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K-Merlinoite or “K-MER” was successfully synthesized and firstly employed as an adsorbent for the removal

of Cs+ and Sr2+ cations in aqueous solution by batch operation. The optimum conditions to synthesize K-

MER were hydrothermal temperature of 250 �C and a hydrothermal time of 8 h. As revealed by XPS, TG,

NMR, and ICP analyses, the composition of K-MER synthesized under optimum conditions was

“K10.9Al11.2Si20.9O61.6$17.8H2O”, which corresponded with the typical formula of Merlinoite zeolite. 27Al

MAS NMR indicated that no octahedrally coordinated aluminum existed suggesting very high purity of K-

MER. The calculated theoretical ion-exchange capacity was 4.2 mmol g�1, assuming exchange of the

total amount of potassium. In aqueous solution, K-MER exhibited an excellent Cs+ ($90%) and Sr2+

($65%) removal performance with the maximum exchange capacity of 3.08 meq. g�1 for Cs+ and 2.01

meq. g�1 for Sr2+. K-MER showed higher adsorption for Cs+ than Sr2+ when performed using the same

adsorption conditions. Coexisting monovalent cations, Na+ and K+, significantly influenced Cs+ removal

more than divalent cations, Ca2+ and Mg2+, and they were in the order of K+ > Na+ > Ca2+ > Mg2+. The

most important factor for competitive adsorption between Cs+ and the coexisting cation was the

hydrated ionic size. Cs+ became more difficult to adsorb when Cs+ was interfered by a coexisting cation

of close size. Although the efficiency of Cs+ removal by K-MER decreased around 50% in artificial

seawater compared with that in the aqueous solution, K-MER was a promising material for Cs+ and Sr2+

removal.
1. Introduction

In the past years, serious accidents at nuclear power plants have
occurred in Pennsylvania in 1979, Chernobyl in 1986, and the
latest accident in Fukushima in 2011.1,2 Large amounts of
radioactive elements, especially abundant ssion products of
uranium such as 137Cs and 90Sr were released and contaminated
soil, forests, and water. Both 137Cs and 90Sr are very harmful to
health because they are beta-gamma emitters, which have
a long half-life of around 30 years.3,4 In addition, several
processes from nuclear facilities such as power plants, fuel
processing, nuclear weapon testing, or remediation etc.
generate signicant volumes of radioactive elements.5 Accu-
mulation of these radioactive elements in plants and animals
causes critical environmental and human health problems such
as skin cancer and leukemia. Therefore, 137Cs and 90Sr should
be removed as soon as possible.

Various techniques have been introduced to remove Cs+ and
Sr2+ in aqueous solution such as precipitation,6 evaporation,3
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solvent extraction,7 and adsorption via the ion-exchange.8–11

Among these methods, adsorption via the ion-exchange is one
of the most interesting techniques because it provides high
efficiency and selectivity to remove radioactive elements, easy
operation, low cost management, and environmental friendli-
ness. Several effective materials have been developed and
applied as the adsorbents such as clay mineral,12 resin,13 gra-
phene oxide,2 titanium dioxide,14 silica gel,15 sodium titanates,16

zirconium phosphate,10 ETS-1,17 zeolites,18–20 etc. Among these
materials, zeolites are versatile inorganic materials and
frequently used as the adsorbent in radioactive waste because
generally zeolites contain some cations such as Na+ and K+ for
charge-compensation, which can be easily cation-exchanged to
facilitate high adsorption activity. Additionally, suitable aper-
ture dimension of zeolites has an effect to achieve highly
selective adsorption. Many researchers have reported Cs+ and
Sr2+ removal in aqueous solution with various types of zeolites
such as Zeolite A, Faujasite X, Faujasite Y, Clinoptilolite, and
Modernite.3,4,18,21,22 However, a particular problem for Cs+ and
Sr2+ removal using zeolite is the impurities of zeolites or coex-
isting cations that simultaneously compete with Cs+ and Sr2+

cation. These affected in remarkable decreasing of adsorption
and ion-exchange efficiency. Similarly, the adsorption efficiency
of zeolite was oen reduced when applied as the adsorbent in
RSC Adv., 2017, 7, 30919–30928 | 30919
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Table 2 Synthesis conditions of K-MER adsorbentsa

Temperature (�C) Time (h)

150 8
200 8
250 8
250 24
250 168 (7 days)
250 336 (14 days)

a Component: SiO2 33.9 mmol, Al(NO3)3$9H2O 16.9 mmol, KOH
180 mmol, and H2O 45 mL.
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seawater medium. Therefore, the highly effective adsorbents,
which possess an excellent Cs+ and Sr2+ removal performance
with high selectivity, have been developed and continuously
studied.

In the present work, highly effective K-Merlinoite zeolite
(hereaer denoted as K-MER) was synthesized and rstly
employed as the adsorbent for Cs+ and Sr2+. K-MER is known as
a natural zeolite, which appears in K2O–Al2O3–SiO2–H2O
system. It has been investigated in wide applications such as
membrane for gas separation, catalyst support, fertilizer in
agriculture eld, and ion-exchange material.23–27 However, K-
MER has never been reported as an adsorbent to remove Cs+

and Sr2+ cations. Thus, the objective of this work is to synthesize
a highly effective K-MER for Cs+ and Sr2+ removal and then to
focus on an evaluation of the inuence of coexisting cations
(Na+, K+, Ca2+, Mg2+) on the Cs+ adsorption behavior in water
medium. Moreover, Cs+ adsorption in articial seawater for K-
MER was also evaluated.

2. Experimental
2.1 Materials

Amorphous silica (Aerosil 200 with a specic surface area of 200
m2 g�1) was obtained from Evonik Japan. KOH (min. 85.0%),
Al(NO3)3$9H2O (min. 99.9%), CsNO3 (min. 90.0%), and Sr(NO3)2
(min. 98.0%) were obtained from Wako Pure Chemical Indus-
tries, Ltd. The articial seawater whose composition is given in
Table 1 was purchased from Nihon Pharmaceutical. Co. Ltd. All
chemicals were analytical grade and used without further
purication.

2.2 Synthesis of K-MER

K-MER adsorbents were prepared by the conventional hydro-
thermal method. A 2.03 g portion of SiO2 powder was dispersed
in 45 mL of 4 M KOH and was le to stir at 50 �C for 10 min.
Then, 6.36 g of Al(NO3)3$9H2O dissolved in 45 mL of distilled
water was added and the mixture was continuously stirred at
50 �C for 10 min. The resulting mixture was transferred into
a Teon autoclave and then the autoclave was immediately put
Table 1 Composition of artificial seawater

Chemical
Concentration
(ppm) wt%

NaCl 20 747 57.70
MgCl2$6H2O 9474 26.35
Na2SO4 3505 9.75
CaCl2$2H2O 1326 3.69
KCl 597 1.66
NaHCO3 171 0.48
KBr 85 0.24
Na2B4O7$10H2O 34 0.09
SrCl2 12 0.03
NaF 3 0.01
Othersa 1 0.00

a Other chemicals: LiF, KI, CoCl2$6H2O, AlCl3$6H2O, FeCl3$6H2O,
Na2WO4$2H2O, (NH4)6Mo7O24$4H2O, and MnCl2$4H2O.

30920 | RSC Adv., 2017, 7, 30919–30928
in an oven at designated temperature and for a xed time. The
effect of various hydrothermal temperature and hydrothermal
time as shown in Table 2 were studied to optimize the synthesis
condition of K-MER. Aer the hydrothermal treatment, the
resulting powder was washed twice with distilled water and
then once with ethanol. Finally, the obtained material was dried
in the oven at 70 �C overnight.

2.3 Characterization of K-MER adsorbents

The XRD patterns of K-MER adsorbents were measured by X-ray
diffractometer (Rigaku Corp.) in the range of 2q from 5 to 70�

using Cu Ka radiation with a Ni lter at 40 kV and 20 mA. The
morphology of K-MER was analyzed by the scanning electron
microscope (SEM, Hitachi FE-SEM S4000). The elemental
analysis was performed by X-ray photoelectron spectroscopy
(JPS-9000, JEOL Ltd.) using Mg Ka X-ray source. The sample was
pre-evacuated under 3.8 � 10�6 Pa. The C 1s peak was taken as
an internal standard at 285.0 eV. The chemical compositions
were also determined by inductively coupled plasma spectros-
copy (ICPS-7510, Shimadzu Corp). Briey, 10.0 mg of sample
was digested in 5 mL of hydrouoric acid and then diluted with
distilled water in 50 mL of volumetric ask. The Si/Al atomic
ratio was conrmed by 29Si and 27Al solid-state magic-angle
spinning NMR (JNM-ECA 400WB). Thermogravimetric analysis
(TG) was carried out using Thermoplus TG 8120 (Rigaku Corp.).

2.4 Cs+ and Sr2+ removal by the batch operation

Typically, Cs+ or Sr2+ removal was performed in 100 mL Erlen-
meyer ask as a batch reactor. Prior to the adsorption, various
concentrations of Cs+ (0.075–7.5 meq. L�1) or Sr2+ (0.075–9.83
meq. L�1) solutions were prepared by dissolving CsNO3 or
Sr(NO3)2 in distilled water. Then, the solution was adjusted its
pH to 7.0 by using a small amount of 0.01 M HCl or 0.01 M
NaOH solution. Briey, 50 mg of adsorbent and 50 mL of CsNO3

or Sr(NO3)2 solution was placed into the ask. The adsorption
was carried out at room temperature under stirring with
a magnetic bar in the ask with a stirring speed at 300 rpm for
different contact times (0.5–24 h). Aer adsorption, the adsor-
bent was separated from Cs+ or Sr2+ solution by centrifugation.
The initial and nal concentrations of Cs+ or Sr2+ solutions were
analyzed by atomic absorption spectrophotometer (AAS-Z-2010,
Hitachi). Prior to analysis, both solutions were diluted with 0.1
wt% of KCl solution. The differences between the initial and
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD patterns of K-MER adsorbents hydrothermally synthesized
at various temperatures for 8 h.
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nal concentrations could be ascribed to the amounts of Cs+ or
Sr2+ removed by the adsorbent. The experimental error from
atomic absorption technique is �5%.

To investigate the inuence of coexisting cations on the Cs+

removal performance, the Cs+ solution was added with different
electrolyte ions (Na+, K+, Ca2+, Mg2+). The initial concentration
of Cs+ was xed at 0.75 meq. L�1 (100 ppm), and those of
coexisting cations were ranged from 3.75–75.0 meq. L�1.
Furthermore, to evaluate the efficiency of K-MER on Cs+

removal in seawater medium, the adsorption of Cs+ was per-
formed in articial seawater with various Cs+ concentrations at
0.075–0.75 meq. L�1 (10–100 ppm).

The Langmuir equation (eqn (1)) was applied to evaluate the
adsorption behavior and calculate the maximum exchange
capacity of the adsorbent.

Ce

Qe

¼ Ce

Qmax

þ 1

aQmax

(1)

here, Ce is an equilibrium concentration of Cs+ or Sr2+ (meq.
L�1), Qe is the amount of Cs+ or Sr2+ adsorbed per unit weight of
adsorbent (meq. g�1), Qmax is the maximum adsorption capacity
(meq. g�1), and a is a constant related to the free energy of
adsorption ((meq. L�1)�1).

The distribution coefficient (Kd) was determined by eqn (2).

Kd ¼ ½ðC0 � CeÞ=Ce� � V

M
(2)

here, Kd is a distribution coefficient of Cs+ or Sr2+ (mL g�1 or L
g�1), C0 is an initial concentration of Cs+ or Sr2+ (meq. L�1), Ce is
an equilibrium concentration of Cs+ or Sr2+ (meq. L�1), V is the
volume of the solution (mL), andM is the mass of adsorbent (g).
Fig. 2 XRD patterns of K-MER adsorbents hydrothermally synthesized
at 250 �C at various hydrothermal times.
3. Results and discussion
3.1 Optimum conditions for synthesis of K-MER adsorbents

In order to investigate the optimum synthesis conditions of K-
MER adsorbent by the hydrothermal method, K-MER adsor-
bents were prepared by changing hydrothermal temperature
and hydrothermal time. Fig. 1 shows the XRD patterns of K-
MER adsorbents synthesized at various hydrothermal temper-
atures from 150 to 250 �C for 8 h. Increasing of the hydro-
thermal temperature effected to gradually generate crystal form
of K-MER. The broad peak of product synthesized at 150 �C
showed only amorphous phase. By increasing the hydrothermal
temperature to 200 �C and 250 �C, the crystal structure of K-
MER could be formed. Complete formation of K-MER struc-
ture was obtained at 250 �C because it had the sharpest and
highest relative intensities of XRD peaks corresponding to K-
MER structure reported in ref. 28 and 29. This suggested that
the hydrothermal temperature had a signicant effect to
structure formation of K-MER. K-MER is one of the naturally
occurring zeolites and is generally known to be a crystalline
form of pure K2O–Al2O3–SiO2–H2O system. Typically, it is rep-
resented in a formula of K10Al10Si22O64$xH2O.29,30

In order to investigate the optimum hydrothermal time, the
hydrothermal temperature was xed at 250 �C and the hydro-
thermal time was varied. Fig. 2 shows the XRD patterns of K-
This journal is © The Royal Society of Chemistry 2017
MER adsorbents synthesized at 250 �C at various hydro-
thermal times. Longer hydrothermal times from 8 to 336 h
caused gradual phase transformation from K-MER to Kalsilite.
The characteristic XRD peaks of K-MER became smaller with
the hydrothermal time from 8 to 24 h. Aerward, the charac-
teristic peaks of Kalsilite was rstly observed at 168 h and then
complete transformation of K-MER to Kalsilite could be ach-
ieved at 336 h. Kalsilite is one of aluminosilicate materials
similar to zeolite and an ideal composition is reported as
KAlSiO4.31 Although this material has some similarities to
zeolites, Kalsilite is not a zeolite because Kalsilite is non-porous
and the interstitial alkali-metal cations are not exchangeable
under the conventional conditions.31 This may imply that
Kalsilite is not a good material for Cs+ removal. Therefore,
the optimum synthesis conditions of K-MER in this work,
which afforded the highest quality without other phase
RSC Adv., 2017, 7, 30919–30928 | 30921
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contamination, were hydrothermal temperature of 250 �C and
hydrothermal time of 8 h.
3.2 Characterization of K-MER synthesized at optimum
conditions

Hereaer, K-MER synthesized at optimum conditions (250 �C, 8
h) was analyzed by SEM, XPS, ICP, TG analysis and NMR
techniques.

The morphology of K-MER was observed by SEM (Fig. 3). The
morphology of K-MER showed the typical crystal habit of
natural Merlionite; the bundle of tetragonal prismatic crystal
Fig. 3 SEM image of K-MER synthesized at 250 �C for 8 h.

Fig. 4 XPS spectra of K-MER adsorbent. (a) Si 2p, (b) Al 2p, (c) O 1s, and

30922 | RSC Adv., 2017, 7, 30919–30928
shape. The crystallite size of K-MER was approximately around
0.1–0.2 mm in width with different length.30,32

The electronic state and chemical composition of K-MER
were determined by XPS techniques. Fig. 4 illustrates the XPS
spectra of (a) Si 2p, (b) Al 2p, (c) O 1s, and (d) K 2p. One
symmetric peak of Si 2p at binding energy (B.E.) 103.2 eV was
observed, which was assigned to Si4+ species in Merlinoite
framework and suggesting quite energetically homogeneous
environment of silicon atom. The Al 2p peak was also observed
at B.E. around 74.9 eV. The peak of O 1s appeared at B.E. around
532.3 eV. Finally, the existence of K was conrmed by the two
peaks of K 2p3/2 and K 2p1/2 at B.E. 294.6 and 297.3 eV,
(d) K 2p.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03867d


Table 3 Composition of K-MER (250 �C, 8 h) by XPS and TG analysis

Atomic compositiona (%)

Si/Ala [—] H2O
b (wt%)

Exchange capacityc

(mmol g�1)Si Al O K

20.0 10.7 59.0 10.4 1.87 12.3 4.2

a XPS analysis. b TG analysis. c Calculated by assuming total exchange of potassium.
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respectively. Furthermore, the atomic composition of K-MER
from XPS is summarized in Table 3. The atomic compositions
of K, Al, Si, and O were calculated in the ratio of n (K) : n (Al) : n
(Si) : n (O) ¼ 10.4 (K) : 10.7 (Al) : 20.0 (Si) : 59.0 (O). It could be
expressed in the composition of K10.9Al11.2Si20.9O61.6, which
corresponds very well with the typical formula of K10Al10Si22-
O64$xH2O.29,30 The Si/Al ratio from XPS analysis was found to be
1.87, which represents the Si/Al ratio of K-MER at near surface.
However, this result was coinciding with Si/Al ratio from bulk
analysis using ICP (Si/Al ¼ 1.83). This coincidence might be
because of uniform structure of synthesized K-MER.

In order to elucidate the amount of water in K-MER, TG
analysis was performed from 20 to 600 �C under air ow of 180
mL-STP per min and the result is demonstrated in Fig. 5. The
weight loss appeared in two steps. The rst one was from 25 to
150 �C, which originated from desorption of water on the
surface of K-MER. The second one was from 150 to 300 �C,
which was attributed to desorption of water adsorbed in the
small pore of K-MER.33 Thereaer, no weight loss was observed
from 300 to 600 �C suggesting high thermal stability of K-MER.
The water contents in K-MER calculated from the total weight
loss during 25 to 300 �C was 12.3%, which was equivalent to
17.8 mol of H2O in one unit cell of K-MER. Therefore, it can be
concluded that the exact molecular formula for K-MER in this
work is K10.9Al11.2Si20.9O61.6$17.8H2O. Additionally, the ion-
exchange capacity of K-MER calculated by assuming exchange
of the total amount of potassium in K-MER was found to be
4.2 mmol g�1.

29Si and 27Al MAS NMRweremeasured to observe the nearest
neighbor coordination environment of silicon and aluminum
Fig. 5 Thermogravimetric and differential thermal analyses of K-MER.

This journal is © The Royal Society of Chemistry 2017
and to conrm purity and Si/Al ratio of K-MER. Fig. 6 shows 29Si
MAS NMR spectra of K-MER. There are ve well deconvoluted
peaks at d �108, �103, �98, �93, and �89 ppm, which are
Si(nAl) species with n ¼ 4, 3, 2, 1, and 0, respectively, suggesting
clearly ve possible silicon environment.30 Furthermore, the
27Al MAS NMR spectra of K-MER (Fig. 7) showed only one
symmetric peak at d 59 ppm, which means that only tetrahe-
drally coordinated aluminum existed in K-MER. No octahe-
drally coordinated aluminum was detected around 0–25 ppm
suggesting high purity of K-MER.34,35 The Si/Al ratio calculated
based on the deconvolution spectra was 1.90, which was
consistent with those evaluated by XPS (Si/Al ¼ 1.87) and ICP
(Si/Al ¼ 1.83) analyses.

From the results above, K-MER was successfully prepared by
the hydrothermal method with the optimum synthesis condi-
tions at 250 �C and for 8 h. The characteristics of K-MER in this
work were in good agreement with those of Merlinoite reported
by other groups.28–30 Therefore, it can be concluded that K-MER
in this work is of high purity.
3.3 Effect of synthesis conditions of K-MER on Cs+ removal
performance

The effect of synthesis conditions of K-MER such as hydro-
thermal temperature and hydrothermal time on Cs+ removal
Fig. 6 29Si MAS NMR spectra of K-MER. Solid line: experimental,
broken line: deconvoluted.

RSC Adv., 2017, 7, 30919–30928 | 30923
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Fig. 7 27Al MAS NMR spectra of K-MER.
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performance was investigated. The overall adsorption
isotherms of Cs+ removed are presented in this part.

3.3.1 Effect of hydrothermal temperature for synthesis of
K-MER adsorbents on Cs+ removal performances. K-MER
adsorbents synthesized at different hydrothermal tempera-
tures at 150, 200, and 250 �C for 8 h were tested for Cs+ removal
and results are shown in Fig. 8. Interestingly, K-MER synthe-
sized at 200 and 250 �C showed similar excellent Cs+ removal
performances; more than 90% removal in a short time (15 min)
and complete Cs+ removal in 30 min. On the other hand, K-MER
synthesized at 150 �C showed poor Cs+ removal performance.
Two key factors are generally related to high Cs+ removal via the
cation-exchange mechanism; (i) the high amount of cation-
exchange capacity of adsorbent, and (ii) the location of avail-
able cation to be exchanged. Thus, one reason for the excellent
Cs+ removal ability of K-MER synthesized at 200 and 250 �Cmay
Fig. 8 Cs+ removal performances of K-MER adsorbents hydrother-
mally synthesized at different hydrothermal temperatures for 8 h.
Adsorption conditions: initial Cs+ concentration 0.75 meq. L�1, pH 7.0,
adsorbent 0.050 g, solution 50 mL, and room temperature.

30924 | RSC Adv., 2017, 7, 30919–30928
be that they had more available potassium cations in high
crystallinity K-MER. Meanwhile, poor Cs+ adsorption for K-MER
synthesized at 150 �C might be because of incomplete forma-
tion of crystalline structure of K-MER or amorphous material,
which resulted in a low amount of exchangeable potassium in
the adsorbent.

3.3.2 Effect of hydrothermal time for synthesis K-MER
adsorbents on Cs+ removal performances. Fig. 9 exhibits Cs+

removal performances of K-MER adsorbents synthesized at 8,
24, 168, and 336 h. Both of K-MER synthesized at 8 and 24 h
showed more than 95% removal within 30 min. On the other
hand, K-MER synthesized at 168 h, which was composed of
Merlinoite and Kalsilite, showed signicantly decreased Cs+

removal to ca. 75%. Obviously, no Cs removal was found on
pure Kalsilite synthesized at 336 h. Thus, formation of Kalsilite
at longer hydrothermal times reduced cation-exchange capacity.
This is because potassium ions in Kasilite framework are
interstitial cations that cannot be exchanged. Therefore, the
hydrothermal time between 8 and 24 h was preferable for the
high Cs+ removal performance.
3.4 Ion-exchange capacity of K-MER for Cs+ and Sr2+

Firstly, the effect of contact time on Cs+ and Sr2+ removal was
investigated and the results are shown in Fig. 10. In this study,
Cs+ and Sr2+ removals were tested at 0.75 meq. L�1 at room
temperature. Surprisingly, K-MER showed the excellent Cs+

uptake of 100% in only 0.5 h. Meanwhile, for Sr2+ uptake, K-
MER showed a moderate uptake of around 66%. The rate of
Sr2+ ion-exchange was slow and it took 8 h to reach the equi-
librium adsorption. Differences in the ion-exchange capacities
and rates can be explained as follows: hydrated Sr2+ species have
a larger size and are slow to diffuse and occupied larger space to
prevent further ion-exchange.

As 24 h was sufficient to reach equilibrium adsorption, the
adsorption isotherms were studied at 24 h. Fig. 11 shows the
Fig. 9 Cs+ removal performances of K-MER adsorbents hydrother-
mally synthesized at 250 �C at various hydrothermal times. Adsorption
conditions: initial Cs+ concentration 0.75 meq. L�1, pH 7.0, adsorbent
0.050 g, solution 50 mL, and room temperature.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Adsorption of Cs+ and Sr2+ with K-MER at various contact
times. Adsorption conditions: initial Cs+ concentration 0.75 meq. L�1,
initial Sr2+ concentration 0.75 meq. L�1, pH 7.0, adsorbent 0.050 g,
solution 50 mL, and room temperature.

Fig. 11 Adsorption isotherms of Cs+ and Sr2+ with K-MER. Adsorption
conditions: initial Cs+ concentration 0.075–7.5 meq. L�1, initial Sr2+

concentration 0.057–5.70 meq. L�1, pH 7.0, adsorbent 0.050 g,
solution 50 mL, 24 h, and room temperature.

Fig. 12 Langmuir plots of Cs+ and Sr2+ removal with K-MER.
Adsorption conditions: initial Cs+ concentration 0.075–7.5 meq. L�1,
initial Sr2+ concentration 0.057–5.70 meq. L�1, pH 7.0, adsorbent
0.050 g, solution 50 mL, 24 h, and room temperature.
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adsorption isotherms for Cs+ and Sr2+. K-MER adsorbent
showed similar trends for Cs+ and Sr2+ removal, but different
overall performances were found. At low concentrations of Cs+

and Sr2+ cations (#0.05 meq. L�1), total amounts of Cs+ and Sr2+

cations could be removed. When the concentration was
increased from 0.05 to ca. 10 meq. L�1, Cs+ and Sr2+ removals
were signicantly different. It was observed that K-MER
exhibited higher Cs+ removal than Sr2+ removal, and the high-
est Cs+ and Sr2+ uptakes were around 3.1 meq. g�1 and 2.0 meq.
g�1, respectively.

In order to estimate the maximum amounts of Cs+ and Sr2+

removal (Qmax) for K-MER, the Langmuir equation (eqn (1)) was
employed and the Langmuir plots for Cs+ and Sr2+ removals are
illustrated in Fig. 12. All the experimental data t very well with
the Langmuir adsorption model. The maximum amounts of Cs+

and Sr2+ removal could be obtained from the reciprocals of the
This journal is © The Royal Society of Chemistry 2017
relevant slopes and they were 3.08 and 2.02 meq. g�1 for Cs+ and
Sr2+, respectively. The lower exchange capacity of Cs+ and Sr2+

for K-MER than the theoretical value, 4.2 meq. g�1, might be
because some potassium in K-MER framework were difficult to
be exchanged. Many groups have discussed and reported the
crystal structure of Merlinoite including the potassium posi-
tion. Belhekar et al.28 have reported that Merlinoite has two-
dimensional pore structure with eight-membered oxygen rings
(8MR) 5.1 � 3.4 and 3.1 � 3.5 Å. There are two types of cations
sites: one surrounded by two 8MRs and the other in the larger
cavity located in the niche in the double cranksha. Further
details of Merlinoite structure were revealed by Barrett et al.33

Merlinoite topology is comprised of an interconnected set of
8MR channels in different dimensions, ([100] 3.1 � 3.5 Å, [010]
2.7 � 3.6 Å, [001] 3.4 � 5.1 Å + 3.3 � 3.3 Å), and potassium
occupies two kinds of sites. Skoeland et al.29 pronounced
Merlionite structure more clearly as follows: Merlinoite has two
types of 8MRs; the at double 8MRs and the buckled 8MRs. The
buckled 8MRs form the four windows into the Merlionite cage.
In the hydrated Merlinoite, two potassium sites are mentioned;
one is in the double 8MRs and the other one is in the Merlinoite
cage. Therefore, considering two kinds of potassium sites, K+ in
the double 8MRs are more difficult to be exchanged because K+

is surrounded by the double 8MRs. If K+ in this site remains,
then roughly two K+ in the unit cell cannot be exchanged. This is
in good agreement with ca. 3 mmol g�1 of exchange capacity
against ca. 4 mmol g�1 of total exchange of K+.
3.5 Selective adsorption of Cs+ and Sr2+ cations

As indicated above, higher adsorption was found on Cs+ rather
than Sr2+ (Fig. 10). Many literatures stated that the adsorption
selectivity sequence depended on the ionic and hydrated ionic
radius of cation.36–38 The ionic radii of K+, Cs+, and Sr2+ are 1.38,
1.67, and 1.18 Å, respectively. If the cation size is compared, Sr2+

is smaller and closer to K+ than Cs+, and therefore Sr2+ should
RSC Adv., 2017, 7, 30919–30928 | 30925
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be easier to exchange with K+ rather than Cs+ and should
provide higher Sr2+ uptake. However, the results did not agree
with this idea. One of other important factors is the inuence of
hydrated ionic radii. Hydrated ionic radii of alkali and alkaline
earth metals, which have strong correlation with the number of
coordinated water, temperature, and rate to form hydrated
shell, have been reported as follows; K+ 2.65–2.97 Å, Cs+ 2.95–
3.21 Å, and Sr2+ 2.60–4.78 Å.39,40 Hydrated radii of Cs+ and Sr2+

are similar in size compared with that of K+. However, hydration
shell of Sr2+ is exible in nature with a fast ligand exchange rate
between the rst and second hydration shell. Thus, a large
hydrated Sr2+ radius around ca. 4.78 Å is reported and this may
be related to low Sr2+ adsorption.

The distribution coefficient (Kd) was calculated by eqn (2) to
conrm the adsorption selectivity of Cs+ and Sr2+. The Kd value
is the ratio of metal ions adsorbed in meq. g�1 to metal ions
remaining in the solution in meq. L�1, and therefore it could be
a crucial indicator to determine the selectivity of Cs+ and Sr2+

adsorption. The Kd values for Cs
+ and Sr2+ of K-MER were 84.9 L

g�1 and 2.2 L g�1, respectively. This large difference in Kd values
explains that K-MER was more selective to Cs+ than Sr2+ and
provided the excellent Cs+ uptake.
3.6 Inuence of coexisting cations on Cs+ removal
performance of K-MER

To evaluate the inuence of coexisting cations on the Cs+

adsorption behavior, Cs+ adsorption was determined in the
presence of Na+, K+, Mg2+, or Ca2+ which were four major
cations dissolved in seawater. The initial Cs+ concentration was
xed at 0.75 meq. L�1 (100 ppm) whereas concentration of each
cation was in the range of 5–100 times of Cs+. Fig. 13 exhibits
the inuence of Na+, K+, Ca2+, and Mg2+ on the Cs+ removal
performance of K-MER adsorbent. At low equivalent ratio (M/Cs
¼ 5), K-MER kept high ability to remove Cs+ more than 85% for
Fig. 13 Influence of coexisting Na+, K+, Ca2+, and Mg2+ on the Cs+

removal performance of K-MER. Adsorption conditions: initial Cs+

concentration 0.75 meq. L�1, M/Cs ratio ¼ 5–100 (M: Na+, K+, Ca2+,
Mg2+), solution 50 mL, pH 7.0, adsorbent 0.050 g, 24 h, and room
temperature.

30926 | RSC Adv., 2017, 7, 30919–30928
all coexisting cations. Increasing of M/Cs equivalent ratio from
10 to 100 times inuenced Cs+ adsorption efficiency. The
presence of Mg2+ cation slightly affected Cs+ adsorption effi-
ciency with less than 10% reduction. Ca2+ affected to reduce
around 20% of Cs+ adsorbed. On the other hand, the presence
of Na+ and K+ strongly decreased Cs+ adsorption efficiency by
around 33% and 56%, respectively. It should be noted that
monovalent cation (Na+, K+) had strongly inuenced to reduce
Cs+ adsorption efficiency more than divalent cation (Ca2+,
Mg2+). These results might be due to the difference in hydrated
ionic sizes; Na(H2O)6

+ 2.4 Å, K(H2O)7
+ 2.8 Å, Cs(H2O)8

+ 3.1 Å,
Ca(H2O)4

2+ 3.5 Å, andMg(H2O)6
2+ 4.0 Å. Smaller than and closer

to K+ is easier to exchange. As the order of hydrated ionic size for
four cations is Mg2+ > Ca2+ > Cs+ > K+ > Na+, therefore K+ in K-
MER could be easily exchanged with similar hydrated cation,
namely K+, Cs+ and Na+. Thus, the presence of Na+ and K+ has
signicantly inuenced on removal performance when the
equivalent ratio of M/Cs was more than 10. On the other hand,
less inuence was found with coexisting Ca2+ and Mg2+ cations.

3.7 Cs+ removal in articial seawater

K-MER was applied to remove Cs+ in articial seawater that
contained a large amount of matrix ions as given in Table 1. The
major cations in articial seawater were Na+ (68.0 wt% as NaCl,
Na2SO4, NaHCO3, Na2B4O7$10H2O, and NaF), Mg2+ (26.4 wt% as
MgCl2$6H2O), Ca

2+ (3.7 wt% as CaCl2$2H2O), and K+ (1.9 wt% as
KCl and KBr). At rst, in order to clearly observe Cs+ adsorption
behavior of K-MER in articial seawater, Cs+ removal was tested
at different contact times (5–30 min), at room temperature and
with initial Cs+ concentration of 0.75 meq. L�1. As shown in
Fig. 14, Cs+ removal reached an equilibrium in 15 min in both
distilled water and articial seawater. At equilibrium, the
maximum Cs+ removed were 89% and 51% for distilled water
and articial seawater, respectively. Although the Cs+ removal
performance for K-MER in articial seawater was signicantly
reduced compared with that in distilled water, it could be
Fig. 14 Adsorption of Cs+ in artificial seawater with K-MER. Adsorption
conditions: initial Cs+ concentration 0.75 meq. L�1, solution 50mL, pH
7.0, adsorbent 0.050 g, and room temperature.

This journal is © The Royal Society of Chemistry 2017
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Fig. 15 Influence of initial Cs+ concentration on adsorption of Cs+ in
artificial seawater. Adsorption conditions: initial Cs+ concentration
0.05–0.75 meq. L�1, solution 50 mL, pH 7.0, adsorbent 0.050 g, and
room temperature.
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remarked that K-MER is still one of the promising adsorbents
because it possesses more than 50% removal in seawater.
Fig. 15 shows the adsorption of Cs+ in articial seawater and in
distilled water. Cs+ removal in both media dramatically
increased when Cs+ concentrations were increased. Cs+ uptakes
in distilled water attained about 92–97% in every Cs+ concen-
tration. On the other hand, Cs+ uptakes in articial seawater
medium varied from 10–49% depending on Cs+ concentration;
lower removal at high Cs+ concentration.
3.8 The characteristic of K-MER adsorbent aer adsorption
of Cs+

In order to clarify the Cs+ adsorption on K-MER, the structure of
K-MER aer Cs+ adsorption was investigated by XRD analysis.
In addition, the reverse exchange of Cs+ to K+ was performed to
understand if the K-MER structure is preserved. Fig. 16 shows
Fig. 16 XRD patterns of (a) K-MER (250 �C, 8 h), (b) K-MER after
adsorption of Cs+, and (c) K-MER after reverse adsorption of Cs+ to K+.

This journal is © The Royal Society of Chemistry 2017
XRD patterns of (a) K-MER (250 �C, 8 h), (b) K-MER aer Cs+

adsorption, and (c) K-MER aer reverse exchange of Cs+ to K+.
According to XRD results, the crystallinity of K-MER seemed
lower aer Cs+ adsorption compared with the original K-MER
(250 �C, 8 h). It was indicated that reverse exchange of Cs+ to
K+ recovered crystallinity of K-MER. This result suggested that
the structure of K-MER was not destroyed during the exchange
process. Thus, K-MER is one of the promising materials to
remove Cs+ in aqueous solution.
4. Conclusions

K-Merlinoite of high purity was successfully synthesized by the
hydrothermal method with the optimum condition at 250 �C for
8 h. K-Merlinoite exhibited an excellent Cs+ and Sr2+ removal
performance with a maximum ion-exchange capacity of 3.08
meq. g�1 for Cs+ and 2.01 meq. g�1 for Sr2+. Coexisting mono-
valent cations signicantly inuenced on Cs+ uptake while
coexisting divalent cations gave a limited effect on Cs+ removal.
Moreover, K-Merlinoite showed an ability to remove Cs+ in
articial seawater. Therefore, K-Merlinoite is an effective and
promising adsorbent for Cs+ and Sr2+.
Acknowledgements

This work was partly supported by “Strategic Project to Support
the Formation of Research Bases at Private Universities”:
Matching Fund Subsidy from MEXT (Ministry of Education,
Culture, Sports, Science and Technology of Japan), 2012–2016.
Notes and references
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