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Abstract—Our purpose was to synthesize, characterize and test photodegradation of methyl orange on two catalysts
containing 10 wt% titanium supported on mesoporous MCM-41 synthesized with rice husk silica. The first catalyst
was Ti-RH-MCM-41 prepared by adding tetrabutyl orthotitanate (TBOT) in a synthetic gel of RH-MCM-41, and the
second catalyst was TiO,/RH-MCM-41 prepared by grafting TBOT on the preformed RH-MCM-41. The mesopo-
rous structures were observed on both catalysts and they had surface area of 1,073 and 1,006 m*g. The Ti in Ti-RH-
MCM-41 was in the form of Ti(IV) with tetrahedral geometry residing in the mesoporous structure. This form was
less active for photodegradation of methyl orange than the other one. The Ti in TiO,/RH-MCM-41 was anatase titania
with octahedral geometry located outside the mesoporous framework. This form was more an active phase for the pho-
todegradation and the reaction parameters on this catalyst were further investigated. The optimum catalyst weight to
methyl orange volume ratio was 5 g/L and the optimum initial concentration of the dye was 2.0 ppm. The degradation
rate obeyed pseudo-first order and the adsorption of methyl orange on TiO/RH-MCM-41 obeyed Langmuir isotherm.
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INTRODUCTION

Dye stuff is routinely applied in various products and it can be
hazardous to human health and environment because about 15%
of the dye is lost during the production and application processes
[1]. The release of dye effluent causes water contamination, which
leads to pollution or dangerous by-products [2]. One process that
can effectively remove hazardous dyestuffs is advanced oxidation
processes (AOPs), which can generate active species including “OH,
0, and "O,H to oxidize organic compound under UV light [3,4].
Titania or TiO, is a useful photocatalyst for AOPs because it is stable,
active and inexpensive. Absorption of UV-vis energy on TiO, can
excite electrons to conduction band (e,;) and resulting positive holes
in valence band (h};). The €; reduces O, or electron acceptor and
h};; oxidizes titanol groups (Ti-OH) or donator to generate hydroxyl
radical ‘OH). Finally, the *OH can oxidize total organic compounds
(TOC) to from TOC in oxidized species, H,O and CO, [4].

Studies on photodegradation of azo dye on bare TiO, containing
various functionalities in aqueous solution under UV irradiation
have been reported [4]. The intermediates including oxygenates and
acid compounds were monitored and they could be consecutively
mineralized to downstream products. Nam and Han prepared nano-
sized TiO, photocatalysts by solvothermal and hydrothermal meth-
ods and found that anatase was an active phase for photooxidation
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of methyl orange [5,6].

Problems that can decrease the photoactivity of TiO, are electron-
hole recombination and particle aggregation, which can be over-
come by dispersing TiO, on materials with high surface area. Bhatta-
charyya et al. [7] studied photodegradation of acid orange II on bare
and supported TiO, on MCM-41, montmorillonite and zeolite beta
under UV light. The catalysts were prepared by a sol-gel method
or impregnation on various supports with the loading of 10-80 wt%
of TiO,. The photocatalytic efficiencies on supported catalysts were
greater than that on bare TiO,. Li et al. [8] used similar catalysts to
study the pH dependence and found that the maximum photodeg-
radation rate was achieved at the pH range of 4-5 for supported cat-
alysts and was 2.5 times higher than the rate on unsupported TiO,
(Degussa p25). The supported TiO, gave a higher degradation rate
and needed a shorter reaction time because the active sites were
increased by the dispersion. The improvement was reasoned to be
by a better adsorption of acid II molecule on supported mesoporous
MCM-41 that possesses a high surface area and narrow pore size
distribution, providing accessibility for bulky molecules. Hydroxyl
radicals on MCM-41 were believed to protect electron-hole recom-
bination by trapping the generated holes that could react with the
*OH on catalyst surface [9]. In addition, it was reported that the addi-
tion of H,O, with concentration of 0.01 M improved the photodeg-
radation rate because it prevented electron-hole recombination by
reacting with electron to produce hydroxyl radicals [8].

Previously, we reported the utilization of rice husk silica (RHS)
in the syntheses of porous materials including MCM-41, zeolite X, Y
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and Beta [10-13]. This work expanded the use of MCM-41 synthe-
sized from RHS for photocatalytic application by adding titanium.
The catalysts were prepared by two different methods. The first,
noted as Ti-RH-MCM-41, was prepared by adding tetrabutyl orthoti-
tanate (TBOT) in a synthetic gel of RH-MCM-41 to get Ti into the
structural framework. The second catalyst, TIO,/RH-MCM-41, was
prepared by grafting TBOT on preformed RH-MCM-41 which con-
tained Ti in extraframework. The physicochemical characteristics
and performances on photodegradation of methyl orange of both
catalysts were compared. Thus, in this study we aimed to compare
the catalytic performance of TiO,/RH-MCM-41 and Ti-RH-MCM-
41 in the presence of 0.01 M H,O, as electron acceptor. The reac-
tion parameters were also studied.

EXPERIMENTAL

1. Chemicals and Materials

Chemical for silica extraction from rice husk was hydrochloric
acid (37% HCI, Carlo Erba). Chemicals for the syntheses of RH-
MCM+41 and Ti-RH-MCM-41 were tetrabutylorthotitanate (TBOT,
99% C,¢H,,0,Ti, Acros), cetyltrimethylammonium bromide or CTAB
(96% C,,H,,NBr, Fluka), rice husk silica (SiO, with 98% purity [10,
12], sodium hydroxide (97% NaOH, Carlo Erba) and sulfuric acid
(96% H,SO,, Carlo Erba). Chemicals for the preparation of TiO,/
RH-MCM-41 and photocatalytic degradation were RH-MCM-41,
TBOT, nitric acid (65% HNO;, Carlo Erba), NaOH and methyl orange
(Riedel-de Haen).
2. Preparation of RHS

Rice husk was obtained from local rice milling and silica prepa-
ration was via acid-leaching method similar to our previous works
[11,12]. The rice husk was thoroughly washed with water, dried at
100 °C overnight, refluxed with 3 M HCI for 6 h, filtered and washed
several times with water until the filtrate was neutral and dried at
60 °C overnight. The obtained black solid product was pyrolyzed
in a muffle furnace at 550 °C for 6 h to remove the organic con-
tents to produce RHS.
3. Synthesis of RH-MCM-41

RH-MCM+41 synthesis was modified from a procedure described
in the literature [10,14] by using RHS and hydrothermal method
with a gel molar ratio of 1.0SiO,: 0.25CTABr: 180H,0. First, CTAB
(1.45 g) was dissolved in deionized water (30.00 mL), stirred for
4 to obtain a clear solution, denoted as solution A. Solution B was
simultaneously prepared by dissolving rice husk silica (1.00 g) and
NaOH (2.00 g) deionized water (15 mL) with a constant stirring
for 4 h to obtain a clear solution. Then solution A was poured into
a 100-mL teflon container and solution B was gradually added drop-
wise within 20 min. The mixture pH was adjusted to 11.5 by slowly
dropping 5 N H,SO, until small agglomerated particles started to
form. The gel mixture was then transferred into a teflon-lined auto-
clave and crystallized at 100 °C for 72 h. The product mixture was
filtered, dried at 100 °C, ground and calcined at 540 °C to remove
the template. The products denoted as RH-MCM-41 were charac-
terized by X-ray diffraction (XRD) and nitrogen adsorption-des-
orption analysis.
4. Synthesis of Ti-RH-MCM-41

The Ti-RH-MCM-41 with 10 wt% of titania was synthesized from
CTAB, TBOT and RHS dissolved in 3.33 M NaOH solution with

a gel molar ratio of 1.0SiO, : 0.05TBOT : 3.0NaOH : 0.25CTAB :
180H,0[10,14]. The pH was adjusted to 11.5 and the mixture was
crystallized at 100 °C for 72 h in a teflon-lined autoclave. Then the
as-prepared Ti-RH-MCM-41 was filtered, dried by deionized water
several times, aged overnight and calcined at 540 °C for 6 h. The
obtained white powder of Ti-RH-MCM-41 was characterized by
XRD, nitrogen adsorption-desorption analysis and X-ray absorp-
tion spectroscopy (XAS).

5. Preparation of TiO,/RH-MCM-41

The preparation of TiO, sol was by an acid catalyzed sol-gel for-
mation method modified from the literature [7]. First, an appropri-
ate amount of TBOT to produce 10 wt% titania was added gradu-
ally to an aqueous solution of 1 M HNO; acid (40 mL) under con-
tinuous stirring for 1.5-2 h to produce a transparent sol. Subsequently,
the mixture was diluted with deionized water and the pH was ad-
justed to 3 with 1 M NaOH to give a turbid colloid. The required
amount of RH-MCM-41 to produce 10%TiO,/RH-MCM-41 was
added to the turbid colloid suspension. The resulting mixed sus-
pension was agitated by a magnetic stirrer for another 2 h at room
temperature, separated by centrifugations and washed several times
with deionized water until the pH of the filtrate was about 6. The
resulting TiO,/RH-MCM-41 was dried overnight in an oven and
calcined in furnace at 300 °C for 1 h.

6. Catalysts Characterization

The crystalline phase of RH-MCM-41, TiO,/RH-MCM-41 and
Ti-RH-MCM-41 were analyzed by using powder XRD (Bruker
axs D5005 diffractometer) with Cu K, radiation.

X-ray absorption spectra of Ti-RH-MCM-41 and references com-
pounds were measured in the energy region of the titanium K-edge
(4,966 €V) in transmission mode at the beamline BL-8 of Syn-
chrotron Light Research Institute (Public Organization). The X-rays
were emitted from an electron storage ring operating at 1.2 GeV and
diffracted with a Si(111) two-crystal monochromator. X-ray absorp-
tion near edge structure (XANES) spectra were normalized with the
Athena program, the edge shifts were corrected to standard refer-
ence compounds to determine characteristics of the sample.

Nitrogen adsorption-desorption isotherms were measured at lig-
uid nitrogen temperature from a relative pressure of 0.01 to 0.99
on a Micromeritics ASAP 2010. Before the measurement, each
sample was degassed at 250 °C for 3 h. The surface areas were
obtained from the adsorption data in the relative pressure range of
0.02-0.2 by BET method. The pore size and pore volumes were
calculated from the desorption branches of the isotherm by BJH
method.

7. Catalytic Testing for Photocatalytic Degradation of Methyl
Orange

The tests were conducted in a photochemical reactor at room tem-
perature. First the performances of Ti-RH-MCM-41 and TiO,/RH-
MCM-41 were compared with a ratio between the catalyst weight
and methyl orange volume of 2.5 g/L. and initial methyl orange con-
centration of 2 ppm. A solution of H,0, (30% w/v) was added to
the mixture to produce 0.01 M H,0, in the solution and stirred in a
dark chamber for 30 min prior to illumination with a UV lamp (10
W). To investigate the changes of reaction, samplings were done
at 0, 5, 10, 15, 20 and 30 min. The decrease of methyl orange con-
centration in the solution was determined by a UV-VIS (Shimadzu,
UV 1201) spectrometer. The catalyst with a better performance was
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tested for the effect of catalyst weight to methyl orange solution
including 1.0, 2.5, 5.0 and 7.5 g/L when the concentration of methyl
orange was fixed at 2.0 ppm in all mixtures. The catalyst with opti-
mum ratio was tested further with various methyl orange concen-
trations, including 2.0, 4.0, 6.0 and 8.0 ppm.
8. Adsorption of Methyl Orange on TiO,/RH-MCM-41

To study the adsorption of methyl orange on TiO,/RH-MCM-41,
various methyl orange concentrations, 2.0, 4.0, 6.0 and 8.0 ppm,
were prepared and mixed with TiO,/RH-MCM-41 in an erlenm-
eyer flask to give catalyst weight to methyl orange volume ratio of
5.0 g/L.. The mixture was stirred vigorously in the dark for 30 min to
establish equilibrium adsorption. Then, the liquid product was sam-
pled to analyze by the UV-Vis spectrometer. The decreases of methyl
orange concentrations were plotted versus absorbance to reveal ad-
sorption isotherm of methyl orange on the solid catalyst.

RESULTS AND DISCUSSION

1. Catalyst Characterization
The purity of rice husk silica (RH-SiO,) analyzed by X-ray fluo-
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Fig. 1. (a) Low angle XRD patterns of Ti-RH-MCM-41 and TiO,/
RH-MCM+41 and (b) high angle XRD pattern of TiO,/RH-
MCM-41.
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rescence was 98% with traces of alumina, potassium oxide and cal-
cium oxide [11,12].

XRD patterns of TiO,/RH-MCM-41 and Ti-RH-MCM-41 are
shown in Fig. 1(a). Although they were prepared differently, they
gave similar XRD patterns with four characteristic peaks of (100),
(110), (200) and (211) planes that confirmed an ordered structure
as in the parent MCM-41 [15]. Thus, incorporating Ti into the struc-
ture of RH-MCM-41 by adding TBOT into the synthetic gel and
grafting TBOT on the preformed RH-MCM-41 did not cause much
change in the MCM-41 structure.

In the calcined Ti-RH-MCM-41, characteristic peaks of either
rutile or anatase phase of TiO, were not observed by XRD. The na-
ture of Ti in this sample was investigated further by XANES. In
contrast, anatase phase was observed in the XRD spectrum of TiO,/
RH-MCM-41 at 200f 25.3 degree (Fig. 1(b)).

Normalized Ti K-edge XANES spectrum of Ti-RH-MCM-41
along with TiO, anatase and Ti foil references are shown in Fig. 2.
The pre-edge, small peak(s) before the sharp rise in the spectrum is
a result of the excitation of the core electron of Ti to empty bound
states and depends on atomic geometry [16]. Titanium foil showed
only one strong pre-edge peak at 4,967.9 eV, which is a characteris-
tic of tetrahedral symmetry. The spectrum of anatase standard showed
three low intensity pre-edge peaks at 4,968.1, 4,964.6 and 4,970.4
eV, which are the characteristic of octahedrally coordinated tita-
nium atoms [17]. The spectrum of Ti-RH-MCM-41 sample exhib-
ited a single pre-edge peak at 4,977.8 eV, which is a characteristic
of the framework tetrahedrally coordinated titanium (IV) [18]. The
peak shifted from the Ti foil because of the charge difference. The
XANES results confirmed that Ti in Ti-RH-MCM-41 was not in
anatase form.

The nitrogen adsorption-desorption isotherms of RH-MCM-41,
Ti-RH-MCM-41 and TiO,/RH-MCM-41 are compared in Fig. 3(a).
They all gave type-IV isotherm with three well-defined stages simi-
lar to isotherms of RH-MCM+41 in the literature [10]. The adsorption
in the first step from the beginning to a relative pressure around 0.2
concaved to the P/P, axis was attributed to monolayer adsorption
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Fig. 2. Ti K-edge XANES spectra of Ti-RH-MCM+41, Ti foil and
TiO, anatase references.
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Fig. 3. (a) N, adsorption-desorption isotherm and (b) pore size dis-
tribution of RH-MCM-41 and Ti-RH-MCM-41.

on external surface. The lower adsorption volume on Ti-RH-MCM-
41 and TiO,/RH-MCM-41 indicated lower surface area. The spe-
cific surface area of RH-MCM-41, Ti-RH-MCM-41 and TiO,/RH-
MCM-41 was 1,231, 1,074 and 1,006 m’/g, respectively. The adsorp-
tion at relative pressure of 0.2-0.4 was from adsorption in mesopo-
res which were used to determine pore sizes.

The pore size distribution in RH-MCM-41, Ti-RH-MCM-41 and
TiO,/RH-MCM-41 is presented in Fig. 3(b), showing both micro-
pores and mesopores. The plot showed the relationship between
volume adsorbed and pore diameter (D) ratio in the pattern of dif-
ferentiate operator (d). Large portions of mesopores were presented
in all samples with diameter of 28.2, 27.4 and 24.9 A in RH-MCM-
41, Ti-RH-MCM-41 and TiO,/RH-MCM-41, respectively.

2. Photodegradation of Methyl Orange
2-1. Catalytic Performance of Solid Catalysts

The decreases of methyl orange concentration from photocata-
lytic degradation on TiO,/RH-MCM-41 and Ti-RH-MCM-41 are
shown in Fig. 4. The photoactivity on TiO,/RH-MCM-41 was bet-
ter than that on Ti-RH-MCM-41 at every sampling time and the
conversions after 20 min were 87.1% and 32.3% respectively. The
higher activity was obtained because the form of TiO, in the TiOy/
RH-MCM-41 was anatase, which is a suitable form for photoreac-
tion. The anatase phase could provide hydroxyl radicals for photo-
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Fig. 4. Catalytic activity of T-RH-MCM41 and Ti-MCM-4: [cat]
=2.5 g/L, C,=2 ppm, pH=4.5, [H,0,]=0.01 M.
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Fig. 5. Effect of catalyst concentration on photocatalytic degrada-
tion of methyl orange on TiO,/RH-MCM-41: C,=2 ppm,
pH=4.5, [H,0,]=0.01 M.

oxidation of organic pollutants [9]. From this point forward, only
TiO,/RH-MCM-41 was studied to understand role of parameters
and nature of the dye adsorption. The presence of TiO, was impor-
tant as reported by Li et al. that less than 10% orange 11 was de-
graded in presence of only H,0, and UV without TiO, [8].
2-2. Influence of Added Amount of Catalysts

Various weights of the TIO/RH-MCM-41 catalyst were added
to a solution containing 2.0 ppm of methyl orange to produce con-
centrations of 1.0, 2.5, 5.0 and 7.5 g/L for the determination of the
optimum catalyst concentration. The results are shown in Fig. 5.
At the beginning, the initial concentrations were different because
methyl orange adsorbed on the catalyst surface. The amount ad-
sorbed increased with the catalyst concentration. The concentration
of methyl orange in each test decreased linearly with time and be-
came constant after 17 min. The degradation ratio increased with
increasing of catalyst concentration along with reaction time until
the concentration reached 5.0 g/L. With a further increase of cata-
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Fig. 6. Effect of methyl orange concentration to photocatalytic de-
gradation on TiO,/RH-MCM+41: [cat.]=5.0 g/L, pH=4.5,
[H,0,]=0.01 M.

lyst concentration, degradation ratio was not significantly different
because of the fact that larger suspension catalysts might block UV
light and sequentially decreased hydroxyl radical, which were active
species for photodegradation [4]. Moreover, the decrease in the per-
centage of degradation at higher catalyst loading might be caused
by a deactivation of activated molecules by collision with ground
state molecules [2]. Thus, the results suggested an optimal 5.0 g/L.
of TiIO,/RH-MCM+41 to achieve the most effective degradation of
methyl orange. From this point forward, only the catalyst concen-
tration of 5.0 g/LL was used in the rest of the study.
2-3. Influence of Initial Concentration of Methyl Orange

The influence of the initial concentration of methyl orange on its
photodegradation was studied by using the concentration of 2, 4, 6
and 8 ppm. The plot between C,/C, (Where C, and C, were the con-
centration of methyl orange at the sampling time and at the begin-
ning, respectively) with time is shown in Fig. 6. The lower initial
concentration gave higher degradation efficiency.

There are two possible reasons to explain the above result. First,
a certain amount of TiO,/RH-MCM-41 produces a certain amount
of hydroxyl radical. When all H,O, was consumed, the generation
of hydroxyl radical was stopped and the active species to initiate
reaction were no longer formed. Second, a higher concentration of
methyl orange would adsorb and cover the catalyst surface and re-
sulted in deactivation [1]. In the next experiment, only the initial
concentration of 2 ppm was used to determine the reaction rate law
because the equilibrium could be obtained in a short time.
2-4. Photodegradation Rate of Methyl Orange

The rate of reaction was assumed to be proportional to concen-
trations of the reactant. The plot between -R., and C, (Fig. 7(a))
demonstrated that the initial rate of reaction increased exponentially
with the initial concentration of methyl orange. At the beginning,
there were plenty of active species to propagate the reaction includ-
ing hydroxyl radicals and adsorbed methyl orange. Thus, the deg-
radation rate of methyl orange increased rapidly. After hydroxyl
radicals were exhausted, there were only adsorbed methyl orange
species on the catalyst; consequently, the degradation rate decreased.

In addition, the reaction rate constant was determined for the initial
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Fig. 7. (a) Dependence of initial degradation rate of methyl orange
with initial concentration and (b) pseudo-first order plot of
photocatalytic degradation of methyl orange with initial
concentration of 2 ppm on TiO,/RH-MCM-41.

concentration of 2 ppm from Eq. (1), which showed a relationship
between —In(C,/C,) and reaction time.

—In(C,/C,)=kt 0]

tp= Oii (2)

From Fig. 7(b), the fit gave a straight line with R* of 0.9980. The
slope of the linear relationship was reaction rate constant (k) which
was 0.085 min™". This result indicated that the photocatalytic deg-
radation methyl orange obeyed the pseudo-first order. The rate con-
stant from initial concentration of 2 ppm was also calculated by half-
life method as described in Eq. (2) using the data in Fig. 6. The ob-
tained value was 0.082 min™" and in good agreement with the first
method.
2-5. Adsorption of Methyl Orange on TiO,/RH-MCM-41

Adsorption of methyl orange on TiO,/RH-MCM-41 was studied
by stirring the mixture of methyl orange and catalyst in the dark and
sampling clear solution after 0.5 h. The adsorption isotherms in this
study were done by extrapolating with both Langmuir (Eq. (3)) and
Freundlich isotherm (Eq. (4)). The obtained data were plotted corre-
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sponding to both models and only the result with a linear fit was
shown.

C._C, 1

e ey 3

Qe Qmax Kuzl quux ( )
1

log(q.)=log(K)+ - log(C.) Q)

Where:

C,=equilibrium concentration of methyl orange in solution (mg/L)

g.=amount of adsorbed methyl orange on catalyst at equilib-
rium concentration (mg/g)

Qe—maximum adsorption amount (mg/g)

K ~apparent adsorption equilibrium concentration (mg/L)"'

K=adsorption capacity constant (mg/L)"'

N=adsorption layer of methyl orange

In a simple adsorption explained by Langmuir isotherm, the chem-
ical interaction between methyl orange and active sites on the cata-
lyst surface produces monolayer adsorption. Each site is assumed
to be independent from its neighboring sites. If the interaction is
complicated with both physical and chemical interaction, multilayer
adsorption is formed and the adsorption can be explained by Freun-
dlich isotherm.

The plot between C,/q, and C,, shown in Fig. 8 gave a straight
line linear fit with R* of 0.9988, demonstrating that the adsorption
amount of methyl orange increased with the initial concentration
of methyl orange. The plot fit well with Langmuir isotherm, indi-
cating that adsorption of methyl orange on TiO,/RH-MCM-41 was
monolayer. This agreed with previous adsorption study of methyl
orange on bare TiO, which obeyed Langmuir isotherm [4]. There
was no independent interaction with surrounding molecules. From
Eq. (4), the maximum adsorption amount (), calculated from the
slope, was 0.18 mg/g. Furthermore, the adsorption constant (K,,),
calculated from g, and Y-intercep, was 44.75 (mg/L) ™. Because the
plot between log g, and log C, from Eq. (4) did not give a straight
line (not shown), the adsorption behavior could not be explained
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Fig. 8. Langmuir isotherm adsorption of methyl orange on TiO,/
RH-MCM+H41; [cat.]=5 g/L, C,=2, 4, 6 and 10 ppm, pH=4.5,
[H,0,]=0.01 M.

by Freundlich isotherm.
CONCLUSIONS

Two catalysts containing 10 wt% Ti on RH-MCM-41 were syn-
thesized: Ti-RH-MCM-41 synthesized by adding TBOT into the
synthetic gel of RH-MCM-41 and TiO,/RH-MCM-41 prepared by
grafting TBOT on RH-MCM+41. Both catalysts showed character-
istic of mesoporous structure with slightly less surface areas than
the RH-MCM-41. The Ti(IV) cations in Ti-RH-MCM-41 had tetra-
hedral geometry, while in TiO/RH-MCM-41 were in anatase phase
with octahedral geometry. The TiO,/RH-MCM-41 was more active
for photodegradation of methyl orange than Ti-RH-MCM-41. The
optimum ratio between the weight of TiO,/RH-MCM-41 to vol-
ume of methyl orange solution was 5 g/L and the optimum concen-
tration of methyl orange was 2.0 ppm. The photocatalytic degradation
of methyl orange on TiO,/RH-MCM-41 obeyed pseudo-first order
and the adsorption obeyed Langmuir isotherm.
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