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Technologies for removing radioactive waste in the form of 3’Cs, released during nuclear power plant accidents,
are essential. Prussian blue (PB) is a pigment with a face-centered cubic structure that can selectively adsorb
cesium. However, due to its very small size (5-200 nm), PB can be found in water as a fine powder and it is
difficult to separate its disposal to the water system. Thus, in this study, PB was immobilized on granular acti-
vated carbon (GAC), normally used for water treatment, to facilitate its recovery after usage. The GAC surface
was grafted with a covalent organic polymer (COP) to improve its stability and prevent PB desorption. The COP-
grafted GAC immobilized approximately twice as much PB as the ungrafted one; its cesium adsorption capacity
was over three times higher and the PB stability was excellent. The effects of pH and water matrix were
investigated using samples of both artificial and actual river water. Moreover, a continuous column experiment
was conducted to evaluate the applicability of the proposed material in water treatment system in a form of GAC

column.

1. Introduction

Over the past few centuries, civilizations have advanced rapidly
through industrialization and economic growth; however, the energy
demand and consumption have risen accordingly [1,2]. Thus, the issues
of fossil fuel depletion and environmental pollution have gradually
emerged. Therefore, many countries have adopted nuclear energy as an
alternative and eco-friendly solution. Hence, the number of nuclear
power plants has continuously risen, especially from 1998 to 2018; As of
2018, 454 plants are currently operating in 30 countries and other 54
are under construction [3]. Nuclear energy is an optimal energy source
in terms of economic efficiency and stability, but the operation,
repairing, and disposal of nuclear power plants generate harmful
radioactive pollutants [4,5]. The radioactive waste released during the
nuclear accidents of Chernobyl (1986) and Fukushima (2011) has seri-
ously affected the environment; such events have raised serious con-
cerns about the use of nuclear energy.

The radioactive waste generated during nuclear power plant acci-
dents generally consists of several radioisotopes, which are unstable
elements detrimental to humans and the environment because they emit
ionizing radiation while decaying [6]. The main radioisotopes released
in such events are strontium, cesium, and iodine. Among them, cesium
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has 30 isotopes with atomic weights between 112 and 151; some of them
occur naturally, while others are produced through nuclear reactions. Its
main radioisotope is 1?’7Cs, which has a half-life of 30.2 years [7,8].
137Cs is dangerous because it can cause secondary pollution by entering
surface water through fallout. Therefore, various methods to remove
radioactive cesium have been developed so far, including adsorption,
solvent extraction, ion exchange, coprecipitation, reverse osmosis, and
membrane filtration [9-12]. Adsorption is the most used technique due
to the simple procedure, cost-effectiveness, negligible secondary pollu-
tion; zeolites, graphene oxide, ammonium molybdophosphate Prussian
blue (PB) are the most common adsorbents of radioactive cesium
[13-17]. The spent adsorbent is considered radioactive waste. There-
fore, the spent adsorbent volume is an issue during its disposal. The
overall volume is significantly reduced through adsorption since it is
much more concentrated than the contaminated water, which contains
few pg/L to pg/L of radioactive matter.

PB is a classic example of a mixed-valence iron(II)-iron(III) inorganic
complex with a face-centered cubic structure that can selectively adsorb
alkali cations [18-20]. Its lattice constant is 10.17 A, and the average
distances are Fe(I)-C = 1.92 A, C-N = 1.13 A, and Fe(IID-N = 2.03 A
[21]. Since its cubic lattice size is similar to that of cesium ions, PB can
selectively adsorb Cs compared to other alkali cations [22]. The
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Cs-adsorption mechanisms can be divided into physical and chemical
adsorption. Physical adsorption is related to the ionic radius of the target
alkali metal and the hydration degree. Because the hydrated radius of Cs
(1.19 A) is smaller than that of other alkali metals (K: 1.25 A; Na™: 1.84
}o\) and because it is the best suited to fit the PB lattice structure during
hydration, its physical adsorption strength is higher than that of other
alkali cations (Gs™ >> K™ > Na™) [23]. In chemical adsorption, the water
molecules are coordinated and hydrophilic inside the PB lattice struc-
ture; thus, hydrated Cs™ is easily adsorbed into these hydrophilic spaces,
getting immobilized via the proton exchange between water molecules
and Fe ions [24]. Therefore, PB can selectively remove cesium both
physically and chemically.

However, PB is generally present as an ultrafine powder in water due
to its dispersibility, hydrophilicity, and very small particle size (5-200
nm); this hinders its separation from water after its usage as Cs adsor-
bent and limits its use in the treatment of actual water [25,26]. There-
fore, a method for the PB immobilization on some support materials, to
prevent its dispersion in water and facilitate its recovery, is required. In
this regard, several studies have investigated granular filtering materials
as PB immobilizers that allow water treatments. Granular activated
carbon (GAC) is the most commonly used among them for this purpose
due to its high specific surface area [27,28]. However, the earlier reports
did not focus on the PB desorption, which could cause secondary
pollution in water treatment systems.

In previous studies, we used fibrous filters as supporting materials for
PB, demonstrating the effectiveness of surface functionalization; the
polymerization of acrylic acid on a cellulose filter or a polyvinyl alcohol
sponge enhanced the PB immobilization [29,30]. In the present study,
we grafted a porous organic polymer on GAC to provide physical and
chemical advantages for the PB immobilization. The used polymer was a
covalent organic polymer (COP) formed through a substitution reaction
of cyanuric chloride and aromatic nuclear substitution. Due to its
net-like structure, it provided the GAC surface with a large surface area
and mesopores. The activated carbon contained only micropores, and
the larger pores (2.6-10 nm) were generated by the COP structure itself.
The used COP is stable in extreme environments (e.g., high temperatures
and pressures) and is already used as an adsorbent for dyes, cadmium
ions, and iron ions [31]. We expected a stable immobilization of PB on
this COP-grafted GAC (GAC-COP) because its nanoporous nature should
capture both the PB and the amine functional groups interacting with
the iron ions, the PB precursors. The similar approach was used to
immobilize PB on COP-grafted powdered activated carbon (PAC-COP) in
our previous study [32]. The binding matrix, that is, COP, increased the
immobilization stability of PB on the activated carbon surface. More-
over, the immobilization of a larger quantity of PB enhanced the cesium
adsorption performance. However, the use of PAC-COP-PB in practical
applications was not well investigated.

Then, the Prussian blue that can selectively remove radioactive ce-
sium and COPs were synthesized on GAC’s surface. Furthermore, the
immobilization and elution characteristics of the PB fixed on the GAC-
COP were evaluated. Then, the resulting composite, that is, PB immo-
bilized on GAC-COP (GAC-COP-PB), was tested as a Cs adsorbent, and its
performance was assessed by conducting adsorption isotherm tests. The
stable isotope 133Cs was used instead of 13”Cs because of safety issues.
The effects of pH and water matrix were investigated using artificial and
actual stream water samples. A continuous column experiment was also
conducted to assess the applicability of the proposed material.

2. Materials and methods
2.1. Chemicals and equipment
2.1.1. Chemicals
Activated carbon (granular), iron (III) chloride, hydrochloric acid

(35%), sodium hydroxide (99%), magnesium chloride hexahydrate
(98%), calcium chloride dihydrate (71-77.5%), calcium nitrate
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tetrahydrate (98%), calcium carbonate (99%), sodium sulfate (99%),
potassium bicarbonate (99%), sodium bicarbonate (99%), and magne-
sium sulfate heptahydrate (99%) were obtained from Duksan Chemical
Co. (Ansan-si, Gyeonggi-do, Republic of Korea). Nitric acid (60%), sul-
furic acid (98%), dichloromethane (99%), thionyl chloride (99%),
melamine (99%), dimethyl sulfoxide (99%), N.N-diisopropylethylamine
(99%), and potassium ferrocyanide (99%) were obtained from Samchun
Chemical Co. (Pyeongtaek, Gyeonggi-do, Republic of Korea). Tereph-
thaldehyde (99%) was obtained from Sigma-Aldrich (St. Louis, MO,
USA). Cesium standard solution (1000 ppm) was obtained from Kanto
Chemical Co. (Chuo-ku, Tokyo, Japan).

2.1.2. Equipment

The adsorbent morphology was observed using a scanning electron
microscope (SEM, SU8010, Hitachi High Technologies Corporation,
Japan) coupled with an energy-dispersive spectrometer. The functional
groups of the adsorbent were characterized using Fourier transform
infrared spectroscope (FTIR, Nicolet iS50, Thermo Fisher Scientific,
USA). The ion concentrations in soft, hard, and real stream waters were
measured using an atomic absorption spectrometer (AAS, Elemental
SOLAAR M6, Thermo Fisher Scientific, USA) and an ion chromatograph
(IC, Aquion, Thermo Fisher Scientific, USA). The cesium concentration
was measured with the inductively coupled plasma-mass spectroscopy
technique (ICP-MS, NexION 350D, Perkin-Elmer, USA). The PB con-
centration in the aqueous system was confirmed using a UV-visible
spectrophotometer (UV-Vis, Libara S22, BioChrom Ltd., USA).

2.2. GAC-COP-PB preparation and characterization

2.2.1. COP grafting on GAC

The grafting process was conducted as described in our previous
works [31,33], through four main steps. The overall COP grafting pro-
cess is presented in Fig. 1(a).

In step 1, the GAC (30 g) was oxidized by being mixed with an acid
solution consisting of 30%HNO3/47%H2S04 at a ratio of 3:1. Then, this
mixture was stirred at 350 rpm for 24 h to form hydroxyl and carboxyl
groups on the GAC surface; the oxidized GAC (GAC-Ox) was washed
with deionized water until reaching neutral pH and dried at 110 [.

In step 2, dichloromethane (400 mL) and thionyl chloride (100 mL)
were added to 20 g of GAC-Ox to yield acyl chloride, followed by stirring
at 350 rpm and 35 [] under nitrogen atmosphere for 24 h. In this pro-
cess, the hydroxyl and carboxyl groups of the GAC-Ox are replaced with
—-OCl ends.

In step 3, immediately after step 2, the resulting solution was evap-
orated using a rotary evaporator before proceeding with melamine
attachment. Then, melamine (2 g) dissolved in 500 mL of dimethyl
sulfoxide (DMSO) and diisopropylethylamine (10 mL) were added to the
solution, followed by stirring at 400 rpm and 120 [] for 24 h under ni-
trogen atmosphere. Next, the GAC was washed with DMSO and dried at
110 .

In step 4, for COP reforming, melamine (1.25 g), terephthalaldehyde
(2 g), and DMSO (500 mL) were added to 20 g of the melamine-attached
GAC and reacted at 450 rpm and 150 [ for 24 h under nitrogen atmo-
sphere. Then, the as-obtained GAC-COP was washed with DMSO and
dried at 110 [.

2.2.2. PB immobilization

PB was immobilized through the following reaction in the presence
of GAC-COP [23]. The overall scheme for in-situ PB synthesis is pre-
sented in Fig. 1(b).

4FeCly 4 3K, [Fe(CN) ] > Fey[Fe(CN), ], + 12KCI )}

In practice, the GAC-COP (5 g) and 20 mM FeCl3 (50 mL) were put
into a 50 mL conical tube and stirred for 1 h with a vertical stirrer to
induce Fe3* adsorption. Then, the mixture was transferred into an
Erlenmeyer flask and stirred at 300 rpm with a magnetic stirrer while
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Fig. 1. (a) Schematic of COP grafting on GAC surface and (b) schematic of in-situ PB synthesis in GAC-COP.

injecting 20 mM K4Fe(CN)g at a rate of 1 mL/min for 10 min, followed
by further stirring for 50 min. Afterward, the mixture was washed with
deionized water and dried in a vacuum oven, obtaining GAC-COP-PB.
For comparison, PB was prepared using a similar method on the
ungrafted GAC-Ox (GAC-PB) to verify the effect of COP grafting on PB
immobilization.

2.2.3. Material characterization

A SEM-EDS was used to observe the surface morphology and
elemental composition of the prepared materials; to ensure accuracy and
reliability in the EDS results, the elemental analysis was conducted on
the entire area of a single GAC grain. Moreover, the adsorbent surface’s
functional groups were determined using a FTIR spectrometer.

2.3. Adsorption performance evaluation

Since radioactive cesium is subject to many limitations and risks, our
experiments were conducted using the stable isotope 33Cs, which has
similar properties as ¥Cs [34]. All of the adsorption tests were per-
formed by adding specific amounts of an adsorbent into the '33Cs so-
lution, followed by stirring at a constant temperature in an incubator
shaker. After the adsorption, the supernatant was collected, filtrated
through a polyethersulfone membrane, and stored. The samples were
diluted with 1% nitric acid and further analyzed using an ICP-MS.

2.3.1. Effect of COP on PB attachment

As a screening test, we evaluated the cesium adsorption efficiency of
GAC, GAC-PB, GAC-COP, and GAC-COP-PB with an adsorbent dosage of
20 g/L and an initial 133Cs concentration of 5 mg/L. After stirring for
24 h, the cesium removal rate was assessed via ICP-MS. To evaluate the
adsorbent stability, we monitored the PB detachment from the GAC-PB
and GAC-COP-PB samples. Different dosages of these adsorbents (1, 10,
and 100 g/L) were added into deionized water; after stirring for 24 h,
the amount of PB eluted was measured through absorbance analysis at
690 nm by using an UV-Vis and quantified with a calibration curve.

2.3.2. Adsorption kinetics

Kinetic experiments were conducted using the GAC-PB and GAC-
COP-PB to understand how the COP grafting altered the adsorption
rate and capacity. Each adsorbent (1 g) was injected into a 50-mL
conical tube containing a 5mg/L '%3Cs solution. The pH was not
adjusted, and the mixture was continuously shaken at 30 [ | for 24 h. The
supernatant (2 mL) was aliquoted in a predetermined time interval, and
the remaining !33Cs concentration was measured with ICP-MS. The
adsorption data were fitted using the pseudo-first-order and pseudo-
second-order kinetics suggested by Lagergren, and Ho and McKay,
respectively [35].

The linear forms of the two kinetics can be expressed as follows:

In (ge — q:) = Ingq. — kit 2)

where g and g; are the amounts of cesium ions adsorbed per unit weight
of solid adsorbent (in mg/g) at time ¢, and k; is the adsorption rate
constant (in L/min).

t 1 1
S — 3
gt kq? - (q) ®

where kj is the rate constant (in g/mg-min).

2.3.3. Adsorption isotherms

An adsorption isotherm test was conducted to predict the adsorption
capacity of the prepared materials. Identical amounts of GAC-PB and
GAC-COP-PB (0.3 g) were added into a 15-mL conical tube in which the
initial **3Cs concentration was 1-70 mg/L. The pH was not adjusted,
and the mixture was continuously shaken at 30 [ for 24 h. The super-
natant (2 mL) was aliquoted at 24 h, and the concentration of the
remaining 133¢Cs was measured using an ICP-MS.

The adsorption isotherm of the adsorbed cesium ion at the equilib-
rium (q.) was calculated using the Langmuir and Freundlich equations
(Egs. (4) and (5), respectively) as follows [36,37]:

quLCe

1+ K. C. “

ge =
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where ¢, is the maximum adsorption capacity of the adsorbent (in mg/
g), Ce is the equilibrium concentration of the adsorbate in the solution
(in mg/L), and K}, is the Langmuir affinity constant.

e = kC/" ()

where k and 1/n are constants indicating the adsorption capacity and
intensity, respectively.

2.3.4. Effects of initial pH and water matrix on 133Cs adsorption

The effect of the initial pH was investigated using a 5 mg/L cesium
solution at different initial pH values (4, 6, 8, and 10); the pH was
controlled by adding 1 M HCl and 1 M NaOH solutions. The effect of the
water matrix was evaluated by utilizing four types of water: deionized
water, synthetic soft and hard water (to represent surface water and
groundwater, respectively) [38], and real stream water from the Hallyu
River in Goyang-si (Gyeonggi-do, Republic of Korea); the compositions
of these samples are summarized in Table 1. The hardness values of soft
water, hard water, and real stream water were 32.5, 163.3, and
114.3 mg CaCOs/L, respectively. Both synthetic water samples con-
tained various cations, including Ca’*, Na™, and K, that can compete
with Cs*. In all the tests, the adsorbent dosage was 20 g/L.

2.3.5. Continuous column experiment

This test was conducted to simulate the scenario where a cesium
solution passes through a GAC column. First, the column was prepared
by filling a glass column (2.5-cm diameter and 30-cm length) with 3 g of
GAC-PB or GAC-COP-PB; the effective length was 4.5 cm. Then, a
200 pg/L 133Cs solution was introduced into the column in an upward
direction. The flow rate was maintained at 0.2 mL/min and 2 mL/min;
therefore, the corresponding contact times were approximately 25 min
and 2.5 min. A fraction collector periodically collected samples, and the
cesium concentration in the effluent was evaluated through ICP-MS.
The data obtained in a continuous column operation were used to
calculate the maximum adsorption capacity and the adsorption rate
constant by using the Thomas model, which is one of the most general
and widely used models for column performance evaluation [39]. The
Thomas model is expressed as follows:
c 1

i (6)

----- kThCOt>

o 1 + expifoi <kﬂ'f e —

where kpp, is the Thomas rate constant (mL/min'mg); gy is the equilib-
rium Cs uptake per gram of the adsorbent (mg/g); x is the amount of
adsorbent in the column (g); ¢y is the influent Cs concentration (mg/L);
and v is the flow rate (mL/min).

3. Results and discussion
3.1. Adsorbent characterization

3.1.1. SEM-EDS analysis
The morphological changes of GAC after the surface modification

Table 1
Composition of water samples used in the experiments.

Soft water (peq/1) Hard water (peq/1) Real stream water (peq/1)

Mg** 120 815 787
Ca®" 530 2450 1498
Na® 250 665 1274
K" 25 105 160
ar 280 685 1292
NO3 30 100 247
S0% 230 1210 874
H,PO; - 30 -
HCO3 385 2010 1300
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and the PB immobilization steps were monitored via SEM observation.
Fig. 2 compares the morphology of the GAC-Ox, GAC-COP, and GAC-
COP-PB samples. The pristine GAC-Ox showed a generally smooth sur-
face with many tiny pores and debris. In the GAC-COP case, another
material was newly formed on the GAC surface; its higher-magnification
image revealed a chain structure typical of polymers, with spherical
particles intertwined like a net. These results are consistent with the
GAC-COP structure reported in previous studies, indicating the suc-
cessful COP growth on the GAC surface [33]. The changes in textural and
chemical properties during COP growth on the AC surface were reported
in our previous studies [31,33]. The GAC-COP-PB composite exhibited a
similar chain structure, but the surface brightness significantly increased
due to PB’s metallicity; furthermore, we observed a cubic form of PB
attached to the round polymer structure. The cubic morphology of PB
was observed in the porous COP network.

The corresponding EDS results are summarized in Table 2. The GAC-
Ox contained 89.6% carbon, which is the typical composition of GAC,
and some oxygen was also detected due to the presence of the -OH
groups. After the COP grafting, the carbon amount was significantly
reduced and the nitrogen signal appeared; this confirms that the GAC
was successfully grafted since N is a constituent element of the COP
used. Moreover, the increased oxygen content resulted from the acid
treatment during COP grafting. Both GAC-COP-PB and GAC-PB exhibi-
ted the presence of iron due to the molecular structure of PB. However,
the iron content was 1.8 times higher in GAC-COP-PB than in GAC-PB,
demonstrating that the COP grafting promoted the PB immobilization.
The PB immobilization was enhanced due to the coordination bonding
between the electron-rich amine groups and ferric ions. A similar pro-
motion effect of COP on iron adsorption was mentioned in our previous
study on the immobilization of nanoscale zero-valent iron on GAC-COP
[33]. We expected the PB to be located in the COP network, as confirmed
in our previous study by using SEM-EDS mapping to investigate the
location of Fe in the composite [28]. Based on the chemical formula of
PB, the PB content in GAC-COP-PB was nearly 13.1% of the total weight.

3.1.2. FTIR analysis

The FTIR spectra are shown in Fig. 3. The GAC-Ox exhibited peaks at
1320-1000 and 3550-3200 cm™ corresponding to the oxygen-
containing functional groups (C-O, and O-H, respectively). This was
ascribed to GAC oxidation because pristine GAC generally shows almost
no FTIR peaks [30]. After the COP grafting, a new peak appeared at
1625 cm ! and attributed to the N-H bending in the amine groups of the
COP structure [40]. The FTIR pattern was similar to those previously
reported COP-grafted powdered activated carbon [31], further con-
firming the successful COP grafting on the GAC surface. Both the
GAC-PB and GAC-COP-BP samples exhibited also a new peak at
2080 cm‘l, attributed to C=N, indicating the successful immobilization
of PB [41].

3.2. Effects of COP grafting on the stable PB immobilization

The effects of COP grafting on the PB immobilization and subsequent
cesium adsorption were evaluated via an adsorption test (Fig. 4). The
pristine GAC exhibited a limited 133Cs removal efficiency, similarly to
the GAC-COP; this indicates that the COP grafting did not significantly
enhance the cesium adsorption capacity. In comparison, the GAC-PB
showed an improved adsorption efficiency, probably due to the contri-
bution of the immobilized PB. The highest efficiency was achieved by
the GAC-COP-PB, confirming the effectiveness of the COP grafting in
stabilizing the PB immobilization; the efficiency was approximately
three times more than that of the GAC-PB. This indicates that the cesium
adsorption ability of GAC-COP-PB was due to PB and not to the sup-
porting material or surface modification.

The stability of the PB immobilization was evaluated based on the PB
detachment (Fig. 3(b)). The GAC-PB and GAC-COP-PB were mixed with
deionized water for 24 h at 200 rpm, and the amount of PB eluted after
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Fig. 2. Scanning electron micrographs of granular activated carbon (GAC), covalent organic polymer-grafted GAC (GAC-COP), and Prussian blue-immobilized GAC-

COP (GAC-COP-PB).

Table 2
Elemental composition obtained by means of SEM-EDS analysis.

Adsorbent Element (Weight%)
C N o Fe

GAC-Ox(n=1) 89.60 - 10.40 -
GAC-COP 58.37 £ 6.56  12.46 +1.04 17.15+3.85 -

(n=4
GAC-PB (n = 3) 70.88 £6.13 - 19.69 +3.23  3.26 £ 0.38
GAC-COP-PB 54.32+£394 1831 +1.33 16.53+1.20 5.98+0.43

(n=2)

stirring was measured via spectroscopic analysis. The PB desorption
increased along with the concentration of adsorbent added. The degree
of PB desorption was 2-2.5 times higher for GAC-PB than for GAC-COP-
PB. Considering that the GAC-COP-PB contained approximately 1.9

times more PB than the GAC-PB, this result indicates that the COP
grafting successfully minimized the PB desorption, stabilizing the PB
immobilization; therefore, we expected a higher cesium adsorption ef-
ficiency as well. The amount of PB detached during the 24-h test was
calculated to be less than 0.01% of the immobilized PB.

3.3. Adsorption kinetics

The equilibrium time between the adsorbents and the cesium solu-
tion was determined by performing a kinetic adsorption test. Fig. 5
shows a plot of the observed adsorption capacity as a function of time;
the experimental data were fitted using Egs. (2) and (3). The corre-
sponding kinetic parameters are summarized in Table 3.

The amount of cesium adsorbed increased rapidly during the first
3 h; after 24 h, it almost stabilized, and at this time, the adsorption ca-
pacities computed using the pseudo-second-order kinetics of GAC-COP-

- i i — GAC (Ox)
_ _ : _ \\=\GAE_ — GAC-PB
s S |GACCOR, 1 s | — GAC-COP
e 2 :
o © o i _ : .
0 g ! 8 | caces GAC-COP-PB
g COP-GAC g : g :
E E |cac-cop-pB ' |
[} COP-GAC-PB (2] [} 7] |
c c | c H
© © (1]
£ S S
(= = : P GAC-COP-P
1 C-0O | : 1
1 1 ]
4000 3000 2000 1000 1900 1800 1700 1600 15001400 2300 2200 2100 2000 1900 1800
Wavelength (cm™) Wavelength (cm'1) Wavelength (cm™)

Fig. 3. Fourier-transform infrared spectra of oxidized granular activated carbon (GAC-Ox), Prussian blue-immobilized GAC (GAC-PB), covalent organic polymer-

grafted GAC (GAC-COP), and Prussian blue-immobilized GAC-COP (GAC-COP-PB).
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Fig. 4. (a) 133Cs removal efficiency of and (b) amount of Prussian blue (PB)
detached from granular activated carbon (GAC), Prussian blue-immobilized
GAC (GAC-PB), covalent organic polymer-grafted GAC (GAC-COP), and Prus-
sian blue-immobilized GAC-COP (GAC-COP-PB).
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Fig. 5. Pseudo-first-order (solid line) and pseudo-second-order (dashed line)
fittings of the amounts of cesium adsorbed on the Prussian-blue-immobilized
granular activated carbon (GAC-PB) and Prussian-blue-immobilized covalent
organic polymer-grafted GAC (GAC-COP-PB).

Table 3

Kinetic model parameters of cesium adsorption by Prussian-blue-immobilized
granular activated carbon (GAC-PB) and Prussian-blue-immobilized covalent
organic polymer-grafted GAC (GAC-COP-PB).

Material Qe (mg/g) ky or ko R?
Pseudo-first-order GAC-COP-PB 0.1735 0.0167 0.8396

GAC-PB 0.0486 0.0585 0.5655
Pseudo-second-order GAC-COP-PB 0.1877 0.1415 0.9062

GAC-PB 0.0528 1.444 0.6639

Journal of Environmental Chemical Engineering 9 (2021) 105950

PB and GAC-PB were 0.1877 and 0.0528 mg/g, respectively. These re-
sults imply that the adsorption capacity of GAC-COP-PB was 3.6 times
higher than that of GAC-PB. The g, values calculated using the pseudo-
first-order kinetic exhibited a similar tendency.

The kinetic constants of the unmodified GAC-PB were relatively
higher, suggesting that the pores were blocked to some extent by the
COP grafting. The lower kinetic constants of the GAC-COP-PB affected
the initial adsorption phase. Because the adsorption equilibrium was
reached after 3-8 h of adsorption time, we used an adsorption time of
24 h in the following equilibrium experiments.

3.4. Adsorption isotherms

The cesium adsorption capacities of GAC-PB and GAC-COP-PB were
compared via adsorption isotherm experiments; the experimental data
were fitted with Langmuir and Freundlich equations (Fig. 6 and
Table 4).

Generally, the GAC-COP-PB exhibited much higher cesium adsorp-
tion capacity than the GAC-PB. The Langmuir gy, values of GAC-PB and
GAC-COP-PB, 0.3455 mg/g and 1.091 mg/g, indicates that the overall
adsorption capacity was increased around 3.2 times through the surface
functionalization with COP, which stabilized the PB immobilization,
increasing the PB content in the adsorbent and, finally, improving its
adsorption capacity. The g, value normalized against the PB content
determined by means of EDS analysis was calculated to be 8.33 mg/g
PB. The PB entrapped in the alginate beads exhibited a similar adsorp-
tion capacity of 3.33-43.5mg/g in the concentration range of
45-100 mg/L [26,42]. Furthermore, the dimensionless constant, that is,
the separation factor (Ry), was calculated using Eq. (7) [37]:

1

R, =——7—
L 1+ K¢

()

where Cy is the highest initial concentration of the adsorbate (mg/L),

()

0.6
— Langmuir
Freundlich

de (mg/g)

Ce (mg/L)

(b)

de (mgl/g)
o
i

0.4 — Langmuir
0.2+’ Freundlich
0.0 I I I I

0 20 40 60

Ce (mg/L)

Fig. 6. 133Cs adsorption isotherm with (a) Prussian-blue-immobilized granular
activated carbon (GAC-PB) and (b) Prussian-blue-immobilized covalent organic
polymer-grafted GAC (GAC-COP-PB).
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Table 4

Adsorption isotherm model parameters of Prussian-blue-immobilized granular
activated carbon (GAC-PB) and Prussian-blue-immobilized covalent organic
polymer-grafted GAC (GAC-COP-PB).

Adsorbent Langmuir isotherm Freundlich isotherm

gm (mg/) K. (L/mg) R® Kg n R?
GAC-COP-PB  1.091 0.0910 0.9324  0.1949 2507  0.9737
GAC- PB 0.3455 0.0608 0.8573  0.0465 2.295  0.9013

and Ky, is the Langmuir constant (L/mg). The value of Ry indicates the
shape of the isotherm as being unfavorable (R, > 1), linear (R, = 1),
favorable (0 < R, < 1), or irreversible (R, = 0). The Ry, values in the
present investigation were 0.767 and 0.687 for GAC-PB and GAC-COP-
PB, respectively, indicating that the adsorption of cesium on the pre-
pared adsorbents was favorable.

The Freundlich isotherm, an empirical equation used to describe
heterogeneous systems, was applied to interpret the adsorption data (Eq.
5). The magnitude of the exponent, 1/n, indicates the favorability of
adsorption. The values of n in the present investigation were 2.295 and
2.507 for GAC-PB and GAC-COP-PB, respectively, indicating a favorable
adsorption condition (n > 1) [37].

Cesium adsorption on PB is driven by both physisorption and
chemisorption. Ishizaki et al. attributed the PB exclusive ability to
adsorb hydrated cesium ions into its regular lattice spaces surrounded by
cyanide-bridged metals [22]. In Prussian blue (Fe4[Fe(CN)gl3-xH20),
many defect sites (vacant spaces) of [Fe(CN)6]4’ are filled with coordi-
nation and crystallization water molecules because the number of the
latter ones is high. A similar approach and explanation are available in
literature [13,24].

3.5. Effect of pH

The pH role in metal adsorption is greatly important since it in-
fluences both the binding sites and the metal speciation. We investigated
this study aspect for GAC-COP-BP by varying the initial pH. Fig. 7 il-
lustrates the pH values before and after 24 h of adsorption time, as along
with the corresponding amounts of adsorbed '33Cs. The final pH was
lower than the initial one in all the cases, and its decrease became more
significant when increasing the initial pH. This pH reduction could be
explained by the following reaction [22].

Fe'! —OH, +Cs*A~—{Fe" —OH} Cs™ +H A~ (8)

The initial and final pH values were closely related to the cesium
adsorption capacity; higher adsorption capacities were obtained in weak
alkaline conditions. When the pH increased from 6 to 8, the adsorption
efficiency increased by about 19%, reaching its maximum. Since Cs™ is
the predominant species in the entire pH range [43], the pH effect
cannot be explained by its speciation of Cs* at different pH values.

14 — 100 7o
mm |nitial pH 1)
124 : :inal pHI e o L 30 g
. emoval efficiency (%
10 y n<_)
4 - 60
r 8 Y
& 6- 3
4 '40 g-
Q
- 20
o~
0- -0 <
4 6 8 10
Initial pH

Fig. 7. Effect of initial pH on cesium adsorption efficiency of Prussian blue-
immobilized covalent organic polymer-grafted GAC (GAC-COP-PB).
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Therefore, the lower performance observed under acidic conditions
resulted from the competition between H" and Cs™, as reported in
previous works [44,45]. pH strongly influences ion-exchange processes,
especially those involving monovalent cations, because of the compe-
tition for ion exchange with protons. At low pH values, the ion exchange
sites are mainly protonated and, thus, less available for the cations [13].
At very high pH values, the hydroxide ions dissolve the Fe—(CN)-Fe
bond of the PB, disrupting its lattice structure and, hence, reducing its
adsorption efficiency [46].

3.6. Effect of water matrix

We investigated the water matrix effect to evaluate the practical
applicability of GAC-COP-PB for environmental media containing
interfering substances. Fig. 8 shows the measured cesium removal effi-
ciency and pH variation The '33Cs removal efficiencies of the deionized,
soft, hard, and real stream water samples were approximately 47%,
57%, 68%, and 75%, respectively; interestingly, the adsorption effi-
ciency increased in the presence of competing cations.

The Cs adsorption by PB is governed by three mechanisms: ion ex-
change between Cs* and K¥, Cs™ percolation through the PB surface
vacancies, and proton exchange with Cs*. The excellent selectivity that
we observed for Cs is mainly due to the complete dehydration of the
alkali cations during the ion exchange. Besides, the difference between
the energy of the hydrated states of K™ (—351.8 kJ/mol) and Cs*
(—306.4 kJ/mol) is the main driving force for the ion exchange (Cs™
adsorption) [24]. Our experimental results are consistent with previous
reports in terms of selectivity [47].

The GAC-COP-PB exhibited the best 133Cs removal performance in
the real stream water sample. Moreover, its absorption efficiency was
higher in hard water than in soft water. These results should be dis-
cussed considering the pH variation during the adsorption. As described
above, the pH was decreased by the H' released via ion exchange,
preventing further cesium adsorption. The HCO3 content in the real
stream and hard water samples was high compared to those in deionized
and soft water ones. Thus, the pH change was minimized for the real
stream water and hard water samples, as shown in Fig. 8. All these re-
sults demonstrate the high selectivity of GAC-COP-PB toward cesium
and, thus, its applicability for treating real water streams.

3.7. Continuous column experiment

We evaluated the feasibility of GAC-COP-PB for water treatment by
conducting a continuous column test. Moreover, we used a column filled
with GAC-PB as the control. The flow rate was adjusted from 0.2 mL/
min to 2.0 mL/min, and the experimental results are shown and sum-
marized in Fig. 9 and Table 5, respectively. The experimental results
were fitted using the Thomas equation as well.
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Fig. 8. Effect of water matrix on the cesium adsorption efficiency of Prussian
blue-immobilized covalent organic polymer-grafted GAC (GAC-COP-PB).
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At the high flow rate of 2.0 mL/min, column breakthrough occurs
almost instantly after the column experiment. In the GAC-PB case, the
cesium concentration in the first sample extracted after 10 min was
4.9 pg/L, which corresponded to a removal efficiency of 97.6%. How-
ever, the removal efficiency decreased to 30% within 1 h and further
decreased to 10% within a day. The GAC-COP-PB yielded superior re-
sults owing to its higher PB loading. The removal efficiency in the first
sample was 99.0%, which decreased to 67% within 1 h, and remained at
32% after 36 h. The Thomas equation was not appropriate for inter-
preting the results obtained in this high-flow-rate case (R? < 0.7);
therefore, we calculated the amount of cesium removed by using the
area above the curve. The overall amounts of cesium removed by the
GAC-PB and the GAC-COP-PB over 24 h were 132 and 267 pg, respec-
tively, which corresponded to 23.0% and 46.3% of the 133¢s added to
the column (0.002 L/min x 200 pg/L x 1440 min = 576 pg). The
amounts of cesium removed per unit adsorbent mass were calculated as
0.044 mg/g and 0.089 mg/g for GAC-PB and GAC-COP-PB, respectively.
The removal efficiency of GAC-COP-PB was approximately twice that of
GAC-PB, which is similar to the difference in their PB loadings.

At the low flow rate of 0.2 mL/min, the Thomas equation success-
fully interpreted the overall column operation results. The column could
be operated for a considerably longer time compared to that in the high-
flow-rate condition, and the performance of the GAC-COP-PB was su-
perior to that of the GAC-PB. The qo values obtained using the Thomas
equation were 0.095 mg/g and 0.179 mg/g for the GAC-PB and the
GAC-COP-PB, respectively. These results clearly indicated the effect of
flow rate on column operation. When the column was operated at a low
flow rate, the contact time between the adsorbate and the adsorbent was
longer; therefore, higher removal efficiencies were achieved. Under our
experimental conditions, the contact time was 2.5 min under the high-
flow-rate condition (2.0 mL/min) and 25 min under the low-flow-rate
condition (0.2 mL/min), which are considerably shorter than the
adsorption equilibrium times achieved in the kinetic test (1-6 h).
Similar results related to the effect of the flow rate on the adsorbent
column have been reported by other researchers, and it has generally
been explained on the basis of mass transfer fundamentals [39,48].
These results confirmed the potential of GAC-COP-PB for removing
radioactive cesium from contaminated streams by optimizing the con-
tact time and column loading.

4. Conclusion

We prepared a filling material for separation columns based on PB as
the active cesium adsorbent. The commercially available GAC was
selected as the supporting material to reduce the fabrication costs and its
surface was grafted with a COP to improve the PB immobilization via
both physical entrapment and chemical interactions between amine
groups and ferric ions. The beneficial effect of COP grafting was
demonstrated through PB detachment, FTIR, and SEM-EDS analyses.
Compared to pristine GAC, the prepared GAC-COP immobilized
approximately 1.9 times more PB and exhibited a higher cesium
adsorption efficiency. Then, the adsorption isotherm test results fitted
using the Langmuir model revealed a maximum !*3Cs adsorption ca-
pacity of 1.091 mg/g for GAC-COP-PB, which was 3.2 times higher than
that of GAC-PB; the g, value normalized by the PB loading was
8.33 mg/g PB. The adsorption behavior depended on the initial pH and
buffering. The best performance was obtained in an alkaline pH range,
while the water matrix did not hinder the adsorption capacity. Finally,
we conducted a continuous adsorption experiment with different flow
rates, and the removal performance of the GAC-COP-PB was approxi-
mately twice as good as that of the GAC-PB. The GAC-COP-PB column
was successfully operated for 255 h with a cumulative removal effi-
ciency of 76.5% under the flow rate of 0.2 mL/min. The optimization of
column operation, as well as verification with 137¢s, will further
demonstrate the potential of the proposed material for use as a column
filler toward the remediation of radioactive cesium.

Journal of Environmental Chemical Engineering 9 (2021) 105950
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Fig. 9. '33Cs concentration profile in the effluent during the column experi-
ment with different flow rates. (a) 2.0 mL/min and (b) 0.2 mL/min.

Table 5

Model parameters obtained by performing nonlinear regression analysis using
the Thomas model for cesium adsorption onto Prussian-blue-immobilized
granular activated carbon (GAC-PB) and Prussian-blue-immobilized covalent
organic polymer-grafted GAC (GAC-COP-PB).

Flow rate GAC-PB GAC-COP-PB
mL/min
¢ ) oy kmm R qo (mg/ kg (mL/ R
g) min'mg) g) min'mg)
0.2 0.0954 1.804 0.9571 0.1786 1.339 0.9764
2 0.0061 261.4 0.6595  0.1285 5.021 0.5431
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