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ABSTRACT

In typical photocatalytic processes slurry reactors are used in which catalyst particles have to
be separated from the solution after the process ends which means much higher time and
costs. Hence, immobilizing process is carried out on the catalyst to overcome this problem. In
this work, fiber and network geometries were produced by particle precipitation on sub-
strates. The obtained structures were characterized by XRD, SEM, and Brunauer-Emmett-
Teller analyses. Photocatalytic performance of the samples was investigated by methyl orange
degradation and also by hydrogen generation from water/methanol splitting. From the SEM
images, the size range of the TiO, particles in the network geometries were 20-60 nm. The
nanoparticles had covered the surface of the substrate uniformly. Removal of the cellulose
substrate by heat treatment yielded hollow TiO, fibers with diameters of 0.5-1 um and lengths
of 30 um. The rate constant of the dye degradation reaction using powder catalyst was
0.0118 min~'. However, the rate constants for fiber and network geometries were 0.0057 and
0.0083 min ' respectively. The amount of hydrogen generated from different catalysts was
determined to be in the following order: powdery > network > fiber.

Keywords: TiO,; Network geometry; Fiber geometry; Methyl orange; Photocatalytic activity;
Hydrogen generation

1. Introduction

Homogeneous photocatalysis using semiconduct-
ing oxide catalysts has recently emerged as an efficient
method for purifying water and also air and hydrogen
generation [1-3].

TiO, is the most effective semiconductor used in
clean energy and water treatment applications because

*Corresponding author.

of its great properties and several advantages such as
high photochemical stability, low cost, non-toxicity
and availability [2,4].

Most studies dealing with photocatalytic degrada-
tion of pollutants and hydrogen generation by water-
splitting applied in slurry form into the aqueous phase
[5-7]. Employing powder suspensions is accompanied
by three major problems: (1) the difficulty of separat-
ing inactive catalysts, (2) the difficulty of applying
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them to continuous flow systems, and (3) the tendency
of the particle catalysts to aggregate [1,3,8].

Filtration, coagulation, flocculation or centrifuga-
tion are the different methods applied to achieve a cat-
alyst-free solution and recycle the catalyst [3,9]. These
methods require the implementation of a post-treat-
ment recovery step, which would significantly
increase treatment cost and time [10,11]. This problem
has resulted in development of several kinds of
immobilization techniques to immobilize the photocat-
alyst powder, which may reduce the post-treatment
expenses and time [1,8,12]. One way to make an
immobile photocatalyst is to produce multi-
dimensional structures such as thin-film, nanotube,
nanowire, fiber, network, etc. which are fixed to the
walls of the reaction reactor [2,3].

Various photocatalyst particle supports such as
alumina, zeolite, silica gel, fiber optic cable, glass
beads, quartz, stainless steels, clays and activated car-
bon have been investigated [3,13]. Of the various
geometries, network structure, which is a hollow
three-dimensional structure, has the potential for pro-
ducing a new class of materials with novel applica-
tions. This structure is very important for practical
applications because its pores have potentially large
surface-to-volume ratios providing a significant
advantage in the diffusion pathways which can be
used as a kind of host for organic pollutants [2].

In the present study, the photocatalytic activity of
fiber and network geometry of TiO, on methyl orange
(MeO) decolorization, and hydrogen evolution from
water-methanol mixture under ultra-violet (UV) light
irradiation were investigated. Catalysts were charac-
terized by XRD, SEM and Brunauer-Emmett-Teller
(BET) and also compared for their catalytic behavior.

2. Experimental

Titanium tetraisopropoxide (TTIP), hydrochloric
acid (HCl), 2-propanol and methyl orange (MeO) were
purchased from MERCK manufacturer. Distilled
water, cellulose fibers and ceramic templates were
obtained from local sources. After thorough mixing,
titanium isopropoxide (5 mL) was gradually added to
the solution by a pipette. When the solution became
clear, its temperature was elevated to 60°C by immers-
ing its container into a water bath. The substrates (cel-
lulose fiber or ceramic templates) were then dipped in
to the solution and left overnight to allow precipita-
tion of a TiO, layer. The sample was then washed
with deionized water and dried. The sample was then
calcined at 450°C for 2 h.

Fig. 1(a) shows molecular structure of cellulose
fiber describing hollow pores which could be
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Fig. 1. (@) Molecular structure and (b) SEM image of
cellulose fiber.

employed for fabrication of fibers. Cotton fiber has
more than 90% cellulose which by being heated at
over 370°C burns fast [14]. A microscopic view of cot-
ton is shown in Fig. 1(b).

Fig. 2(a) is an image of ceramic template with pore
size of 20 PPI, surface area of 2.0 x 10* cm®/g and
open porosity of 85-90% [14]. XRD pattern of the cera-
mic templates employed to manufacture network-
shaped sample is represented in Fig. 2(b). All the
peaks are related to the phase SiC and confirm the
presence of this composition in the ceramic template.

2.1. TiO, characterization

X-ray diffractometer (Spectro Xepos, Germany)
with Cu K, radiation was used to determine the XRD
patterns of the samples. SEM (Mira 3-XMU; Tescan,
Czech Republic) was used for morphological investi-
gation of the samples. Specific surface area of the pro-
duced samples was measured by using a BET surface
analyzer (Belsorp mini II; Bel, Japan).

2.2. Photocatalytic degradation

Catalytic activity of the samples was estimated
from color degradation of the methyl orange aqueous
solution (50 mL MeO with 5 mg/L initial concentra-
tion). The pH was maintained constant and it was ini-
tial pH (6.5) of the MeO solution. The same amount of
catalyst was used. Before irradiation with UV light,
the aqueous solution which contained TiO, catalyst
was continuously stirred for 1h in full darkness to
achieve adsorption-desorption equilibrium. UV irradi-
ation from two 6 W lamp (Philips, China) was then
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Fig. 2. (a) A shape and (b) XRD pattern of the ceramic
templates.

applied to the catalyst containing solution. The dis-
tance between the surface of the solution and the light
source was 10 cm. Samples were then taken out for
analysis, every 30 min.

Solution concentration was determined by UV-vis
spectrophotometer (6705; Jenway, UK). The maximum
absorption wavelength registered of MeO was 462 nm.
The efficiency of degradation (%) was calculated
from the Eq. (1) [4,15]:

n% = (COC_ C> x 100 1)

0

where Cy and C are initial and time dependant con-
centrations of the dye, respectively.

2.3. Hydrogen generation

For methanol/water (50:50) photo-splitting, same
amount of a photocatalyst was added to 200 mL
distilled water in a 750 mL Pyrex reactor. UV-lamps

B3x6 W/cm?=18 W/cm?, Philips) were used.
Methanol/water photo-splitting was carried out for
2 h with constant stirring, and the level of hydrogen
evolution was measured at 30 min intervals. The
hydrogen gas (H;) produced was analyzed by TCD-
type gas chromatography (GC, model 2550TG; Islamic
Republic of Iran).

3. Result and discussion

XRD pattern of TiO, is shown in Fig. 3. This spec-
trum belongs to TiO, particles existing in network and
fiber geometries calcined at 450°C for two hours.
Based on the peaks of this pattern, anatase and rutile
are the only phases present in the sample. The XRD
pattern shows a crystalline structure of the anatase
phase due to the existence of the distinguished peaks
at 26 of about 25.4°, 37.8°, 48.0°, and 53.7°, which corre-
spond to the indices of (101), (103), (200), and (105)
diffraction planes of the anatase TiO, respectively.
Also, the existence of the distinguished peaks at 26 of
about 27.5°, 36.1°, 49.2°, and 44.0°, which correspond
to the indices of (110), (101), (111), and (210)
diffraction planes respectively, indicates the formation
of the rutile TiO, [7]. Using the Scherer Equation, the
average crystallite sizes of anatase and rutile were
estimated to be 19 and 21 nm respectively.

The fraction of the crystalline phases was deter-
mined by integrating the relative intensities of the ana-
tase (101) (20 =25.4°) and the rutile (110) (26 = 27.5°)
peaks [16]:
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Fig. 3. XRD pattern of TiO, powder used in geometries
calcined at 450°C for 2 h.
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where W, is the weight fraction of the anatase and I
and Ir represent the integrated intensities of the
anatase (101) and the rutile (110) peaks respectively.
With the aid of Eq. (2), the amount of anatase phase for
the sample calcined at 450°C was calculated to be 73%.

SEM images of TiO, samples produced in this
research are shown in Figs. 4 and 5. Fig. 4 indicates
SEM images of TiO, microfibers under different levels
of magnifications. Fig. 4(a) and (b) shows how fiber
structure is formed after being heated and cotton fiber
being removed. At a higher level of magnification a
large number of finer fibers are observable in every
tubular-shaped mass. TiO, microfibers are 30 um long
hollow cylinders having diameters of 0.5-1 pm.

Energy dispersive X-ray (EDS) analysis of the
fibers shown in Fig. 4(c) indicated Ti and O presence
in the annealed samples. Therefore, calcination at
450°C for 2 h led to the removal of all the cellulose of
the template.

From XRD and EDS results, all cotton fibers left
the structure completely at 450°C. This is why this
temperature was decided upon for calcinations of net-
work structure too.

Fig. 5(a) illustrates the layer of TiO, deposited on
the surface of ceramic substrate. The morphology of
the layer was homogeneous and appears almost
spherical particles, with presence of porous forming a
high porosity surface, which can enhance the catalytic
activity of the geometry. The particles of which this
layer is composed are roughly 30-60 nm in size.

According to Fig. 5(b), this deposited layer has a
thickness of less than 10 pm. The layer thickness is
proportional to the substrate holding time in the solu-
tion. The thickness will increase if the holding time
increases. By studying the EDS diagram in Fig. 5(c),
according to the SiC substrate, only two elements of
oxygen and titanium are detected on the surface.

One of the vital factors in analyzing the properties
of catalysts different geometries is studying their
specific surface areas. The specific surface areas of
samples which were used in this research are also
listed in Table 1. In the coated sample (network), due
to agglomeration of the particles, and the placement of
particles on one another and also on the substrate, the
surface area decreased (58.1 m?/g) in comparison to
the powdery sample. In fact, the surface area of the
catalyst is minimized since the coating layer has a
lower porosity. Due to the accumulation of fibers and
closure of some of them, the surface area of the fiber
sample is greatly reduced (from 68.2 m?/g in powder
to 48.7 m*/g in fiber).

The absorption phenomenon under presence of
TiO, geometries was investigated in the dark for MeO
having the initial concentration of 5mg/L, catalyst
concentration of 150 mg/L and the constant pH 6.5.
Adsorption kinetics obtained and shown in Fig. 6(a)
indicates that the thermodynamic equilibrium time
was 60 min. To study the kinetics of adsorption in its
totality, the Lagergren model [17] given by the follow-
ing equation was used:

qr = ge[1 — exp(—kaast)] 3

where g; and g. (mg/g) are the adsorbed amount at t
instant and at equilibrium respectively, k,qs is the
apparent kinetic constant (1/min). The adsorption
kinetics was well fitted as first order with this model.
Enhancement of both MeO equilibrium adsorbed
amount and the apparent constant k,gs which can be
correlated with the increase of surface area of TiO,
geometry as already mentioned. Moreover, powdery
catalyst exhibits the high BET surface area which may
provide more active sites for the photocatalytic
reaction.
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Fig. 4. TiO, fiber: (a) and (b) SEM image and (c) EDS diagram of fibers.
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Fig. 5. TiO, network sample: (a) SEM image, (b) cross section image and (c) EDS diagram.

Table 1
Surface area and kinetic parameters for MeO degradation
of various geometries

Methyl orange

Sample Sper (M2/ g) K (1/min) R?

Powder 68.2 0.0118 0.989
Network 58.1 0.0083 0.997
Fiber 48.7 0.0057 0.991

The photocatalytic activity of TiO, powder was
evaluated by using the degradation of the standard
organic dye, methyl orange, under UV-vis light irradi-
ation. The results displayed in Fig. 6(b) show the
bands relating to different molecular parts in this dye
are decreased with respect to time.
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The degradation experiments by UV irradiation of
methyl orange aqueous solutions containing TiO, pho-
tocatalyst follow the pseudo-first-order kinetics with
respect to the concentration of the dyestuff in the bulk
solution (C) [4,18]:

dc
dt

——— =k C 4)

Integration of that equation (with the same restriction
of C=Cy at t =0, with Cy being the initial concentra-
tion in the bulk solution after dark adsorption and ¢
the reaction time) will lead to the expected relation:

In <%> = Kapp £

()

(b)

time, min

Absorbance
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Fig. 6. (a) Adsorption kinetics of MeO on TiO, geometries in the dark and (b) changes in the UV-vis spectra during

photodegradation of methyl orange on TiO, powder.
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Fig. 7. (a) First order kinetic plots and (b) degradation efficiency

catalysts.

in which k,,, is the apparent pseudo-first-order rate
constant and is affected by dyestuff concentration [18].

The plot of In(Cy/C) vs. time was close to linear
for all the experiments (Fig. 7(a)). Same initial concen-
trations (5 mg/L) of MeO were used to obtain data of
Fig. 7(a). Degradation rate constant (k,pp) of the MeO
dye is listed in Table 1. The effect of TiO, fibers and
network on the efficiency of the MeO degradation is
shown in Fig. 7(b). By examining the results, it is evi-
dent that the network structure, compared to fibers,
has a greater efficiency of decolorization. The cause of
that may lie in the network structure’s larger specific
surface area with respect to that of fiber. In this case,
the contact area of the solution with the photocatalyst
increases and so does the rate of dye degradation
reactions.

Release degree (RD) factor examination was
designed to analyze the degree to which TiO, particles
are released from the substrate into the water while
water treatment. In this examination, a specific
amount of photocatalyst was put in pure water and
after stirring it for a certain period of time, the density
of photocatalyst released into water was determined.
RD of the prepared geometries in pure water was
determined by UV-vis spectrophotometer.

Powdery catalyst with 100% RD moves with the
solution and cannot be removed from the reaction
environment easily. After 60 min, fiber and network
structures have RD of 48 and 9% respectively. Hence
network geometry is the most suitable shape of TiO,
catalyst; it has all the advantages of production
simplicity, environmental stability, and high catalytic
performance.

One of today’s main industrial wastewater treat-
ment strategies is focused on the development of
green technologies and management practices for the
environmental benefit. Then, catalyst recycling can be

b
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Fig. 8. Effect of network catalyst recycling on the
photocatalytic degradation of MeO under 60 min of irradi-
ation duration (initial MeO concentration = 5 mg/L).

foreseen as a good practice for sustainable wastewater
treatment. Consequently, it is necessary to demon-
strate whether, after a photocatalytic treatment, the
catalyst can be reused.

The results of the degradation reaction using fresh
immobilized network geometry, and once- or twice-re-
cycled network geometry are shown in Fig. 8. There
were slight decreases in photocatalytic efficiencies of
the network geometry in the second and third cycles.
The loss in the percentage of photocatalytic degrada-
tion was less than 30% even after the third cycle. After
each experimental run, the photocatalytic activity of
the network geometry decreases due to the fact that
TiO, particles move into the solution and active sites
get blocked by some MeO intermediates.

The activities for photocatalytic hydrogen produc-
tion over different geometries of TiO, have been
investigated and the results are shown in Fig. 9. A
much higher hydrogen generation was achieved in the
range of 693 umol/h over powdery photocatalyst, as it
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Fig. 9. Effect of TiO, geometry on H, generation activity
from 50 vol.% methanol solution.

is dependent on the preparation process. As having
been stated in decolorization experiment, considering
the higher specific level of this sample than those of
network and fiber, this result was predicted. The other
two samples, their specific surface area being low,
yielded less hydrogen. Here too, just like the decol-
orization experiment, their photocatalytic activities
were not the same, but here the difference in the two
structures photocatalytic performances was subtle.

4. Conclusions

In this research, fiber and network geometry of
TiO, were obtained by precipitation on the substrate.
Their different properties were investigated by various
analyses. To determine the photocatalytic activity, dye
degradation and hydrogen generation experiments
were carried out. TiO, powder with the specific
surface area of 68.2 m?/g had the highest efficiency in
decolorizing and hydrogen generating. Network
geometry having a larger specific surface area
compared to that of fiber geometry indicated a higher
efficiency in photocatalytic performance.
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