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ABSTRACT

Hybrid TiO,-hydroxypropyl methyl cellulose (TiO,—~HPMC) nanophotocatalysts were
prepared by a simple in situ synthesis. The weight ratios of HPMC-to-TiO, were 5, 10 and
20%, respectively. The as-prepared nanocomposites were characterized by XRD, XPS, UV-
vis DRS, ATG and BET surface area analysis. Surface morphology was assessed by the
means of SEM. The photocatalytic degradation of 4-nitrophenol (4-NP) in neutral aqueous
solution under visible light irradiation was examined to evaluate the efficiency of the
hybrids in comparison to pure TiO,. The results indicated that the in situ hybridization of
TiO, with HPMC significantly increases its specific surface area and extends its light
absorption range to the visible region. Consequently, TiO,-HPMC nanocomposites were
photocatalytically much more active than pure TiO,. Moreover, the TiO,—~HPMC hybrids
were found to be sufficiently photostable after five experimental runs.

© 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The removal of commercial stains from industrial
wastewaters is a great concern topic for environment
safety. During the last years, advanced oxidation processes
(AOPs) such as UV/H;0,, ozonation, (photo)Fenton, sono-
lysis, electrochemical oxidation, and photocatalysis have
been widely and extensively explored to mitigate a great
variety of pollutants present in various environmental
media. AOPs have been considered as alternatives to
conventional water treatment technologies. Among many
AOPs, photocatalysis using light and inorganic materials
(oxides) has received huge attention as one of the most
viable environmental cleanup technologies.

* Thematic issue dedicated to Francois Garin.
* Corresponding author.
E-mail address: mohamed.faouzi.ncib@gmail.com (M.F. Nsib).

Today, nanomaterials and hybrid materials based on
organic and inorganic components represent a wide range
of innovative tools in materials science [1-8]. Generally,
inorganic components display interesting mechanical,
thermal, magnetic, electrical (and so on) properties,
whereas organic components are associated with ease of
implementation, elastic, optical, electrochemical and
biological properties. .. Thanks to the nearly infinite choice
of their formulations, the potential of hybrid materials is
immense [9,10].

Specifically, hybrid materials derived from the combi-
nation, at the nanoscale size, of a polymer with an
inorganic phase constitute a large part of the nanocompo-
site materials based on a polymer [11]. This kind of
material has a great interest, for two main reasons. On the
one hand, the combination of these two phases with
opposite properties can lead to a variety of materials with
new properties intermediate between those of polymers
and inorganic materials [12]. On the other hand, the
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diversity of production processes and synthesis routes
opens the perspective to generate an “infinity” of multi-
functional materials [13-17]. As a result, hybrid materials
open up new possibilities in various application domains
such as catalysis, coatings, membranes, optics, purification
and storage of gas, drug delivery, and information storage
[18-21].

Particularly in photocatalysis, TiO, is an excellent
photocatalyst [22,23]. However, it has two major flaws
that can be partially solved by modifying its structure.
First, this semiconductor absorbs light at wavelengths
below 390nm, making it weakly active under solar
irradiation. However, it is possible to act on this feature
by modifying the TiO, network. The second weakness of
titanium dioxide is its low specific surface area. For
example, the reference material, the P25 marketed by
Degussa, has a surface area of about 50 m? g~'. To be fully
effective, photocatalysis requires a large surface area,
synonymous with high surface contact between the
photocatalyst and the oxidized species.

Thus, various strategies have been adopted to improve
the photocatalytic efficiency of TiO,. They can be
summarized as morphological changes, such as increasing
the specific surface area and porosity, and chemical
changes by incorporating additional components in the
structure of TiO,. Although the photocatalytic activity of
TiO, under visible or solar light requires chemical
modifications, the overall performance should be greatly
enhanced by improving its morphology.

The association of TiO, with a functional polymer in a
hybrid material is expected to improve its morphology
[24]. In addition, organic molecules allow better coverage
of the solar emission spectrum, especially when the
organic and inorganic networks are interpenetrating. Thus,
the hybrid entity should benefit from the synergistic
effects of physical and chemical interactions that occur
between organic and inorganic components and may
therefore be used as a photocatalyst for efficient degrada-
tion of toxic pollutants under visible and solar lights.

Cellulose is the most abundant natural polymer in the
world. It can be regenerated or derived to produce many
useful products, because it is renewable, biodegradable,
and biocompatible [25-27]. Moreover, cellulose and its
derivatives are relatively low-cost products. Thus, taking
into account the mild conditions of the sol-gel process, the
ease of synthesis can promote continuous preparation of
hybrid nanocomposites for various industrial applications,
in particular for photocatalysis.

Although, in the last years, considerable work has been
reported on the preparation of mineral-polymer nano-
composites [28,29], the literature dealing with the
preparation of hybrid nanocomposites as photocatalysts
based on cellulose derivatives is quite scarce [30-32].

The aim of this research is the preparation and
characterization of novel organic-inorganic hybrid nano-
materials with high photocatalytic properties. These
nanomaterials are based on titanium dioxide and poly-
hydroxylated polymers such as cellulose derivatives. We
made this choice because the polyhydroxylated polymers
adsorb easily on the surface of the metal oxide layer and
then provide free hydroxyl groups on which are adsorbed

the metal alkoxides [33]. Thus, it is possible to extend the
area of the sol-gel process and to alternate the adsorption of
the polyhydroxylated organic compounds and of the metal
alkoxides. This structure is expected to increase the surface
area of the hybrids and to expand their wavelength response
to reach the visible range. As a result, TiO,—~HPMC hybrid
materials are expected to have high photocatalytic activity
compared with pure TiO, and may consequently be used as
efficient catalysts in green wastewater purification.

On the other hand, nitrophenols are the most common
organic pollutants in industrial and agricultural effluents.
Particularly, 4-nitrophenol (4-NP) has been widely used in
the production of pesticides, herbicides, dyes, drugs, and
other industrial chemicals. Thus, this compound is often
detected as a water pollutant as a result of its release in
industrial effluents. Remediation of wastewaters contain-
ing such a pollutant is very difficult, since nitrophenol
compounds are usually resistant to biological degradation.
Recently, several studies [34-36] have been published
about TiO,-based hybrid nanomaterials, especially for in
situ surface modification, which have been used for the
photodegradation of 4-NP and organic pollutants. For this
reason, 4-NP (CesHsNO3, M =139.11) was chosen to be the
probe compound to qualify the photocatalytic efficiency of
TiO,-HPMC hybrid materials. The cellulose derivative used
in this work was hydroxypropyl methylcellulose (HPMC)
(C¢H1005), of molar mass equal to 8.17 x 10* (Scheme 1).

2. Experimental
2.1. In situ synthesis of TiO,—~HPMC hybrids

The TiO,-HPMC photocatalysts were prepared by a new
method through a modified sol-gel process. In a typical
synthesis, 22.5mL of anhydrous titanium isopropoxide
Ti(‘O-Pr), were added dropwise into a solution containing
60 mL of isopropanol under vigorous stirring. The solution
was stirred for 10 min at 60 °C, before 3 mL of acetic acid as
a catalyst were added. Stirring continued under the same
conditions of temperature for 3h to form a solution
denoted A. A mixture of 8 mL of distilled water, 40 mL of
isopropanol and a volume of an aqueous solution of HPMC
was prepared as solution B. The used volume of HPMC
solution corresponds respectively to 5, 10 and 20% of
HPMC-to-TiO, weight ratios. The hydrolysis process was
initiated by adding dropwise solution B to solution A under
agitation. The resulting mixture was stirred for 3 h, a time
period long enough for gelation to be achieved, and then
aged for 24 h at 25 °C to be matured. The resultant gel was
filtered and washed with isopropanol and water and then
dried in an oven overnight at 40 °C and was finally left to
complete drying at ambient temperature for 2 weeks.
Thus, TiO,-HPMC hybrid powders were finally obtained.

OH
9
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Scheme 1. Molecular structure of HPMC.
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Pure TiO, was prepared using the same process, but
without adding any aqueous solution of HPMC.

2.2. Catalyst characterization

The X-ray diffraction (XRD) patterns obtained with a
Siemens HT/BT X-ray diffractometer using Cu Ko radiation
at a scan rate of 0.02°s~! were used to decide the
crystallite size and identity of TiO, powders. The average
crystallite size was determined according to Scherrer’s
equation: d=k-A/B-cosf, where k is the shape factor of
particles, equal to 0.89, B is the peak width at half-
maximum (in radians), A is the X-ray wavelength
(0.15418 nm), and @ is the Bragg angle.

The scanning electron micrograph (SEM) was recorded
with a Neoscope JCM-5000 (JEOL Company, Japan) electron
microscope and was used for observing the shape and
morphology of the prepared particles.

ESCALAB-210 spectrometer (VG Scientific) was used for
X-ray photoelectron spectroscopy (XPS) measurements,
the Al Ka X-ray source was operated at 300W (15KkV,
20 mA). The surface properties of the TiO,—~HPMC sample
were analyzed by recording the C 1s XPS spectra.

A UV-vis 3101 PC (UV Probe Shimadzu) was used to
record the diffuse spectra (DRS) of the samples. Reflectance
spectra were analyzed under ambient conditions in the
190-800-nm wavelength range.

The specific surface area of the catalysts was measured
by N, adsorption using the BET isotherm with a
Quantachrome autosorb-1.

TGA experiments of prepared pure TiO, and TiO;-
HPMC composites were performed with a SETERAM
thermobalance, in the 20-500 °C temperature range, under
a dynamic atmosphere of argon. The samples were put into
platinum crucibles, at a heating rate of 10 °C min~'.

2.3. Photodegradation experiments

Photocatalytic experiments were performed in an open
Pyrex glass cell using 100 mL of an aqueous solution of 4-
NP (10 ppm) as the model pollutant and 100 mg of as-
prepared photocatalysts. The suspension was magneti-
cally stirred in the dark for at least 30 min to ensure the
establishment of the adsorption/desorption equili-
brium. Then the light was turned on; this instant was
treated as the starting point (t = 0) of the reaction. A 250-
W halogen lamp with wavelength emissions (main
range at 400-800nm) was used as the visible light
source. The lamp was positioned inside the photoreactor
and its vessel was surrounded by a circulating water
jacket to cool the reaction solution. At a defined time
interval, samples of 1 mL were withdrawn from the
suspension every sampling time during the irradiation.
The photocatalysts were separated from the solution by
centrifugation and the quantitative determination of 4-
NP was performed by measuring its absorption at
401 nm (at pH 9) with a UV-vis spectrophotometer. A
calibration curve was used to deduce the concentration
of 4-NP. Total organic carbon (TOC) was determined by
using a TOC-Ve Analyzer (Shimadzu) to follow the
mineralization of 4-NP.
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Fig. 1. Powder X-ray diffraction pattern of (a) HPMC, (b) TiO,—HPMC 5%,
and (c) TiO,-HPMC 20%.

3. Results and discussions
3.1. XRD analysis of TiO,—HPMC composite particles

As it is evident from Fig. 1, the wide-angle XRD patterns
for the nanocomposite samples are dominated by the
characteristic peaks of the anatase phase of TiO, and the
HPMC. TiO, diffraction peaks at 260=25.7°, 37.9°, 47.8°,
55.1° and 64.2° match exactly (101),(004), (200), (105) and
(204) reflections of the pure anatase phase, as reported in
the literature [37], and no additional reflections belonging
to other phases, such as rutile or brookite, are observed.
These observations indicate that there is virtually no phase
change in the TiO, structure after the process of in situ
hybridization with HPMC. The crystalline structure of
HPMC is characterized by both main peaks at positions
20=25.5° and 30.7°. The first one is not found in the XRD
pattern of the hybrid samples because it is overlapped with
that of TiO, anatase peak at 25.7°, whereas the second one
is clearly found. The relatively high width of the reflections
associated with the TiO, phase suggests that the size of the
particles is quite small. The average grain sizes are
calculated using Scherrer’s equation based on the full
width at half-maximum of the (101) peak of the
compounds. It is observed that the in situ hybridization
of TiO, with HPMC reduced the grain size and enlarged the
surface areas of nanoparticles. In fact, the particle sizes of
pure TiO,, TiO,-HPMC 5%, and TiO,-HPMC 20% are found
to be 7.3 nm, 4.9 nm, and 5.3 nm, respectively. The smaller
crystallite size indicates that the preparation method of
the TiO,-HPMC nanocomposite used in the present work
under mild conditions may effectively prompt the crystal-
lization and inhibit grain growth.

3.2. SEM characterization

In order to understand the surface morphology of the
TiO,-HPMC nanocomposite, surface SEM images were
taken for HPMC, TiO,, and TiO,—~HPMC nanocomposite
(Fig. 2). Fig. 2a shows the HPMC cellulose SEM surface
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Fig. 2. SEM micrographs of (a) HPMC, (b) pure TiO,, and (c) TiO,—HPMC 5%.

image, which represents a smooth surface. The high-
magnification SEM image shown in Fig. 2b reveals that
pure TiO, particles are spherical, smooth, and separated
from each other, but some aggregates of few particles are
also shown. Fig. 2c shows a SEM image of the TiO,-HPMC
nanocomposite’s surface, where it is observed that the
surface is rough and has a spongy form; it looks as if small
nucleuses had grown unevenly around TiO, particles. The
particles do not have a well-defined morphology and the
size is completely random. It is possible to observe that, in
this case, small particles aggregate in large agglomerates.
Fig. 2c also shows that the TiO, particles are densely
distributed not only on the surface, but also in the cellulose
matrix.

Based on SEM images, it is possible to conclude that the
in situ hybridization of TiO, with HPMC has an influence on
the surface morphology and nanocrystallites arrange-
ments in the final aggregates.

3.3. BET characterization

In general, the surface area of the catalyst is the most
important factor influencing catalytic activity. For an
application to photodegradation, the materials are to be
porous to permit adsorption of the pollutant to be
degraded and not only help surface reactivity. The surface
area of nanoparticles was determined using the nitrogen
gas adsorption method. The nitrogen adsorption-deso-
rption technique provides information on the porosity of
the prepared materials: specific surface area (Sggr), pore
volume (P,) and mean pore size (@). Fig. 3 exhibits the N,
isotherms of TiO,-HPMC composites, which provide
information about the structural properties and pore
geometries of the materials prepared at various composi-
tions of HPMC.

From Fig. 3, we find out that the adsorption isotherms
are characterized by a gradual increase in the adsorbed
amount when the relative pressure values (P/Py) are below
0.6. For relatively higher pressures, the isotherms are
characterized by saturation levels that are characteristic of
mesoporous adsorbents in which there is a capillary
condensation. The desorption process is not reversible in
this case and is characterized by a hysteresis of desorption
with respect to adsorption. Thus, the adsorption curves
follow types IV and V according to the IUPAC classification
related to mesopore size (20-500 A). The hystereses are of

type H2, characterizing intercommunicating mesopores.
Moreover, adsorption and desorption branches did not
close and such irreversibility is observed at the lowest
equilibrium pressures. It was proved that unusual adsorp-
tion/desorption patterns arise from an inherent structural
flexibility of such adsorbents [38]. This behaviour may also
be explained as a result of the combination of thermo-
dynamic and network effects arising from non-coinciden-
tal capillary evaporation and condensation within
interconnecting pores of various sizes [39].

The textural properties of surface area, pore volume,
and average mesopore diameter obtained from N,
adsorption—-desorption analysis are summarized in Table
1. It is obvious from the table that all the prepared hybrid
samples have a very high surface area compared with that
of pure TiO,. It is the proof that the hybridization of TiO,
with HPMC could increase significantly its surface area, but
this increase is more important for the synthesized hybrid
of the low-weight fraction of the organic part. And then,
the surface area of TiO,-HPMC 5% catalyst increases
notably until 222 m? g~'. The HPMC could inhibit particle
growth during drying because of mixed bond Ti-O-C,
which could inhibit the interaction among Ti particles.

Beside the influence of the surface area of the catalyst,
BET characterization shows that the hybridization of TiO,
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Fig. 3. (Color online). Nitrogen isotherms of TiO,—~HPMC x% hybrids, (a)
x=5,(b)x=10, (c) x=20, and (d) x=0.
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Table 1

N, adsorption-desorption data obtained from pure TiO, and TiO,~HPMC hybrids. Sget, Smicro» Smeso» Pv» @meso are BET surface area, surface of micropores,
surface of mesopores, pore volume and mean mesoporous diameter, respectively.

Material SBET (mz gil) Smicro (m2 gil) Smicm (%) Smeso (mz gil) Smeso (%) Pv (cm3 gil) @meso (A)
Pure TiO, 53 40 75.5 13 24.5 0.08 215
TiO,-HPMC 5% 222 145 65.3 77 34.7 0.32 143.3
TiO,-HPMC 10% 179 111 62 68 38 0.22 108.4
TiO,-HPMC 20% 188 102 54.3 86 45.7 0.21 83.2

with HPMC increases significantly the pore volume of
catalyst. Particularly, it reaches 0.32cm>g~! for TiO,-
HPMC 5%, which is four times larger than that of pure TiO».
Moreover, the proportion of mesoporous surface (Speso) is
found to increase with respect to the fraction of HPMC in
the hybrid material. As a result, the mean size of the
mesopores decreases from 215 A for pure TiO, to attain
83.2 A for TiO,-HPMC 20%.

3.4. XPS analysis

This technique can be used to identify the nature of the
transition metal species [40,41], which is important to
understand the photocatalytic activity. Fig. 4 shows the
typical high resolution of the Cls XPS spectra of as-
synthesized TiO,-HPMC 5% nanocomposite. The broader
Cls peak region at 282-290 eV could be fitted to three line
shapes with binding energies at 284.5, 286, and 288 eV.
These different binding-energy peaks can be assigned to C-
0O, C=0, and O-C=0, respectively [42,43]. The binding
energy at 284.5 eV may be assigned to disordered carbon in
the hybrids [44], whereas the binding energies at 286 and
288 eV indicate the formation of carbonated species and a
substitution of lattice titanium ions to form Ti-O-C
bonding [39]. Under in situ hydrolysis and condensation
reactions of the sol-gel process in the presence of HPMC
molecular chains, Ti-O-C bonds can be formed through a
dehydration reaction between the Ti-OH groups and the
C-OH groups in HPMC molecular chains. Besides, it is well
known that there are always some active OH groups
located on the surface of nano TiO,. Under drying

Intensity (a.u.)

b\

: : . . . ; . ; .
282 284 286 288 290 292
Binding energy (eV)

Fig. 4. C 1s XPS spectra of TiO,~HPMC hybrid: (a) C-0, (b) C=0, (c) O-
C=0.

conditions, these OH groups on TiO, surfaces can form
Ti-0-C bonds with the C-OH groups in HPMC molecular
chains. These Ti-O-C bonds are covalent bonds. Thus, the
analysis of the C1s XPS spectra confirmed the formation of
TiO,-HPMC as an organic-inorganic hybrid nanocompo-
site.

3.5. UV-vis diffuse reflectance spectra (DRS)

UV-vis diffuse reflectance spectroscopy, which is
generally used to detect the presence of framework- and
non-framework-incorporated transition metal species in
structures and to distinguish the coordination states of the
metal ions [45,46], was used in this case to provide some
insight into the interactions of the photocatalyst materials
with photon energies.

Fig. 5 illustrated the UV-vis diffuse reflectance full
spectra of bare TiO, and TiO,-HPMC composite photo-
catalysts with different HPMC content. It is obvious that the
bare TiO, absorbs light with wavelengths below 380 nm
only. The spectrum of TiO, consists of a single absorption
usually ascribed to charge transfer from the valence band
(mainly formed by 2p orbitals of the oxide anions) to the
conduction band (mainly formed by the 3d,¢ orbitals of the
Ti** cations) [47]. After being sensitized by HPMC, the TiO,-
HPMC composite photocatalysts not only can strongly
absorb the UV light, but also can absorb visible light. We
observed a noticeable shift of the optical absorption edge for
the TiO,-HPMC systems towards the visible regions. Surely,
this shift towards the longer wavelengths originates from
the band gap narrowing of titanium dioxide by HPMC

0.8

0.7 4

Pure TiO,
—--—-TiO2-HPMC 5%
TiO2-HPMC 10%
— — = TiO2-HPMC 20%

0.0

. . . T . . : I ; I ;
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Fig. 5. (Color online). Diffuse reflectance spectra of prepared pure TiO,
and TiO,-HPMC hybrids.
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Table 2
Band gap energies and absorption edges of prepared pure TiO, and TiO,-
HPMC hybrids calculated from the DRS spectra.

Samples Band gap Absorption
energy (eV) edge (nm)
Pure TiO, 3.115 398
TiO,-HPMC 5% 2.397 517
TiO,-HPMC 10% 2.405 515
TiO,—HPMC 20% 2.507 494

hybridization. This could be assigned to TiO, containing
localized oxygen vacancy located below the conduction
band of TiO- [48,49], which therefore reduced the band gap.
The band gap energy of the photocatalysts samples was
determined from the equation, E; (eV)=1239.8/A [50],
where A is the wavelength (nm) of the exciting light at the
edge of absorption (Table 2). Also, it can be observed that the
absorption intensity does not depend greatly on the HPMC-
to-TiO, mass ratio. The best photocatalytic activity can be
attained by the TiO,-HPMC 5% sample. The above results
indicate that HPMC is capable of sensitizing TiO, efficiently
and the resulting composite photocatalysts can be excited
by absorbing both UV and visible light to produce more
electron-hole pairs and give a maximum visible light
harvesting, which in turn could result in higher photo-
catalytic activities; therefore, it could be a promising
photocatalytic material for efficient use of light, especially
sunlight.

3.6. Thermal stability

To investigate the thermogravimetric behavior of the
TiO,-HPMC 5% hybrid nanocomposite, TGA curves were
recorded as shown in Fig. 6. Those of HPMC and of prepared
pure TiO, are also presented for comparison. The small
mass loss observed at 50-120 °C is related to the release of
moisture from the samples. The thermal decomposition
temperature of the HPMC was found to be 345 °C (Fig. 6a).
The mass loss observed above 120°C for pure titania
(Fig. 6b) may be ascribed to the removal of residual
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Fig. 6. (Color online). TGA curves: (a) HPMC, (b) prepared TiO,, and (c)
TiO,-HPMC 5%.

organics and water. For the TiO,-HPMC 5% nanocomposite
(Fig. 6¢), the combustion temperature drop between room
temperature and 100°C was attributable to the water
vapor. The final mass percent of the TiO,—HPMC 5% sample
was 84.05%. This result indicates that the TGA mass loss
corresponding to HPMC was 3.9%. It is slightly lower than
the initial amount of HPMC incorporated during the
preparation process.

3.7. Photocatalytic activity

The photocatalytic activity of the TiO,—~HPMC hybrids
was estimated using the reaction of photodegradation of
the 4-NP solution (10 ppm) under visible light. The 4-NP is
a very difficult degradable and highly toxic organic
pollutant. The TiO,—~HPMC composite could photodegrade
the 4-NP under visible light irradiation. The results show
that the in situ hybridization of TiO, with HPMC
dramatically increase its photocatalytic activity. In order
to monitor the gradual disappearance of 4-NP, a series of
UV-vis spectra are recorded with increasing the illumina-
tion time. Typical spectra of 4-NP solutions irradiated in
the presence of TiO,-HPMC 5% are shown in Fig. 7. Since
spectra are recorded at pH =9, the characteristic absorp-
tion of 4-NP appears at 401 nm, indicating the formation of
phenolate ions. Fig. 7 shows that this characteristic
disappears gradually and becomes weak after 180 min of
visible light illumination. In addition, no other peak
corresponding to possible intermediates is detected,
perhaps due to the latter’s low concentrations.

Compared with pure TiO,, the TiO,-HPMC catalysts
exhibit a significant increase in 4-NP photodegradation
efficiency, as shown in Fig. 8. Thereby, maximal photo-
degradation efficiencies of 85, 70, and 75% are achieved
after 180 min of visible light irradiation in the presence of
TiO,-HPMC 5%, TiO,—-HPMC 10%, and TiO,-HPMC 20%,
respectively, whereas, only 37% of the initial concentration
of 4-NP are photodegraded in the presence of pure TiO,.
Thus, the degradation efficiency of TiO, is improved almost
2 times after in situ hybridization with HPMC. Besides, the
mineralization degree of 4-NP is checked by measuring the
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Fig. 7. (Color online). UV-vis absorption spectra of 4-NP at different
intervals (Cp =10 ppm, catalyst: TiO,—~HPMC 5%).
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Fig. 8. (Color online). Photodegradation curves of 4-NP under visible
irradiation 180 min, (a) photolysis (blank test), (b) pure TiO,, (¢) TiO>-
HPMC10%, (d) TiO,-HPMC 20% and (e) TiO,-HPMC 5%.

reduction in the TOC during the photodegradation process.
It was found that the TOC removal of 4-NP after 180 min
reached 72, 59, 61, and 22% in the presence of TiO,—~HPMC
5%, TiO,-HPMC 10%, TiO,-HPMC 20% and pure TiO,,
respectively. Three factors can be considered to explain the
difference in activity between pure TiO, and TiO,-HPMC
hybrids:

e the enhancement of surface coverage of 4-NP on the
photocatalyst;

e an acceleration of the migration rate of 4-NP to the
surface of the photocatalyst;

e an expansion of the wavelength response range.

The surface coverage of organic pollutants on the
catalysts is the key factor that dominates the photocata-
lytic efficiency of heterogeneous photocatalysis [51]. The
surface coverage of 4-NP on the photocatalysts at fixed pH
is mainly related to their specific surface areas. TiO,—HPMC
hybrids have high specific surface areas, which are around
200m?g ! against only 53m?g ! for pure TiO,. These
materials are mesoporous, and consequently they are
expected to adsorb larger amounts of 4-NP than pure TiO,.
This is confirmed by measuring the adsorbed amount of 4-
NP on the hybrid TiO,—~HPMC 5% on and pure TiO, surfaces
after 60 min under dark. As shown in Fig. 9, the adsorption
efficiency of 4-NP by TiO, is enhanced from 34% to 72%
through hybridization with HPMC 5%, which means that
the surface coverage of 4-NP on TiO, is enhanced more
than two times, mainly by the OH group interaction that
increases with the surface area. Then, TiO,—-HPMC hybrids
are used as adsorbents and photocatalysts in this photo-
chemical reaction system. Moreover, in situ prepared
hybrids are composed of crystallites with an average size of
about 5nm, smaller than that of pure TiO,. A small
crystallite size gives rise to a large number of particles,
which act as OH generators. The OH radicals are mainly
formed after reaction of the photogenerated holes (h*)
with the H,0 and -OH groups adsorbed at the TiO, surface
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Fig. 9. (Color online). Adsorption curves of 4-NP on pure TiO, and TiO»—
HPMC 5%.

[52]. Besides, the in situ synthesis method is expected to
provide organic-inorganic interpenetrating networks;
thus, the -OH groups of the HPMC partner could also
contribute to the formation of OH radicals. Accordingly, the
number of OH radicals produced by the photoactivated
TiO,-HPMC hybrids is more important and for that reason,
their photocatalytic activity is higher compared with that
of pure TiO,. Likewise, 4-NP molecules adsorb on the active
sites (h*) to form CgH4NO; radicals. Thus, the OH radicals,
which are strong oxidizers, react with the adsorbed
CsH4NO3 radicals to form lower molecular weight degra-
dation products [52].

On the other hand, the migration rate of 4-NP to the
surface of the photocatalyst is strongly dependent on the
4-NP/photocatalyst interaction. This interaction is mainly
governed by the pH of the solution. Many properties
related to the photodegradation process such as the
photocatalyst’s surface charge state and the dissociation
of the pollutant are dominated by the pH of the solution. In
neutral media, TiO- is the predominant group on TiO,-
HPMC hybrid particles and 4-NP is present in the
molecular form (pKj, = 8.3). This is because the interaction
and affinity between photocatalyst particles and 4-NP are
mainly governed by hydrogen bonding simply. Since the
number of hydroxyl groups enabling the formation of
hydrogen bonds in the photocatalyst/4-NP interface is
higher in the TiO,-HPMC hybrid particles compared with
pure TiO,, thus, an increase of the adsorbed amount and an
enhancement of the photodegradation rate are expected to
occur with hybrid materials.

Furthermore, the UV-vis diffuse reflection spectra
(DRS) showed that TiO,—~HPMC hybrids prepared in situ
absorb visible light in the range from 400 to 600 nm, unlike
pure TiO,. Accordingly, because most of the light is not in
the UV range, the photodegradation efficiency of pure TiO,
is relatively low. This is another parameter favoring the
photodegradation efficiency of TiO,—HPMC hybrids.

On the other hand, the number of hydroxyl groups does
not explain alone the difference in the photodegradation
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efficiency between the hybrid photocatalysts when the
HPMC weight ratio varies. Thus, the specific surface area,
the pore volume, the pore size and the visible light
absorption should be considered to explain the higher
photocatalytic efficiency observed with TiO,-~HPMC 5%.

3.7.1. Effect of the initial concentration of 4-NP

The photodegradation efficiency of 4-NP at different
initial concentrations (5, 10, 15 and 20 ppm) by TiO,-
HPMC 5% hybrid material after 180 min of visible
irradiation is shown in Fig. 10. Although the fraction of
the unreacted 4-NP (i.e., C/Cp) increases with increasing Co
using 1 gL~! of TiO,—HPMC 5%, the absolute amount of 4-
NP degraded (i.e., Co—C) actually increases (Table 3). The
photodegradation reaction may be controlled by the
number of surface sites on TiO,—~HPMC 5% particles.

Evidently, the amounts of 4-NP degraded under visible
light by TiO,-HPMC 5% increase with increasing initial
concentrations; nevertheless their photodegradation rates
decrease with initial concentrations. The present results,
which are consistent with previous trends [53,54], indicate
that the photocatalytic degradation process is rather
promising at lower reactant concentrations.

In order to further investigate the kinetics of the
photocatalytic degradation of 4-NP in the presence of
TiO,-HPMC 5% composite irradiated by visible light, the
rate constant (k) of the degradation reaction has been
studied in relation to the initial concentration of 4-NP
solution (Cp). Table 3 reports the values of k resulting from
the plot of In(Co/C) versus time for the photocatalytic
degradation of 4-NP, which decreases as the initial reactant
concentration increases. This can be ascribed to the
decrease in the number of active sites on the catalyst’s
surface due to the covering of the surface with 4-NP
molecules, which is directly proportional to the initial
concentration of 4-NP. The experimental data have been
rationalized in terms of the modified form of the
Langmuir-Hinshelwood (L-H) kinetic model to describe
the solid-liquid reaction successfully. The effect of initial

100 4
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Fig. 10. Effect of the initial 4-NP concentration on its photodegradation

efficiency after 180 min of visible irradiation in the presence of TiO,-
HPMC 5%.

Table 3
The absolute amount of 4-NP degraded according to the initial
concentration Cy and the corresponding rate constant k.

Co (ppm) Co-C (ppm) k (min~ 1)
5 49 0.09
10 8.5 0.06
15 12 0.04
20 156 0.03

concentration of organic substrate on the initial degrada-
tion rate (r) is given by the following equations:

1 =Kun ke [C] (1 +Kip [Co)) ' =k([C]

1/k= 1/Kiy ke + [Co]/k

where Kiy and k. are the L-H adsorption equilibrium
constant and rate constant of the surface reaction,
respectively. At concentrations up to 20mgL~!, the
applicability of the L-H equation for the photocatalytic
degradation of 4-NP has been confirmed by the linear plot
obtained by plotting the reciprocal of the rate constant
(1/k) against the initial concentration ([C]o) (not shown
here). The values of Kiy and k. are found to be 0.526
(mg~'L) and 0.685 mgL~! min~!, respectively.

3.7.2. Effect of the preparation method

The preparation method of the TiO,-~HPMC hybrids can
have a great effect on their photocatalytic activities. To
evaluate this cause, the TiO,-HPMC 5% hybrid was also
prepared by the impregnation method, where a desired
amount of prepared pure TiO, was dispersed for 30 min in
an aqueous solution of HPMC and then filtered and dried.
The subsequent analyses show that the TiO,-HPMC 5%
synthesized by the impregnation method has a specific
surface area of 97 m? g~! and a band gap of 2.9 eV. These
characteristics are different from those obtained for the
same nanocomposite prepared by the in situ pathway. As a
result, TiO,—~HPMC 5% synthesized by the impregnation
method has a capacity of pollutant adsorption and ability
of visible light absorption weaker than that of TiO,~HPMC
5% prepared by the in situ method. In addition, if a hybrid
nanocomposite is prepared by a mechanical mixing of TiO,
powders and cellulose solution, it is expected to obtain
oxide nanoparticles poorly retained by cellulose [55]. On
the other hand, the hybrid synthesized by the in situ
pathway would benefit from the synergistic effect of the
physical and chemical interactions between the organic
and inorganic components and therefore could be used as
an efficient photocatalyst [30]. Thus, the difference
between both samples in the photodegradation efficiency
of 4-NP after 180 min of visible light irradiation (Fig. 11)
could be explained accordingly.

3.7.3. Photostability of the TiO,—~HPMC

To evaluate the photocatalytic stability of the hybrid
photocatalyst, TiO,-HPMC 5% was used in several photo-
catalytic runs, and each run lasted 180 min. After the first
run, the photocatalyst was separated and used immedi-
ately for further runs without any treatment. The results
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Fig. 11. Effect of the preparation method of TiO,-HPMC 5% on the

photodegradation efficiency of 4-NP after 180 min of visible irradiation
(Co=10 ppm).
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Fig. 12. Effect of number of runs on 4-NP degradation over TiO,-HPMC
5% hybrid photocatalyst after 180 min (Co =10 ppm).

displayed in Fig. 12 show that the hybrid photocatalyst is
reusable and that it can also maintain high activity after
several experimental runs. Only a gradual loss of photo-
catalytic activity can be observed after each run, and 77% of
4-NP degradation is still achieved after five runs. The
decrease of photocatalytic activity after each run is
possibly due to slight aggregation of nanoparticles and
the gradual photocatalytic degradation of HPMC during
the photocatalytic process. Hence, it is suggested that the
in situ synthesis of TiO,~HPMC hybrid materials endowed
the TiO, nanoparticles with good stability against photo-
corrosion [56] compared with pure TiO,.

4. Conclusion

TiO,-HPMC hybrid photocatalysts were prepared by a
simple in situ solution method. As the organic partner,
HPMC can increase the surface area and extend the
photoresponse of TiO, to the visible region. This leads to

the improvement of the photocatalytic efficiency of TiO,
nanoparticles under visible light. The degradation of 4-NP
in an aqueous solution under visible light was carried out
to evaluate the photocatalytic activity of the resulting
composite photocatalysts. TiO,—~HPMC composite photo-
catalysts with certain HPMC-to-TiO, weight ratios (5, 10
and 20%) show higher photocatalytic activity than pure
TiO, under visible light; TiO,—~HPMC 5% achieved the best
performance. This can be attributed to the enhancement of
surface coverage of 4-NP on the photocatalyst, accelerating
the migration rate of 4-NP toward the surface of the
photocatalyst, and expanding the wavelength response
range. Also, the composite photocatalysts have good
photocatalytic stability and can be reused five times with
only gradual loss of activity.
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