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This study reports on the efficient methylene blue (MB) dye removal properties of a polyvinyl butyral (PVB)—
amorphous titania (@amTiO,) hybrid fiber (PVB—amTiO,F) made by air-gap spinning in acetone solvent. The
successful fabrication of PVB—amTiO,F was confirmed by employing Fourier transform infrared, scanning
electron microscopy, X-ray photoelectron spectroscopy, thermogravimetric analysis, and energy dispersive
X-ray measurement. Batch experiments were used to examine the cationic MB dye adsorption performance
in the dark. The observed data showed that the developed PVB—amTiO,F exhibited moderate adsorption
efficiency (68-70%) which is comparable to other amorphous titania-rich adsorbents. The adsorption
kinetics was well fitted with a pseudo-second-order model, suggesting that adsorption is mainly led by
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Accepted 19th January 2022 chemisorption. In addition, the MB degradation properties under visible light were also studied
afterwards. A possible adsorption mechanism is discussed. Moreover, the as-fabricated fiber exhibited

DOI 10.1039/d1ra07247a average to good reusability after 6 cycles. Only cationic MB dye solution was able to demonstrate such
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Introduction

Synthetic dyes are considered the most perilous type of
pollutant, posing a threat to both human health and aquatic
life." Among them, methylene blue (MB) has a planar structure
and is highly soluble in water. As a result, it may damage marine
life due to hindering the entrance of sunlight into water bodies,
and reoxygenation of the marine system is interrupted.
Although MB is not poisonous, it can induce health problems,
such as high blood pressure, nausea, and abdominal pain when
consumed in amounts greater than 7.0 mg kg™ 2.2 Furthermore,
light can effortlessly photosensitize MB, causing it to release
detrimental oxygen that can harm our DNA structure, especially
when present in large volume.?

In the past, several techniques have been employed for dye
removal, including advanced oxidation, membrane separation,
electrolysis, and photocatalytic degradation. But visible-light-
induced photocatalysis and adsorption methods are consid-
ered the most effective techniques in the field of organic
pollutant remediation because of their high efficiencies, low
cost, less harmful by-products, and low energy consumption.*
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As a porous material, metal-organic frameworks (MOFs)
represent diverse applications in wastewater treatment, gener-
ated from organic-inorganic hybrids." Recently, MOF-based
composites, such as MIL-101(Fe)@PDopa@Fe;0,, Fe;0,/MIL-
101(Fe), a-Fe,0;@Ui0-66, and BiOI@UIO-66(NH,)@g-C;N,,
have been developed to establish the efficacy of MOFs in this
field.* In addition, carbon-based materials, especially graphene
oxide and reduced graphene oxide, have shown promising
results as photocatalysts in dye degradation.®

Furthermore, organic-inorganic hybrid structures driven by
transition metal titanium dioxide (TiO,) are also effective in the
field of adsorption and photodegradation for organic pollut-
ants.® Although crystalline TiO, is suitable for photocatalytic
reactions due to its low toxicity, chemical-thermal stability, and
good resistance to photo-corrosion, it has several well-known
drawbacks, including ineffective utilization of visible and
near-infrared light and high recombination of photo-generated
charge carriers, which greatly hinder the improvement of its
photocatalytic activity.” Conversely, amorphous metal oxides
have several potential advantages over crystalline phases:® they
are easier to make at room temperature, with a significantly
larger surface area, and the ability to have a variety of chemical
compounds doped or embedded into their matrices. Despite
amorphous TiO, (amTiO,) having long been thought to be
nearly inactive due to the easy recombination of photo-
generated electrons and holes when exposed to light,” some
research has found that the surface area of amTiO, is preferable
to its crystal structure for increasing photocatalytic activity.
Buddee et al. developed curcumin-sensitized amTiO, for the
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successful photodegradation of MB dye.® Later, Wang et al.
showed that amTiO, was faster than crystalline TiO, for the
visible-light-induced photodegradation of rhodamine B (Rh-B),
implying that amTiO, was a good mediator for electron transfer
from excited dyes to oxygen.' They stated that the synergistic
dye degradation dynamics were mainly controlled by the higher
surface area of amTiO, rather than crystallinity. Meanwhile, in
the past, Kanna et al.** and Sriprang et al.*” effectively decolor-
ized crystal violet (CV) and malachite green (MG) dyes, respec-
tively, by amTiO, where the adsorption property of the
adsorbent mainly dominated the decoloration process. Conse-
quently, in 2019, we reported not amTiO, particles, but cellu-
lose acetate (CA) fiber crosslinked amTiO, (i.e. CA-amTiO,
fibers), decomposing organic dyes, and reducing Cr(vi) when
exposed to visible light.*®

Accordingly, herein, we aimed to fabricate a PVB-amorphous
TiO, hybrid fiber (PVB-amTiO,F), considered as an efficient
candidate for organic dye removal. The fiber was prepared via
an air-gap spinning process. The activity of the fiber was
thought suitable for adsorption of MB dye since the matrix of
the fabricated fiber has anionic functional groups, suggesting
some possible interactions with MB dye. This study also inves-
tigated the possibility of using this fiber as a photocatalyst for
MB decomposition upon exposure to visible light. The ability of
the developed PVB-amTiO,F for MB dye removal is estimated
and discussed. The adsorption kinetics of the process and the
possibility for reuse of PVB-amTiO,F are also assessed.

Experimental

Materials

PVB (Mowital® PVB B60H), with a molecular weight of 50-60
kDa was purchased from Kuraray Co. Ltd., Japan. Titanium(v)
isopropoxide (TTIP) was purchased from Wako Pure Chemical
Industries Ltd., Japan. Aeroxide P25 (commercial TiO, powder)
was purchased from Nippon Aerosil Co. Ltd., Japan. The
acetone and ethanol used in this study were dehydrated using 3
A molecular sieves. Several dyes, namely methylene blue (MB),
methyl orange (MO), and rhodamine B (Rh-B), were purchased
from Nacalai Tesque Inc., Japan. All reagents were of analytical
grade and used without further purification.

Preparation of PVB-amTiO,F and a comparison sample

The sample preparation method,* known as air-gap spinning, is
shown schematically in Fig. 1. Firstly, 2 g of PVB and 8 g of
dehydrated ethanol were used to make a 20 wt% PVB-ethanol
solution (spinning solution). To make a coagulation solution,
TTIP was dissolved in dehydrated acetone at different concen-
trations. The PVB spinning solution (2 mL) was then spun from
a syringe into a stirred coagulation bath with a syringe pump,
rapidly forming a fibrous material. After 30 min immersion time,
the resultant fibers were repeatedly washed with methanol to
eliminate unreacted components, followed by soaking in distilled
water to obtain the hydrolyzed product of TTIP (Fig. S1t). This as-
spun fiber is denoted PVB-amTiO,F. All samples were vacuum-
dried before being used for other measurements. The TTIP bath

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Syringe pump (N2 gas pressure 0~2 kg cm™)

— PVB Spinning solution (20 wt%)

Air gap (2~4 cm)

TTIP coagulation bath solution (5 wt%~50 wt%)

Fig.1 Preparation method of PVB—amTiO,F by air-gap spinning.

concentrations were 5 wt%, 10 wt%, 15 wt%, 20 wt%, and 50 wt%.
The nozzle-to-bath (air-gap) distance, spinning solution volume,
spinning rate, and N, gas pressure were 2-4 cm, 2.0 mL, 4
mL min~", and (0-2 kg cm™?) respectively. For comparison,
amTiO, powder was also prepared according to previous
research.' Here, 5 mL of TTIP was added dropwise into 50 mL of
distilled water without the addition of any strong acids or organic
solvents. The instantly formed white suspension was kept at room
temperature for 2 h to allow for complete hydrolysis, then sepa-
rated by a sieve and washed five times with 20 mL of distilled
water to remove any impurities. The powders were then dried in
an oven at 70 °C for 2 h. The as-prepared amorphous TiO, powder
is designated amTiO,P.

Characterization

A Keyence scanning electron microscope (SEM) (VE-9800, Key-
ence Co. Ltd., Japan) was used to examine the morphological
structure of PVB-amTiO,F at a voltage of 5 kV. Using an ion
coater (SC-701; Sanyu Electron Co. Ltd., Japan), all samples were
first coated with Au/Pd sputtering under vacuum. Thermogra-
vimetric (TG) measurements were carried out in the air, using
a thermogravimetric analyzer (DTG-60, Shimadzu, Japan) at
a heating rate of 10 °C min~" from 30 to 600 °C. For fibrous
samples, an X-ray diffractometer (Ultima-IV, Rigaku, Japan) was
used to perform crystallographic measurements. In addition,
a separate X-ray diffraction (XRD) measurement was taken
using CuKo with Ni filter (30 kv, 15 mA) (Rigaku MiniFlex II,
Japan) for the powder sample. For comparison, the crystallite
size of the powder sample was also calculated using Scherrer's
equation. The eqn (1) can be denoted as:

KA
L= fcosd ®

where 0 is the Bragg angle of the peaks (°), 4 is the wavelength of
the X-ray (0.15418 nm), and § is the line broadening at half the
maximum intensity (FWHM) (rad). The shape factor K is 0.89.
An Infrared (IR) spectrometer (IR Affinity-1, Shimadzu, Japan)
arrayed with an attenuated total reflection (ATR) ancillary
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(MIRacle 10, Shimadzu, Japan) bearing a diamond/ZnSe crystal
was used to perform ATR-FTIR experiments at ambient
temperature. Nitrogen adsorption isotherms were measured at
—196 °C using a BELSORP-mini II, MicrotracBEL Corp., Japan.
The Brunauer-Emmett-Teller (BET) method was used to
compute specific surface areas. From the isotherm, the pore-
size distribution (PSD) curves were measured using the Bar-
rett-Joyner-Halenda (BJH) algorithm. X-ray photoelectron
spectroscopy (XPS) was performed with a JEOL JPS-9010 (Nip-
pon Electronics Co. Ltd., Japan) instrument with an Mg-Ka (hv
= 1253.6 eV) source at a residual gas pressure of 5 x 10~ ° Pa.
Energy dispersive spectroscopy (EDS) was performed coupled
with field emission scanning electron microscope (FE-SEM)
(Zeiss Ultra Plus, Carl Zeiss Microscopy GmbH, Germany) to
assess the purity and elemental composition of the fibers. Prior
to this, osmium conduction was employed on the fiber surface
by using a coating device (HPC-1SW, Japan). The absorption
spectra from 400 to 800 nm were recorded using a UV-vis
spectrometer (ASV11D, AS ONE Corporation, Japan).

The net charge of the PVB-amTiO,F surface was measured
based on pH changes of a NaCl solution containing 0.2 g of
fiber.” Initially, the pH of these solutions was adjusted and
recorded as the initial pH, pH;. At the end of the experiment, the
pH was measured as the final pH, pHy Finally, pH,,. was
calculated from the crossover point of the predetermined pH;
vs. pH¢ plot curve.

Batch adsorption and decomposition studies

Unless otherwise stated, the test dispersions were typically
prepared by adding 0.2 g of PVB-amTiO,F fibers to a 10 mL
aqueous solution containing 10 mg L™ " of dye with a specified

(a) 10 wi%e Ti—

90x 2000 m ¥O: 8.1mm  BKY

50x 200 pm WD: 9.3mm
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pH. In the initial stage of the study, the dark adsorption kinetics
of the dyes were tested by using a UV-vis spectrometer to
monitor dye concentration at regular intervals. Once the
adsorption had reached equilibrium, samples immersed in the
solution were exposed to visible light. Then the dispersion
solution was constantly stirred with a stirring bar while being
irradiated under a 100 W halogen lamp (Mega-Light100-ROHS,
SCHOTT).” The absorbances for MB, MO, and Rh-B were
recorded at 664 nm, 463 nm, and 554 nm, respectively, for both
adsorption and decomposition measurements.”**” Eqn (2) and
(3), respectively, were used to calculate adsorption efficiency (%)
and adsorption capacity.

Adsorption efficiency (%) = (Co — C)/Cy x 100 (2)
0 (mgg ) =(Co— Chmx V 3)

where, C, and C; (mg L") are the dye concentrations at times
zero and ¢, respectively. V (L) is the dye volume and m (g) is the
mass of the fiber.

Adsorption kinetics

The adsorption kinetics of MB onto PVB-amTiO,F was evalu-
ated using Lagergren pseudo-first-order'® and pseudo-second-
order" models by fitting the Q, data acquired empirically with
eqn (4) and (5), respectively;

In(Q. — Q) =In Q. — kyt 4

110, = k0. + 10 (5)

(b) 15 wt%

90x 200 m Wz 7.8mm

(d) 50 wt%

Fig. 2 SEM images of the PVB—amTiO,F prepared at TTIP bath concentrations of (a) 10 wt%, (b) 15 wt%, (c) 20 wt%, and (d) 50 wt%.
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Fig. 3 Schematic reaction chemistry of PVB—amTiO,F formation.

Here, Q. symbolizes the adsorptive removal capacity of MB
under equilibrium conditions, and k; and k, are the pseudo-
first-order and pseudo-second-order rate constant, respectively.

Results and discussion
Structural analysis by SEM

Fig. 2 shows the SEM micrographs of the fibers prepared at
various TTIP coagulation bath concentrations. At 5 wt%, the
prepared fibers look like a very entangled and limp structure,
making it difficult to remove the remaining PVB. Easy-to-handle
fibers could be yielded at concentrations from 10 wt% to
50 wt%. These fibers exhibited a core structure that is almost
comparable to the PVB-zirconia fibers reported by Bhuiyan
et al.** However, some micropores are observed on the inner
wall (inset pictures) of the low-TTIP concentration fibers. At
increased bath concentrations, the fibers gained a flattened
shape with a reduced hollow structure. The diameter of the fiber
decreased as the concentration of the TTIP bath increased,
indicating that the alkoxide wt% had a substantial influence on
the fiber structure (Fig. S2t). This was because a higher TTIP
concentration restricts the swelling of the PVB solution within
the coagulation bath. As a result, the produced fibers were
highly brittle and thin in diameter at concentrations close to

View Article Online
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50 wt%. The cross-linking reaction speed between PVB and
TTIP was considered slow, which led to some unreacted
alkoxide components at lower concentrations. The proposed
reaction mechanism of the prepared PVB-amTiO,F is depicted
in Fig. 3.%° The ethoxy groups in the TTIP would be hydrolyzed
during the preparation process and yield hollow hydrous
fibers.

TG analysis

Fig. 4 shows (a) TG curves and (b) residual TiO, weight content
for fiber samples as a function of TTIP coagulation bath
concentrations. The residual weights in the TG curves corre-
spond to the weight at 600 °C. All samples are thermally
decomposed in three stages, as reported by Hanna et al.>* The
first degradation stage was ascribed from room temperature to
~250 °C corresponding to the evaporation of water content in
the samples. The degradation of the PVB main chains causes
the second stage, which was initiated at ~250 °C and ended at
~440 °C. The third step took place at 440 °C, which indicated
the carbonization of the products to ash. With increasing TTIP
bath concentration, the residual weight was considered to
increase up to 50 wt% (Fig. 4(b)). Following that, we were not
able to prepare well-structured fibers. However, an increased
number of cross-links is observed for very high TTIP bath
concentration where a spontaneous diffusion of Ti from the
fiber's surface to the center is considered. This may be due to
the high diffusion of TTIP from the cross-linking point to the
PVB polymer chain at higher concentrations (Fig. S31). The
amount of decomposition in the second and third stages is
thought to be affected by the number of reactions between PVB
and TTIP, as well as by the diffusion rates of Ti into the PVB
polymer chain. The amount of decomposition at the second and
third stages is summarized in (Fig. S41). Meanwhile, apart from
50 wt% fibers, the morphological characteristics of 10-20 wt%
PVB-amTiO,F remained almost the same. But, we have
considered 20 wt% PVB-amTiO,F for subsequent measure-
ments pondering its relative Ti content and internal porous
distribution.
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(a) Typical TG profiles, and (b) residual TiO, weight of the PVB—amTiO,F samples at 600 °C as a function of TTIP bath concentration.
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Fig. 5 ATR-FTIR spectra of (a) pure PVB, amTiO,P, and PVB-amTiO,F; and (b) considered coordinate bonding position in PVB—amTiO,F.
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Fig. 6 XRD patterns of (a) pure PVB and PVB—amTiO,F; and (b) synthesized amTiO,P and P25.

FTIR measurement

FTIR was used to investigate the chemical structures of pure
PVB, PVB-amTiO,F, and amTiO,P samples. Fig. 5(a) shows
a comparison of the infrared ATR-FTIR spectra. For pure PVB,
there is a wide band corresponding to the -OH group in the
range 3200-3600 cm ', and the stretching modes of C-H in the
range 2850-3000 cm ™ '.?> Moreover, the bending modes of C-H
groups were also discernible in the range 1300-1500 cm™'.2
However, significant differences were observed in the C-O-C
group band at the 950-1200 cm ™' range. The bands determined
at wavenumbers of 1132, 1107, and 1053 cm ™' were for typical
PVB.>*> These are visible in the measured spectra in Fig. 5(a). But
their shapes seem to be little affected in the case of the PVB-
amTiO,F sample. In this case, the band at 1053 cm™ " has not
fully disappeared, but a small shoulder can be seen. However,
the C-O-C group band is transformed to Ti-O-C at 1132 cm ™"
due to coordinate bonding between PVB and Ti(OR),, as
demonstrated by the lower peak intensity of the PVB-amTiO,F

5304 | RSC Adv, 2022, 12, 5300-5311

sample (Fig. 5(b)). Also, the peak at 600 cm™" is ascribed to

absorption bands of Ti-O, related to flexion vibration.**

XRD

The crystallographic structures and phase alignment of the
materials were confirmed by XRD. As shown in Fig. 6(a), pure
PVB has a broad diffraction peak at around 18.9°, suggesting
that the polymer matrix is amorphous.”® However, no charac-
teristic peak of PVB-amTiO,F appeared in this XRD data, indi-
cating that coordinately bonded TiO, had a small impact on the
fiber's molecular alignment. Furthermore, for confirmation of
the characteristic phase of amTiO, belonging to PVB-amTiO,F,
a comparative XRD profile of amTiO,P (hydrolyzed product of
TTIP) and commercial P25 is also examined. The diffraction
pattern of P25 and amTiO,P is shown in Fig. 6(b), confirming
the identical main peak around the 25.5° value, which corre-
sponds to the anatase (101) phase.?* We also used Scherrer's
method (Lorentz peak fitting) to compute the crystallite sizes of
both samples to determine the peak area. The average crystallite

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 EDX elemental mapping of PVB—-amTiO,F cross-sections prepared with (a) 10 wt% TTIP bath concentrations, and (b) 50 wt% TTIP bath
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Fig. 9 Wide-scan XP spectra of pure PVB, amTiO,P, and PVB-
amTiO,F.

sizes were 16.23 nm and 4.32 nm for P25 and amTiO,P,
respectively. As a result, it may be concluded that amTiO,P is
mostly amorphous titania with traces of crystalline anatase.
Therefore, PVB-amTiO,F is suggested to be amorphous despite
the presence of small traces of crystal-sized anatase TiO,.

EDS measurement

To better understand the distribution of Ti within the fiber, we
used EDS measurement on the fiber cross-section. C and Ti
mapping pictures for fiber samples prepared at different TTIP
bath concentrations are shown in Fig. 7. The illustration shows
that Ti mostly existed at the surface for fibers prepared at low-
TTIP bath concentrations. This small Ti diffusion from the
vicinity to the center is thought to be caused by the slow reac-
tion between PVB and TTIP. However, Ti diffusion could be
increased and also uniformly distributed across the fibers
prepared at higher concentrations (~50 wt%). Similar findings
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Fig. 11 (a) N, adsorption isotherms (—196 °C), and (b) the corre-
sponding BJH pore size distribution plots of PVB-amTiO,F with
different TTIP bath concentrations.

were also investigated by point analyses (Fig. 8), where more
detailed and precise elemental data (Table S1t) is obtained.
These results indicated that the reaction proceeded from the
fiber's outer surface. The 10 wt% TTIP concentration may have
been low to react with PVB, resulting in small diffusion which
only led to local Ti distribution at the fiber surface. But, for
50 wt%, a uniform distribution of Ti is observed within the
fiber, which indicates easy diffusion of interacted Ti to the
reactive sites.

XPS measurements

The electron structure on the surface of PVB-amTiO,F was
analyzed using XPS to obtain chemical information about C, O,
and Ti atoms while bare amTiO,P and pure PVB samples were
used as controls (Fig. 9). PVB-amTiO,F and amTiO,P showed
obvious peaks of C1s, O1s, and Ti2P, while the XPS pattern of

- n w [ ®
[\l [a2) [ w - (=)
@ i@ 3 % $ %
Ots Ti-O (@) Tizp | 0-Ti-0 )
[ AE,SSTEV
: Tin:l/z 7/ %
/\_ /l R
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Fig. 10 XP spectra of pure PVB, amTiO,P, and PVB—amTiOF; (a) O1s spectra, and (b) Ti2p.
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Fig. 12 Effect of the solution pH on equilibrium MB dye adsorption
performance exhibited by 20 wt% PVB-amTiO,F.

Ti2P was absent only for pure PVB. The spectral analysis O1s
results of the PVB-amTiO,F, amTiO,P, and pure PVB samples are
enlarged in Fig. 10(a). The O1s peak of amTiO,P at 532.1 €V can
be ascribed to the Ti-O bond.” However, there was a positive
shift in the Ti-O bond binding energy for PVB-amTiO,F, which
was most likely due to the presence of a coordinate bond between
the acetyl group of PVB and TiO,. For amTiO,P, the spin-orbit
splitting (5.7 eV) of Ti2p led to the appearance of two 2p peaks at
around 459.8 and 465.5 €V, corresponding to Ti2p;,, and Ti2p, s,
respectively (Fig. 10(b)). According to the splitting, it is suggested
that Ti was mostly Ti*". Since the oxygen element was more
electronegative than the titanium, the two Ti2p peaks of PVB-
amTiO,F were 1.9 eV higher than those of amTiO,P, reaching
461.7 eV and 467.5 eV, respectively.>® The positive Ti2ps, shifts
resulting from the replacement of a certain Ti-O-Ti bond*® with
an O-Ti-O bond for PVB-amTiO,F can be attributed to the low-
intensity fitted peaks. Besides, there is a shoulder near the
Ti2ps/, peak, which can be attributed to the Ti** state.*

Porous structure analysis

Fig. 11 shows the N, adsorption isotherms and the correspond-
ing BJH total pore volume plots of PVB-amTiO,F with different
TTIP bath concentrations. At relatively high pressure, the curve
exhibits convexity to the P/P, axis in Fig. 11(a), which is attributed
to a type III isotherm where adsorbent and adsorbate had low
interactions.* The BJH adsorption pore size distribution of the
fibers was narrow, with a mean value of 6.8 nm, suggesting that
the materials have a typical mesoporous layer in the external
surface. No significant changes in pore size distribution were
observed when the TTIP bath concentration was changed, as
shown in Fig. 11(b). However, the lower pore volume of the 50%
TTIP concentration sample confirmed a relatively dense external
fiber surface which may be due to less PVB swelling during fiber
preparation. For 10 wt% to 50 wt% samples, the BET surface area
is represented in Table S2.1 These differences are ascribed to the
collapse of some mesopores at the non-hollow structure and the
agglomeration of the amTiO, particles in the external surface.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Also, the bonded Ti species on the mesostructured network are
increased due to the high diffusion of amTiO,, which subse-
quently preserves the relatively low surface area with an inte-
grated non-hollow structure.

Effects of pH on MB adsorption

This series of tests was carried out using 0.2 g of 20 wt% PVB-
amTiO,F, 10 mL (10 mg L") of dye, and equilibrium adsorption
time in the dark. Solution pH is an important factor that affects
the magnitude of the adsorbent surface charge and the dye
molecule’s ionization state. Fig. 12 shows that the adsorption of
MB increased from 10 to 65% when the pH was increased from
5 to 8 and then a decrease started due to desorption. The parent
fragment of MB dye carries a positive charge. In this work, the
pHp,. of the as-prepared PVB-amTiO,F was 6.4 (Fig. S57),
measured by the pH drift method,*** which is considered
comparable with a CA-TiO, composite gel fiber prepared by
Kurokawa.”® At pH < pHp,,, a repulsive electrostatic force was
generated due to the increased number of positively charged
sites on the fiber surface which did not favor the adsorption of
dye cations. Conversely, higher uptake values were obtained at
pH > pHp,. because of electrostatic attractions between the
positively charged dye and the negatively charged fiber TiO,
according to eqn (6).2°**3¢ Considering the above points, a pH
of 8 was chosen as the experimental pH for the removal of dye in
the subsequent experiments.

OH™

H,O + TiOH," 2%

pH <pHp,

TiOH TiO” +H,0  (6)

pH > pH,,.

MB adsorption performance

We conducted adsorption studies in the dark to clarify the
adsorption ability of PVB-amTiO,F before analyzing its

100 <
PVB-amTiO,F
10 wt%
—4— 15 wt%
80 4 —&— 20 wt%
- —&— 50 wt%

A/A, (%)
2

40

20 T T T T T

Time (h)

Fig. 13 The adsorption dynamics of MB in different reaction systems,
when the samples were immersed into the MB solutions in the dark.
Reaction conditions: Fiber: 0.2 g, 10 mL (10 mg L™ MB, pH ~ 8.0, at
18 °C.
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Fig. 14 The adsorption kinetic plots of MB on PVB—amTiO,F fitted with (a) pseudo-first-order, and (b) pseudo-second-order models.

Table1l The adsorption kinetics parameters of MB on PVB—-amTiO,F calculated from the best fitting of pseudo-first-order and pseudo-second-

order models

Kinetics model Parameters 10 wt% PVB-amTiO,F Qe exp (mg g 1) = 0.34 50 wt% PVB-amTiO,F Qcyexp (mg g ) = 0.367
Pseudo 1st order Qc,cal (mg g 0.458 0.542

Ky (min™") —-8.11 x 1077 -1.03 x 10°°

R 0.887 0.922
Pseudo 2nd order Qc,cal (mg g) 0.351 0.394

K, (min™ ") 0.054 0.028

R 0.997 0.994

photoreduction performance. Fig. 13 shows the change in the
MB concentration as a function of time when the PVB-amTiO,F
samples were kept in the test solutions. In this diagram, A
denotes the absorbance at each given time whereas A, indicates
the test solution's initial absorbance. It can be seen that the
adsorption capacity of different PVB-amTiO,F was related to
their porous structure and relative Ti content. As depicted in
Fig. 13, the removal % increased with increasing residual Ti
content and the relevant porous property of the PVB-amTiO,F,
adsorbing a maximum of about 70% MB when reaching equi-
librium. Meanwhile, the adsorption of dye molecules by 15 wt%
PVB-amTiO,F seemed to be rather perplexing, showing down to
about 48% uptake for a similar timespan. This might be
attributed to the fiber's changing surface area and the variations

in their mesoporous outer wall where diffusion starts from one
site to another. A similar result was also reported by Asai et al.*®

Adsorption kinetics

The adsorption kinetic results of MB on PVB-amTiO,F were
evaluated using Lagergren pseudo-first-order and pseudo-
second-order models, as depicted in Fig. 14(a) and (b), and
Table 1. The best fit of the linear equations suggested that the
pseudo-second-order kinetics model gave Qg cq values close to
the experimental Q. values. Furthermore, the regression coef-
ficients (R?) for the pseudo-second-order kinetics model were
0.997 and 0.994 for MB absorption on 10 wt% and 50 wt% PVB-
amTiO,F, respectively, better than the Lagergren pseudo-first-
order kinetic model. This result indicated that the pseudo-

Table 2 Comparison on equilibrium adsorption % of dye onto different amorphous titania adsorbents

Adsorbent Adsorbent type Dye Adsorption (%) References
Amorphous TiO, Particle CvV 87-98 11
Curcumin-sensitized amorphous Composite MB 40-60 6
TiO, Orange-II 45
Amorphous TiO, Particle MG ~80 12

(0\% ~97
TiO, sulfonated carbon Composite MB ~99 37

CR ~98
CA-amTiO,F Fiber MB ~60 13
PVB-amTiO,F Fiber MB 68-70 This study
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Fig. 15 Variation in normalized absorbance for MB concentrations by
visible light irradiation, as a function of immersion time. The lines
represent the fitting results using eqn (7).

second-order model of MB's adsorption kinetics on PVB-
amTiO,F provides more in-depth information, so the kinetics
could be categorized as chemisorption,* because of electrostatic
interactions between the fiber and dye functional groups.™
Similar MB adsorption kinetics on the other adsorbents have also
been commonly studied.*” But in our study, higher adsorbent
dose and longer adsorption equilibrium time have a great
influence on the kinetics and hinder the adsorption capacity. The
efficient adsorptive removal of MB using PVB-amTiO,F is
compared with other amorphous titania adsorbents in Table 2.

Decomposition abilities for MB

We continued to examine the reduction ability of MB under
visible light after the adsorption experiments described above.
The absorbance was normalized by the absorbance after 10-
11 h dark adsorption, denoted by A4, given in the eqn below,

AlA; = exp(—K?) (7)

where K represents the rate constant, and ¢ is the total time
employed for the test. Fig. 15 shows the variation in fitting lines
for A/A; in MB reduction using eqn (7). The measured K values
from the line fits are illustrated in Fig. 16. Overall, the lower Ti
content PVB-amTiO,F showed very low Ky values which are
almost comparable to ‘only-light’ samples, suggesting an
absence of photodegradation. However, setting 10 wt% and
15 wt% aside, the 20 wt% and 50 wt% fiber samples showed
little and slow photoactivity. This is evidence confirming the
low photocatalytic property for amorphous TiO, hybrid fibers
which is a similar result to that shown by Kanna et al.™ and Asai
et al.®

Removal abilities against other dyes

For the comparison with MB dye, we also investigated the
adsorption and decomposition ability of PVB-amTiO,F on other

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Decomposition rate constant for MB obtained from the fitting
in Fig. 15.

dyes such as acidic MO and zwitterionic Rh-B. According to
Fig. 17(a), the adsorption capacities for MB, Rh-B, and MO were
~68%, ~20%, and ~4%, respectively, consistent with the
experimental capacity order of MB > Rh-B > MO. Considering
the molecular sizes of the dyes, it is reasonable that adsorption
of bulky Rh-B required a long time and resulted in a lower
adsorption amount compared to MB, even though both can
show cationic behavior. Meanwhile, the low adsorption value
for MO was attributed to the more electrostatic repulsion
between the negatively charged adsorbent (PVB-amTiO,F) and
the anionic MO dye molecule.***® Fig. 17(b) shows decomposi-
tion abilities of 20 wt% PVB-amTiO,F for the above-mentioned
dyes under visible light. MB and Rh-B could be decomposed by
PVB-amTiO,F but MO was unchanged. To ascertain the true
nature of PVB-amTiO,F, we could conclude that adsorption
becomes a dominant factor here.'* For reference, in the dye
solutions without any fiber samples, MO and Rh-B were not
decomposed (Fig. S61). Therefore, the removal of MB and Rh-B
shown in Fig. 17(b) can be attributed to the presence of PVB-
amTiO,F.

Possible mechanism of MB dye adsorption and
photodegradation

From the adsorption and decoloration behavior of PVB-
amTiO,F, we concluded that these reactions were independent
but influenced by some other factors. In our results, cationic
MB was adsorbed by PVB-amTiO,F. The removal mechanism of
MB dye onto PVB-amTiO,F involves the electrostatic attraction
between the dye and adsorbent ionic charges which are postu-
lated with pH results.****>>*%” Fig. 18 shows the affected peak
positions and intensity of PVB-amTiO,F after MB adsorption.
The peak intensity around the Ti-O-C band at 1132 cm™ " and
around the Ti-O band at 600 cm™" is decreased due to the
interactions of MB. Furthermore, the presence of nitrogen
atoms in the MB dye structure could form hydrogen bonds with
—-OH groups of PVB-amTiO,F.**® But we could not find such
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evidence from the FTIR spectra in our study. Since the fragment
of MB bears a positive charge, it should be favorably adsorbed to
the negative sites of the PVB-amTiO,F surface and subse-
quently could be attacked by the very active "OH fraction under
visible light, according to the same process described by Kanna
et al."* Overall, the mode of MB removal by PVB-amTiO,F was
mostly by adsorption (~68%), but with combined prolonged
adsorption and photocatalytic activity, it could be enhanced up
to ~85% or more.

Reusability

An extended study was accomplished for six adsorption/
desorption cycles to assess the reusability of the developed
PVB-amTiO,F. Desorption of MB dye was executed by soaking
the dye-adsorbed PVB-amTiO,F in 20 mL of ethanol solution,
under gentle stirring for 8-10 h. After regeneration, the PVB-
amTiO,F was reused in the next adsorption run. Fig. 19 shows
the repeatability study of PVB-amTiO,F. After six cycles, the
removal efficiency was 47-48%, which could indicate the reus-
ability and durability of the fabricated PVB-amTiO,F for MB
adsorption.

Conclusions

In this study, we investigated the phenomenon whereby poly(-
vinyl butyral) fibers, cross-linked by amorphous TiO, (i.e. PVB-
amTiO,F), removed MB dye upon visible light irradiation.
According to this study, the principle of removing dye from the
aqueous solution was mainly by chemisorption (~68%). The
adsorption and degradation dynamics were mostly controlled
by the fiber's relative Ti content, surface area, and the charge
characteristics of the dyes. The ability of PVB-amTiO,F to
remove dye from different dye solutions revealed that they could
be most efficient for cationic dyes, but not for acidic dyes. In
addition, a repeatability test of PVB-amTiO,F showed an
average to good reuse possibility for several times with little
decrease in the removal percentage.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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