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Abstract A series of carbon fiber based ZrO,-TiO, (Zr/Ti/CF) nanocomposites
were synthesized with carbon fiber loadings from 3 to 10 wt% by the solvothermal
method. For comparison, Zr/Ti, Ti/CF and Zr/CF catalysts were also synthesized.
The resultant samples were characterized by SEM, XPS, XRD, FT-IR, and UV-Vis
spectroscopy. XRD results revealed that the catalysts were having anatase TiO, with
excellent crystallinity. SEM studies show that the surface of Zr/Ti/CF/10 catalyst
has round-shaped grains with dimensions in the range of 16-20 nm. Under UV-A
and visible light irradiation, Zr/Ti/CF catalyst exhibited excellent photocatalytic
performance for Orange II degradation when compared with Zr/Ti, Zr/CF and Ti/
CF. The enhancing efficiency was attributed to the synergetic effect of adsorption—
photocatalysis and to the reduction of the band gap energy.
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Introduction

In recent years, TiO, photocatalyst has been extensively utilized in the photocat-
alytic degradation of organic pollutants. However, the photocatalytic activity of
TiO, is partly limited by fast charge-carrier recombination and due to a large band
gap (~ 3.2 eV for anatase phase), which restricts the use in practical applications
[1, 2]. In order to improve the photocatalytic activity of TiO,, a tremendous number
of studies have been carried out by co-doping with a metal [3] or non-metal [4], and
fabrication of composites with other materials [5, 6]. The transition metal ions could
act as electron traps, which improve the efficiency of charge transfer [7]. The
introduction of metal atoms into the TiO, lattice also extends the light absorption
into the visible region (400-800 nm) [3]. Due to its approximately similar
electronegativity and ionic radius of TiO,, zirconium (ZrO,) is a promising
candidate for the doping [1]. According to the studies in literature, it was shown that
doping of Zr into TiO, structure improves photocatalytic activity of TiO, [8, 9].

However, TiO, and ZrO, powders can be inconvenient for the industrialization
considering their separation and recovery from water in a slurry system after the
photocatalytic reaction [10-12]. An ideal way is to grow photocatalysts onto solid
surfaces in order to improve both photocatalytic performance and repeating circles.
Carbonaceous materials could provide one of the approaches to address the issue of
separation and recovery of nanosized semiconductors. They can also provide an
enhancement in the photodegradation activity via the synergetic effect of
adsorption—photocatalysis. The incorporation of carbon also enables additional
band gap states in the electronic structure and shifts the absorption band to visible
region [13]. Carbon fibers belong to the group of highly microporous carbon
materials, they have a higher surface area, large pore volume and uniform
micropore size distribution [6, 10]. Moreover, the intrinsic properties of high
adsorption capacity and superior mechanical strength also make them equally
important in environmental remediation [11, 14]. Li et al. [12] fabricated carbon
fiber supported TiO, and found that the composite catalyst showed high activity for
the acid orange 7 degradation. Wang et al. [11] observed that TiO,-loaded CFs
exhibited the best photocatalytic performance for methyl orange degradation.

Although carbon fiber based TiO, catalysts have been synthesized [6, 10—12], on
the basis of our research, the immobilization of co doped TiO, on CF has been
investigated for the first time in this study. Herein, carbon fiber based Zr-TiO, (Zr/
Ti/CF) nanocomposites were synthesized with carbon fiber loadings from 3 to 10
wt % via in situ process by the solvothermal method. The photocatalytic
performances of the synthesized nanocomposites were tested by performing
degradation experiments with Orange II dye under UV-A and visible light
irradiation.
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Materials and methods
Materials

All the chemicals were of analytic grade and used directly without further
purification. For the preparation of the microporous carbon fibers (CF), the
delignified cellulose microfibers from pulp factory Hencovce, Slovakia, was used as
the starting material.

Synthesis of carbon fiber based Zr-TiO, catalysts

Raw carbon fibers were prepared according to the procedure as described in our
previous study [15]. Briefly, the cellulose microfibers were placed into a stainless
steel vessel provided with a slightly sealed lid and carbonized in an oven at 700 °C
for 1 h in the absence of air oxygen.

Carbon fiber based Zr-TiO, (Zr/Ti/CF) nanocomposites were synthesized with
carbon fiber loadings from 3 to 10 wt% via an in situ process by the solvothermal
method. Initially, 0.5 g of ZrOCl,-8H,0 and 20 mL of tetrabutyl titanate was stirred
in solution containing 40 mL of ethanol for 1 h (Solution I). Another solution was
prepared by defined amount of CF (10 wt% with respect to Zr-Ti) in 30 mL of
ethanol with ultrasonication for 1 h which results CF suspension (Solution II).
Solution I was added dropwise to Solution II under vigorous stirring at room
temperature. To the resultant mixture, another solution containing 2 mL of HCI and
4 mL of H,O was added dropwise from the burette under stirring. The resultant
colloidal suspension was stirred for 1 h and the gel was aged for overnight. Then,
the gel was operated by hydrothermal treatment in a Teflon-lined stainless steel
autoclave at 180 °C for 12 h. The products were cooled at room temperature,
washed with de-ionized water and ethanol, dried and calcined at 500 °C for 2 h. The
resultant powder labelled as Zr/Ti/CF/10 (10 wt% of CF). By following the same
procedure, Zr/Ti/CF/3 and Zr/Ti/CF/5 were prepared by taking 3 and 5 wt% CF
suspensions, respectively. For comparison, Zr doped TiO, (Zr/Ti) without CF
content, Ti/CF (10 wt% of CF) and Zt/CF (10 wt% of CF), were synthesized by the
same method.

Characterization of catalysts

The surface morphology of the nanostructures on each prepared sample was
analyzed by scanning electron microscopy and energy dispersive X-ray spec-
troscopy (Philips XL30 ESEM-FEG/EDAX). The crystal structure was analyzed
using X-ray diffraction (XRD; Rigaku D/Max-IIIC diffractometer) with 1.54 A Cu
K, radiation and a 20 range of 10-80°. UV-Vis absorption measurements were
carried out using a Perkin-Elmer UV-VIS Lambda 2S spectrometer. The Fourier
transform infrared (FTIR) spectrum was recorded by a Perkin Elmer Spectrum One
instrument using attenuated the total reflectance method, in the wavenumber range
of 600-4000 cm ™. The surface composition of the samples was investigated using
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X-ray photoelectron spectroscopy (XPS; Thermo Scientific K-Alpha X-ray photo-
electron spectrometer), which is capable of providing atomic and molecular
information on the surfaces of materials.

Photocatalytic degradation studies

Photocatalytic degradation studies were conducted under two light sources. A
column-shaped stainless steel cabinet equipped with 18 UV lamps were used for
UV-A light (Aqnax) ~ 365 nm) experiments. A square—shaped reactor donated with
two visible metal halide lamps (A: 400-800 nm) were used to offer visible light
irradiation. The system is cooled through a fan at the bottom of the cabinet. For each
degradation experiment, Orange II solution with concentration of 10 mg/L. was
prepared in 50 mL double distilled water at neutral pH. Before the photocatalytic
experiments, the solution was stirred for 30 min in dark to establish adsorption
equilibrium. Aliquots (5 mL) were collected at defined time intervals and filtered
with 0.45 um syringe membrane filters. In order to examine the adsorption
performance of catalysts, degradation experiments were also conducted in the
absence of light. Orange II decolorization was monitored by UV—Vis spectra at
485 nm.

In order to examine the chemical stability of the as-prepared Zr/Ti/CF, the
catalyst was recycled and reused five times for the decomposition of Orange II.
After each cycle, the solution was centrifuged, washed by deionized water, and then
re-injected into fresh solution for the next cycle.

In order to confirm the reproducibility of the results, all degradation experiments
were carried out with duplicated runs for each condition, and the experimental error
was calculated to be within &+ 5%.

Results and discussion
Catalysts characterization

The morphologies of Zr/Ti and CF based catalysts were observed by SEM and were
shown in Fig. 1. The surface of Zr/Ti has a round-shaped grain texture and the
particle size was in the nanometer range. The morphology images after carbon fiber
incorporation shows that the TiO, and ZrO, based catalysts still have similar
structure. The surface of Zr/Ti/CF/10 catalyst has round-shaped grains with
dimensions in the range of 16-20 nm.

The crystal phase composition of Zr/Ti and Zr/Ti/CF/10 catalysts is obtained by
XRD analysis (Fig. S1a). No diffraction peaks of ZrO, were evident as Zr reactant
was used as 5% wt. of TiO, in the preparation of samples. The XRD pattern of raw
TiO, catalyst is found as well developed anatase phase at 25.30°, 37.50°, 48.10°.
The major peak at 29.10° was observed for raw ZrO,, which indicates the tetragonal
ZrO, crystal phase. No diffraction peaks of ZrO, were evident as Zr reactant was
used as 5% wt. of TiO, in the preparation of samples. The small crystallites of ZrO,
may be dispersed over the TiO, surface or may be located at the interstitial positions
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Fig. 1 SEM images of catalysts

of TiO,, which cannot be detected by XRD [3, 7]. The patterns of both Zr/Ti and Zr/
Ti/CF/10 catalysts can be indexed to almost pure anatase TiO, with characteristic
peaks at 25.27°, 37.69°, 47.98°, 54.99°, 62.57° and 70.19°. The results indicated that
the incorporation of carbon fiber did not change the crystal structure of Zr/Ti.

FTIR experiments were also performed to determine the interaction between CF
and Zr/Ti and the results were depicted in Fig. S1b. The peaks at 1730 cm™' are
ascribed to bending vibrations of adsorbed water molecules while the absorption
bands detected at 1366 cm™" are attributed to bending —OH vibrations of Zr/Ti
nanoparticles [16, 17]. Compared with Zr/Ti catalyst, the new broad band around
3200 cm ™" appeared in the FTIR spectra of CF based catalysts indicating free
hydroxyl, hydrogen bonded groups and adsorbed water molecules. The —OH
stretching and —C—OH stretching bands were sensitive to the hydrogen bonding
[18]. Moreover, for Zr/Ti/CF samples, the new bands at 1600 cm ™" were assigned
to the stretching vibrations of aromatic C=C ring [1]. In the spectra of pristine Zr/Ti,
the low frequency bands observed at 700 cm ™" correspond to Ti—~O-Ti bonds, while
the ones shifted to 760 cm ™! are attributed to Ti—O—C bonds [1] in the spectra of Zr/
Ti/CF catalysts. The formation of covalent Ti—-O-C bonds revealed that Zr/Ti
nanoparticles are chemically bonded to the carbon fiber rather than being adsorbed
on the surface. Moreover, the existence of interfacial contact between Zr/Ti and CF
results lengthening the lifetime of photo generated electron—hole pairs which
enhances the photocatalytic activity [1].
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UV-vis diffuse reflectance spectra of Zr/Ti, Zr/CF, Ti/CF and Zr/Ti/CF/10
catalysts are shown in Fig. S2. Absorptions of the Ti/CF and Zr/Ti/CF/10 catalysts
were higher than that of Zr/Ti at visible wavelengths. The electronic structure of
photocatalysts was characterized by the energy band gap (E,), which is essentially
the energy gap between the valence band (E,) and the conduction band (E.) [19].
The E, values of Zr/Ti, Zr/CF, Ti/CF and Zr/Ti/CF/10 were found as 2.87, 2.91,
2.76 and 2.66, respectively. The decrease in the band gap values can be ascribed to
the existence of Ti—~O-C bond which can accelerate the photoinduced charge
transfer from TiO, to CF, which leads to an enhancement in the photocatalytic
activity of the catalyst [1].

In order to examine the surface compositions and chemical states of Zr/Ti/CF/10
heterojunction catalyst, X-ray photoelectron spectroscopy (XPS) was conducted.
The catalyst has main peaks at 529 eV, 285 eV, 457 eV and 181 eV corresponding
O 1s, C 1s, Ti 2p and Zr 3d chemical states (Fig. S3). In the Ti 2p spectral region,
two main peaks at 457.8 eV (56.2%) and 463.5 eV (27.3%) corresponds to the Ti
2ps2 and Ti 2p,, states, respectively. The broad peak for Ti 2ps,, suggested that the
oxidation state is 4 4 for the titanium present on the surface of Zr/Ti/CF/10 catalyst.
The Zr 3d spectra showed two peaks with binding energies of 181.0 and 183.9 eV
correspond to the Zr 3ds,, and Zr 3ds,, states, respectively.

As can be seen from O 1s spectra, the deconvolution of the O 1s band reveals
oxygen bands at 529.13 and 529.7 eV corresponds to Ti—O bonds [12], whereas the
bands at 528.5, 532.1 and 530.7 eV indicate O-C, OH™ and O in the oxide lattice
(metal-O-metal), respectively [20]. Pourbeyram et al. [21] stated that the peaks at
binding energies at 530.7 eV were attributed to the oxygen form of Zr—O-H. The
surface Ti—~OH on the catalyst can be formed by a reaction of adsorbed H,O with
TiO, (H,O + Ti-O-Ti — 2Ti-OH) [12]. The surface hydroxyl groups act as
electron donors for photogenerated h™ and are oxidized to hydroxyl radicals ("OH),
which can attack almost all organic pollutants [22]. The C 1s peaks could be
deconvoluted into four major peaks with binding energies assigned at 284.2, 285.6,
284.8 and 283.6 eV originating from C=C, C-H (or C-C), C—C and C-Ti or C=0
bonds [23-25]. The peak at 283.1 eV indicates the formation of O-Ti—C states.

Photocatalytic activity measurements
Adsorption study

The adsorption kinetics of Zr/Ti and carbon fiber based catalysts were investigated
in dark with the catalyst dosage of 0.2 g/L. Fig. 2a presents the dynamic curves for
the adsorption of Orange II over the catalysts. For the pristine Zr/Ti sample, the
adsorption equilibrium was established within 30 min and no obvious change was
observed from 120 to 180 min. Due to the presence of carbon fiber, it was clearly
understood that CF based catalysts have stronger adsorption towards Orange II dye
than Zr/Ti catalyst. This could be attributed to the strong n—m interactions between
the carbon fiber surface and dye molecules [1]. The adsorption reached equilibrium
with Zr/CF and Ti/CF catalysts after 60 min of treatment. Moreover, it was also
observed that with increasing CF content, the adsorption capacity also increases. At
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Fig. 2 a Dark adsorption kinetics, b photodegradation under UV-A, ¢ visible light irradiation and d the
kinetic rate constants of catalysts

the end of 180 min, the adsorptive removal efficiencies of Zr/Ti/CF/3, Zt/Ti/CF/5
and Zr/Ti/CF/10 catalysts were calculated as 8.1, 22.7 and 30.8%. Zr/Ti/CF/10
catalysts was found more effective among all samples and the adsorption
performance of photocatalysts towards Orange II dye molecules follows the order
Zr/Ti/CF/10 > Ti/CF > Zr/Ti/CF/5 > Zr/CF > Zr/Ti/CF/3 > Zr/Ti.

Preliminary photodegradation studies

The photocatalytic activities of Zr/Ti, Ti/CF, Zt/CF, Zt/Ti/CF/10 catalysts were
evaluated by the degradation of Orange II under UV-A and visible light illumination
and the results are presented in Figs. 2b and 2c. The control Orange II dye solution
in the absence of the catalyst does not exhibit the significant degradation after
180 min of UV-A light irradiation. After 120 min of UV-A light irradiation, about
98.6, 61.8, 93.6 and 97.2% of dye was diminished by Zr/Ti, Zr/CF, Ti/CF and Zr/Ti/
CF/10 catalysts, respectively. The photodegradation rate was influenced by the
catalyst type and Zr/Ti/CF/10 bifunctional catalyst was found more effective, which
could be attributed to the dual action of photolysis and adsorption [6, 11, 12]. The
carbon fibers could promote both harvesting the light and interaction between dye
molecules and Zr/Ti nanoparticles. Similar phenomena were observed by other
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researchers over carbonaceous based photocatalysts [1, 6, 10, 16, 19]. Singh et al.
[19] stated that the increase in the degradation efficiency over composite catalyst
could be due to the enhancement of the rapid separation efficiency of photo-induced
electron and holes through the electronic interaction between ZrO, and carbon
structure.

The photocatalytic activity under visible light condition was examined using
wavelengths between 400-800 nm. Similarly to UV-A light irradiation, the Zr/Ti/
CF/10 catalyst exhibited superior catalytic performance towards the dye molecules
when compared with other samples, resulting in the photodegradation of 95.8% in
3 h while that of was achieved as 87.6% by Zr/Ti. Due to the recombination issue
and wide band gap, the Zr/Ti and Zr/CF samples exhibited low photocatalytic
performance under visible light illumination.

The pseudo-first order kinetic model according to the Langmuir—Hinshelwood
mechanism was applied to the photocatalytic performance of the catalysts. The
kinetic model can be expressed as In(Co/C) = Kupp - t, where Kypp (min_l) is the
apparent rate constant, and C and C, are the dye concentrations at time t and at the
start of the degradation, respectively. The kinetic constants calculated under UV-A
light irradiation were found much higher than that of visible light (Fig. 2d). The
lower photon energy in the visible region could be the reason for the lower rate
values under the visible light. Moreover, the photocatalytic performance was related
to the catalyst type where K,p,;, values increased when carbon fiber incorporated into
the structure. Under visible light, the rate constants determined for the Orange II
degradation were found to be 2.62 x 1072, 2.31 x 1072, 2.67 x 1072, and
3.17 x 1072 min~" for the Zr/Ti, Zr/CF, Ti/CF and Zt/Ti/CF/10 photocatalysts.

Effect of CF concentration

In order to verify the most favorable CF concentration in the catalyst, the
photocatalytic performance of Zr/Ti/CF nanocomposites with different CF ratios
were investigated under visible light irradiation after dark adsorption. As shown in
Fig. 3a, it was found that the Orange II photodegradation increased with the
increase of CF content in the nanocomposite catalyst. During 120 min of visible
light illumination, about 61% of Orange II was photocatalytically degraded by Zr/
Ti/CF/3 catalyst while that of was observed as 77.9% for Zr/Ti/CF/10 catalyst. The
rate constants for Zr/Ti/CF/3, Zr/Ti/CF/5 and Zr/Ti/CF/10 were calculated as
2.26 x 107%,2.81 x 107>and 3.17 x 107> min~". It could be attributed to the fact
that higher content of carbon fiber can adsorb large quantities of dye molecules
(shown in inset of Fig. 3a).

Effect of initial concentration

The effect of the initial solution concentration on the Orange II photodegradation
was examined by varying the initial concentration from 10 to 20 mg/L and the
results are illustrated in Fig. 3b. The photocatalytic decolorization of Orange II
decreases as the initial concentration increases. When the initial concentration was
10 mg/L, at the end of 3 h, the photodegradation efficiency was found to be 97.7%
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Fig. 3 a Effect of CF concentration on the photodegradation, inset shows the effect of CF content on the
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natural pH]

(kapp = 3.17 x 107> min~")  while that of was observed as 62.6%
(Kapp = 3.44 x 1072 min~ ") for the initial concentration of 20 mg/L. The decrease
could be explained by the increase in concentration of dye molecules which block
the active sites of catalyst and reduces the photons interaction. This reduction causes
less absorption of the photons on the catalyst surface [26, 27]. Bassaid et al. [28]
stated that the photodegradation/adsorption process is self-limited depending on the
both available adsorption and photocatalytic active sites.

Effect of pH

As the efficiency of the photocatalytic degradation is dependent on the solution pH
for the dye wastewater [29], the influence of pH on the photodegradation of Orange
II was investigated at different initial pH values. As depicted by Fig. 3c, the
degradation percentage of Orange II reached a maximum (94.2% at the end of 3 h)
at pH 3. Moreover, when the solution pH was decreased from 5.6 to 3.0, the initial
rate constant increased from 3.44 x 1072 to 5.86 x 1072 min~'. The catalyst
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surface is positively charged in acidic media, while it is negatively charged under
alkaline conditions. On the other hand, as the azo-dye molecules have two pK,
values (10.6 and 1), three different forms of Orange II could exist in the different
pHs: (i) doubly protonated (H,L) at pH lower than 1, (ii) mono protonated (HL™) in
the pH range between 1 and 10.6 and (iii) nonprotonated (Lz_) at pH above 10.6,
where L*~ is the Orange II molecule in the following form C16H11N2080327 [30].
Thus, the protonation effect greatly favored the adsorption of Orange II anions via
electrostatic forces at lower pH values [29]. Under acidic conditions, the catalyst
surface is protonated and becomes positively charged (-COOH,"). Negatively
charged Orange II dye (HL™) is adsorbed on the catalyst surface by electrostatic
attractions. In contrast, the surface is deprotonated and becomes negatively charged
(-COO7) in basic medium. Due to the Coulombic repulsion, the adsorption of
Orange II molecules on the Zr/Ti/CF/10 catalyst surface decreases. The pH was
adjusted by NaOH solution for higher pH values. Therefore, OH™ formation in the
solution also increases and competition occurs between the negatively charged dye
molecule and OH™ ions for the adsorption on the surface, which also reduces the
photocatalytic activity [31]. Therefore, the optimal pH was found as 3 for this
reaction system. Similar phenomena were observed by other researchers [32, 33].

Stability experiments

The re-use performance of Zr/Ti/CF/10 catalyst was examined for Orange II
removal for consecutive five-run reactions under visible light irradiation. As shown
in Fig. 3d, the photocatalytic decolorization percentage was not significantly varied
till three cycle, after that the degradation efficiency decreased from 92 to 47% after
reusing fifth cycles as compared to first cycle.

Conclusions

Zr/Ti/CFs composite catalysts were prepared via in situ process by solvothermal
method. The X-ray diffraction patterns varied with strong peaks of anatase phase for
the composite catalyst. FTIR and XPS measurements suggested the formation of
covalent Ti—O—C bonds revealed that Zr/Ti nanoparticles are chemically bonded to
the carbon fiber rather than being adsorbed on the surface. The Zr/Ti/CFs exhibited
higher photocatalytic activity than that of Zr/Ti, Zt/CF and Ti/CF catalysts under
UV-A and visible light irradiation. The remarkable photocatalytic efficiency of the
Zr/Ti/CF/10 photocatalyst was attributed to the reduced band gap, synergetic effect
of adsorption—photocatalysis, and decreased electron—hole recombination rate due
to trapping of electrons from the conduction band by CF.
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