin–Radushkevich, and Tempkin
adsorption isotherm models were applied (Fig. 7). The
isotherm parameters showed that the equilibrium data were
tted best by the Langmuir isotherm (Table 2). The Langmuir
isotherm suggests that Sr adsorption onto a solid surface
seemed to entail a kinetic principle which is a continuous
bombardment process of molecules onto the surface, with
corresponding molecules' desorption or evaporation from the
surface, with zero net accumulation rate at the surface.32 ST2 is
amorphous, so Sr adsorption by ST2 could follow the general-
ized Langmuir adsorption model, in which an amorphous
material that is treated as a continuum consists of an intrac-
table number of adsorption sites with various adsorbate
affinities. Adsorbate–adsorbent interactions are negligible, so
the adsorption isotherm follows the binding energy distribu-
tion of adsorption sites.49

The maximum Sr adsorption capacity obtained by Langmuir
isotherm model was compared with other synthetic adsorbents
that were reported for candidates of Sr adsorption.10,25,43,50 ST2
has the highest Sr adsorption capacity among synthetic adsor-
bents that include sodium titanate species under the condition
on condition between different adsorbents (maximum Sr adsorption

Maximum Sr adsorption
capacity (mg g�1) Solution condition Ref.

iochar 175.95 Sr only 43
232.89 Sr only 10

233.5 Sr only 25
238.26 Sr only 50
259.73 Cs, Sr This work

RSC Adv., 2022, 12, 18936–18944 | 18941
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Fig. 8 XPS spectra of ST2 before and after Sr adsorption.
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that Sr and Cs co-exist in aqueous solution, while other studies
were conducted using aqueous solution that contains only Sr
(Table 3).
Scheme 1 Conceptual illustration of Sr adsorption mechanism onto ST
mechanism of Sr adsorption onto ST2.

18942 | RSC Adv., 2022, 12, 18936–18944
3.4 Suggested mechanism of Sr adsorption on ST2

To elucidate chemical balance state and surface chemistry of Sr
adsorption on ST2, XPS was conducted to identify surface
2; (a) SEM picture of ST2 surface and after Sr adsorption, (b) possible

© 2022 The Author(s). Published by the Royal Society of Chemistry
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chemical composition and bonding conguration of ST2 before
and aer Sr adsorption (Fig. 8).

The XPS spectrum of Sr 3d had no distinctive peaks before Sr
adsorption, but showed a distinctive peak at binding energy of
133.6 eV aer Sr adsorption. This result illustrates that Sr ions
had been adsorbed onto ST2.

In contrast, the XPS spectrum of Na 1s showed a distinctive
peak at 1071.1 eV before Sr adsorption, but no distinctive peaks
aer Sr adsorption. This result indicates that Na ions had been
released from ST2. This observation is consistent with
a previous inference that ion exchange between Sr and Na ions
occurs on the surface of ST2.51

In the XPS spectrum of O 1s, a binding energy peak appeared
at 531.7 eV with a shoulder peak at 529.1 eV before Sr adsorp-
tion; this peak can be deconvoluted to three single peaks, which
correspond to the “O2�” ions (529.1 eV) in transition metal
oxides and alkaline-earth oxides, “O�” ions (531.7 eV) that
compensate for deciencies in the subsurface of transition
metal oxides (oxygen vacancy), and Ochem (532.9 eV) ions that
are chemically adsorbed to the surface of metal oxides.52–54 Aer
Sr adsorption, the XPS spectrum of O 1s showed a distinct peak
at 530.2 eV, which is attributed to O2� ions and a peak at
532.4 eV attributed to Ochem; this result implies that O� ions
had been converted to O2� ions and that O2� ions dominated on
the surface of ST2.

The XPS spectrum of Ti 2p before Sr adsorption was tted as
three peaks: 457.2 eV for Ti 2p3/2 of Ti

3+, 462.8 eV for Ti 2p1/2 of
Ti3+, and some satellites. Aer Sr adsorption, the spectrum
showed different peaks: 458.3 eV for Ti 2p3/2 of Ti

4+, 463.9 eV for
Ti 2p1/2 of Ti

4+, and some satellites.55 These results indicate that
Ti ions on the surface of ST2 underwent reduction reactions
during Sr adsorption.

The XPS results suggest that Sr adsorption mechanism onto
ST2 as follows: Before Sr adsorption, Na ions existed in Na0.56-
H1.44TiO3 complex which contains Ti3+ ions chemically bonded
with “O�” ion and Ochem at the surface. When Sr adsorption
began, Sr ions from the aqueous solution were located in
surface of ST2 instead of Na ions via ion-exchange process, then
Sr forms the crystalline substances by surface precipitation,
resulting in the presence of Ti4+-basedmetal oxides by oxidation
of Ti3+ on the surface of ST2 (Scheme 1). This ion-exchange
model between Na and Sr was observed in other studies of Sr
adsorption using titanate nanorods and mats.50,56 SEM obser-
vations of ST2 aer Sr adsorption detected cube-shaped crystals
which are quite similar in shape to SrTiO3 crystals as an
evidence for Sr adsorption on ST2 via surface precipitation.57,58

4 Conclusions

Sodium titanate ST2 (Na0.56H1.44TiO3) was synthesized using
a modied mid-temperature sol–gel method. ST2 has amor-
phous structure, high capacity to adsorb Sr, and high selectivity
to adsorb Sr even in the presence of Cs and metal cations (Al3+,
Mg2+, Ca2+, Mn2+) in aquatic solution with initial pH value 7. Sr
adsorption by ST2 in aquatic solution with initial pH value 7
followed pseudo-second-order kinetics and generalized Lang-
muir isotherm model. Adsorbed Sr ions onto ST2 involved
© 2022 The Author(s). Published by the Royal Society of Chemistry
formation of a strontium titanate structure (SrTiO3) with tita-
nate frame of ST2 by surface precipitation. However, a compre-
hensive study including pH, background electrolyte change and
binary systems containing only the competing ions is required
for understanding surface complexation model of Sr in ST2.
Moreover, further investigations about Sr adsorption on ST2 are
still needed to solve the detailed mechanism of Ti3+ oxidation.
In summary, ST2 can be a good candidate for use to adsorb Sr
from Cs-containing aqueous solutions.
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Dordrecht, 2010, pp. 183–191.

9 M. A. Olatunji, M. U. Khandaker, H. N. M. E. Mahmud and
Y. M. Amin, RSC Adv., 2015, 5, 71658–71683.

10 J. Jang and D. S. Lee, J. Nucl. Mater., 2018, 504, 206–214.
RSC Adv., 2022, 12, 18936–18944 | 18943

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02494b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 9

/1
2/

20
22

 7
:2

7:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
11 P. P. Povinec, K. Hirose and M. Aoyama, Environ. Sci.
Technol., 2012, 46, 10356–10363.

12 Waste Technology Section International Atomic Energy
Agency, Combined methods for liquid radioactive waste
treatment Final report of a co-ordinated research project
1997–2001, Vienna, 2003, vol. 1336.

13 K. C. Khulbe and T. Matsuura, Appl. Water Sci., 2018, 8, 1–30.
14 M. W. Munthali, E. Johan, H. Aono and N. Matsue, J. Asian

Ceram. Soc., 2015, 3, 245–250.
15 S. Baik, H. Zhang, Y. K. Kim, D. Harbottle and J. W. Lee, RSC

Adv., 2017, 7, 54546–54553.
16 Y. Park, C. Kim, W. S. Shin and S.-J. Choi, J. Nucl. Fuel Cycle

Waste Technol., 2013, 11, 259–269.
17 S. S. Metwally, I. M. Ahmed and H. E. Rizk, J. Alloys Compd.,

2017, 709, 438–444.
18 A. Cleareld and J. Lehto, J. Solid State Chem., 1988, 73, 98–

106.
19 R. W. Lynch, R. G. Dosch, B. T. Kenna, J. K. Johnstone and

E. J. Nowak, in Symposium on the management of radioactive
wastes from the nuclear fuel cycle, International Atomic
Energy Agency, Vienna, 1976, pp. 361–372.

20 M. C. Duff, D. B. Hunter, D. T. Hobbs, S. D. Fink, Z. Dai and
J. P. Bradley, J. Environ. Sci. Technol., 2004, 38, 5201–5207.

21 J. Lehto and A. Cleareld, J. Radioanal. Nucl. Chem. Lett.,
1987, 118, 1–13.

22 D. T. Hobbs, J. South Carolina Acad. Sci., 2011, 9, 20.
23 K. M. L. Taylor-Pashow, D. M. Missimer, A. Jurgensen and

D. T. Hobbs, Sep. Sci. Technol., 2011, 46, 1087–1097.
24 M. Nyman and D. T. Hobbs, Chem. Mater., 2006, 18, 6425–

6435.
25 P. Amesh, A. S. Suneesh, K. A. Venkatesan, R. Uma

Maheswari and S. Vijayalakshmi, Sep. Purif. Technol., 2020,
238, 116393.

26 D. T. Hobbs, K. M. L. Taylor-Pashow and M. C. Elvington, US
Pat., US20140072804A1, 2014, vol. 1, p. 33.

27 S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc.,
1938, 60, 309–319.

28 E. P. Barrett, L. G. Joyner and P. P. Halenda, J. Am. Chem.
Soc., 1951, 73, 373–380.

29 M. P. Tavlieva, S. D. Genieva, V. G. Georgieva and L. T. Vlaev,
J. Colloid Interface Sci., 2013, 409, 112–122.

30 Y. S. Ho and G. McKay, Process Biochem., 1999, 34, 451–465.
31 S. Roginsky and Y. B. Zeldovich, Acta Phys. Chem. USSR, 1934,

1, 2019.
32 I. Langmuir, J. Am. Chem. Soc., 1918, 40, 1361–1403.
33 H. M. F. Freundlich, J. Phys. Chem., 1906, 57, 1100–1107.
34 A. Khandelwal, N. Narayanan, E. Varghese and S. Gupta,

Bull. Environ. Contam. Toxicol., 2020, 104, 503–510.
35 M. M. Dubinin, E. D. Zaverina and L. V. Radushkevich, Zh.

Fiz. Khim., 1947, 21, 151–162.
18944 | RSC Adv., 2022, 12, 18936–18944
36 W. Zhang, R. Fu, L. Wang, J. Zhu, J. Feng and W. Yan, Sci.
Total Environ., 2019, 668, 815–824.

37 F. F. Fondeur, D. T. Hobbs, S. D. Fink and M. J. Barnes, Sep.
Sci. Technol., 2005, 40, 571–592.

38 Y. Takahatake, A. Shibata, K. Nomura and T. Sato, Minerals,
2017, 7, 247–260.

39 A. Yoshida and R. Komatsu, J. Ceram. Soc. Jpn., 2009, 117,
1166–1171.

40 J. Lehto, L. Brodkin, R. Harjula and E. Tusa, in Proceedings of
the Sixth International Conference on Radioactive Waste
Management and Environmental Remediation, 1997, pp. 245–
248.

41 D. T. Hobbs, M. J. Barnes, R. L. Pulmano, K. M. Marshall,
T. B. Edwards, M. G. Bronikowski and S. D. Fink, Sep. Sci.
Technol., 2005, 40, 3093–3111.

42 J. Luo, S. Ye, T. Li, E. Sarnello, H. Li and T. Liu, J. Phys. Chem.
C, 2019, 123, 14825–14833.

43 J. Jang, W. Mirana, S. D. Divine, M. Nawaz, A. Shahzad,
S. H. Woo and D. S. Lee, Sci. Total Environ., 2018, 615,
698–707.
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