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PB was immobilized on a cellulose filter
for selective cesium adsorption.

The AA functionalization contributed to
stable PB formation and reduced PB
leaching.

CF-AA-PB showed 16.66 mg/g of cesium
adsorption capacity.

Effect of water matrix was not severe in-
dicating selective adsorption ability.
The CF-AA-PB can be effectively used as
filter material for water intake.
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Cesium is a typical radioisotope that has a long half-life and is dangerous and can be emitted in the event of a nu-
clear accident. Prussian blue (PB), which is known to effectively adsorb cesium, is difficult to separate when it is
dissolved in an aqueous system. In this study, PB was immobilized on a filter type support media, cellulose filter
(CF), for use as a selective material for cesium adsorption. The commercially available CF was functionalized by
the addition of acrylic acid (AA) (i.e., CF-AA) to enhance the PB immobilization, which increased both PB loading
and binding strength. The AA functionalization changed the major functional groups from hydroxyl to carboxylic,
as confirmed by Fourier-transform infrared spectroscopy. As a result of the surface modification, the PB immobi-
lization increased 1.5 times and reduced detachment of PB during washing. The prepared adsorbent, CF-AA-PB,
was tested for its cesium adsorption capability. Cesium adsorption equilibrated within 3 h, and the maximum ce-
sium adsorption capacity was 16.66 mg/g. The observed decrease in the solution pH during cesium adsorption
inhibited the overall cesium uptake; however, this was minimized by buffering. The prepared CF-AA-PB was
used as a filter material and its potential use as a countermeasure for removing radioactive cesium from a con-
taminated water stream was demonstrated.
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1. Introduction

Globally, the increase in energy demand and the exhaustion of fossil
fuels are becoming serious problems. Nuclear energy has the advantage
of economical and stable supply because of the low cost of energy gen-
eration and high energy density (Dresselhaus and Thomas, 2001;
Forsberg, 2009). On the basis of these advantages, nuclear energy is
used globally, accounting for 10% of the world's electricity as of 2017
(International Atomic Energy Agency, 2018b). As of 2018, 454 nuclear
reactors are being operated in the world and 54 additional nuclear reac-
tors are under construction (International Atomic Energy Agency,
2018). Nuclear energy has various advantages, but there is a risk of po-
tentially disastrous nuclear accidents. Among the nuclear power plants
operating in the world, 298 old nuclear power plants are more than
30 years old and account for 65.6% of all nuclear power plants
(International Atomic Energy Agency, 2018). There were 22 nuclear ac-
cidents from 1956 to 2016. The most serious accidents were the Cherno-
byl nuclear accident in 1986 and the Fukushima nuclear power plant
accident in 2011 (International Atomic Energy Agency, 2018c). Nuclear
accidents are occurring all over the world, and even if a country does not
use nuclear power plant, damage cannot be avoided if an accident oc-
curs in a neighboring country.

Cs'* and Cs'®” among the radioactive materials emitted during a
nuclear accident are representative radioisotopes. After the Fukushima
nuclear accident in 2011, Cs'>* and Cs'*” spread over a large area, and
restoration work has been ongoing for several years (Aoyama and
Hirose, 2004; Buesseler et al., 2012; Honda et al., 2012; Manolopoulou
et al,, 2011; Nuclear Regulation Authority Japan, 2018). Compared to
other radionuclides, radioactive cesium has a large diffusion coefficient
when it enters the water system, and its hydration radius is small, and
thus it is easily dissolved in water and very difficult to remove (Awual
etal., 2014; Ma et al., 2017). The half-life is longer compared to other ra-
dionuclides at 30 years and the biological half-life is 100 days (EI-
Kamash, 2008; Jia and Wang, 2017). Furthermore, it is chemically simi-
lar to sodium and potassium and hence is readily absorbed by living or-
ganisms (El-Kamash, 2008). Cesium that is absorbed in the body is not
released, causing B-decay, continuous exposure to the body, and cancer
and genetic diseases (Jia and Wang, 2017; Olatunji et al., 2015;
Sangvanich et al., 2010).

Among the various methods for removing radioactive cesium, ad-
sorption is economical, a relatively simple process, and advantageous
in that no additional treatment is required after removal of the target el-
ement (Ali et al., 2018; El-Kamash, 2008; Saleh et al., 2016; Tka et al.,
2018; Yuan and Smith, 2015; Tan et al., 2018). Prussian blue (PB) is a
dark blue dye with the formula Fe4[Fe(CNg)]s and has a constant cubic
lattice structure surrounded by cyanide and metal ions as iron ferrocya-
nide (Ishizaki et al., 2013). It is known that the size of the cubic lattice of
PB is well matched with the size of hydrated cesium ions, which are
known to effectively remove cesium (Delchet et al., 2012; Haas, 1993;
Kong et al., 2014; Loos-Neskovic et al.,, 2004; Pau et al., 1990). The alkali
metal ion adsorption capacity of PB is considered to be Cs™ > K" >Na™.
This is because these hydrated ions have dimensions of 3.29 A, 3.31 A,
and 3.58 A, respectively, and smaller cesium ion is thus well matched
to the PB lattice structure (Alamudy and Cho, 2018; Nightingale,
1959). In the Chernobyl accident, people who were exposed to cesium
were given PB pills (Faustino et al., 2008).

However, PB is a very small material with a size of 5-200 nm and is
highly dispersible, and hence it is difficult to separate and recover when
it enters the water system (Kim et al,, 2018b; Yang et al., 2014a). There-
fore, it is difficult to apply it directly to water treatment. Accordingly,
studies on immobilization of PB on larger supporting materials that
can be recovered after use are intensively ongoing. Research to produce
filter type adsorbent containing PB (Kim et al., 2018a; Kim et al., 2018b;
Qian et al., 2018), composites combining magnetic material and PB to
facilitate removal by magnetic force (Yang et al., 2016; Yang et al.,
2017), carbon nanomaterials such as CNTs and GO (Basu et al., 2018;

Chen et al., 2016; Hu et al., 2012; Kadam et al., 2016), PB containing
beads using a polymer material (Kim et al.,, 2018; Lai et al., 2016;
Vipin et al., 2013), PB immobilization on porous material (Turgis et al.,
2013), and natural minerals as a PB support (Alamudy and Cho, 2018)
has been introduced. The various composite materials with PB showed
a superior cesium adsorption capacity with high cesium selectivity,
which makes it a suitable material for cesium remediation. However,
the complexity of material fabrication should be considered for a practi-
cal application.

In the present study, we attempted to enhance the practical applica-
bility to an actual water treatment process by immobilizing PB on a filter
material for use as a simple unit process during the water treatment
process. Cellulose filter (CF) was selected as supporting material for
PB immobilization because it has several advantages including its
ready availability in the market, low cost, and high permeability, and
that it is easy to produce in the desired size (Roy et al., 2009). Its porous
nature allows water to penetrate into the sponge and provides room for
PB synthesis. Moreover, this commercial filter material has already
proven mechanical strength and stability.

In our previous study (Wi et al., 2019), we developed a protocol to
functionalize commercially available supporting materials to immobi-
lize PB and made it stable for contaminated water remediation. In the
previous study, poly(acrylic acid) (PAA) was suggested for the surface
functionalization of the polyvinyl alcohol (PVA) sponge to convert hy-
droxyl groups into carboxylic groups for better PB attachment. This phe-
nomenon can be explained by the HSAB theory. Carboxylates are hard
Lewis base, therefore, it forms a strong bond with hard Lewis acids in-
cluding Fe>". This concept is commonly used in the field of MOF
(metal organic framework) research (Yuan et al., 2018). Because acrylic
acid (AA) includes a double bond, and carboxylic groups have a negative
charge, AA is capable of trading electrons to alkali metals (Smuleac et al.,
2010). This approach overcomes the weak bonding of hydroxyl groups
in previous studies, and the method can be applied to various
supporting materials that contain hydroxyl groups (Yang et al., 2014b;
Ge and Wang, 2017).

The cellulose filter has hydroxyl groups on the surface, but ionic
bonding between the hydroxyl groups and PB particles is weak com-
pared to other functional groups (carboxylic, amine), and therefore
the immobilized PB can be easily eluted into the water. Surface modifi-
cation of the cellulose filter was therefore carried out in order to modify
the major functional group as a carboxyl group to provide stronger
binding of PB (Ge and Wang, 2017).

The aim of this work was to develop an approach to produce a PB
based composite adsorbent for radioactive cesium uptake. The sug-
gested approach includes using commercial materials as a supporting
matrix and functionalizing by a simple chemical reaction to obtain car-
boxylic groups, and synthesizing PB by layer-by-layer (LBL) assembly.
The overall procedures we suggest showed higher loading of PB and
stronger stability to prevent leaching of PB in an aqueous solution. Ce-
sium adsorption ability was evaluated through adsorption kinetics and
isotherm tests. The effects of pH and the water matrix were also evalu-
ated to determine the adsorption mechanism. Lastly, a continuous filtra-
tion test with our PB based filter demonstrated its feasibility for use in a
water treatment process to remediate aqueous cesium.

2. Materials and methods
2.1. Materials

The cellulose filter (CF) to be used as support was purchased from
Taebong (Korea). Its tensile strength and permeability coefficient were
measured as 1.22 N/cm? and 0.079 cm/s, respectively. Acrylic acid
(AA, 99%), potassium persulfate (KPS, 99%), sodium chloride (NaCl,
93%), and ethanol (99%) were purchased from Samchun Chemical Re-
agent Corporation Ltd. (Korea) for surface modification. Iron(IIl) chlo-
ride hexahydrate (FeCls-6H,0, 97%) and potassium ferrocyanide
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trihydrate (K4[Fe(CN)g]-3H,0, 99%) as a precursor for PB synthesis
were purchased from Duksan Chemical Reagent Corporation Ltd.
(Korea). The cesium solution used in the experiment was purchased
from Kanto Chemical Corporation Inc. (Japan), a Cs'** standard solution
(1000 mg/L), which is an isotope with similar chemical properties (Basu
et al,, 2018). Deionized water was used to prepare all solutions.

2.2. Preparation of CF-AA-PB

2.2.1. CF surface modification by AA

A schematic diagram of the CF surface modification method is
shown in Fig. 1. The CF modification by AA is a type of radical polymer-
ization. Free radicals on the CF backbone can be formed by the chemical
initiator. The free radicals thus formed can add to monomers to form a
covalent bond between the monomer and the CF. The propagation of
the branch continues until termination occurs (Roy et al., 2009). In
this study, we used potassium persulfate (KPS) as an initiator. The hy-
droxyl group of PVA as then reacted with the initiator to form a radical
state. The acrylic acid monomer is then grafted on the radical site of CF.

A polymer solution was prepared using 60 mg of KPS and 2 mL of
acrylic acid solution dispersed into 20 mL of deionized water in a vessel.
Afterward, a cellulose filter (20 x 20 cm?) was placed on a glass plate
(23 x 23 cm?), and the polymer solution was poured on a cellulose filter.
The cellulose filter was then covered by a glass plate and the reaction
proceeded in a dry oven filled with nitrogen gas to maintain anoxic con-
ditions at 60 °C for 7 h. After the reaction ended, the CF-AA was washed
with a mixed solution including a ratio 1:1 of ethanol and deionized
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water until the solution became transparent. The surface modified ma-
terial was called CF-AA.

2.2.2. PB immobilization

PB immobilization on modified CF (CF-AA) and unmodified CF (CF)
was performed via layer-by-layer (LBL) assembly, which is basically
similar to in-situ synthesis methodology (Fig. 2). In-situ PB synthesis
was performed by injecting the precursor of PB in series in the presence
of the supporting materials. The major chemical reaction is given as
Eq. 1 (Samain et al., 2013).
4FeCl3 + 3K4 [Fe(CN)g | —Fe4 [Fe(CN)g], + 12KCl (1)

250 mg of CF and CF-AA was added to a 50 mL solution of 20 mM
FeCl; for 24 h. The supporting materials with immobilized iron(III)
were then separated from the solution, and the product was reacted
with 50 mL of 20 mM K4Fe(CN)g solution for 15 min. PB growth via
LBL assembly has an additional step of adding 50 mL of 5 mM FeCls so-
lution for 5 min after the previous two-step reaction has finished. The
prepared materials are denoted as CF-PB and CF-AA-PB. The detailed ad-
vantages of LBL assembly compared to common in-situ PB synthesis
was reported in our previous study (Wi et al,, in press). The LBL assem-
bly could significantly decrease PB leaching during washing.

2.2.3. Evaluation of PB elution

Afterward, the obtained product was dried at 60 °C for 48 h and
washed five times in 50 mL of distilled water to evaluate the stability
of the immobilized PB. After the washing experiment, the water was
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Fig. 1. Schematic of the surface modification method of cellulose filter using acrylic acid.
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Fig. 2. Schematic of Prussian blue synthesis method for modified CF.

analyzed for PB at 690 nm using UV-Visible spectroscopy (UV-Vis, Libra
S22, Biochrom).

2.3. Materials characterization

The effect of functionalization was evaluated by monitoring the
changes in the functional groups on the surface of the PVA-PBs using
Fourier-transform infrared spectroscopy (FTIR, TENSOR27, and Bruker,
Germany) recorded in the 400-4000 cm™! region. A scanning electron
microscope with energy dispersed spectroscopy (SEM/EDS, JSM-
6700F, JEOL, and Japan) was used to visualize surface modifications as
well as to analyze the chemical composition qualitatively. Thermogravi-
metric analysis was also conducted to obtain information regarding
thermal decomposition of the PBA-PBs as well as their chemical compo-
sition. Thermograms of the sample were recorded in the temperature
range of 30-1000 °C with a heating rate of 10 °C/min in a nitrogen atmo-
sphere, with a thermogravimetric analyzer (TGA, TG-DTA, Bruker,
Germany).

2.4. Cesium adsorption experiments

2.4.1. Adsorption isotherms and kinetics

Adsorption isotherm testing was performed to evaluate the overall
cesium adsorption capacity of CF-AA-PB together with CF-PB as a test
control. 100 mg of the CF-PBs was mixed with 50 mL of cesium aqueous
solutions with different initial concentrations ranging from 0.2 to
100 mg/L in a sealed conical polyethylene (PE) tube. The pH of the ce-
sium aqueous solution was not adjusted and the solution was continu-
ously shaken at 303 K for 24 h in an agitator. The cesium ion
concentration in the supernatant was measured with an ICP-mass spec-
trometer (ICP-MS, NexION 350D, Perkin-Elmer, USA).

The sorption isotherm of the adsorbed cesium ion at equilibrium
(ge) was calculated using the Langmuir isotherm (Eq. 2) and Freundlich

isotherm (Eq. 3) equations (Foo and Hameed, 2010). The Langmuir iso-
therm assumes that adsorption occurs at specific homogeneous sites on
the surface of the adsorbent while The Freundlich equation based on
sorption on a heterogeneous surface

_ qmaLCe
¢ 1+aqC @)
1
g = KrCe 3)

where ¢ is the quantity of adsorbate adsorbed per unit weight of solid
adsorbent, q,;, is the maximum sorption capacity of the adsorbent (mg/
g), Ce is the equilibrium concentration of the adsorbate in solution
(mg/L), and a; is the Langmuir affinity constant. Kr and 1/n are constants
indicating the adsorption capacity and the adsorption intensity.

The adsorption kinetics of CF-PBs (CF-PB and CF-AA-PB) were inves-
tigated in a 10 mg/L Cs solution, similar to the isotherm test, except that
several samples were taken at given time intervals (5 min, 10 min,
30 min, 1 h, 3 h, 10 h, and 24 h). The adsorption results were then fitted
using the pseudo-first-order kinetic model (Eq. 4) and pseudo-second-
order kinetic model (Eq. 5) (Ko et al., 2017).

6 = q.(1—e ) )
. kzqgt
Q=17 kagq,t (3)

where q, is the adsorbed amount at time t (mg/g), qe is the equilibrium
concentration (mg/g), k; is the first-order rate constant (1/min), and k;
is the second-order rate constant (g/mg-min).
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2.4.2. Effect of initial pH and water matrix

The effect of the initial pH was investigated using a 10 mg/L cesium
solution at different initial pH of 4, 6, 8, and 10. pH was controlled by
adding 1 M HCl and NaOH solution. The effect of the water matrix on ce-
sium adsorption was investigated using two types of synthetic stream
waters, soft and hard water, as suggested in the literature (Smith
et al,, 2002). The adsorption experiment was carried out with deionized
water, soft water, and hard water with Cs initial concentration of 0.2,
0.5, 2, 5, 10, 20 mg/L and 24 h stirring. In all cases, 100 mg of adsorbent
was applied. The water quality according to the raw water is shown in
Table S1.

2.4.3. Filtration test

Continuous filtration experiments were conducted to simulate the
situation where the cesium solution passed through the cellulose filter
(Fig. 3). The size of the filtration unit was 7 cm x 10 cm x 1.5 cm, and
the effective filtration area was 4 cm x 7 cm size. CF-AA-PB was placed
in the filtration unit, and then 40 pg/L concentration cesium solution
was introduced through the filter in the upward direction. The filtration
velocity was maintained at 2 cm/min, and therefore the contact time
was around 3 s. In order to simulate the situation where several filters
are used in series or thicker filters are used, the filtrate was then
returned into the raw water flask. Hydraulic retention time was calcu-
lated by the ratio between the total solution volume and the flow rate.
Samples were taken at every hydraulic retention time until 15 cycles.
In this experiment, cesium solutions prepared by spiking a cesium stan-
dard solution in deionized water and real stream water taken from the
Han-ryu River were used to simulate actual conditions. Table S1 shows
the results of the water quality analysis of real stream water.

3. Results and discussion
3.1. Material characterizations

3.1.1. Fourier transform infrared spectroscopy (FTIR)

The change in functional groups by AA treatment and PB immobili-
zation was investigated using FTIR spectra shown in Fig. 4. First, the
Pure CF presents peaks at 3640-3200 cm ™! (O—H), 3000-2850 cm ™'
(C—H), and 1320-1000 cm~! (C—O0) according to the chemical com-
position of cellulose itself (Ciolacu et al., 2011). After the surface

-
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Fig. 4. FTIR spectra of CF, CF-AA, CF-PB, CF-AA-PB.

modification, (=0 stretching of carboxyl groups was observed at
1760-1690 cm ™! (C=0, carboxylic acid). The spectra of the hydroxyl
groups became weaker compared to the Pure CF. These results clearly
show that the hydroxyl groups in Pure CF were converted to carboxyl
groups by the AA. Once PB was formed on the CF or CF-AA, a strong
peak at 2070 cm ™' ((=N) was observed in the CF-PB and CF-AA-PB,
which indicates the successful formation of PB (Kulesza et al., 1996).

3.1.2. Scanning Electron microscope-energy dispersive spectroscopy (SEM-
EDS)

Surface images of CF, CF-AA, CF-PB, and CF-AA-PB, which are magni-
fied 1000 times through SEM, are shown in Fig. S1. The elemental com-
position was further analyzed by EDS as shown in Fig. S2 and Table 1.
Overall, the CF has a structure in which thin fibers are entangled and
with many internal spaces. The diameter of the fibers is approximately
10-20 pm. The CF-AA is very similar to CF except for a small deposit of
NaCl, which was used during AA treatment. After synthesis of PB, partic-
ulate matter was easily identified from the surface of CF fibers and this
was more obvious in the case of CF-AA-PB. The major element of this
matter was iron and nitrogen, and therefore it can be confirmed as PB
(Ishizaki et al., 2013).

Cs solution
Initial: 40 ug/L

Adsoption filter
(CF_AA-PB)

Pump

Flow: 56 mL./min

Fig. 3. Schematic of filtration test device.
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Table 1
Weight percentages of elements on the surfaces of CF, CF-AA, CF-PB and CF-AA-PB (Unit:
weight %).

Element type C 0 N Na Cl Fe
CF 33.20 66.80 - - - -
CF-AA 32.22 55.64 - 4.18 7.97 -
CF-PB 29.65 55.34 9.14 - - 5.87
CF-AA-PB 29.95 52.98 8.05 - - 9.02

When the amount of iron attached through SEM-EDS was evaluated
as a whole weight ratio, the CF-PB and CF_AA_PB had 5.87% and 9.02%
iron, respectively, which indicates the effect of surface functionalization
by AA on PB immobilization.

3.1.3. Thermogravimetric analysis (TGA)

The amount of PB immobilized on the synthetic material before and
after modification by TGA was quantified and the results are shown in
Fig. 5. The pristine CF was mostly decomposed at 330 °C-370 °C. The cel-
lulose filter having a chemical formula of (CsH;¢0s),, decomposes into
carbon dioxide and water as the temperature rises. After CF decomposi-
tion in this temperature region, almost no weight remained, which indi-
cates this sample contained pure CF.

CF-PB and CF-AA-PB showed decomposition of CF in the same tem-
perature region. The early decomposition of CF-AA-PB was due to the
decomposition of AA. However, a significant difference was observed
after CF decomposition at 330-370 °C. More than 25% of the weight
still remained at 370 °C, and this quantity further decreased as the tem-
perature increased. The remaining weight could be immobilized PB, and
the decrease in weight at high temperature can be explained as the deg-
radation of PB particles, as reported in a previous study. It was reported
that PB particles could be degraded through a collapse of bonding be-
tween Fe (II, III) iron and cyanide groups, by converting C=N into N,O
and CO, (Jang et al., 2015). The remaining weight at 1000 °C for CF-PB
and CF-AA-PB was 14.6% and 22.8%, respectively. Prussian blue is finally
decomposed into Fe,03, NO,, and CO, as the temperature rises. Based
on the remaining amount after decomposition, the Fe contents for CF-
PB and CF-AA-PB were calculated to be 10.2% and 15.9%. This is similar
to the previous SEM-EDS results. Finally, PB contents were calculated
from the molecular composition. The amount of PB immobilized on
the two materials was 26% for CF-PB and 40.7% for CF-AA-PB.

3.1.4. PB stability during washing

Fig. 6 shows the variation of PB concentration in the washing solu-
tion when the CF-PB and CF-AA-PB were washed by deionized water.
Overall, the PB concentration in the washing solution was higher in
CF-PB, which was not surface modified by AA. The maximum PB
leaching was observed in the third time of washing as 3.15 uM. This

100+

Weight (%)

T ) ) T
0 200 400 600 800 1000
Temperature (TC)

Fig. 5. TGA results of CF, CF-PB, CF-AA-PB.

4

il CF-PB
[ CF-AA-PB

| i lﬂ | Iﬂ

Washing times

PB concentration(uM)
- N

Fig. 6. Amount of desorbed PB after 5 washing of CF-PB and CF-AA-PB.

result verified the advantage of using AA modification to enhance the
stability of PB immobilization.

The amount of detached PB was further calculated based on the
measured concentration and volume of water used for washing. The
PB amount found in the washing water of CF-PB and CF-AA-PB was
0.423 mg and 0.237 mg, respectively. Using PB contents in CF-PB and
CF-AA-PB obtained by TGA analysis (Section 3.1.3), the portion of de-
tached PB was further calculated. The detached portion was 0.237 mg
for CF-AA-PB, which can be calculated as 0.23% of PB immobilized. In
the same manner, PB detachment from CF-PB was 0.65%. Based on this
calculation, it can be determined that unmodified CF-PB loses 2.83
times more PB than AA modified CF-AA-PB. PB weakly bound to the
-OH group of CF appeared to be separated by the force of washing. In
the case of CF-AA-PB, the PB attached to the strong -COOH group is

H
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Fig. 7. Kinetics experiment of cesium adsorption of (a) CF-PB and (b) CF-AA-PB fitted by
pseudo-first-order kinetic model and pseudo-second-order kinetic model.
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strongly fixed and appears to have a small desorption amount. There-
fore, it is concluded that AA treatment provides stable PB immobiliza-
tion with less detachment.

3.2. Adsorption study of CF-AA-PB

3.2.1. Kinetic experiment

An adsorption kinetic experiment was conducted to determine the
equilibrium time between CF-PBs and the cesium solution. Fig. 7 pre-
sents the adsorption capacities of CF-PB and CF-AA-PB with respect to
time. The adsorption data were fitted by pseudo-first-order kinetics
(Eq. (4)) and pseudo-second-order kinetics (Eq. (5)). The obtained ki-
netic parameters are given in Table S2.

The adsorbed cesium increased rapidly in the first 3 h, and then it
was almost completely stabilized at 24 h. Between the two kinetic
models that were applied, the pseudo-second-order kinetic fits better
than the pseudo-first-order kinetic. This indicates that the cesium ad-
sorption process is the chemical interactions between the functional
groups of adsorbent and cesium ions, and this is in good agreement
with previous reports on cesium adsorption by PB (Jang and Lee,
2016). The pseudo-second-order kinetic constants for CF-PB and CF-
AA-PB were 0.08733 and 0.06283 g/mg- min, respectively. It appears
that the unmodified CF-PB has relatively higher kinetic constants,
which indicates slight pore blockage of the CF filter by AA modification.
However, the difference was not significant enough to hinder overall
adsorption.

The pseudo-first-order and pseudo-second-order kinetic constants
of CF-AA-PB were 0.1384 min~! and 0.06283 g-mg~'-min~', respec-
tively, which is comparable to or even higher than previous reports
(Basu et al., 2018; Jang and Lee, 2016; Yang et al., 2018), and these
high values are due to faster mass transfer by the very porous nature
of CF filter. Since the adsorption equilibrium could be achieved after 3
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Fig. 8. Adsorption isotherm experiment of cesium of (a) CF-PB and (b) CF-AA-PB fitted by
Langmuir isotherm and Freundlich isotherm.

to 6 h of adsorption time, we used 24 h of adsorption time for further
equilibrium experiments.

3.2.2. Adsorption isotherm experiment

Adsorption isotherm experiments were conducted to compare the
cesium adsorption capacities of CF-PB and CF-AA-PB, and the results
were fitted with Langmuir adsorption and Freundlich adsorption, as
shown in Fig. 8 and Table S3. A control experiment with Pure-CF and
CF-AA was also conducted in parallel (Fig. S3). The Pure-CF and CF-AA
did not show any cesium adsorption while CF-PB and CF-AA-PB showed
cesium adsorption capabilities. This indicates that the cesium adsorp-
tion ability of the prepared CF-PBs is due to the addition of PB, not the
supporting material or surface modification, CF or AA.

When the cesium adsorption capacities of CF-PB and CF-AA-PB were
compared, CF-AA-PB showed much higher cesium adsorption capacity
compared to CF-PB. For example, the maximum cesium adsorption ob-
tained by the experiments was 7.95 and 12.42 mg/g for CF-PB and CF-
AA-PB, respectively, when the initial cesium concentration was
100 mg/L. The cesium adsorption capacity was increased by around
56% by surface modification. This increased adsorption capacity (56%)
was exactly identical as increased PB contents (26% to 40.7%; 56.5% in-
crease). Therefore, we can conclude that the cesium adsorption capacity
was increased by increased PB content. When the adsorption affinity
values (a.) were compared, CF-PB was 0.01457 L/mg, CF-AA-PB was
0.04059 L/mg, and CF-AA-PB had higher cesium adsorption affinity, in-
dicating that the adsorbed affinity of the modified material was higher.

The obtained adsorption capacity value (qy,) is compared with the
previously reported values in Table S4. PB itself showed very high ce-
sium adsorption capacities in a few hundred mg/L range. However,
the composite materials containing PB showed much low q,, value
due to the low PB contents. Especially, PB based composites in bead or
sponge or filter shape have low q,,, value compared to powder shape ad-
sorbent due to inhibition in mass transfer. For example, bead or sponge
foam of adsorbent showed much low g, value in the range of
0.154-43.5 mg/L. The result obtained from our study is in the range of
Qm value for structured adsorbents containing PB. Moreover, the testing
concentration range also affects q,,, value. Generally, testing in a high
concentration range gives a higher g, value. We used a 100 mg/L as a
maximum cesium concentration during isotherm test, which is gener-
ally accepted a range of testing.

It has been commonly accepted that cesium adsorption on PB was
driven by both of physisorption and chemisorption. Ishizaki et al.
(2013) explained that the exclusive abilities of PB to adsorb hydrated
cesium ions are caused by regular lattice spaces surrounded by
cyanide-bridged metals. On the other hand, chemisorption was also
considered for cesium adsorption by PB. A common PB with a formula
of Fe4[Fe(CN)g]3-xH,0 have many defect sites (vacant spaces) of [Fe
(CN)g]*™ filled with coordination and crystallization water molecules
due to a high value of the number of waters of crystallization. The sim-
ilar approach and explanation could be found in the literature (Vipin
et al., 2013). The adsorption data were fitted with Langmuir isotherm
as well as Freundlich isotherm in order to distinguish dominant adsorp-
tion isotherm, however, the R? value for both model are similar while
Langmuir isotherm has slightly higher R? value. Therefore, we can con-
clude that physisorption and chemisorption can occur simultaneously
in our test condition.

3.2.3. Effect of initial pH

Effect of pH on the metal adsorption is greatly important since the
solution pH affects both the binding sites and the metal speciation. In
this study, the influence of pH on cesium adsorption was investigated
by changing the initial pH between 4 and 10. Fig. 9 (a) presents the ini-
tial pH and final pH after 24 h of adsorption experiments as well as the
amount of adsorbed cesium for each pH condition. The final pH was
lower in all cases, and the pH decrease was more significant when the
initial pH was high. For example, when the initial pH was adjusted to
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Fig. 9. (a) Cesium adsorption of CF-AA-PB in range of pH 4-10 and pH change during the
adsorption experiment (b) Effect of water matrix on cesium adsorption by CF-AA-PB.

10, it decreased to 6.2 after 24 h. The decrease in pH could be explained
by the following Eq. (6) (Ishizaki et al., 2013):

Fe> —OH, + Cs*A™ —Fe* —OH Cs* + H*A~ (6)

The initial and final pH was closely linked to cesium ion adsorption
capacity. Higher cesium adsorption capacity was obtained in weak alka-
line conditions. When the pH was increased from pH 6 to pH 8, the in-
crease in treatment efficiency by CF-AA-PB was as high as about 20%.
The maximum removal efficiency of CF-AA-PB was 86.79% at pH 8.
The lower performance under acidic conditions resulted from competi-
tion between protons (H") and cesium (Cs™), resulting in low adsorp-
tion capacity, as reported earlier (Feng et al., 2016; Yang et al., 2018).
The influence of pH is high in the case of ion-exchange processes, espe-
cially for monovalent cations because of the ion-exchange competition.
At low pH, ion exchange sites are mainly protonated, making them less
available for cation. When pH values increase, the sites become avail-
able for cation, leading to higher adsorption. (Vipin et al., 2013)

3.2.4. Effect of water matrix

The effect of the water matrix was investigated to evaluate the prac-
tical feasibility of the system when exposed to environmental media
containing interfering substances. We used three types of water matrix
for this study, deionized water, soft water, and hard water. Soft and hard
water are synthetic water matrices used to represent common surface
water and groundwater. Both synthetic waters contained various cat-
ions including Ca?*, Na™, and K™, which can be competitors with Cs™
because they can be exchanged in the PB lattice structure. In this

study, an adsorption isotherm test in a low concentration range
(~20 mg/L) was performed for the three water matrixes, and the results
were fitted with the Langmuir model, as shown in Fig. 9(b).

The maximum cesium adsorption obtained by the Langmuir iso-
therm was 4.437 mg/g for deionized water, 6.094 mg/g for soft water,
and 5.556 mg/g for hard water. The maximum adsorption amount of
soft water and hard water was higher than that of deionized water. It
is very interesting that adsorption capacity was not decreased even
when competing cations were present in the water matrix. These re-
sults should be carefully discussed in relation to the pH change observed
during adsorption. The final pH of deionized water was 4.64 while that
of soft water and hard water was around 7.7. As described earlier, pH
was decreased by H™ ions excreted into the solution during cesium ad-
sorption via ion exchange, and lower pH is not favorable for further ce-
sium adsorption. Soft water and hard water contain alkalinity (385 and
2010 peq/L, respectively), and therefore the pH change was minimized.

When the adsorption pH is similar between soft-water and hard-
water, competition among cations plays a role to determine the cesium
adsorption performance. Soft water showed better cesium adsorption
performance compared to hard water even though the adsorption pH
was similar. This might be due to the high concentration of cations in
hard water. The sum of cations in hard water was 4.04 mM, while it
was 0.93 mM for soft water, and therefore more than four times more
cations were competing with cesium for adsorption. It was reported
that cesium adsorption was negatively affected by the high ionic condi-
tion (Sangvanich et al., 2010). This competitive adsorption is directly re-
lated to the adsorption affinity obtained by Langmuir adsorption.
Adsorption affinities were calculated as 51.09 L/mg for deionized
water, 24.33 L/mg for soft water, and 15.4 L/mg for hard water.

3.3. Continuous adsorption experiment

A continuous filtration test was conducted to demonstrate the feasi-
bility of CF-AA-PB as a cesium adsorbent for a water treatment system.
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Fig. 10. Continuous operation experiment using CF-AA-PB (a) deionized water, (b) real
stream water.
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The filtration system was constructed with a single layer of CF-AA-PB
(7 cm x 4 cm) and a solution of 40 pg/L cesium was added into the fil-
tration unit at a filtration velocity of 2 cm/min. In this experiment, we
tested two different water matrixes, deionized water, and actual stream
water, in order to simulate the actual treatment process, and the results
are shown in Fig. 10. The sum of cations in actual stream water was
3.7 mM, which is close to the case of hard water tested in
Section 3.2.4. Overall alkalinity (1.30 meq/L) was in the range of soft
water (0.39 meq/L) and hard water (2.01 meq/L), therefore, stable pH
during cesium adsorption experiments could be expected.

The cesium removal efficiency was 56.3% at the first cycle in deion-
ized water, and the removal efficiency was increased to 75.2% at
5 cycles, 82.2% at 10 cycles, and 88.2% at 15 cycles. The initial pH of de-
ionized water was 5.8 and there was little change in pH during the
treatment.

When applied to actual stream water, the treatment efficiency was
higher than that of deionized water because of the pH effect. The initial
pH of the initial stream water was 7.62 and a change of pH was not ob-
served due to the presence of alkalinity. The cesium removal efficiency
was 63.2% at the first cycle in deionized water, and the treatment effi-
ciency was increased to 87.6% at 5 cycles, 94% at 10 cycles, and 96.3%
at 15 cycles. Comparing the treatment efficiency according to the
water matrix, the removal efficiency in stream water was approxi-
mately 10% higher than that of deionized water. This result is very
promising for water treatment because the removal efficiency was not
inhibited by the water matrix. The developed filter can be easily
installed at the water intake with a few centimeter thicknesses to pre-
vent contaminated water intake.

4. Conclusion

The goal of this study was to develop a method of preparing a
filter type cesium adsorbent containing PB as the active adsorption
material. A cellulose filter was functionalized by reaction
with acrylic acid to convert -OH functional groups to ~-COOH to en-
hance the immobilization and stability of the PB. The effect of
functionalization on PB immobilization was demonstrated by wash-
ing experiments and FTIR and SEM-EDS analyses. The adsorption ki-
netics and isotherms of the CF-AA-PB were further investigated. The
adsorption occurred rapidly during the initial 30 min and the ad-
sorption rates of CF-PB and CF-AA-PB were not significantly differ-
ent. The maximum adsorption capacity and the adsorption affinity
were enhanced by surface modification. The adsorption behavior
was sensitive to the initial pH and buffering. The best cesium ad-
sorption performance was obtained at an alkaline pH range and
the adsorption capacity was not significantly hindered by the
water matrix. Finally, the prepared CF-AA-PB was used as a filter
for continuous adsorption testing. From the results of the continu-
ous filtration test, the CF-AA-PB showed 96.3% cesium removal effi-
ciency when actual stream water was used. Based on the above
results, the CF-AA-PB prepared in this study demonstrated the po-
tential for practical application as a filter-type adsorbent for the re-
mediation of radioactive cesium.
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