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Abstract

Poly|[bis(phenoxyphosphazene)] (PBPP) and magnesium hydroxide (MH) are
used as a flame retardant blend with low-density polyethylene (LDPE) for the
nuclear cable. This study aims to investigate the effects of PBPP in MH-LDPE
blend composites on flame retardance and electron beam irradiation. The struc-
ture, morphology, and properties of the blend composites irradiated by an elec-
tron beam to different absorbed doses were characterized. The results indicated
that PBPP provides lubrication during processing. As the PBPP content in
the blend increases the melt flow rate at 20 phr MH, meaning the material is
easier to process. The higher the PBPP content, the higher the limiting-oxygen
index. The elongation at the break of the PBPP containing composites (at 50
phr MH) was evidently higher than the non-PBPP ones at different absorbed
doses by electron beam irradiation. The thermogravimetric analysis results in-
dicated that the improved mechanical property, resulting from electron-beam
irradiation, could be attributed to the consumption of PBPP.
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A macroporous silica-based silver loaded adsorbent was synthesized by grafting
the silver complexes of thiourea (Ag(tu);NOs;) into a silica-based copolymer
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support (SiO,-P). The adsorbent was used to uptake iodide anions (I7) via
batch and column techniques. Kinetic and saturated adsorption experiments
were carried out by varying shaking times and initial I~ concentrations. Exper-
imental results showed that kinetic adsorption of I~ was controlled by a pseudo
second-order model, while saturated adsorption was governed by a chemisorp-
tion mechanism following a Langmuir adsorption equation. The breakthrough
curve of I~ exhibited an S-shaped profile, with column efficiency estimated to
exceed 90%.

Keywords: lodide anion, Silver complexes of thiourea, Grafting, Macroporous
silica-based support, Radioactive contaminated wastewater
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Introduction

Large quantities of radioactive contaminated wastewater (RCW) were generated
during the Fukushima NPP-1 nuclear accident in Japan. The RCW consists of
reactor cooling water that contacted damaged nuclear fuel debris, with primary
radionuclides including soluble cesium (13*Cs, 37Cs), strontium (°°Sr), and
iodine (131, '29T) [1]. With a half-life of 1.7 x 107 years, '2°I represents a
primary long-term risk driver in shallow land disposal facilities, while '3'I poses
acute contamination risks due to its short half-life of 8.05 days and high specific
activity [2]. Untreated iodine contaminants released into the environment would
pollute soil, air, and groundwater, creating long-term radioecological hazards.

Aqueous iodine exists primarily as iodide (I7) and iodate (IO5~) anions, de-
pending on redox conditions and pH. At low to neutral pH with positive redox
potentials, the iodide anion dominates in solution [3]. The Fukushima RCW con-
tains various coexisting components from seawater (saline elements), corrosion
products, and groundwater, with pH ranging from 7-8 [4]. Previous studies have
developed various methods to remove or adsorb iodide anions from aqueous solu-
tions [5-7]. Common natural porous materials such as alumina and hydrotalcite
can absorb iodide anions through surface physical adsorption or ion exchange
with active groups [8]. However, coexisting chloride anions in RCW compete
with iodide anions, rendering these natural materials non-selective for iodide.
Inorganic anion exchangers such as BiPbO,(NO;) have also been reported to
adsorb iodide anions [9], but these materials are often difficult to prepare and
may pose toxicity concerns. Cuprous (Cu')-containing compounds react with
iodide anions to form cuprous iodide through hydrogen anion participation, but
this process is highly pH-sensitive, resulting in low adsorption capacity in neutral
and slightly acidic solutions [10]. Silver-based adsorbents have been investigated
more recently; their adsorption mechanism relies on strong chemical interaction
between silver and iodide anions, offering good selectivity. However, leaching
of impregnated materials can reduce adsorption capacity [11].

In this work, we synthesized a macroporous silica-based silver loaded adsorbent
(Ag(tu)3NO4/Si04-P) by grafting silver complexes of thiourea (Ag(tu);NO;)
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into a silica-based copolymer support (SiO,-P) for iodide anion adsorption. The
Si0,-P support is an inorganic macroporous material prepared by impregnating
copolymer inside macroporous SiO, substrate [12]. Grafting Ag(tu);NO, into
SiO4-P offers several advantages, including mechanical strength, strong acid
and chemical stability, radiation resistance, and ease of solid-liquid separation.
Compared to reported iodide adsorbents, the synthesized Ag(tu);NO5/SiO,-P
is easy to prepare and prevents silver leaching during adsorption. This study
investigates the adsorption kinetics, mechanisms, and dynamic adsorption be-
havior of iodide anions on Ag(tu);NO;/SiO,-P.

Experimental
A. Materials

Reagents used in the experiments—including sulfuric acid (98%), nitric acid
(65%), hydrochloric acid (37%), ethanol, tin(IT) chloride dihydrate, ammonium
thiocyanate, and silver nitrate—were analytical grade or better. The SiO,-P
support was synthesized using a known method [13]; for simplicity, “P” in SiO,-
P denotes the styrene-divinylbenzene (SDB) copolymer immobilized inside the
macroporous SiO, substrate through polymerization.

B. Preparation of Ag(tu);NO;/SiO,-P

The synthesis of Ag(tu);NO5/SiO5-P proceeded through four steps (Fig. 1
[Figure 1: see original paper]): (1) SiO,-P-NO, was prepared by nitrating
the copolymer in SiO,-P through mixing with nitric acid (65%) and sulfuric
acid (98%) in a water bath at 50 °C for 3 h. (2) SiO,-P-NO, was reduced
to SiO,-P-NH,, using stannous chloride, hydrochloric acid (37%), and ethanol
in a water bath at 60 °C for 12 h. (3) SiO,-P-tu was prepared by mixing
Si04-P-NH,, ethanol, and ammonium thiocyanate in a flask with water bath
heating at 70 °C, stirring for 12 h, followed by filtration and drying at 50 °C.
(4) Ag(tu)sNO;/SiO,-P was prepared by mixing SiO,-P-tu with silver nitrate
solution in a flask, stirring for 12 h, then filtering and drying at 50 °C. Numer-
ous structural types of Ag(I)/(x)tu (x=1 n) complexes have been reported, with
Ag(I)/(3)tu complexes being the most common [14-17].

C. Characterization

SEM analysis (Nova NanoSEM NPE218) examined the surface morphology
of Ag(tu)3NO4/SiO4-P. Thermal stability of SiO4-P and Ag(tu)sNO;/SiO,-P
was evaluated using TG-DTA equipment (Shimadzu DTG-60) at a constant
heating rate of 10 °C/min from 25 °C to 800 °C. The FT-IR spectrum of
Ag(tu)3NO4/SiO,-P was recorded from 4000-500 cm™! using an IRAffinity-1
FT-IR spectrometer.
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D. Static Experiments

Static adsorption behavior of iodide anions on the adsorbent was examined
through batch experiments using Ag(tu);NO5/SiO,-P. An aqueous phase (5 mL)
containing varying iodide anion concentrations was equilibrated with 0.1 g adsor-
bent in stoppered glass tubes in a thermostatic water bath (Tokyo RIKAKIKA
Co., Ltd.) at room temperature. lodide anion concentrations before and af-
ter adsorption were measured by ICP-AES (Shimadzu 7510). The equilibrium
adsorption capacity (Qeq) was calculated using:

Qeq = X (CO - Ce)

Vv
m
where Cy and C are the initial and equilibrium concentrations of iodide anions,
m is the adsorbent weight, and V is the aqueous phase volume.

E. Column Operation

Ag(tu);NO5/SiO4-P (4.05 g) was densely packed into a glass column (10 mm
diameter, 200 mm length) with a thermo jacket set at (25 + 1) °C (Fig. 2
[Figure 2: see original paper]). Todide anion breakthrough was tested using a
feed solution of 1 mM Nal at a flow rate of 0.5 cm?/min.

Results and Discussion
A. SEM

SEM micrographs of Ag(tu);NO5/SiO,-P (Fig. 3 [Figure 3: see original paper])
revealed obvious spherical and porous particles with an estimated practical size
of 50 pm in diameter. The smooth surface indicated that active ingredients were
impregnated inside the SiO,-P matrix.

B. TG-DTA

TG-DTA results for SiO,-P (Fig. 4 [Figure 4: see original paper]) showed two
weight loss ranges: 280-350 °C and 350-550 °C, both attributed to thermal
desorption of the SDB copolymer [18]. The overall weight loss of SiO,-P was
approximately 15%, indicating 15 wt.% SDB impregnation and 85 wt.% SiO,
content.

TG-DTA results for Ag(tu);NO5/SiO,-P (Fig. 5 [Figure 5: see original paper])
showed three weight loss ranges. The first and second losses corresponded to
SDB polymer burning, similar to Fig. 4. The third weight loss (400-550 °C)
represented thermal decomposition of the silver-thiourea complex, with a corre-
sponding endothermic peak around 540 °C. The silver-thiourea complex content
grafted onto the copolymer was estimated to be 12%.
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C. Kinetic Adsorption Studies

The effect of contact time on iodide anion adsorption by Ag(tu);NO;/SiO,-P
was investigated. The relationship between adsorption time (t) and amount
adsorbed at time t (qt) is plotted in Fig. 6 [Figure 6: see original paper]. Ad-
sorption equilibrium for iodide anions (I") on Ag(tu);NO4/SiO,-P was attained
within 10 min in pure water, with an adsorbed amount of 8.89 mg/g. In 0.6
M NaCl solution (simulated seawater), equilibrium time was similar to that in
pure water. The uptake of I™ by Ag(tu);NO5/SiO,-P was governed by the
ion-exchange reaction:

Ag(tu)gno3/Si0y — P+ I~ = Ag(tu)s;/Si0y — P+ NO3

The thiourea (tu) functional group’ s ability to form stable adducts with silver
is well established [16]. Ag(tu)™ differs from Ag™ in that Ag(tu);* does not
react with C1™ [24, 25|, making Ag(tu);NO3/SiO,-P effective for I~ removal
from seawater.

To investigate the adsorption mechanism and determine the rate-controlling
step, experimental data were tested using the pseudo second-order kinetic
model:

dg,

dt = K2 X (Qeq - Qt>2

Integrating Eq. (3) with boundary conditions (1) at t = 0 and qt = 0 and (2)
at t =t and qt = qt yields:

t_ 1t
gt KZng Qeq

where K, (mg/(g-min)) is the adsorption rate constant for pseudo second-order
kinetics, qt (mg/g) is the amount of iodide anions adsorbed at time t, and Qeq
(mg/g) is the amount adsorbed at equilibrium [26]. The fit lines (Fig. 8 [Figure
8: see original paper]) show regression values greater than 0.99, indicating the
adsorption system follows second-order kinetics. Qeq and K, can be determined
from a plot of t/qt versus t, with calculated values summarized in Table 1 . The
calculated Qeq values agree with experimental data, indicating I~ adsorption
was a rate-controlled step governed by chemisorption.

D. FT-IR Studies

The FT-IR spectrum of Ag(tu)sNO;/SiO,-P is shown in Fig. 7 [Figure 7: see
original paper|. Since Ag(tu);NO5 was grafted into SiO4-P pores, the spectrum
(Fig. 7(a)) was dominated by Si—O groups. Enlarged details are shown in Figs.
7(b)-7(d). The sharp band at 1080 cm~! (Fig. 7(a)) corresponds to asymmetric
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Si—O—Si vibrations, while the band at 789 cm™' represents symmetric Si—O
stretching [19]. After nitration, SiO,-P showed peaks at 1518 cm™! and 1350
cm ™!, corresponding to N—O asymmetric and symmetric stretches. Asymmetric
and symmetric vibrations of NH, groups appeared between 3231 cm™! and 3178
em ™! (Figs. 7(d)) [20]. The small shoulder at 1560 cm ™! in Fig. 7(c) was due to
(C—=Y5), indicating C——S§ group coordination to the Ag atom in the complex.
The band at 768 cm ™! was assigned to C——S group bending vibration, further

supporting C——S coordination to Ag [21, 22].

E. Adsorption Isotherms

Langmuir and Freundlich isotherm models were studied to elucidate the adsorp-
tion mechanism of iodide anions (I7) on Ag(tu);NO4/SiO,-P. Isotherm param-
eters were determined using Origin software, which plotted Ceq versus Qeq for
different isotherms.

1. Langmuir Isotherm The Langmuir isotherm is given by:

C 1 C

eq — + €eq

Qeq KLQm,{m? QmaT

where Qmax is the maximum monolayer adsorption capacity (mg/g), KL is the
equilibrium constant related to free energy (L/mg), Ceq is the equilibrium iodide
anion concentration (mg/L), and Qeq is the amount adsorbed at equilibrium

(mg/g) [27].

2. Freundlich Isotherm The Freundlich isotherm applies to multilayer ad-
sorption on heterogeneous surfaces:

1
ngeq = E lgceq + ngF

where Qeq is the amount adsorbed at equilibrium (mg/g), Ceq is the equilibrium
concentration (mg/L), n measures deviation from adsorption linearity, and KF
is the multilayer adsorption capacity (mg/g).

The linear plot of Ceq/Qeq versus Ceq shows adsorption follows a Langmuir
isotherm (Fig. 9 [Figure 9: see original paper]), suggesting monolayer cover-
age of iodide anions on Ag(tu)sNO4/SiO5-P surfaces. Qmax and KL values
were calculated from slope and intercept (Table 2 ). The Qmax value for
Ag(tu)3NO4/SiO,-P in 0.6 M NaCl was 8.96 mg/g, similar to that in pure
water. In contrast, Freundlich plots showed low R? values around 0.6 (Fig. 10
[Figure 10: see original paper]), indicating poor applicability of the Freundlich
isotherm.
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F. Column Experiments

Fixed-bed adsorption performance was evaluated through dynamic column stud-
ies, expressed as breakthrough curves relating outlet concentration (C) to inlet
concentration (C,) versus effluent volume for a given bed height [16]. Iodide
breakthrough was tested using 1 mM Nal feed solution at 0.5 cm?/min flow
rate. The breakthrough curve (Fig. 11 [Figure 11: see original paper]) shows an
S-shaped profile with steep slope, indicating no Ag(tu);NO; dislodgement from
the SiO,-P matrix. The 5% breakthrough point occurred at 235 cm® (pure wa-
ter) and 231 cm® (0.6 M NaCl), with complete exhaustion at approximately 284
cm?® and 286 cm?, respectively. Breakthrough capacity (B.T. Cap.) and total
capacity (T. Cap.) were calculated as 7.24 mg/g and 7.87 mg/g in 0.6 M NaCl
solution, yielding high column efficiency (B.T. Cap./T. Cap.) of 91.9%. Adsorp-
tion behavior in pure water closely matched that in 0.6 M NaCl, demonstrating
that Cl~ anions did not affect I~ adsorption. The Ag(tu);NO;/SiO,-P packed
column effectively removed I~ from radioactive contaminated wastewater, even
with high NaCl concentrations.

Conclusion

A macroporous silica-based Ag(tu);NO5/SiO4-P resin was prepared by grafting
Ag(tu);NO4 onto SiO, support. Todide uptake properties were investigated via
batch methods, with adsorption behaviors further studied by column methods
in pure water and 0.6 M NaCl solution. Thermal stability analysis indicated
that Ag(tu)sNO;/SiO,-P maintains adsorption capability up to 200 °C. Iodide
adsorption was rapid in both pure water and 0.6 M NaCl solution, reaching
equilibrium within 10 min. Kinetic data were successfully modeled using the
pseudo second-order kinetic model. lodide adsorption fit the Langmuir model
well, with correlation coefficients (R?) exceeding 0.99, suggesting monolayer ad-
sorbent coverage on Ag(tu);NO5/SiO5-P surfaces. The adsorbent effectively
removed iodide anions in 0.6 M NaCl column operations. These results demon-
strate that Ag(tu)sNO3/SiO,-P is an efficient adsorbent for separating iodide
anions from radioactive wastewater.
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