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ABSTRACT

Prussian blue (PB), an adsorbent for the selective elimination of radioactive cesium from water, is highly ver-
satile due to its unique crystal structure. However, PB crystals quickly decompose in an alkaline solution,
generating hazardous cyanide contamination. In this research, the alkaline susceptibility of PB was remedied by
incorporating copper sulfate as a protector. A stability assessment was conducted at several environmental
conditions, such as high pH and temperatures from 10 °C to 50 °C, in seawater, artificial seawater, and river
water. The crystalline and chemical stability of PB in the new class of composite was extremely high, even at a
pH value of 11.2, as confirmed using XRD and total cyanide analysis. A comprehensive mechanism study re-
vealed that, at high pH, the copper ions that cover the PB react with hydroxide ions to form copper hydroxide
and shielding inner crystals. To decontaminate radioactive cesium, the first step was to immobilize nano PB on a
cellulose nanofiber, followed by copper sulfate stabilization. Then, a spongiform adsorbent was made using
polyurethane as the precursor. The new stabilized PB showed promising adsorption efficiency. Thus, this re-
search will open a new range of applications for all existing and emerging PB-based adsorbents.
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1. Introduction

On 2011-03-11, a massive earthquake of magnitude 9.0 occurred in
the Tohoku region of Japan. The resulting gigantic tsunami caused
catastrophic damage to Fukushima Daiichi Nuclear Power Plant (Chino
et al.,, 2011) and the discharge of an enormous quantity of nuclear
waste into the nearby ocean and land. The contamination by cesium
isotopes, such as Cs'®* (T, ,, = 2 years) and Cs'*’ (T, = 30.2 years),
was one of the major environmental concerns. Once radioactive cesium
enters the environment through soil, river water, and seawater, it can
incorporate easily into the human body through the food chain (Arai,
2014; Doi et al., 2012). Radioactive cesium accumulates primarily in
muscle and bone and causes cancer (Fisher et al., 2013). Various ex-
cellent remediation techniques have been developed to date for elim-
inating radioactive materials and toxic metals (Wang et al., 2019; Xie
et al., 2019a,b, Xie et al., 2019a,b). Given its toxicity, economic and
safe removal techniques for radioactive cesium are needed.

Prussian blue (PB) is a versatile adsorbent for the selective elim-
ination of radioactive cesium. PB has unique crystal structure and
thereby is capable of hosting small molecules (water) and ions (K*,
Na™, NH," or Cs*) in their crystal lattice spaces. PB selectively adsorb
cesium because of its promising size-recognition of hydrated Cs*
(Ishizaki et al., 2013). Generally, there are just two types of PB: one
type is insoluble with a chemical formula of Fe§' [Fe"(CN)¢]* xH,0O
(x = 14-16), and the other type is soluble in water with a chemical
formula of KFe™'[Fe''(CN)¢]. (Buser et al., 1977; Pearce, 1994). More-
over, PB has several analogs that have superior performance compared
to ordinary PB (Takahashi et al., 2015, 2016; Takahashi et al., 2018).
Researchers have studied PB-based adsorbent materials, such as gra-
phene/PB composite (Yang et al., 2014), beads (Vipin et al., 2013,
2014; Parajuli et al., 2016), spongiforms (Yu et al., 2010; Hu et al.,
2012; Vipin et al., 2016), fabrics (Chen et al., 2015), and yarns
(Okamura et al., 2014), that have demonstrated excellent performance
and technique for the adsorption of cesium ions. However, the major
weak point of PB is its instability in alkaline solutions, which causes
hazardous cyanide contamination (Faustino et al., 2008; Ware, 2009).
It is practically impossible to neutralize a cesium-contaminated solu-
tion, especially a large volume of seawater (pH 8.1). Therefore, the
stabilization of PB is highly necessary before it can be used in an al-
kaline solution and seawater.

WHO has established guidelines for total cyanide (TCN) con-
centration in drinking water, with a regulatory upper limit of 0.07 mg/
L. In Japan, TCN regulations require a detection limit less than
0.01 mg/L for water quality standards and 0.1 mg/L for environmental
standards (G of J. Ministry of Environmental., 2015). The drainage
standard based on these regulations for the maintenance of the Fu-
kushima living environment is less than 0.5 mg/L (Drainage standard.,
2018).

In previous research, a PB precipitate named PB-X [X: bivalent
metal] was used to remove cesium ions from a fly ash washing solution
and seawater (Ubara et al., 2014, 2018). PB-X demonstrated high ce-
sium removal and efficiency, and the resulting TCN in the solution was
below Fukushima limitations. The major drawback of this method was
its highly complicated preparation process. The method was suitable
only in a narrow pH range near neutral; thus, pH adjustment was es-
sential. Additionally, the separation of adsorbent after decontamination
required polymer flocculants.

In our previous research, we developed cellulose nanofiber (CNF)-
backboned PB (CNF/PB) that homogeneously fills in a polyurethane
sponge (PUF) (Vipin et al., 2016). In the present research, we mainly
focus on the structural stabilization of PB and its applicability in alka-
line solutions. We demonstrate that stabilization can be achieved by
adding CuSO, to PB, so that the divalent copper ions act as a shielding
element at a high concentration of hydroxide ions. Divalent transition
metal ions such as Mn2*, Fe2*, Co?*, Ni%*, Cu?™, and Zn?™" could be
possible as stabilizer for PB structure. According to the Ubara et al.,
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2014, the leaking of copper ions from the PB-Me(OH), (Me; transition
metal) was less compared to other transition metal ions with PB. In this
research, we selected copper because of its less toxicity, higher oxida-
tion stability, and low-cost compared to other transition metals. Ad-
ditionally, CNF/PB/CuSO, succeeded in suppressing the leaking of ex-
tremely dangerous cyanide from PB, so that the adsorbent is chemically
stable and safe in adverse conditions. We conducted complete con-
firmation experiments on the stability and safety of PB/CuSO, in var-
ious alkaline solutions and comprehensively explained the reaction
mechanism. To the best of our knowledge, this is the first report that
explains the mechanism of PB stabilization using CuSO, at high pH in
exquisite detail.

2. Materials and methods
2.1. Materials

Prussian blue analog NH, Fe'[Fe''(CN)¢] (NH4-PB; commercial
trade name is MILOLI BLUE) was purchased from Dainichiseika Color &
Chemicals Mfg., Ltd. TEMPO cellulose nanofiber gel (solid fraction: 2 wt
%) was purchased from DKS Co. Ltd. CuSO4* 5H,O was purchased
from Wako Chemical, Japan.

Isocyanate prepolymer, a mixture of prepolymer (75 %-85 %) and
tolylene diisocyanate isomer (15 %-25 %), was purchased from Toyo
Quality One Corporation. Pluronic L-62, a tri-block type of copolymer
used to strengthen the surfaces of the polyurethane foam, was pur-
chased from ADEKA Corporation.

Natural and artificial seawater (Supporting information Table S1)
was purchased from NAZEME 10, Japan QCE Blue Lab Co. Ltd. and
MARINE ART SF-1, Osakayakken Co. Ltd., respectively. The reagent
and instrument sets to measure total cyanide (TCN) concentration were
purchased from Kyoritsu Chemical-Check Lab. Corp.

2.2. Preparation of CNF/NH ,+PB/CuSO, composite

A complex of 1000 g of 2 wt% CNF and 160 g of NH4-PB were mixed
in a ball mill for three days. Then, 120 ml of 1 M CuSO4* 5H,O was
added to the CNF/NH,4-PB complex, and the mixing was continued in
same ball mill. After three hours of mixing, we obtained a homogenous
composite of CNF/NH,4-PB/CuSO, in which the molar ratio of CuSO,/
NH,4-PB was 0.36. We dried the composite at various ratios in the oven
for use in the TCN experiments.

2.3. Preparation of spongiform adsorbent encapsulated with CNF/NH,-PB/
CuSO,

CNF/NH4-PB/CuSO4 composite gel was poured into the poly-
urethane prepolymer along with Pluronic L-62 and mixed vigorously
for 1 min. The weight ratio of CNF/NH,4-PB/CuSO4 composite/poly-
urethane/Pluronic-L-62 was 46/40/0.4. The adsorbent was dried at
70 °C for 24 h and washed well with deionized water. In this paper, we
denote the adsorbent as CNF/NH4-PB/CuSO,/PUF.

2.4. Characterization of materials

The morphology of the samples was observed using a JEOL JSM
6390 scanning electron microscope (SEM). FT-IR spectra were acquired
with a JASCO FT/IR-460. X-ray diffraction (XRD) measurements were
conducted with a Rigaku SmartLab Multipurpose diffractometer using a
Cu - Ka ray at 40kV and 45 mA. Multifunctional scanning X-ray pho-
toelectron spectrometry (XPS) was conducted with a PHI5000
VersaProbe (Ulvac PHI), and spectral analysis used MultiPAK version
9.0 software. Both the XRD and XPS measurements were performed in
the Advanced Characterization Nanotechnology Platform at the
University of Tokyo.
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Fig. 1. SEM image of CNF/NH,4-PB/CuSO,/PUF. (A) Magnification at 50 X . (B) Magnification at 3500 x . (C) Magnification at 15,000 x . (D) Magnification at

35,000 x.

2.5. Adsorption capacity and rate analysis

We conducted a batch experiment to understand the adsorption
capacity, using an initial cesium concentration that ranged from 10 ng/
L to 10 mg/L. First, 200 mg of adsorbent was put in 40 ml of cesium
solution with the desired initial concentration, and it was shaken for
five hours in a vortex shaker at 600 rpm and 25 °C. The cesium con-
centration in the batch experiments was measured using inductively
coupled plasma mass spectrometry (ICP-MS, Parkin Elmer Elan DRC-e)
and atomic absorption spectrometry (AAS, HITACHI Z-2000). AAS was
especially used to measure the high levels of cesium concentration in
seawater.

The determination of the adsorption capacity for cesium used the
following:

V(G- C)
- m

where Cy and C, are the initial and final concentrations (mg/L) of ab-
sorbable ions, V is the volume (L) of the aqueous solution, and m is the
weight (g) of the adsorbent.

Similarly, we conducted a batch test with initial Cs concentrations
from 100 ng/L to 1000 ng/L to understand the mechanism and rate of
adsorption. The adsorption of cesium follows the pseudo-second-order
rate law
t 1 t
= + —

% ke g ()]

where k; is the pseudo-second-order rate constant, q; (Cs-ng/g-ad-
sorbent) is the amount of cesium adsorbed at time t (min), and q; (Cs-
ng/g-adsorbent) is the amount adsorbed at equilibrium.

To understand the detailed adsorption behavior and mechanism,
isotherm equations were applied. In this study, we used the Langmuir

(Eq. (3)) and Freundlich (Eq. (4)) isotherm models:
9,KC.

%= T Kce ©)]

where g, is the absorption capacity (mg/g) at equilibrium; Ce is the
equilibrium concentration (mg/L); and g,, and K are Langmuir con-
stants related to maximum adsorption capacity (mg/g) and energy of
adsorption (L/mg), respectively; and

Ing, = InKy + 1 InC,

ny @
where q, is the equilibrium solid phase concentration (mg/g); K¢ and n¢
are the isotherm parameters of adsorption capacity (mg/g) and ad-
sorption intensity, respectively; and Ce is the equilibrium liquid phase
concentration (mg/L).

2.6. Evaluation of cyanide suppression from NH,-PB/CuSO, composite
powders and the adsorbent

The TCN concentration from the samples was measured by fol-
lowing Japanese standard method JIS standard (JIS K 0400-38-102.,
1999). This method, conducted with distillation and picric acid ab-
sorptiometry, used the instrument Lambda-9000, DIGITALPACKT-
EST-MULTI. For the evaluation of TCN concentration from NH,4-PB/
CuSO,4 powders, 0.1g each of various composites were shaken at
600 rpm under 30 °C in 100 ml of natural seawater for three days. Si-
milarly, we experimented with artificial river water at various pH va-
lues, from 1 to 13 (pH adjusted using Ca(OH), and H,SO,), at 30 °C.
Moreover, the relationship between temperature and cyanide leaking
was analyzed by conducting a batch study in artificial seawater and
natural seawater at temperatures ranging from 10 °C-50 °C for four
days.
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Fig. 2. (1) XRD patterns of CNF/NH4-PB/PUF and CNF/NH4-PB/CuSO,/PUF.
(2) XRD patterns for (A) NH,4-PB before and (B) after immersion in a solution at
pH 11.2. (C) NH4-PB/CuSO, (at molar ratio 0.36) before and (D) after im-
mersion in a solution at pH 11.2.

3. Results and discussion

The porous structure and surfaces of the CNF/NH,4-PB/CuSO,/PUF
are clearly visible in the low-magnification SEM image in Fig. 1(A).
Fig. 1(B) shows the encapsulation of CNF/NH,4-PB/CuSOy, in the sur-
faces of the PUF. Furthermore, Fig. 1(C) and (D) show that CNF/NH,-
PB/CuSO,4 nanoparticles with an average size of 100 nm were clustered
together and densely packed inside the PUF surfaces.

The XRD patterns of CNF/NH,4-PB/PUF and CNF/NH4-PB/CuSO,4/
PUF are shown in Fig. 2(1). The XRD of NH, -PB (Fig. 2(2)) showed
characteristic diffraction peaks as Fm-3m at 17.3°, 24.6°, 35.1°, 39.4°,
43.3°, 50.5°, 53.8°, 57.0°, 65.9°, and 68.7°, which correspond to the
(200), (220), (400), (420), (422), (440), (600), (620), (640), and (642)
planes (DB card number 00-061-1256) (Ishizaki et al., 2013), respec-
tively. These peaks can be mainly seen in the CNF/NH,4-PB/PUF and
CNF/NH4-PB/CuSO4/PUF patterns in Fig. 2(1). The XRD patterns in
Fig. 2(2)(A) and (B) show the original NH4-PB before and after im-
mersion in solution at a pH level of 11.2; similarly (C) and (D) show
NH4-PB/CuSO,4 (molar ratio 0.36) before and after immersion in a so-
lution at pH 11.2.

Fig. 2(2) shows XRD patterns of NH4-PB and NH,4-PB/CuSO,4 before

Journal of Hazardous Materials 386 (2020) 121979

and after immersion in a solution with pH 11.2. The composite was
immersed in a high pH solution overnight, then the collected samples
were freeze-dried without washing and the XRD pattern was obtained.
NH4-PB/CuSO,4 had the same peaks as NH4-PB (Fig. 2(2)(A)). Addi-
tional CuSO,4 peaks (DB card number 01-072-2356) were also found in
the NH4-PB/CuSO, pattern at 18.95°, 22.48°, and 24.16°, which cor-
respond to the (1-1-1), (11-1), and (02-1) planes, respectively. Also, the
peaks of CuSO, overlap with those of NH4-PB from 40° to 60°. The XRD
patterns of NH4-PB and NH,4-PB/CuSO, after immersion in the solution
at pH 11.2 were similar to those of the original NH4-PB. The XRD of
NHy4-PB after immersion in a high pH solution confirmed that a sig-
nificant portion of the crystals decomposed in the absence of CuSOy,,
However, the intensity of NH4-PB/CuSO,4 before and after immersion in
a high pH solution remain unchanged, indicating that the entire crystals
were protected. Thus, it was confirmed that copper sulfate was a pro-
tecting element for PB crystals.

XPS spectra of CNF/NH,4-PB and CNF/NH,4-PB/CuSO, are shown in
Fig. 3(A). The wide XPS spectrum of CNF/NH,4-PB showed the ele-
mental peaks of C, N, O, and Fe derived from NH,4-PB, as well as the Na
peaks derived from TEMPO CNF. The elemental peaks of Cu and S were
clearly visible in the wide spectrum of CNF/NH4-PB/CuSO,4 (molar ratio
0.36).

Fig. 3(B) shows the XPS spectra for NH4-PB before and after im-
mersion in a solution at pH 11.2 as well as for NH4-PB/CuSO,4 com-
posite before and after immersion. The characteristic peak Cu2p of
CuSO4 was detected in the NH4-PB/CuSO, composite before and after
immersion in the solution. However, characteristic peaks such as S2s
and S2p from CuSO, were not detected in NH4-PB/CuSO, after im-
mersion in a solution with pH 11.2, which confirmed the chemical re-
action of the copper ions. Fig. 3(C) and (D) show the XPS narrow
spectra at Ols of NH4-PB/CuSO,4 composite before and after immersion
at pH 11.2. These results confirm that mainly two peaks at Ols ap-
peared after immersion compared to before immersion and that CuSO4
converted to Cu(OH), and CuO after immersion (Cano et al., 2001; Hsu
et al., 2012; Cheng et al., 2013). Fig. 3(E) shows the XPS spectra at S2p
of the NH,4-PB/CuSO,4 composite. The intensity of the S2p peak after
immersion was reduced compared to before immersion. From these
results, it was assumed that the SO42~ of CuSO, reacted with H* or
Na™ ions in the solution with high pH, and that Cu of CuSO, was
converted into Cu oxides, such as Cu(OH), and CuO, which contributed
to a reduction in pH.

Fig. 4(A) shows the adsorption rate using CNF/NH,4-PB/CuSO4/PUF
at two initial cesium concentrations: 100 and 1000 ng/L. Fig. 4(B)
provides a linear fit to the pseudo-second-order kinetic equation. Ac-
cording to these linear equations, the values of the correlation effi-
ciency R? at 100 and 1000 ng/L were 0.99994 and 0.99989, respec-
tively. Thus, both R? were well fitted the pseudo-second-order kinetic
adsorption rate. In addition, the nonlinear fitting (Fig. S1) also con-
firmed that the adsorption fits well with the pseudo-second-order ki-
netic rate. K, is 0.016 (Cs: 100 ng/L) and 0.0013 (Cs: 1000 ng/L), and
the initial adsorption rate constant V, (ng / g-min) is 5.85 (Cs: 100 ng/
L) and 44.44 (Cs: 1000 ng/L). The adsorption in the ppm (mg/L) order
of the Cs concentration was also well fitted with a pseudo-second-order
kinetic equation, as shown in Fig. S2. The R? value of the pseudo-
second-order kinetic equation was 0.9999. From these results, we un-
derstood that the adsorption was well fitted by the pseudo-second-order
kinetic model in Cs solutions with concentrations that ranged from ppt
(ng/L) to ppm (mg/L).

The adsorption occurred with CNF/NH,4-PB/CuSO,/PUF at low and
high cesium concentrations. The fitting of the experimental data with
the Langmuir and Freundlich adsorption isotherm models is shown in
Fig. 4(C). At the low concentration, Fig. 4(C) indicates that the ex-
perimental data better fit the Freundlich adsorption isotherm than the
Langmuir model. The reason was because the adsorbent adsorbed more
than 99 % of the cesium ions at extremely low concentrations. How-
ever, the adsorption with a high concentration of cesium ions from
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Fig. 3. (A) Wide-scan XPS spectra of CNF/NH,4-PB and CNF/NH,4-PB/CuSO,. (B) Wide-scan XPS spectra of NH4-PB and NH4-PB/CuSO, (molar ratio 0.36). (C) and (D)
O1s spectra of NH4-PB/CuSO, and curve fitting after immersion in a high pH solution, respectively. (E) S2p spectra of NH4-PB/CuSOj,.
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seawater followed the Langmuir model better than the Freundlich ad-
sorption isotherm (Fig. 4(D)).

In this study, the adsorbent (CNF/NH,4-PB/CuSO,/PUF) includes
CNF, which can bind with metal ions. Therefore, CNF helps to prevent
the leaking of copper sulfate from the adsorbent. Thus, the utilization of
copper sulfate has no problem in the environment. We measured the
copper leaking from CNF/NH,4-PB/CuSO,/PUF during cesium decon-
tamination (Supporting information Fig. S3). The copper ions presented
in the neutral solution while using CNF/NH,4-PB/CuSO,/PUF at molar
ratio 0.36 was 3.3 mg/L. Since the PB is highly stable at neutral pH,
stabilization using copper sulfate is not necessary. However, the max-
imum value of copper ions in the case of initial pH 11.2 was only
0.22mg/L. The value is below the drainage regulatory upper limit of
2mg/L (Fukushima drainage standard., 2018), indicating that there
was no secondary copper pollution from the adsorbent. So, the new
stabilized adsorbent was highly safe for the application of cesium de-
contamination from alkaline solutions.

A comparison of the Cs adsorption capacity between deionized

water and seawater is shown in the supporting information, Fig. S4.
From these results, the maximum adsorption capacity was Cs-2.45 mg/
g-adsorbent and remained unchanged in both deionized water and
natural seawater. The results confirmed that PB could use both neutral
and alkaline solutions for the selective decontamination of cesium. We
compared the adsorption capacity of both CNF/NH4-PB/CuSO,/PUF
and CNF/NH,4-PB/PUF and the results shown in the supporting in-
formation Fig. S5. The adsorption capacity of both adsorbents were the
same value. The results confirmed that the stabilization using copper
sulfate not affect the cesium adsorption capacity of the original PB.
Fig. 5(A) shows the concentration of TCN in artificial river water at
various pH values while using CNF/NH,4-PB/CuSO,/PUF. The initial pH
value was adjusted between 1 and 13. The results confirmed that the
TCN concentration was less than 0.5mg/L at all pH values except 12
and 13. In particular, the TCN concentration was less than 0.04 mg/L
from pH 3-11. In the case of pH 1, the TCN concentration had a
comparably higher value, 0.13 mg/L. In summary, we confirmed that
CNF/NH4-PB/CuSO4/PUF was highly stable, and the cyanide
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Fig. 5. (A) TCN concentration and initial/final pH value in artificial river water after immersion of CNF/NH,4-PB/CuSO,4/PUF. (B) TCN concentration from CNF/NHj,-
PB/CuSO,/PUF in artificial and natural seawater. (C) Variation in TCN concentration and final pH values depending on the molar ratio between NH4-PB and CuSO,.

concentration in the solution was under the permissible level when the
pH was in the range 1-11. The TCN concentration at pH 12 and 13 was
more than 120 mg/L, which assumed that the state of the NH,-PB
structure was unstable and gradually broken. From pH 1-3, the final pH
value was almost the same as the initial value. However, from pH 5-11,
the final pH was considerably lower than the initial value. Moreover,
this confirmed that the final pH dropped below the neutral value. In the
case of pH 12 and 13, the former pH was reduced to 10, and the latter
was almost the same as the initial value.

Fig. 5(B) compares the TCN concentrations from CNF/NH4-PB/
CuSO,4/PUF in artificial seawater and natural seawater at temperatures
between 10 °C-50 °C. The results confirmed that the TCN concentra-
tions in the solution at all temperature conditions were under the en-
vironmental regulatory value. Fig. 5(C) showed variations in the TCN
and final pH depending on the molar ratio of NH4-PB and CuSO, in
natural seawater at pH 8.1. When the molar ratio was 0.05 or more, the
TCN concentrations were 0.2 mg/L or less, and when the molar ratio

was 0.05 or less, the TCN concentrations were 0.8 mg/L or more. In
contrast, the TCN concentration had an extremely high value of
10.5mg/L in the case of NH4-PB without CuSO,.

Fig. 5(C) confirmed that the TCN concentration was decreased by
increasing CuSOy,, and, finally, the TCN concentration was reduced to
0.006 mg/L at the molar ratio of 0.36. On the other hand, the final pH
value when using only NH,4-PB was 7.0 and was gradually reduced by
adding more CuSO,. Finally, the final pH value of seawater when using
NH,4-PB/CuSO,4 at a molar ratio of 0.36 was 6.2.

The stability of PB at high pH depending on the molar ratio between
NH4-PB and CuSO,. We tested with a higher volume of seawater where
the liquid/solid ratio was 10,000. The data shown in the supporting
information Table S2. The final pH of the seawater was 7.36; however,
TCN in the solution remained under the regulatory value. A comparison
of final seawater color after immersion of NH4-PB and NH4-PB/CuSO,4
shown in supporting information Fig. S6. The decomposed NH,4-PB gave
a brownish color to the seawater. The seawater color was unchanged
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Table 1

Comparison of pH values and total cyanide concentrations between NH4-PB and
NH4-PB/CuSO,. The composite and solution volumes were 0.1 g and 100 ml,
respectively.

Sample name pH Total cyanide
Initial Final mg/L

NH4-PB 11.2 6.4 45.0

NH,4-PB/CuSO4 11.2 5.4 0.006

(molar ratio at 0.36)

100 T T T T T T T
.., e NH,-PB/CuSO, before immersion in pH 11.2
” 5 —— NH,-PB/CuSO, after immersion in pH 11.2
Se N e, RSP 6
80 R, Cu™,[Fe™(CN),] |
N S N, e NH,-PB 1
— s %, k oo 2
X S Ty #
60t Ut 4
(5] \.\. -
g
=
= - -
540 e
g =
5 i
=
20 - .
IR R [P RU SR RPN R B

0 1 1
2200 2180 2160 2140 2120 2100 2080 2060 2040 2020 2000
Wavelength (cm™)

Fig. 6. FT-IR spectra representing NH,4-PB, NH4-PB/CuSO,4 (molar ratio 0.36)
before and after immersion in a solution at pH 11.2, and Cu}[Fe"(CN)s].

after immersion of NH4-PB/CuSOy,, confirmed the stability.

Table 1 shows the pH changes and TCN in the solution from NH,-PB
and NH4-PB/CuSO,. The initial pH value in both cases was set at 11.2,
which was adjusted using NaOH. After immersing the powdered NHy-
PB in the solution, the final pH value was decreased to 6.4 and that of
NH4-PB/CuSO4 was 5.4. On the other hand, the TCN value in the NH;-
PB was extremely high, and it was reduced tremendously by in-
corporated CuSQy,, as given in Table 1. From the results, we confirmed
that NH,4-PB, after being immersed in a solution without CuSO, at pH
11.2, was decomposed. We assumed that Fe in the NH4-PB turned into
Fe(OH)s; (Eq. (5)) therefore, the pH value changed from alkali to
neutral.

NH,Fe'[Fe(CN)¢] + 40H ™ — NH4(OH) + Fe'(OH); + Fe(CN)s>
(5)

A higher amount of chelated cyanide ions were released into the
solution in the absence of a central metal ion. However, in the case of
NH,4-PB/CuSO,, the copper ion prevents the hydroxide ion from at-
tacking the iron of PB.

Supporting information Table S3 compared the TCN concentrations
for artificial river water at pH 9.1 and natural seawater at pH 8.1. The
TCN concentrations from both NH4-PB/CuSO, and CNF/NH,4-PB/CuSO,
powder, with the molar ratio of CuSO4/NH,4-PB equal to 0.36, were
under 0.1 mg/L. These results revealed that the presence of copper
sulfate contributed to the suppression of the leaking of cyanide com-
plexes from the PB. We compared the alkaline stability of NH,-PB and
Cul[Fe'(CN)g]. The TCN concentration of NH4-PB was about 3 times
higher than that of Cuj[Fe"(CN)g] in both conditions. This revealed
that NH4-PB decomposed more than Cul[Fe'(CN)g].

Fig. 6 shows the FT-IR spectra of NH4-PB, NH,-PB/CuSO, before
and after immersion at pH 11.2, and Cu3[Fe"(CN)¢]. The FT-IR peak at
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2072cm™! is known as the C=N stretching vibration. The C=N
stretching vibration peak of NH4-PB and NH4-PB/CuSO,4 before and
after immersion at pH 11.2 was confirmed at 2085 cm ™!, and the peak
of Cul[Fe'(CN)g] was at 2107 cm ~ . From this result, we understood
that NH4-PB after immersion at pH 11.2 was not involved in the che-
mical reaction within the Cu®*. Thus, Fe of NH4-PB did not occur as a
replacement within copper ions in the CuSOj,.

The XRD pattern in Fig. 2(2) and Table 1 confirm the crystalline and
chemical states of PB protected by copper sulfate. The FTIR data in
Fig. 6 proved that there was no divalent iron, and copper ionic re-
placement occurred. The decrease in initial pH value (Table 1) con-
firmed the chemical reaction. The chemical changes in copper sulfate at
high pH were confirmed by the XPS narrow spectra of O1s in Fig. 3(D).
In summary, the CuSO4 covered the NH4-PB crystal and reacted with
OH™ ions at high pH. This protected the NH4-PB from decomposition.

4. Conclusion

In this research, we demonstrated the utilization of copper sulfate as
a stabilizer for PB and developed a composite spongiform adsorbent.
We combined a complex of ammonia PB and CNF with copper sulfate
solution and then made a spongiform adsorbent using PUF. The stabi-
lity of the adsorbent was confirmed under various pH (1-11.2) and
temperature (10 °C-50 °C) conditions. The TCN that escaped from sta-
bilized PB at pH 11.2 was only 0.006 mg/L, and that of PB was 45 mg/L.
Furthermore, the stabilization kept the crystalline structure unchanged,
even after immersion at pH 11.2. The reaction mechanism confirmed by
XRD, FTIR, and XPS analysis revealed that, at high pH, copper ions
reacted with hydroxide ions and protected the inner PB crystals. More
importantly, the new stabilized PB showed promising cesium adsorp-
tion that would be suitable under extreme environmental conditions.
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