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137Cs is one of the most hazardous radionuclides in nuclear waste owing to its toxicity. Developing an
adsorbent for Cs* with a high capacity and selectivity is a challenging task. A metal-organic framework
(MOF) is a material with a high surface area that has been widely applied in wastewater treatment.
Exploiting the affinity between ferrocyanide (FC) and Cs*, zeolitic imidazolate framework-8 (ZIF-8) was
chemically functionalized with FC, ZIF-8-FC to selectively capture Cs*. After functionalization, ZIF-8-FC
has a hollow morphology and small FC related crystals, which might result in better migration of Cs*
inside ZIF-8-FC. This synergistic effect was proven by the Qmq. of ZIF-8-FC, 422.42 mg g~', which is
15.9 times higher than that of ZIF-8. Additionally, ZIF-8-FC retained its good adsorption performance
within a pH range of 3-11 and an excellent Cs* selectivity even in artificial seawater conditions. The
structure of ZIF-8-FC after adsorption proves its stability. Furthermore, the thermodynamic adsorption
implied that higher temperatures are more favorable for Cs* uptake. This work demonstrates the remark-
able adsorption and selectivity of ZIF-8-FC, which make it a promising candidate for remediation of
radioactive Cs™.
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1. Introduction

The use of nuclear energy is globally increasing; consequently,
fission products in nuclear wastewater have attracted significant
concern due to their detrimental environmental effects. In addi-
tion, following the nuclear accidents at Three Mile Island in the
USA (1979), Chernobyl in Ukraine (1986), and Fukushima Daiichi
in Japan (2011), fission products released into the environment
have severely contaminated rivers, groundwater, and seawater
[1-3]. Among the common fission products, 3’Cs is one of the
most hazardous, and it has attracted significant concern owing to
its half-life of approximately 30 years and its strong -y emissions
[4]. Because Cs has metabolic and chemical properties similar to
those of K and Na, it can be easily deposited in tissues once intro-
duced to the human body, causing a long-term radiation exposure,
which could eventually lead to cancer, genic mutations, leukemia,
and other diseases [5,6]. Therefore, using efficient technology to
remove Cs from water is of paramount importance.

Researchers have employed various techniques to separate Cs
from aqueous solutions, including precipitation [7], ultrafiltration
[8] solvent extraction [9], and adsorption [10]. Among them,
adsorption is a feasible method owing to its high efficiency, sim-
plicity, and ecofriendliness [3,11,12]. Over the past few decades,
a broad range of ion-exchange adsorbents, such as zeolite [13],
metal sulfides [14-16], clay [10], transition metal ferrocyanides
(MFCs) [2], and titanium silicate [17] have been explored to
remove Cs*. The general formula of MFC is AyM[Fe(CN)g],-nH,0,
where A is the alkali cation (A = K*, Na*) and M is the transition
metal cation (M = Ni%*, Co?*, Cu?*, Zn?*, etc.). Cs* can replace these
alkali metal cations owing to the high affinity between Cs* and fer-
rocyanide (FC). Furthermore, the MFC channel size, which is 3.2 A,
is suitable for hydrated Cs* [10]. Therefore, MFCs have a high selec-
tivity for Cs* compared to those of competing ions, such as Na* and
K* [18].

Recently, metal-organic frameworks (MOFs) have attracted
attention as promising adsorbents owing to their highly porous
structures and tunable sizes [19,20]. Several publications have
described the use of MOFs as adsorbents for Cs* ions, including
MIL-101-SO5H [21], HKUST-1/KNiFC [22], InMOF [23] and Uranyl
MOFs [3,24]. However, these MOFs have the disadvantages of
low selectivity for Cs*, low maximum adsorption capacities, and/
or cumbersome processes involving high temperatures and a syn-
thesis that requires long time periods, sometimes spanning one
week. These shortcomings limit their potential large-scale applica-
tion as highly efficient adsorbents. Thus, we studied the synthesis
of a new MOF with a high maximum adsorption capacity and selec-
tivity at room temperature.

The zeolitic imidazolate framework-8 (ZIF-8) is a strong candi-
date for achieving these objectives owing to its simple synthesis
conditions, excellent chemical stability, and high mechanical
strength [25-27]. ZIF-8 has been used to remove UO?** [27], Cr
(VI) [28], and Pb?* [29]; however, to the best of our knowledge, it
has not been used to remove Cs*. In addition, we are the first to
synthesize a MOF material chemically functionalized with FC,
which offers a high adsorption capacity, selectivity, and easy syn-
thesis. A simple mixture of MOF/MFC has been reported as
HKUST-1/KNiFC [22]. However, in this case, HKUST-1 and KNiFC
were synthesized separately and were mixed afterward. This sim-
ple mixture explains its lower maximum adsorption capacity of
153 mg g~ ' and lower selectivity, compared to those of pure KNiFC.

In this study, ZIF-8 functionalized with FC (ZIF-8-FC) was suc-
cessfully synthesized at room temperature following simple steps
and was used to adsorb Cs* from an aqueous solution. The factors
that influenced the removal properties, including the pH, adsorp-
tion time, temperature, and competing ions were investigated.

ZIF-8-FC exhibited a remarkable adsorption performance and high
selectivity for Cs*; therefore, it is a promising candidate for the
remediation of radioactive Cs”.

2. Material and methods
2.1. Chemicals and materials

The compound, 2-methylimidazole (2-Melm), was purchased
from FUJIFILM Wako Pure Chemical Co. (Japan). Caesium nitrate
(CsNO3, 99.8% metal basis) was purchased from Alfa Aesar (USA).
Zinc nitrate hexahydrate (Zn(NOs),-6H,0, 98%), potassium ferro-
cyanide trihydrate ((K4Fe(CN)g)-6H,0, 99%), cetyltrimethylammo-
nium bromide (CTAB, 99%), methyl alcohol (CH30H, 99.8%),
sodium chloride (NaCl, 99.5%), potassium chloride (KCI, 99%), mag-
nesium chloride hexahydrate (MgCl,-6H,0, 98%), calcium chloride
(CaCly, 99%) and hydrochloric acid (HCI, 37%) were purchased from
Daejung Chemicals and Metals Co. Ltd. (South Korea). Sodium
hydroxide (NaOH, 98%) was purchased from Samchun Chemical
Co. Ldt. (South Korea). ASW was purchased from Coralife (USA).
All chemicals were used without further purification.

2.2. Material synthesis

2.2.1. Synthesis of ZIF-8

ZIF-8 particles were prepared by a precipitation method slightly
modified from that described in a previous study [26]. First,
2.5 mmol of Zn(NOs3),-6H,0 was dissolved in 100 mL of water to
form a clear solution (solution A). Separately, 150 mmol of 2-
Melm and 2 mL of 0.01 M CTAB were dissolved in 100 mL of water
to form a clear solution (solution B). Subsequently, solution A was
quickly added to solution B under vigorous magnetic stirring.
Thereafter, the mixture slurry was kept at 25 °C for 24 h for ZIF-
8 crystal growth. Finally, the product was separated using a cen-
trifuge (Combi 514R, Hanil Scientific Inc., South Korea) at
8000 rpm (7024 g-force) for 10 min and washed several times with
distilled water and methanol, followed by drying overnight in a
vacuum oven at 80 °C.

2.2.2. Synthesis of ZIF-8 functionalized with ferrocyanide (ZIF-8-FC)

A mass of 0.23 g of ZIF-8 was dispersed in 75 mL of methanol
using an ordinary ultrasonic bath. Subsequently, 0.1 M K4Fe(CN)g
aqueous solution was injected into the ZIF-8 solution with contin-
uous stirring at 25 °C maintained for 15 h. Various ZIF-8-FC mate-
rials were prepared at FC/ZIF-8 M ratios of 0.4, 0.8, and 2,
corresponding to 4, 8 and 16 mL of 0.1 M K4Fe(CN)g solution,
respectively. The resulting solid was collected, washed, and dried
in a vacuum oven at 105 °C.

2.3. Characterization

The Brunauer-Emmett-Teller (BET) method was used to mea-
sure the specific surface area and pore volume of the materials
using the N, adsorption at 77 K (ASAP 2020, Micromeritics, USA).
The functional groups of the samples were analyzed by Fourier
transform infrared (FTIR) spectroscopy (IRAffinity-1, Shimadzu,
Japan). The spectra were obtained by accumulating scans at a res-
olution of cm™! in the range of 4000-500 cm™'. To investigate the
surface  morphology of the synthesized nanoparticles, field-
emission scanning electron microscopy (FE-SEM) was carried out
(S-2700, Hitachi, Japan), and energy-dispersive X-ray spectroscopy
(EDS) was conducted using a TESCAN system (MIRA3 LMH In-
Beam, Czech Republic). An X-ray diffractometer (Xpert 3 Powder,
Malvern Panalytical Ltd., U.K.) was used to identify the crystal
structures of the samples. Thermogravimetric analyses (TGA) were
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obtained using TGA equipment (SDT Q600, TA Instruments, USA)
under atmosphere between temperatures of 20 to 700 °C.

2.4. Adsorption experiments

All the adsorption experiments were carried out at 25 °C using
the batch method. The typical conditions used were as follows: V/
m of 1000 mL g~!, solution volume of 25 mL, initial Cs* concentra-
tion of 500 mg L™, solution pH of 7, FC/ZIF-8M ratio of 0.8, and
contact time of 24 h. The Cs* solution was prepared from the
1000 mg L~! stock solution by dilution. The pH of the solution
was adjusted using NaOH or HCI.

The kinetic adsorption was tested for up to 24 h and the results
were analyzed using the pseudo-first-order and second-order
models. The adsorption isotherm was obtained by varying the ini-
tial concentration of Cs* from 10 to 1000 mg L' under 298, 308,
and 318 K. All experiments were conducted in triplicates. The
adsorption capacity of the materials, q. (mg g~!), was calculated
based on the following equation:

(Co—Ce)V

Qe =" ", (1)

where C, (mg L™!) and C, (mg L~ !) represent the initial and equilib-
rium concentrations of Cs*; V (L) is the volume of the solution, and
m (g) is the mass of the adsorbent.

To evaluate the selectivity of ZIF-8-FC, we conducted an adsorp-
tion test in ASW. The ion components of ASW are presented in
Table S1. The initial concentration of Cs* was 300 mg L~*. The dis-
tribution coefficient (Ky) of the Cs adsorption on ZIF-8-FC was cal-
culated using the following equation:

VG -G
Ki=pi )

2.5. Analysis

The liquid samples were separated after adsorption using a
0.2 um cellulose acetate syringe filter (Advantec, Toyo Roshi Kaisha
Ltd., Japan). The Cs* and K" concentrations were measured using an
atomic absorption spectrometer (AAS-200, PerkinElmer Inc., USA)
and ICP-MS (Nexion 2000, PerkinElmer Inc., USA). The solution
pH values were measured using a pH meter (Orion Star A211, Ther-
moFisher Scientific, Indonesia).

3. Results and discussion
3.1. Characterization

The functional groups in the synthesized samples were ana-
lyzed, as shown in Fig. S1. The ZIF-8 spectra were consistent with
those reported in previous studies [25,26]. The peaks at 694 and
770 cm™~! correspond to the out-of-plane bending of the 2-Melm
ring. Similarly, the peaks at 999 and 1310 cm™' may be the result
of in-plane bending. The peak at 1585 cm™! refers to the stretching
C=N vibration of 2-Melm. The spectra of ZIF-8-FCs, at various
ratios of FC to ZIF-8 from 0.4 to 2.0, contained the main peaks of
the ZIF-8 spectra. Additionally, ZIF-8-FC showed new peaks at
602 and 2096 cm™~'. Those peaks represent the Fe—C group and
the C=N group from FC, respectively, which confirms that success-
ful bonding occurred between ZIF-8 and FC [30].

The specific surface area (SSA) and pore volume of the samples
were analyzed using the N, adsorption-desorption isotherms
(Fig. 1a). The SSA of ZIF-8 was 1291 m? g~!, which is close to the
reported value of 1079 m? g~! [31]. After functionalization with
FC, the BET SSA and pore volume decreased to 589 m? g~! and
0.41 cm? g7, respectively, while the FC loading increased to 2.0

(Table S2). The pore size distribution of the samples showed that
all samples are mesoporous (Fig. S2). FC was coordinated with
the unsaturated zinc, and subsequent ligand exchange was attrib-
uted to the formation of potassium zinc ferrocyanide (KZFC). FC
blocked several of the ZIF-8 pores, which caused a decrease in
the SSA and pore volume. The effect of the FC loading, SSA, and
pore volume on the Cs* adsorption performance is discussed in
the adsorption section.

Fig. 1b shows the XRD patterns of ZIF-8 and ZIF-8-FCs. All sam-
ples showed high intensities and flat backgrounds, which indicates
that the samples had high crystallinity. The XRD patterns of ZIF-8
agrees well with those reported in previous studies [25,26]. The
XRD patterns of ZIF-8-FCs coincide with the peak position of ZIF-
8. The main peaks of ZIF-8 occurred in all samples, which implied
that the original crystal phase of ZIF-8 was retained after the FC
functionalization. However, in the ZIF-8-FC(2.0) XRD pattern, sev-
eral peaks of pristine ZIF-8 disappeared, which implied that the
crystallinity of ZIF-8 was reduced. After ZIF-8 was functionalized
with FC, the peaks corresponding to the (011) and (112) planes
shifted toward lower 26 (higher d spacing) values because the lar-
ger FC (ionic radius of 4.35 A) replaced several of the smaller 2-
methylimidazole (ionic radius of imidazole = 2.58 A) in the ZIF-8
structure [32,33]. At higher concentrations of FC, new peaks at
24.6°, 41.0°, and 43.2° were observed and corresponded to the
(030), (1310), and (330) planes of KZFC (ICDD 98 000 8248).
The crystal size of KZFC in ZIF-8-FC(2.0) calculated using Scherrer’s
equation was 26 nm, which is smaller than that reported for zinc
ferrocyanide (~300 nm) [34]. After the Cs* adsorption, the ZIF-8-
FC(0.8) retained the original peaks, which proves that the material
is stable. Moreover, the new peaks at 34.7°, 42.8°, 44.6° and 49.7°
were identified as caesium zinc ferrocyanide [35] and elemental
mapping is shown in Fig. S9.

A thermogravimetric analysis of ZIF-8-FC before and after adsorp-
tion (Fig. S3) shows that the samples were stable up to approxi-
mately 400 °C after which point they started to drastically
decompose. Fig. 2(a—d) shows the morphologies of the samples that
were investigated by FE-SEM. As shown in Fig. 2a, the ZIF-8 particles
were cubic and had smooth surfaces with an average size of 400 nm.
In Fig. 2b, the ZIF-8-FC(0.4) particles had a similar shape as those of
ZIF-8, except for the tiny and spherical particles on the surface. The
ZIF-8-FC(0.8) particles shown in Fig. 2c¢ had more rounded shapes
compared to the ZIF-8 particles, although the particle size of the for-
mer was similar to that of ZIF-8. When the FC ratio increased to 2.0,
agglomerates composed of primary particles were present (Fig. 2d).
Additionally, several particles had a partial defect on one side that
made them hollow. FC was coordinated to unsaturated zinc in ZIF-
8 and formed KZFC without disturbing the underlying coordination
framework of ZIF-8 [36,37]. Then, parts of ZIF-8 were slowly decom-
posed, and 2-Melm was replaced by FC through ligand exchange.
This process can explain the broken or hollow morphology of ZIF-
8-FC. The formed KZFC was enlarged by growth and resulted in the
spherical particles on the surface of ZIF-8-FC.

SEM elemental mapping images (Fig. 2e) show that Zn, Fe and K
are distributed homogeneously throughout the whole particles.
The amounts of Zn, Fe, and K in ZIF-8 and ZIF-8-FCs were deter-
mined by EDS (Fig. S4). ZIF-8 showed no K and Fe content. As the
FC loading increased from 0.4 to 0.8, the molar ratios of Fe/Zn
increased from 0.24 to 0.56, even though the values were less than
the theoretical ones. When the FC loading increased to 2.0, the
ratio was 0.60, which slightly increased, implying saturation.

3.2. Adsorption
3.2.1. Optimum ratio of FC to ZIF-8

As the ratio of FC to ZIF-8 increased from 0.4 to 0.8, the adsorp-
tion capacity increased from 257.41 + 1.61 mg g~ ! to 427.38 + 9.
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Fig. 1. (a) Nitrogen adsorption-desorption isotherms, and (b) XRD spectra of (b-1) ZIF-8, (b-2) ZIF-8-FC(0.4), (b-3) ZIF-8-FC(0.8), (b-4) ZIF-8-FC(2.0), and (b-5) ZIF-8-FC(0.8)

after Cs* adsorption.

Fig. 2. FE-SEM images of (a) ZIF-8; (b) ZIF-8-FC(0.4); (c) ZIF-8-FC(0.8); (d) ZIF-8-FC(2.0), respectively, and (e) elemental mapping of ZIF-8-FC(0.8).

34 mg g ! (Fig. 3a). This proved that the ZIF-8-FC(0.8) composite
had a higher Cs" uptake relative to that of ZIF-8-FC(0.4), which
was attributed to the higher availability of FC in ZIF-8-FC(0.8).
However, with a further increase in the FC ratio to 2.0, the adsorp-
tion capacity decreased to 368.71 + 11.9 mg g~'. This may be
attributed to the smaller SSA and pore volume values that origi-
nated from the blockage of the porous structure of ZIF-8-FC by

excess FC compounds. Therefore, the ZIF-8-FC(0.8) composite
was used in further experiments.

3.2.2. Effect of pH

The pH values of radioactive wastewater are variable. We tested
the adsorption capacity of ZIF-8 and ZIF-8-FC at various pH values,
ranging from 3 to 11, as shown in Fig. 3b. The adsorption capacity
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Fig. 3. The adsorption capacity of Cs*: (a) at various molar ratios of FC, and (b) at various pH values (C, = 500 mg L~', V/m = 1000 mL g, contact time = 24 h, T = 298 K).

of ZIF-8-FC was over 400 mg g~ ! at a pH range of 5-11. Although
the adsorption capacity was relatively low at pH 3, it was still
above 350 mg g~ . This is an advantage of ZIF-8-FC, as, generally,
nuclear wastewater is alkaline [21]. The relatively low uptake
capacity at pH 3 can be attributed to the inhibition of Cs* adsorp-
tion by the large quantity of H* present in the solution. Further-
more, the protonated surface caused an electrostatic repulsion of
Cs*[22]. However, ZIF-8-FC still exhibited a remarkable Cs* capture
capacity of 354 + 20.82 mg g~ ' at pH 3. This implies that the ZIF-8-
FC material can adsorb Cs* from solutions over a relatively wide pH
range of 3-11. A pH of 7 was chosen for further experiments.

3.2.3. Kinetic adsorption

Kinetic adsorptions were performed to investigate the adsorp-
tion rate of Cs*. The concentration of Cs* removed by ZIF-8-FC
rapidly decreased, and the removal efficiency reached 60% and
85% at 3 h and 24 h, respectively (Fig. S5a). As shown in Fig. 4a,
the Cs* uptake on ZIF-8 and ZIF-8-FC rapidly increased during
the first 3 h and slowly increased afterward. After 24 h, the adsorp-
tion capacity of ZIF-8-FC was greater than 400 mg g~ '. Conversely,
the adsorption capacity of ZIF-8 was very low.

The data were analyzed based on the pseudo-first-order and
pseudo-second-order models [38]. The linear equations are as
follows.

Pseudo-first-order:

Pseudo-second-order:

t 1 t

o K@ e @
where g, (mg g~') and g, (mg g~ ') are the amounts of Cs* adsorbed
at time ¢t (min) and at equilibrium, respectively. K; is the pseudo-
first-order rate constant (min~') and K, is the pseudo-second-
order rate constant (g mg~' min~").

The calculated parameters of both kinetic models are listed in
Table 1, Fig. 4b and Fig. S5b. Both ZIF-8-FC and ZIF-8 showed a bet-
ter correlation with the pseudo-second-order model. This implies
that the adsorption procedure depended on the number of active
sites on the adsorbent. The rate-limiting step may involve chemical
adsorption by sharing or exchange of electrons or ions between the
adsorbent and adsorbate [1,23,38,39]. Moreover, Table 1 shows
that a significant improvement occurred in the adsorption of Cs*
on the framework of ZIF-8 functionalized with FC.

3.2.4. Adsorption isotherm

To evaluate the maximum Cs* adsorption capacity of ZIF-8-FC,
detailed isotherm experiments were carried out at room tempera-
ture. In addition, the maximum adsorption capacity (g,,) of this
material was compared with those of ZIF-8 and other adsorbents.
The Cs* adsorption isotherm data were fitted with the nonlinear
forms of Langmuir, Freundlich and Sips adsorption models. Each

In (g - q;) = Inge — Kat. (3) equation can be expressed as follows:
60
1001 @ . ® ZIF8FC (b)
@ 50 ¢ ZIF8
300 § ® ZIF-8-FC 40
S i & ZF-8
9 5 30
£ 200 ¢ =
o 8 20
100
(] 10
e *
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Fig. 4. (a) Adsorption kinetics of ZIF-8 and ZIF-8-FC, and (b) the results fitted by the pseudo-second-order kinetic model (C, = 500 mg L™, V/m = 1000 mL g, pH = 7,

T = 298 K).
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Table 1
Kinetic parameters for the Cs* adsorption on ZIF-8 and ZIF-8-FC.

Material Qe.exp (ME[8) Pseudo-first-order Pseudo-second-order
Ge.cal (Mg/g) Ki (min") R? Ge.ca (Mg/g) K; (g mg 'min") R?
ZIF-8 26.53 + 1.87 23.46 29 x 1072 0.986 26.54 2.1 x 107* 0.990
ZIF-8-FC 426.28 £ 2.57 266.51 28 x 1072 0.838 422.42 3.6 x107° 0.998
Langmuir equation: 8-FC were well fitted by the Sips model, with R? values of 0.9666
and 0.9709, respectively.
q = qnK.Ce (5) ZIF-8-FC showed a much higher g, of 422.42 mg g ! than that
¢ 1+K.C of ZIF-8 (26.54 mg g~!), which was among the highest of the var-
Freundlich equation: i(.)us_Cs+ adsorbents. The adsorption capacity of .ZIF-S—FC incree_lsed
significantly because of the FC functionalization. In a previous
1 report, KZFC exhibited good adsorption performance for Cs*, which
qe = KeCe" (6) was controlled by diffusion, accessibility to reactive sites, and the
Sips equation: surface parameters [2]. Here, the adsorption capacity of ZIF-8-FC
was even higher than that of KZFC (360 mg g~ '), unlike the simple
q,,KsC.™ mixture of HKUST-1 and KNiFC [22,41]. This can be attributed to
e 11 KC,S (7) the higher surface area and more porous structure of ZIF-8-FC rel-

where g. (mg g !) is the amount Cs* adsorbed at an equilibrium
concentration; C, (mL g~ ') is the equilibrium concentration; g, is
the theoretical maximum adsorption capacity of Cs* in mg g7; K,
Ks is the Langmuir and Sips equilibrium constant in L mg~!, which
is related to the free energy of the exchange; Kz (mg g~!) and ng are
the empirical constants of the Freundlich model; and ns is a con-
stant related to heterogeneity system [40].

The relationships between the Cs* equilibrium concentration
and the adsorption capacity are shown in Fig. 5a. The adsorption
capacity of ZIF-8-FC was much higher than that of ZIF-8. The calcu-
lated isotherm parameters (Table 2) show that both ZIF-8 and ZIF-
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ative to the properties of KZFC [30]. From the XRD results, we also
observed that the crystal size of FC in ZIF-8-FC was negligible. This
prevented the hindrance of the Cs* migration within the crystal,
indicating that additional FC sites were utilized for Cs* binding
by rapid diffusion [42].

Fig. S6 shows the removal efficiency of Cs by ZIF-8 and ZIF-8-FC
at various initial concentrations. ZIF-8-FC showed a removal effi-
ciency of over 95% from the initial concentration of 10 to 300 mg
L~'. This result implies that ZIF-8-FC can be used to remove various
amounts of Cs*. The maximum adsorption capacities, g,,, and dis-
tribution coefficients, Ky, of various adsorbents in DI water for
Cs* adsorption are summarized in Fig. 5b. ZIF-8-FC exhibited a
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Fig. 5. (a) Adsorption isotherms of ZIF—8 and ZIF-8-FC, (b) Qmax (mg g~!) and K4 (mL g~') values in DI water of various adsorbents (*Ky value from kinetic data; **Q. (mg g~ ));
(c) Thermodynamic adsorption isotherms of ZIF-8-FC (V/m = 1000 mL g, contact time = 24 h, T = 298 K), (d) plot of In K, versus 1/T.
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Table 2
Isotherm parameters for the adsorption of Cs™
Parameters ZIF-8 ZIF-8-FC
Langmuir qm (mgg™) 43.54 445.19
K: (Lmg™) 0.0013 0.1485
R? 0.9484 0.9024
Freundlich Ke(mg g 1) 0.2640 119.589
1/n 0.6586 0.2167
R? 0.9207 0.6918
Sips qm (mgg™) 26.54 422.42
K (L mg™) 2.63 x 107° 0.0126
ns 1.8341 2.7214
R? 0.9666 0.9709

higher g, value than most of the functionalized MOFs except MIL-
101-SOsH (453 mg g~') [21]. Specifically, the g, was almost 3
times that of the composite obtained by simply mixing the MOF
with MFC, which is HKUST-1/KNiFC [22]. This confirmed the orig-
inality and excellence of ZIF-8-FC. Metal chalcogenides, KMS-2
(531.74 mg g~ ') [15], hf-TiFC (454 mg g~ !) [43], and Indium Tin
Oxysulfide (InSn0S) (537.7 mg g ') [44] showed relatively high
qm values. To evaluate the performance of the adsorbent, the selec-
tivity of the adsorbent should be considered in addition to q,. Fur-
thermore, the q,, values of the various MFCs supported on various
materials are listed in Table S3. Compared to other materials, ZIF-
8-FC is a competitive adsorbent because of its high adsorption
capacity for Cs™.

3.2.5. Adsorption thermodynamics

The effect of temperature on Cs* adsorption was investigated
between temperatures of 298 and 318 K. Fig. 5¢ shows that the
Cs* uptake increases with the temperature. This implies that a
higher temperature is favorable for Cs* adsorption. The fitting of
the van’t Hoff equation and thermodynamic parameters of the
Cs" adsorption on ZIF-8-FC are shown in Fig. 5d and Table 3,
respectively. The thermodynamic parameters of the adsorption
process are calculated by following equation:

The Gibb free energy (AG):

AG = —RTInK, (8)

where K, is the equilibrium constant of Cs* adsorption, T is the
absolute temperature (K), and R is a gas constant (8.314 ] mol™!

K1'). The relationships between AG and the enthalpy change

(AH") and entropy change (AS’) of adsorption are calculated as
follows:

AG = AH —TAS 9)
Substituting Eq. (8) into Eq. (9) gives:
AS  AH

The plot of In K, versus 1/T is a straight line which is used to cal-
culate the values of AH and AS’ from the slope and intercept of Eq.
(10).

Table 3 shows that the values of AG were negative at all cases
and decreased as temperature increased. This suggests that the
adsorption was spontaneous and favorable at higher temperatures.

Table 3

Positive values of AH indicated an endothermic reaction. A posi-
tive AS” value implied an increasing randomness at the solid/liquid
interface during the adsorption process [27].

3.2.6. Competition with other ions

The distribution coefficient, Ky, is the popular expression of the
adsorption selectivity. The relatively large Ky value indicates a rel-
atively high selectivity for Cs*. The maximum Ky value of ZIF-8-FC
was 5.3 x 10* mL g~ ! in DI water (Fig. 5b). In general, a material
with a K4 value higher than 104 mL g~ is considered to be an excel-
lent adsorbent [44]. Fig. 6 shows the Ky value results and removal
efficiency (R, %) at various concentrations of Na*, K*, Mg?* and Ca®*.
ZIF-8-FC maintained a removal efficiency of 98% or greater and the
Kq values were higher than 5.4 x 10* mL g~! at concentrations of
up to 0.01 M, regardless of the cation type. At a concentration of
0.1 M, the Ky values were greater 3.9 x 10* mL g~!, whereas the
removal efficiencies were higher than 97%. At a competing ion con-
centration of 1.0 M, the K decreased to 1.0 x 10* mL g™, especially
for K*. As shown in Fig. S7, the K4 and R% values were affected in
the following order: K* > Na* > Ca?* > Mg?*. This result can be
attributed to the similar hydrated radius of K* (3.30 A) and Cs*
(3.25 A) relative to those of the other cations [10].

In real applications, many species other than the target pollu-
tant are present in the wastewater. These species can deteriorate
the performance of the adsorbent, which is dissimilar to what
occurs in DI water. We used ASW because it has a high ionic
strength with various cations, such as Na*, K*, Ca?*, and Mg?*,
and anions, such as HCO3, CO%~, SO3~, HPO3~, and CI~, which have
a strong effect on the selective capture of Cs* [44,45]. In addition,
seawater is also contaminated by Cs*. The values of K, are assessed
at various concentrations of Cs* in water and ASW. ZIF-8-FC exhib-
ited a very high K4 value of 4.3 x 10* mL g~! for Cs* in the ASW.
This value is only 20% lower than the value in DI water, which is
remarkable. The Ky values of the various adsorbents at various con-
ditions are listed in Table S4. MIL-101-SOsH, which exhibited a
high g, showed a very low Ky value even at relatively low salt con-
centrations. KMS-2 and InSnOS showed similar low Ky values. The
Kq value of 4.3 x 10* mL g ! for Cs* was the best among the MOFs
in the ASW. In the MOF-MFC composites, the Ky value of ZIF-8-FC
was ~100 times higher than that of HKUST-1/KNiFC, even at a
higher Na* concentration. The reasons for these results are dis-
cussed in the mechanism section.

Under real conditions, the concentration of Cs* can be very low;
therefore, we performed an adsorption test at low concentrations
of Cs* in ASW. The K values at 5 ppb, 10 ppb, and 10 ppm of Cs*
were 1.2 x 10% 4.8 x 103 and 6.8 x 10° ml/g, respectively
(Fig. S8). The K4 value of ZIF-8-FC, at 10 ppb of Cs*, under extremely
high concentrations of competing ions, was still higher than those
of most materials listed in Table S4. For example, K4 of ZIF-8-FC
was higher than that of Uranyl MOFs (4.1 x 10° and 6.32 x 10°
mL/g), TAC (1.5 x 10° mL/g), and Na-treated MMT (1.5 x 10°

mL/g).

3.2.7. Adsorption mechanism

The adsorption mechanism of Cs* on ZIF-8 may be the surface
complexation between the Zn-0 bond and the coordination bonds,
which occurs between the un-bonded nitrogen atoms and Cs* [46].

Isotherm adsorption and the thermodynamic adsorption parameters of Cs* at different temperatures.

T (K) K (Lmg™1) qm (mgg™) R? AG (k] mol™1) AH (k] mol™!) AS’ (k] mol 1K™1)
298 0.086 422.42 0.9978 —-39.18 340.88 1.27

308 0.130 454.55 0.9996 —40.50

318 0.168 476.19 0.9993 —-41.81
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Fig. 6. The distribution coefficient and removal efficiency of ZIF-8-FC for various competing ions: (a) Na*; (b) K*; (c) Mg?* and (d) Ca®*; (C, =300 mg L', V/m =1000 mL g "',

pH =7, T = 298 K).

Moreover, electrostatic attraction at a high pH further improved
the Cs* adsorption [47]. However, these mechanisms are not signif-
icant because the adsorption capacity of ZIF-8 is low.

The high maximum adsorption capacity and selectivity of ZIF-8-
FC can be explained in four ways. First, ion exchange between Cs*
and K' is the most general mechanism for various adsorbents
[2,42]. To confirm this, ICP analysis was used to determine the K*
and Cs* contents before and after adsorption. As shown in
Table S5, the concentrations of K* and Cs* in the solution were
measured before and after the adsorption by ZIF-8-FC(0.8) at two
initial Cs concentrations. After the 24 h adsorption process, the
concentration of K" increased whereas that of Cs* decreased. At
an initial Cs* concentration of 205 ppm, the molar ratio of the
released K to the adsorbed Cs* was 2.464. The adsorption of H*
on ZIF-8-FC may explain this ratio because an increase in pH was
observed. At an initial Cs* concentration of 505 ppm, this molar
ratio was 1.161. As the initial Cs* concentration increased, the ratio
of K* to Cs* moved closer to 1. These results indicate that ZIF-8-FC
prefers to adsorb to Cs* over H*, which supports the high adsorp-
tion capacity that occurs over a wide range of pH values, as shown
in Fig. 3b. Therefore, we confirmed that the main adsorption mech-
anism is ion exchange. However, further study is necessary
because the Cs* adsorption mechanism of MFCs remains unclear
and strongly depends on the compositions and structure of the
MEFC [43].

Ion exchange usually affects the maximum adsorption capacity
rather than the selectivity. When there is no other mechanism pre-
sent, the selectivity of the adsorbent may be low regardless of the
maximum adsorption capacity. Hence, other mechanisms are
required. Second, the window size of MFC (3.2 A) is well fitted with
the size of hydrated Cs* (3.29 A) [2]. Incidentally, the sizes of
hydrated Mg?*, Ca?*, Na*, and K" are 4.28, 4.12, 3.58, and 3.31 A,
respectively [32]. Therefore, the exclusion of these cations based

on the window size of MFC can result in a relatively high selectivity
of ZIF-8-FC.

Third, the soft cyanide anion prefers soft Cs* to hard Na*, K*,
Mg?*, and Ca®* [48]. In aqueous solutions, the chemical affinity
can be explained by the chemical hardness of the metal ion and
adsorbent. When the hardness between the adsorbate ion and
the adsorbent is compatible, they form a strong bond and preserve
the complex [49]. The chemical hardness decreases in the follow-
ing order: Mg?* > Na* > Ca?* > K* > Cs*, with values of 32.55,
21.08, 19.52, 13.64, and 10.6 eV, respectively [50].

These three factors also apply to other MFCs that showed lower
qm values. Therefore, there is a final explanation for the properties
of ZIF-8-FC: enhanced Cs* transport due to the higher specific sur-
face area, small FC crystal size, and partial hollow structure of ZIF-
8-FC. The MFC crystal without vacancies limited the Cs* adsorption
due to limited Cs™ migration in the crystal [42]. Therefore, the
small crystal size of the KZFC distributed in ZIF-8-FC with a rela-
tively high surface area and a partial hollow structure resulted in
the enhanced diffusion of Cs*.

4. Conclusions

We synthesized a novel ZIF-8-FC composite made of ZIF-8 func-
tionalized with FC via a simple synthesis procedure at room tem-
perature. ZIF-8 showed a maximum adsorption capacity of
26.54 mg g~ ! for Cs*. After functionalization with FC, ZIF-8-FC
showed a maximum adsorption capacity of 422.42 mg g ! for
Cs". ZIF-8-FC also exhibited a high K4 of 5.3 x 10* mL g ! in DI
water. Even in ASW with high concentrations of Na*, K*, Ca®* and
Mg?*, ZIF-8-FC showed excellent Cs* selectivity with a K4 value of
4.3 x 10* mL g~'. The isotherm and kinetic adsorption showed that
ZIF-8-FC followed the Sips model and pseudo-second-order kinetic
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model, which implied multilayer chemical adsorptions. Further-
more, the adsorption process is favorable at increased tempera-
tures. The adsorption performance was quite stable across a wide
range of pH values. In addition to the advantages of MFC, ZIF-8-
FC had high surface area and small KZFC crystal size, resulting in
the enhanced diffusion of Cs* and, consequently, a high adsorption
capacity. Considering the factors above, ZIF-8-FC can be applied to
remove Cs* in various environments.
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