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Characterization of Prussian blue-immobilized chitin-coated nylon fibers as adsorbent
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Abstract

A Prussian blue (PB; KFe)-immobilized chitin-coated nylon (KFe/CT/nylon) fiber was successfully synthesized for the first
time. The characteristics of this fiber were compared to that of a KFe-immobilized chitosan-coated rayon (KFe/CTS/rayon)
fiber, which shows excellent cesium ion (Cs*) adsorption and has a high potential for practical use. The aim of producing the
KFe/CT/nylon fiber is to study the feasibility of using it instead of a KFe/CTS/rayon fiber to adsorb Cs* from contaminated
water. CT can not only react with KFe but is also cheaper than CTS; therefore, it is interesting to consider KFe/CT/nylon fiber
as an alternative material for Cs* adsorption. The interactions between KFe and CT in the nylon fiber or KFe and CTS in the
rayon fiber were confirmed via X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and Fourier transform
infrared (FTIR) spectroscopy. The Cs* concentration was determined using inductively coupled plasma mass spectrometry
(ICP-MS). The Cs* adsorption capacity of the KFe/CTS/rayon and KFe/CT/nylon fibers were compared. The Cs* adsorption
capacity of the KFe/CTS/rayon fiber (90.5%) was found to be significantly higher than that of the KFe/CT/nylon fiber (16.9%)

at an initial Cs* concentration of 0.67 mg/L.
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1. Introduction

The contamination of water with radioactive cesium (Cs)
is a serious problem because Cs can be accumulated in the
soft tissue of humans. One of the major accidents that raised
the urgency of treating such contaminated water was the
damage of the Fukushima Daiichi Nuclear Power Plant after
the earthquake in East Japan. Radioactive Cs can be removed
via adsorption or absorption using various materials,
including zeolite or zeolite complexes [1-5], clinoptilolite-
rich tuffs [6], and hybridized microporous silica-based
functional materials [7]. In addition, iron composites or the
functionalization of iron complexes has been proposed for
Cs* removal from contaminated water. Such materials
include metal ferrocyanide-anion exchange resins [8], cobalt
ferrocyanide-impregnated organic anion exchangers [9],
cobalt ferrocyanide-impregnated  polymer-chain-grafted
fibers [10], potassium iron(l11) hexacyanoferrate(ll) support
on activated carbon [11], potassium zinc hexacyanoferrate
[12], Prussian blue (PB) composite material, and materials
functionalized with PB [13-17].

PB [(Fe7(CN)is; iron(lll) hexacyanoferrate(ll)], also
called iron blue, Berlin blue, Paris blue or KFe is a dark blue
pigment used in paints and it could be synthesized by the
oxidation of iron. The KFe ions can be exchanged with soft
metal cations, including Cs*. The hydration radius of Cs* is
close to the cage size of KFe crystals, making KFe a good
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candidate for the removal of Cs*-contaminated water via
adsorption. However, the recovery of adsorbents after Cs*
adsorption must be considered. Therefore, KFe has been
applied in various forms, such as granules [18], sponges [13,
16], fibers [17], and magnetic materials [14-15]. Batch
adsorption was been performed, and Cs* removal through the
continuous flow of contaminated water in a fixed-bed system
was also investigated [6].

The recent trend of using biomaterials as adsorbents has
been extensively acknowledged in the literature. Among the
large number of biomaterials that are studied, chitin (CT) is
an important resource because it is the second most abundant
polysaccharide in nature [19]. It can be derived from crabs,
shrimp shells, insect cuticles, and fungal cell walls by
decalcification and alkali treatment. The deacetylation of CT
results in chitosan (CTS), another well-known biopolymer.
Both CT and CTS are biocompatible, biodegradable, and
nontoxic materials and can thus be applied in many fields,
e.g., as adsorbent in the treatment of contaminated water. CT
and its composite can be used to remove arsenic [As(l11)],
copper, and hazardous dyes from aqueous solutions [20-22].
Moreover, CT and CTS perform even better when coupled
with KFe [16-17]. It was reported that Cs* can be removed
by using KFe/CT sponges. However, these sponges were
obtained by synthesizing a KFe/CTS composite, which was
re-acetylated to yield KFe/CT sponges [16].
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Figure 1 Chemical structures of (a) rayon and (b) nylon 6,6

In our previous research, rayon fibers coated with CTS
and immobilized with KFe were successfully produced and
the adsorption and desorption behaviors of Cs* were
investigated using these fibers [17]. Fibers were chosen
because of their high surface area-to-volume ratio. To date,
there has been no research on KFe/CT fibers for Cs* removal.
Therefore, this study aimed to prepare KFe/CT composite
fibers for removing Cs* from water. According to our
previous work, CTS can react with modified rayon fiber
through KIO4 [17]. On the other hand, CT cannot react with
rayon fiber because its chemical structure differs from that of
CTS; therefore, another support material had to be chosen,
which is nylon 6,6.

Rayon is made from purified cellulose, which can be
obtained from natural fibers such as silk, wool, cotton, or
linen. As, in the production of rayon fiber, chemicals are used
to convert the cellulose into a soluble compound and the
dissolved cellulose is forced through a spinneret to produce
filaments, it is considered a semi-synthetic fiber [23]. In this
work, viscose rayon ((CeH100s)n) was used as the supporter
fiber for CTS. Viscose rayon is conventionally made from
cellulose obtained from cotton linters or softwoods. The
cellulose is separated, purified, soaked in sodium hydroxide,
and then dried. The obtained fiber is mixed with carbon
disulfide, and finally it is extruded through a spinneret to
produce viscose rayon [24]. Unlike rayon, nylon 6,6
((C12H22N202)n) is a synthetic fiber, which is commercially
available. In addition, it has many advantages such as high
strength because of hydrogen bonding, a high melting point,
and high crystallinity. Compared to other grades of nylon,
this higher crystallinity of nylon 6,6 results in higher
stiffness, higher density, higher tensile and yield stress, as
well as higher chemical and abrasion resistance [25]. The
chemical structures of rayon and nylon 6,6 are shown in
Figures 1(a) and 1(b), respectively. In terms of the chemical
structure of rayon and nylon, rayon consists of a ring-based
structure while nylon contains a linear chain structure.
Considering these factors, the synthesis and characterization
of CT-coated nylon fibers immobilized with KFe
(KFe/CT/nylon fiber), which has not been previously
reported, is of considerable interest and is worth
investigating. Therefore, in this work, the production of
KFe/CT/nylon fibers was investigated for use as an
adsorbent for Cs* removal. In addition, its characteristics
were compared with those of CTS-coated rayon fibers
immobilized with KFe (KFe/CTS/rayon fiber).

2. Materials and methods
2.1 Materials

Nylon 6,6 (EXTRA V-500 No. 1) was purchased from
Sanyo Nylon Co., Ltd. (Japan). a-CT (DAC: 1.2), CTS FH-
80 (DAC: 85.7; 280 mPa-s), and CTS FL-80 (DAC: 84.7; 5
mPa-s) were obtained from Koyo Chemical Co., Ltd.
(Japan). Spun yarn 30 rayon (3212 30NJHB12/5 CO grade)
was obtained from Omikenshi Co., Ltd. (Japan). PB
(KFe[Fe(CN)s]), used as a source of KFe, was obtained from
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Hitachi Zosen Corporation (Japan). Potassium periodate
(K104) and Cs* standard solution were purchased from Wako
Pure Chemical Industries, Ltd. (Japan). All chemicals were
directly used without any purification.

2.2 Preparation of woven KFe/CT/nylon and
KFe/CTS/rayon fibers

To create effective radioactive Cs* adsorbents and
investigate the ability to scale up the production of these
adsorbents in the future, the fibers were interlaced with
woven fibers using three lines of 16 bobbins (305//3x16) for
either KFe/CT/nylon or KFe/CTS/rayon fibers. These fibers
were manufactured with an interlaced machine (Kokubun
Ltd., Japan). The interlacing conditions were set according
to those set in a previous study [17]: an interlacing speed of
30.06-30.99 rpm and a gear ratio of the delivery side to the
knit side of 60:50. The fiber preparation scheme and the
interlacing machine are shown in Figures 2 and 3,
respectively.

To prepare the KFe/CT/nylon fiber, 1% (w/v) CT and 4%
(w/v) nylon 66 were prepared by dissolving CT and nylon 66
in saturated CaCl2-2H20/MeOH. To prepare saturated
CaClz-2H20/MeOH, 850 ml of MeOH and 1050 g of
CaClz-2H20 powder were placed in a three-necked flask and
stirred while distilling at 110°C for 24 h. Subsequently, the
solution was cooled to room temperature to precipitate
excess CaClz. Next, suction filtration was performed. Based
on these steps, saturated CaClz-2H20/MeOH was obtained.
The CT and nylon 66 solutions were then mixed at a ratio of
3:1 to obtain a 0.75% CT-1% nylon 66 solution. The woven
nylon fiber (305/3x16) was then soaked in the prepared
solution and calcium was removed by immersing the fiber in
1% NaOH in MeOH. Then the fiber was immersed in 1%
HCI/MeOH for 2 min. The CT-coated nylon fiber was
brushed, dried, 0.5 g dried CT-coated nylon fiber was then
immersed in a KFe solution (100 mL; 2 mM) and stirred at
100°C for 1 h. The fiber was washed with water and dried to
obtain the KFe/CT/nylon fiber.

The KFe/CTS/rayon fiber was prepared according to the
previous report [17]; the rayon fiber (5 g) was soaked in a
KIOs solution (1 mg/mL) at 60°C for 1 h. The fiber was
washed with water and soaked in a CTS solution [3% (w/v)]
at 60°C for 2 h. The rayon fiber was immobilized with KFe
by soaking it in a KFe solution (400 mL; 2 mM) at 100°C for
1 h. The KFe/CTS/rayon fiber was then interlaced to obtain
30%//3x16 KFe/CTS/rayon fibers. An excess KFe
concentration was used in this work for both types of fibers.
After soaking in KFe solution, the KFe/CT/nylon fiber or
KFe/CTS/rayon fiber was then removed, and the amount
of KFe immobilized on the fibers was calculated by
measuring the remaining KFe concentration in the soaking
solution against a calibration curve via UV-vis spectroscopy
(Hitachi U-2910, Japan). The absorbance was measured at a
wavelength of 207 nm.
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2.3 Characterization of the KFe/CT/nylon and
KFe/CTS/rayon fibers

The presence of KFe on the surface of both the
KFe/CT/nylon and KFe/CTS/rayon fibers was confirmed
using X-ray photoelectron spectroscopy (XPS; Shimazu
ESCA3400, Japan) with monochromatic Al Ka radiation
(1486.7 eV) and a non-monochromated Mg Ko X-ray source
(1253.6 eV). X-ray Diffraction (XRD, RAPID II, Rigaku
Corporation, Japan) was carried out with a Cu counter
cathode (0.15 A), angle ® = 90°, ® = x = 0°, measuring time
of 300 s, and measurement range 0-45°. Fourier transform
infrared  (FTIR)  spectroscopy (IR-4200, JASCO
Corporation, Japan) was carried out with KBr pellets at 60°C
and a scanning frequency of 4,000-500 cm™.

2.4 Cs* adsorption capacity of the KFe/CT/nylon and
KFe/CTS/rayon fibers

For the Cs* adsorption test, 0.25 g of each fiber was
immersed in a Cs* solution (50 mL; 0.67 mg/L) and shaken
at 25°C and 160 rpm for 1 h. The Cs* concentration was
measured using inductively coupled plasma mass
spectrometry (ICP-MS) at a wavelength of 455 nm. The Cs*
adsorption percentage and capacity were obtained using a
calibration curve and calculated using Equations (1) and (2):

!
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. . Ci - Cf 1
Cs" adsorption percentage (%) = c %100 1)
. : : (C—Cy)xv
Cs* adsorption capacity (mg/g) = —w )

1

where Cj and Cs are the initial and final Cs* concentrations
(mg/L), respectively, and V and W are the volume of the Cs*
solution (L) and the amount of fiber used in the adsorption
process (), respectively.

3. Results and discussion

3.1 Characterization of the KFe/CT/nylon and
KFe/CTS/rayon fibers

The presence of KFe on the surfaces of both the
KFe/CT/nylon and KFe/CTS/rayon fibers was confirmed via
XPS (Figure 4). A significant peak was observed at a binding
energy (BE) of ~708.8 eV, which corresponded to the Fe 2p
region (700-740eV) [26-27]. In addition, a specific BE peak
observed at 710 eV corresponded to Fe 2p®?, which is
indicative of the Fe(lll) oxidation state [26]. In both the
KFe/CT/nylon and KFe/CTS/rayon fibers, BE peaks at ~710
eV were observed. The BE peak of the KFe/CT/nylon fiber
shifted from 708.9 to 709.5 eV, while that of the
KFe/CTS/rayon fiber shifted from 708.8 to 711.5 eV. Based
on the comparison of the BE intensities of the KFe/CT/nylon
and KFe/CTS/rayon fibers, the BE intensities of the
KFe/CTS/rayon fiber at ~710 eV were found to be higher
than those of the KFe/CT/nylon fiber. The larger shift and
higher intensity of the BE peak of the KFe/CTS/rayon fiber
compared with those of the KFe/CT/nylon fiber indicates a
higher KFe immobilization of CTS/rayon fiber compared
with CT/nylon fiber.
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Figure 4 XPS Fe 2p spectra of KFe/CT/nylon fiber and KFe/CTS/rayon fiber
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Figure 5 FTIR spectra of KFe/CT/nylon fiber and KFe/CTS/rayon fiber

The FTIR spectra of the KFe/CT/nylon and
KFe/CTS/rayon fibers are shown in Figures 5. Based on the
absorption band at 2072 cm™, common KFe characteristics
were observed due to the stretching vibration of the C=N
group [28]. In the FTIR spectrum of KFe-immobilized
CT/nylon, a peak at 2087 cm™* was observed. In the FTIR
spectrum of KFe/CTS/rayon fiber, the peaks at 2106 and
2040 cm! are attributed to the degenerative deformation and
torsional vibration of NHs* [29] and the stretching vibration
of the C=N group [28], respectively. These peaks around
2072 cm? confirm that there are interactions between KFe
and the CT/nylon fiber or CTS/rayon fiber. Based on the
transmittance of the KFe peak, the transmittance of the
KFe/CTS/rayon fiber was found to be higher than that of the
KFe/CT/nylon fiber. These results confirmed that KFe reacts
with the CTS/rayon fiber better than with the CT/nylon fiber.

The XRD patterns exhibit sharp KFe/CT/nylon fiber
peaks and broad KFe/CTS/rayon fiber peaks (Figure 6). In
addition, the XRD pattern of KFe/CT/nylon fiber was rather
similar to that of CT/nylon fiber. The peak intensities of all
peaks of the KFe/CT/nylon fiber were smaller than those of
the CT/nylon fiber, confirming that the degree of
crystallinity was lowered. Moreover, a comparison with the
KFe powder pattern indicated that the intensities of the
KFe/CT/nylon fiber were also smaller than those of KFe

powder. These results indicate that the amount of KFe
immobilized on the CT/nylon fiber is quite small.
Considering the XRD pattern of the KFe/CTS/rayon fiber,
the peaks corresponding to 26 = 17.4°, 24.6°, 35.2°, 39.4°,
and 43.4° are similar to peaks found in the KFe powder
pattern and the XRD pattern of the ITO electrode modified
with CTS nanofiber/KFe nanoparticles [30]. In conclusion,
the fact that all peaks are similar for the KFe/CTS/rayon fiber
and KFe powder confirms that the crystallinities of the
KFe/CTS/rayon fiber and KFe are similar.

The chemical reactions of the KFe/CTS/rayon fiber are
shown in our previous work [17]. The rayon fibers were first
oxidized using KIOato cleave the C2—C3 bond of the glucose
residues, affording aldehydes at the C2 and C3 positions. The
resulting aldehydes formed an amido linkage with the amino
group of CTS upon treatment with the CTS solution. Finally,
the KFe/CTS/rayon fiber was obtained after treatment with
the KFe solution, where KFe was immobilized by cation
exchange from K* to NH3* [17]. In contrast to the
KFe/CTS/rayon fiber, the chemical interaction of KFe and
CT in the KFe/CT/nylon fiber could not be identified. To the
best of our knowledge, to date, there is only one study on
KFe/CT sponges for Cs* recovery [16]. As already
mentioned in the Introduction section, the KFe/CTS
composite was synthesized first and then re-acetylated to
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obtain KFe/CT sponges. Therefore, the reaction between CT
and KFe was not studied in a previous study [16].

3.2 Cs* adsorption results obtained using the KFe/CT/nylon
and KFe/CTS/rayon fibers

As previously mentioned, after synthesis, the amount of
excess KFe was measured using UV-Vis spectrophotometry;
thus the amount of the KFe on CT/nylon fiber and CTS/rayon
fiber can be calculated. It was found that the amounts of KFe
on the CT/nylon fiber and CTS/rayon fibers were 0.55 and
16.6 pumol/g, respectively. The Cs* adsorption percentage
and capacity when 0.25 g of each fiber was used in a Cs*
solution (50 mL) with an initial Cs* concentration of 0.67
mg/L at 160 rpm for 1 h, are shown in Figures 7. The Cs*
adsorption percentage, capacity (mg/g) and capacity
(umol/g) of the KFe/CTS/rayon fiber (30S//3x16) were
90.5%, 0.5060 mg/g and 3.81 umol/g, respectively,
approximately five times higher than the Cs* adsorption
capacity of the KFe/CT/nylon fiber which was 0.0918 mg/g
(0.69 umol/g). This was because the KFe amount of the
CTS/rayon fiber was higher than that of the CT/nylon fiber.
Considering the results from the XPS spectra (Figure 4) and
FTIR spectra (Figure 5), a small change in the binding
energy/environment/complexation/chemical bonding of KFe
is observed when immobilized on the CT/nylon fiber,
whereas significant changes are found when immobilized on
the CTS/rayon fiber. These results imply that there are either
differing chemical interactions, differing complexations, or
modifications of the KFe structure/composition, which may

be related to the different structures of either CT/CTS or
nylon/rayon. The observations herein partly explain the
difference in adsorption capacity between the CTS/rayon
fiber and KFe/CTS/rayon fiber (30S//3%16) (Figure 7).

In this work, the preparation method for KFe/CTS/rayon
fiber was the same as previously reported [17], but the
interlacing of the fiber was different. Here, the
KFe/CTS/rayon fiber (30S//3x16) was obtained by using
three lines of fiber, while in our previous work, either two or
four lines were used to obtain the woven fibers, which were
KFe/CTS/rayon fibers (30S//2x16) and KFe/CTS/rayon
fibers (30S//4x16), respectively. In addition, those woven
fibers were used to adsorb radioactive Cs (Bg/g) whereas
here, the KFe/CTS/rayon fiber (30S//3x16) was used as an
adsorbent for Cs* from a CsCl solution. Therefore, the
adsorption capacity of the KFe/CTS/rayon fiber (30S//3x16)
cannot be compared to that of woven (30S//2x16) and
(30S//4x16) fibers [17]. However, when comparing the
adsorption capacity of the KFe/CTS/rayon fiber (30S//3x16)
to that obtained in other studies, it was found that when using
an 81.8-mg sponge to adsorb Cs* (1 mL) with an initial Cs*
concentration about 93.6 mg/L, the concentration remaining
after 1 h was 0.1 mg/L. Based on Eq. (2), the adsorption
capacity was calculated to be 1.1430 mg/g (8.60 umol/g) dry
sponge, which was higher than those of KFe/CT/nylon fiber
and KFe/CTS/rayon fiber (30S//3x16). In their study, 1 mL
of Cs* solution was directly dropped onto a 81.8-mg sponge,
which enabled Cs* to come in contact with KFe, resulting in
a higher adsorption capacity compared to our fiber [16].
However, when 2 g of the KFe/CTS/rayon fiber was used
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without interlacing in Cs* removal process with an initial
concentration of 400 ppm (100 mL) for 1 h, the adsorption
capacity of the KFe/CTS/rayon fiber was increased to be
2.206 mg/g (16.6 pumol/g) which was significantly higher
than those of interlaced fibers. This was because the
interlaced fiber had a relatively high density, which allowed
Cs* to penetrate into the fiber structure.

4. Conclusions

In this work, woven KFe/CT/nylon fibers were
successfully prepared and its Cs* adsorption capacity was
tested to study the feasibility of using them instead of
KFe/CTS/rayon fibers. Herein, their characteristics were
compared to those of KFe/CTS/rayon fibers (30S//3%16).
The Cs* adsorption percentage of the interlaced
KFe/CTS/rayon fiber (90.5%) was significantly higher than
that of the interlaced KFe/CT/nylon fiber (16.9%) at an
initial Cs* concentration of 0.67 mg/L, and this is owing
to a higher amount of KFe on the CTS/rayon fiber.
The interactions between KFe and CT in the nylon fiber or
KFe and CTS in the rayon fiber were confirmed via
XPS, XRD, and FTIR spectroscopy. Differing chemical
interactions or complexations or a modification of the KFe
structure/composition involving the different structures of
either CT/CTS or nylon/rayon may be the main reason why
different KFe amounts are immobilized on the different
supports. These results reveal that the KFe/CTS/rayon fiber
is more suitable than the KFe/CT/nylon fiber as an absorbent
for Cs* removal from contaminated water. However, this
does not consider any economic or environmental factors.
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