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ABSTRACT: The adsorptive removal of radioactive cesium [Cs(I)] is important for External Internal
ensuring a clean aquatic environment. In this work, the adsorption of Cs(I) was carried out

using Prussian blue (PB) prepared by mechanochemical synthesis. X-ray diffraction, @
Fourier-transform infrared spectroscopy, and field-emission scanning electron microscopy | 0©®]

results indicated that PB had been successfully synthesized by mechanochemical synthesis. 7
Th(Iern.logravimetric analysis, contact angle apalysis, inductively coupled. plasma atomic @ © 06 l -~
emission spectrometry, elemental analysis, and electrophoretic light scattering el Tso s 173
spectrophotometry confirmed that several defects were formed, explaining the principal s bt Y ,/ o
mechanism for the efficient adsorption over PB prepared by mechanochemical synthesis. °

The superior adsorption properties toward Cs(I) make PB prepared by mechanochemical o5~

synthesis an attractive candidate material for the efficient, economical, and eco-friendly Ve

processes for purifying radioactive wastewater. =

1. INTRODUCTION poisoning due to safety and non-toxicity for both humans and
the environment.'”'* However, the majority of PBs have been
prepared by solution-based synthesis such as co-precipitation,
emulsion, sonochemical, hydrothermal, and microwave-assis-
ted methods, which require high energy consumption, long
reaction times, use of solvents, or additives such as a surfactant
and an acid” These requirements may result in a low
productivity of PB and create issues with environmental
pollutant effluents.

To improve the adsorptive properties of PB, we have applied
the concept of “defect control” in MOF research, which
focuses on fine-tuning the physical, structural, and chemical
properties of MOFs. Various synthesis parameters for MOFs
have been adjusted to control defects, such as coordinatively
unsaturated sites (CUSs), which only partially coordinate with
the organic linkers. For instance, Canivet et al. proposed that
high reaction rates result in the formation of defects while
maintaining the original MOF structure.”” It has also been
reported that the generated defects improve the adsorptive
properties of MOFs by providing additional interaction
locations. "

Mechanochemical synthesis, an alternative synthesis method
that induces chemical reactions through the input of
mechanical energy without a solvent, exhibits advantages

Past nuclear accidents such as the Chernobyl accident and the
Fukushima accident have reminded us of the long-term and
catastrophic disaster resulted from the discharge of radioactive
species. Among the radioactive species, the cesium isotope
137Cs(I) is a major species in radioactive liquid waste because it
has a long half-life while emitting high-energy gamma rays and
can be easily incorporated in the living organisms due to their
chemical similarity to potassium, resulting in a serious
radiological hazard." Thus, it is ur§ed to selectively remove
Cs(I) from radioactive liquid waste.

Adsorption is considered to be an efficient and simple
approach for the removal of the radioactive species such as
Cs(I).” The dark-blue pigment Prussian blue (PB), a member
of the metal—organic frameworks (MOFs), can bind hazardous
substances such as Cs(I), TI(I), and organophosphorus
pesticides in an aqueous environment.”> PB can be categorized
into two types: insoluble PB (Fe(III),[Fe(1l)(CN),];«H,0;
IPB) and soluble PB (M(I)Fe(III)[Fe(II)(CN)]; SPB).%’
The main adsorption mechanism is known to be the exchange
of cations within the SPB structure with Cs(I).”” Adsorption
by IPB can be explained by the exchange of protons eliminated
from a coordination water in a lattice defect site for Cs(I)
because it has no interstitial cations in the lattice structure
unlike SPB."" Other mechanisms include percolation of Cs(I)
with a dehydrated state through lattice defect sites from the Received:  September 13, 2021
surface of PB.'! In general, IPB exhibits more advantages for Accepted:  January S, 2022
the adsorption process because it is easier to recover IPB from Published: January 19, 2022
aqueous solutions after the adsorption process.'” PB has been
widely used as the main ingredient of the drug, Radiogardase,
which is approved for the treatment of radioactive cesium
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Figure 1. (a) XRD patterns and (b) adsorption capacities of PB_mechano samples.

over conventional solution-based syntheses such as higher
reaction rates, lower reaction temperatures, cost-effectiveness,
and eco-friendliness.'® It is therefore considered a facile and
eco-friendly synthesis method for inorganic frameworks,
organic frameworks, and MOFs.'””® We hypothesize that
mechanochemical synthesis could generate defects more
effectively than conventional synthesis due to the increased
reaction rate, thereby enhancing the adsorptive properties of
PB.

To the best of our knowledge, we are the first to develop PB
by mechanochemical synthesis, henceforth denoted as
PB_mechano, for the selective removal of Cs(I) from aqueous
solutions. The readily synthesized PB_mechano without a
solvent exhibited superior adsorptive properties (1260 mg g™')
to commercial PB despite its lower specific surface area (0.5 m*
g™') and more positive zeta potential (—22.4 mV) because
mechanochemical synthesis more efficiently produces defects
and lattice strain (0.00857) in the framework than conven-
tional synthesis. PB_mechano offers the possibility of
developing efficient, economical, and eco-friendly processes
for the removal of radionuclides from radioactive wastewater.

2. MATERIALS AND METHODS

2.1. Materials. Potassium hexacyanoferrate(III), iron(II)
chloride tetrahydrate, cesium (***Cs) chloride, and commercial
PB were purchased from Sigma-Aldrich. Since the chemical
properties of the radionuclide are identical to its stable isotope,
the stable isotope of cesium (***Cs) was used for experiments.
The water used in all experiments was deionized (DI).

2.2. Mechanochemical Synthesis of PB. PB_mechano
was prepared by a solvent-free mechanochemical method.
Potassium hexacyanoferrate(IIl) and iron(II) chloride tetrahy-
drate (molar ratio 3:4) were mixed by grinding in an agate
mortar for various times t (min) at room temperature. The
product, referred to as PB_mechano-t, was sequentially washed
with DI water and then vacuum-dried at room temperature
overnight.

2.3. Characterization. X-ray diffraction (XRD) patterns
were recorded with a New D8 ADVANCE X-ray diffrac-
tometer (Bruker, USA) using Cu Ka radiation. Fourier-
transform infrared (FT-IR) spectra were acquired using a
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Nicolet iS10 IR spectrophotometer (Thermo Fisher Scientific,
USA) with the samples in potassium bromide pellet form.
Thermogravimetric analysis (TGA) was conducted using a
Q500 system (TA Instruments, USA), and static pure water
contact angle was examined with an Attention THETA LITE
contact angle meter (Biolin Scientific, Sweden). Color analysis
was conducted using a V-770 ultraviolet—visible (UV—vis)
spectrophotometer (JASCO, USA). The samples were then
scanned for reflectance ranging from 200 to 800 nm. Field-
emission scanning electron microscopy (FE-SEM) images
were obtained using a SUPRA 55VP field-emission scanning
electron microscope (Zeiss, Germany). High-resolution trans-
mission electron microscopy (HR-TEM) was performed using
a JEM-F200 (JEOL, Japan) microscope operated at an
accelerating voltage of 200 kV. Nitrogen adsorption—
desorption isotherms were obtained using a 3Flex surface
characterization analyzer (Micromeritics, USA), and the zeta
potential was evaluated using a Z-1000 electrophoretic light
scattering (ELS) spectrophotometer (Otsuka Electronics,
Japan). Inductively coupled plasma mass spectrometry
(ICP—MS) measurements were performed with a NexION
350D (PerkinElmer, USA). The chemical composition was
determined using elemental analysis (EA) and inductively
coupled plasma atomic emission spectrometry (ICP—AES)
measurements. EA was performed using a Flash EA 1112
analyzer (Thermo Fisher Scientific, USA). ICP—AES was
performed using an OPTIMA 8300 analyzer (PerkinElmer,
USA).

2.4. Batch Adsorption Experiments. The adsorption
measurement was conducted in aqueous solutions with various
initial cesium concentrations of 6.25—800 mg L™". PB (2 mg)
was added to a cesium aqueous solution (10 mL) at a specific
pH (usually 5.6) and then stirred at 25 °C. The residual
concentrations of cesium in solution were determined by
ICP—-MS.

The models used to explain the adsorption kinetics of Cs(I)
on PB included the pseudo-first-order (PFO) and pseudo-
second-order (PSO) models. The two kinetic equations are as
follows

g, =q,(1—e™) (1)

https://doi.org/10.1021/acsomega.1c05062
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qzkzt commercial PB were estimated accordin%
q, = eT son—Hall method (Table 2, Figure S1a).%** The lattice strain
1+ kyqt (2) induced in PB_mechano might be attributed to crystal

where g, (mg g”') is the adsorption capacity of PB at time ¢
and k; (min™') and k, (g mg™' min~') are the PFO rate
constant and the PSO rate constant, respectively.

The models used to explain the adsorption isotherms of
Cs(I) on PB included the Freundlich and Langmuir isotherm
models. The two isotherm equations are as follows

1/n
qe = KFCe (3)
qLKLCe
q,=————
1+ K. C, 4)

where Kp ((mg g7') (L mg™")") is the Freundlich constant, n
(unitless) is the heterogeneity factor, K, (L mg™') is the
Langmuir constant, and g (mg g_l) is the maximum
adsorption capacity of PB.

All experiments were performed in triplicate.

3. RESULTS AND DISCUSSION

3.1. Optimal Conditions to Prepare PB_mechano. The
XRD patterns were analyzed to determine the crystalline

Table 1. XRD Results of PB_mechano Samples

sample hkl d-spacing (nm) crystallite size (nm)
PB_mechano-10 200 0.50 7.64
PB_mechano-20 200 0.51 11.59
PB_mechano-30 200 0.50 8.43
PB_mechano-40 200 0.50 8.65

structures of the PB_mechano samples. As shown in Figure 1a,
all PB_mechano samples showed the characteristic peaks of PB
attributed to the (200), (220), (400), (420), (422), (440),
(600), and (620) planes.”*

The adsorption capacities of the PB_mechano samples were
measured to verify the optimal preparation conditions for
superior adsorptive properties. The adsorption measurements
were conducted for 840 min in a solution with an initial Cs(I)
concentration of 100 mg L™". PB_mechano-20 had the highest
adsorption capacity for Cs(I) (Figure 1b). Based on these
results, PB_mechano-20 was employed in further analyses to
document its structural properties and adsorption behavior.

Based on the XRD analyses by Bragg’s diffraction equation
and Debye—Scherrer equation in Table 1, we hypothesize that
if the grinding time is too short, PB_mechano does not have a
PB crystal structure (d-spacing away from 0.51 nm, the
characteristic d-spacing of PB and small crystallite size), so the
cesium adsorption capacity is low. If mechanochemical
grinding proceeds too much, the crystal structure of PB will
collapse due to mechanical collision and abrasion, resulting in
the low cesium adsorption capacity. Therefore, we consider
that 20 min is enough time to build a PB structure.

3.2. Comparison of PB_mechano and Commercial PB.
As shown in Figure 2a, the crystalline structures of
PB_mechano and commercial PB were compared by XRD
analysis. The commercial PB exhibited the same cubic crystal
structure as PB_mechano as indicated by the XRD peaks in the
same 20 positions. However, each XRD signal of commercial
PB was sharper than that of PB_mechano. The average
crystallite size and lattice strain of PB_mechano and
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imperfection and distortion resulted from the defect sites.
The lattice constants of PB_mechano and commercial PB were
also calculated as 1.015 and 1.020 nm, respectively, by the
extrapolation method using the Nelson—Riley function (Table
2, Figure S1b)."” These lattice constants are consistent with
the characteristic unit length of Fe(II)~CN—Fe(III) in the PB
structure. The photo images and visible reflectance spectra of
PB_mechano and commercial PB are shown in Figure S2. The
color coordinates of PB_mechano and commercial PB were
also calculated from the measured reflectance spectra and are
listed in Table S1. The color of PB_mechano and commercial
PB is blue, and there is no significant difference as a result of
color analysis. In Figure 3, the morphologies of PB_mechano
and commercial PB were investigated using FE-SEM and HR-
TEM. The FE-SEM and HR-TEM images showed that both
PB_mechano and commercial PB had spherical morphologies
with sizes of ca. 20 and 70 nm, respectively. The smaller
crystallite size and particle size of PB_mechano might be due
to insufficient crystallization resulting from the reduced
reaction time.>*

The PB FT-IR spectra shown in Figure 2b contain IR bands
characteristic of the PB structure. The IR bands at ~3400 and
~1600 cm™' are associated with the O—H stretching and
bending vibrations, respectively.”* These IR bands of water
molecules in PB_mechano are stronger than those of
commercial PB, indicating that PB_mechano included more
water molecules in its structure. The characteristic bands at
2078, 600, and 500 cm™' correspond to the CN stretching,
Fe(I)-CN bending, and CN—Fe(Ill) bending vibrations,
respectively.”” These vibrational bands indicated that the cyan
molecules were linked to the iron clusters. Additional IR bands
in the commercial PB spectrum at 3260 and 1415 cm™'
implied the existence of ammonium ions [NH,(I)] as cations
in the cubic structure (Figure 2b).

The TGA profiles of PB_mechano and commercial PB,
given in Figure 2c, showed an initial weight loss below 200 °C
(11.0 and 5.9%, respectively) corresponding to the loss of
water molecules from the structure of PB. The second weight
loss above 200 °C (36.0 and 40.1%, respectively) arises from
the collapse of the PB structure due to the thermal
decomposition of the structural CN binding. Ludi et al.
reported that the water molecules of PB correspond to
coordination or crystallization water molecules.”® The larger
weight loss in PB_mechano than that in commercial PB
indicates that PB_mechano had a large number of coordina-
tion or crystallization water molecules and, thus, that
PB_mechano might be more hydrophilic than commercial
PB. The static pure water contact angles were also examined to
quantitatively evaluate the hydrophilicity of PB (Figure 2d).
The lower contact angle of PB_mechano indicated that
PB_mechano was more hydrophilic than commercial PB.
Zakaria and Chikyow reported that interstitial water molecules
existed in the framework of IPB and caused some defects.’
Ishizaki et al. concluded that the lattice defect sites (vacant
sites of [Fe(CN)g]) of IPB were filled with coordination or
crystallization water molecules, which caused the formation of
hydrophilic spaces in the PB structure.'” These results
suggested that PB_mechano was IPB and commercial PB
was SPB. The chemical compositions of the samples were
actually evaluated through the results of EA and ICP—AES

https://doi.org/10.1021/acsomega.1c05062
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Figure 2. (a) XRD signals, (b) FT-IR spectra, (c) TGA profiles, and (d) static pure water contact angles of commercial PB and PB_mechano.

Table 2. XRD Results of Commercial PB and PB_mechano

average crystallite size lattice constant lattice
sample (nm) (nm) strain
commercial PB 41.69 1.020 0
PB_mechano 11.59 1.015 0.00857

using this simple principle of electrical neutrality and are listed
in Table 3. The charge balance of chemical composition was
satisfied by hydroxyl ions to which some water molecules in
the composition were converted.'' The EA results also
reflected that NH,(I) existed in commercial PB, indicating
that commercial PB was SPB, which included NH,(I) as the
charge compensation cation. The estimated chemical compo-
sition of commercial PB was well coincident with general
chemical composition of SPB (M,_,,Fe[Fe(CN)4],_,V, (a:
0—0.25), where V is the [Fe(CN),] vacancy site),”” indicating
that commercial PB included few vacancy sites due to the small
a value (ca. 0.11). However, PB_mechano was found to
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include a lower amount of [Fe(CN),] and a higher amount of
water molecules than commercial PB because PB_mechano
was IPB, in which Fe(II) was in excess of Fe(III) (CN)q in the
synthesis condition. The estimated chemical composition of
PB_mechano showed that PB_mechano had less [Fe(CN)g]s
than general IPB (Fe,[Fe(CN)4];V, where V is the [Fe(CN)4]
vacancy site). Therefore, these results suggested that
PB_mechano included more defect sites than commercial PB.

3.3. Cesium Adsorption by PB_mechano and
Commercial PB. Figure 4a illustrates the adsorption kinetics
of Cs(I) by commercial PB and PB_mechano at C, (1000 mg
L™") during the period from 0 to 840 min. Cs(I) adsorption
rapidly increased and reached equilibrium after 10 min. The
initial rapid adsorption was attributed to an instantaneous
adsorption process arising from the many available vacant
adsorption sites.”” The kinetic parameters given in Table 4
indicate that Cs(I) adsorption can be explained with the PSO
kinetic model according to the resulting correlation coef-

https://doi.org/10.1021/acsomega.1c05062
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Figure 3. FE-SEM and HR-TEM images for commercial PB and PB_mechano.

Table 3. Chemical Compositions of Commercial PB and PB_mechano

sample “Fe (wt %) "N (wt %) bC (wt %) “H (wt %) chemical composition
commercial PB 36.80 2891 22.42 1.82 (NH4)0'57F3[Fe(CN)é]O'ggi1.46H20
PB_mechano 35.06 22.03 18.69 226 Fe,[Fe(CN)g], 30#12.00H,0
“Value evaluated by ICP—AES. “Value evaluated by EA.
( a) 1600 p—— Figure 4b shows the adsorption isotherms of Cs(I) by
1400 ~ Commercial PB commercial PB and PB_mechano at various C, (800—6.25 mg
L™") for 840 min. The isotherm parameters given in Table S
1200 indicate that the Langmuir model best described the
__1000 adsorption of Cs(I) by PB_mechano and commercial PB.
‘Tm 800 The type of adsorption (i.c,, irreversible, favorable, linear, or
o unfavorable) can be predicted using the separation factor Ry,
£ %0 defined by eq 5%
T 400
200 L= _
0 1+ K, Cy (s)
0 200 400 . 600 800 1000 where K; (L mg™") is the Langmuir constant and C, (mg L™")
t (min) is the initial adsorbate concentration.
Depending on the R value, the adsorption can be classified
(b) 1400 o as unfavorable (R > 1), linear (R; = 1), favorable (0 < R <
1200 e 1), or irreversible (R;, = 0). The R, va14u65 for the adsorption of
Cs(I) by PB_mechano and commercial PB showed that both
1000 samples adsorbed Cs(I) favorably. The Langmuir model also
<" 800 4 estimated that the maximum adsorption capacities of
o S PB_mechano and commercial PB for Cs(I) were 1260.1 and
g 600 o - 831.9 mg g, respectively, although an inverse relationship
o 400 o was noted for the specific surface area and zeta potential. As
c Ex shown in Figure S3, the nitrogen adsorption—desorption
200 wl isotherms indicated that commercial PB (54.9 m* g!) had a
of * T cmn specific surface area 100 times larger than that of PB_mechano
0 100 200 300 400 500 600 700 (0.5 m” g_l). Figure S3 shows that commercial PB has a
Ce (mg L-1) surface charge of approximately —22.4 mV at a pH value of 5.6,

Figure 4. (a) Adsorption kinetics and (b) adsorption isotherms of
commercial PB and PB_mechano for Cs(I).

ficients. PB_mechano exhibited a similar rate constant but a
considerably higher equilibrium adsorption capacity than
commercial PB.
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which is consistent with the values reported previously.” This
negative surface charge of commercial PB could lead to an
electrostatic attraction between commercial PB and Cs(I).
Figures S4 and SS indicate that PB_mechano had a surface
charge of approximately —5.9 mV at a pH value of 5.6, which is
more positive than that of commercial PB; this suggests that
mechanochemical synthesis generates positively charged CUSs
as defects more effectively than conventional synthesis.

https://doi.org/10.1021/acsomega.1c05062
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Table 4. Adsorption Kinetic Parameters for Cs(I)

PFO kinetic PSO kinetic
adsorbent qe k, R* qe k, R?
commercial PB 778.0 0.1756 0.9932 797.7 0.0007 0.9973
PB_mechano 1180 0.1976 0.9915 1207 0.0006 0.9952
Table 5. Adsorption Isotherm Parameters for Cs(I)
Freundlich isotherm Langmuir isotherm

adsorbent Ky n R* qr Ky Ry, R*
commercial PB 380.0 7.9 0.8128 831.9 1.2859 0.0013—0.9999 0.9511
PB_mechano 376.0 4.5 0.8325 1260.1 2.7394 0.0015—0.8958 0.9373
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Figure 5. Proposed Cs(I) adsorption mechanisms of (a) commercial
PB and (b) PB_mechano.

However, positively charged PB_mechano cannot efficiently
induce an electrostatic attraction with Cs(I). In a study on
potassium copper hexacyanoferrate (KCuHCF), a PB
analogue, Takahashi et al. proposed a “percolation via
vacancies” model wherein Cs(I) cannot migrate in the perfect
lattice of KCuHCF but can migrate through [Fe(CN)]
vacancies.'" It is reasonable to state that Cs(I) can not only be
adsorbed on the surface of PB particles but can also penetrate
and be adsorbed inside. Therefore, although commercial PB

has a higher specific surface area and a more negative surface
charge, the lower Cs(I) removal of commercial PB than that of
PB mechano can be explained by the fact that only surface
adsorption occurs due to the highly crystalline structure
(Figure Sa). Figure Sb illustrates that PB_mechano, in
contrast, can capture Cs(I) over the entire structure via
surface adsorption and percolation despite the lower specific
surface area and more positive surface charge.

The maximum adsorption capacity and synthetic conditions
of PB_mechano were compared with those in previous reports
on PB-based adsorbents to confirm the potential of
PB_mechano as an adsorbent for Cs(1).'91#242539 Ag shown
in Table 6, the maximum adsorption capacity of PB_mechano
for Cs(I) is significantly higher than those of other previously
studied adsorbents. Considering the sufficient adsorption
capacity and simple preparation method of PB_mechano, it
can be regarded as an efficient, economical, and eco-friendly
adsorbent in the area of radioactive wastewater treatment.

4. CONCLUSIONS

In summary, PB_mechano was used to remove Cs(I) from
aqueous solutions for the first time. The XRD, FT-IR, and FE-
SEM results confirmed that PB was successfully synthesized by
the mechanochemical approach. The TGA, contact angle
analysis, EA, ICP—AES, and ELS revealed that many defects
were formed by mechanochemical synthesis, which affected the
interaction necessary for the adsorption of Cs(I) onto
PB_mechano. The adsorption of Cs(I) onto PB_mechano
followed the PSO kinetic model and Langmuir isotherm model
with a superior adsorption capacity to that obtained using
commercial PB. The superior adsorption properties toward
Cs(I) make PB_mechano an attractive candidate material for

Table 6. Comparison of Maximum Adsorption Capacities and Synthetic Conditions of PB-Based Adsorbents

maximum adsorptlon capacity

adsorbent mass/adsorption

adsorbent (mg g™) time/pH synthetic condition refs
CNE-backboned PB 139 n.a. stirring at RT overnight, DI water 24
chitin-supported PB 42 0.1 g/48 h/pH 5—6 dropwise addition, stirring at RT for 30 min, DI 25
water
PB nanoparticles ~130 0.5 g/6 h/pH 2.5 stirring at RT for 15 min,DI water 10
PMMA-supported PB 20 0.5 g/24 h/below pH 1 stirring at 70 °C for 10 h, KClO;, HCI, DI water 30
PB active pharmaceutical 715 0.1 g/24 h/pH 8 commercially obtained 14
ingredient
commercially available ~6 0.5 g/6 h/pH 2.5 commercially obtained 10
pigment
commercial PB 832 0.002 g/14 h/pH 5.6 commercially obtained this
study
PB_mechano 1260 0.002 g/14 h/pH 5.6 mechanical grinding at RT for 20 min, no additive, this
no solvent study
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the efficient, economical, and eco-friendly purification of
radioactive wastewater.
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