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1. Introduction

Alachlor (2-chloro-2 ,6 -diethyl-N-(methoxymethyl)
acetanilide), one of variety of herbicides, is used in
agricultural lands. It can contaminate water and raises
various problems including carcinogenesis, neurotox-
icity and effect on reproduction and cell development
(Burrows et al., 2002). Because alachlor is stable-
to-natural decomposition, its degradation either by
conventional, biological or physical method is not
effective (Bhattacharyya et al., 2004; Li et al,
2007). A recent method to decompose it is by ad-
vanced oxidation processes (AOPs) which involve
the generation of reactive species such as hydroxyl
radical (HO•) to break down organic compounds
(Konstantinou and Albanis, 2004). Titanium dioxide
(TiO2) is a photocatalyst that can generate the HO•

for such purpose. Unfortunately, the use of TiO2 is
limited by structure and morphological aspects, for
example, the bare TiO2 can be deactivated by elec-
tron-hole recombination (Carp et al., 2004). Recent
researches have been concerning on both degrada-
tion and adsorption of alachlor on many solid cata-
lysts for example, Wong and Chu (2003) investi-
gated photocatalytic degradation of alachlor by bare
suspension of TiO2 with hydrogen peroxide (H2O2).

They showed the effect of UV light power, suit-
able dose of H2O2 for reaction and product distri-
bution. Moreover, adsorption of alachlor on differ-
ent clays was also done by Sanchez-Martin et al.,
(2006). Because kinetics and adsorption of alachlor
on mesoporous materials were rarely concerned,
this study investigated an improvement in catalytic
activity of TiO2 by dispersing it on RH-MCM-41 of
which the surface composed of hydroxyl groups.
Hole-electron recombination could be suppressed
and active species could be easily transferred to
degrade pollutants.

2. Materials and Methods

2.1. Preparation of RH-MCM-41and TiO2/RH-
MCM-41

RH-MCM-41 was synthesized with rice husk
silica, prepared as in (Wittayakun et al., 2008) and
cetyltrimethylammonium bromide (CTABr) in NaOH
solution (3.33 M) with the gel molar ratio of 1.0SiO2 :
3.0NaOH : 0.25CTABr : 180H2O. The mixture pH
was adjusted to 11.5 and the gel was crystallized at
100 °C for 24 h, filtered, dried, and calcined at 540 °C
for 6 h.
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The TiO2/RH-MCM-41 was prepared by
physically mixing of TiO2 and RH-MCM-41. A desired
amount of TiO2 was added to slurry of RH-MCM-14
in deionized water under continuous stirring during a
2-hour period. The mixture was washed several times
to remove Na+ ions with de-ionized water, dried and
calcined at 300 °C for 6 h. The prepared TiO2/RH-
MCM-41 catalysts contained 10, 20, 40 and 60% of
TiO2.

2.2. Catalyst characterizations

 The crystalline phase of bare TiO2 and TiO2/RH-
MCM-41 were analyzed using X-ray powder diffrac-
tion (XRD: Rigaku Model D/Max III) with CuKα ra-
diation. The X-ray was generated with a current of
40 mA and a potential of 40 kV. The catalyst powder
(0.20 g) was pressed in a sample holder and scanned
from 10 to 80 degrees (2θ) in steps of 0.05 degrees
per minute. The powder patterns of all samples were
recorded in similar procedure with the same amount
of material, so that the intensity of the peak height
(100) could be compared.

Physical characteristics of the sample were de-
termined by N2 adsorption-desorption isotherm at -
196 °C for relative pressure from 10-2 to 0.99 on an
AUTOSORB-1 analyzer.  Before measurement,
sample was degassed with heat at 250 °C for 3 h.
The BET surface area was obtained from the N2 ad-
sorption data in the relative pressure range of 0.02 to
0.2. The pore volumes was calculated from the des-
orption branches if the isotherm using Barrett-Joyner-
Halenda (BJH) method.

The optical absorption spectra of bare TiO2 and
TiO2/RH-MCM-41 powders were recorded using a
Shimadzu UV-Vis spectrophotometer equipped with
a diffuse reflectance attachment (Shimadzu ISR-
2200). All sample powders were diluted with BaSO4
(TiO2:BaSO4 = 1:17) and referenced to BaSO4. In
order to understand electric potential in the interfacial
double layer at the location of the slipping plane ver-
sus a point in the bulk fluid away from the interface of
bare TiO2, RH-MCM-41 and TiO2/RH-MCM-41, the
electrokinetic potential or zeta potential in colloidal
systems of these materials was measured. In the pro-
cedure, the electrophoretic mobilities of bare TiO2, RH-
MCM-41 and TiO2/RH-MCM-41 particles were sus-
pended in water with the concentration of 0.5 g/L and
measured to determine their zeta potentials as a func-
tion of pH by using an electrophoretic light scattering
spectrophotometer (ELS 8000, Otsuka) equipped with
a He–Ne laser and a thermostated flat board cell.

2.3. Adsorption isotherm determination of alachlor
on catalysts

Adsorption behavior of alachlor was investigated
by mixing each catalyst powder in 30 mL alachlor (70-
100 μM) at weight per volume ratio of 1 g/L. The
solution pH was adjusted by HNO3 and LiOH stan-
dard solutions before the mixture was sonicated for
30 s and stirred in the dark for 30 min. Sample aliquots
of 1 mL were collected at appropriate time intervals,
filtered through 0.45-μm PTFE filters (Millipore) and
analyzed by a high performance liquid chromatograph
(HPLC: Agilent 1100 series) equipped with a diode
array to determine alachlor adsorption.

2.4. Photocatalytic degradation of alachlor

All experiments were carried out in a pyrex reac-
tor (33 mL) with a quartz window. The catalyst pow-
der was well suspended at 1.0 g/L in 30 mL alachlor
(100 μM) by sonicating for 30 s. The initial pH (pHi)
of the suspension was adjusted with HNO3 or LiOH
standard solutions. A Xe-arc lamp (300 W, Oriel) was
used as the illumination. Sample aliquots of 1 mL were
collected at appropriate time intervals and filtered
through 0.45-μm PTFE filters (Millipore). Alachlor and
its mineralized products were analyzed using a high
performance liquid chromatograph (HPLC: Agilent
1100 series) equipped with a diode array.

Effect of loading TiO2 on RH-MCM-41 was stud-
ied by varying TiO2 loading from 10 to 60 wt% as well
as comparing with bare TiO2. The synergic effect of
RH-MCM-41 support was performed and the cata-
lytic activities in the dark and under UV irradiation
were also compared. The catalytic performance of
TiO2/RH-MCM-41 was studied at various concentra-
tions of alachlor in the range of 70-100 μM. In addi-
tion, the reaction rate was monitored with the decrease
of alachlor concentration. Then reaction order was
obtained from the plot between time and alachlor con-
centration. Finally, pH influencing reaction was car-
ried out in the range of 2 to 8. The results were shown
in the relationship between pH versus conversion and
reaction rate.

3. Results and discussion

3.1. Catalyst characterizations

XRD spectra of the bare TiO2 and all TiO2/RH-
MCM-41 are shown in Fig.1. The TiO2 which was
used as purchased composed of anatase and rutile
with 80:20 ratios. The intensities of TiO2 increased
when the loading of TiO2 on RH-MCM-41 was in-
creased. There was no phase transformation from
anatase TiO2 to rutile TiO2 because all the TiO2/RH-
MCM-41 catalysts were calcined at 300 °C, lower
than the phase transformation temperature which is
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625 °C (Vohra et al., 2005). In this case, anatase TiO2
was available for active site for photocatalytic degra-
dation of alachlor.

Surface areas of all catalysts are shown in Table
1. The surface area of TiO2/RH-MCM-41 decreased
with loading amount of TiO2 indicating that TiO2 cov-
ered some part of surface area of RH-MCM-41.
However, 60 wt% of TiO2 loading still possessed higher
surface area than the bare TiO2 implied that there were
more active sites on TiO2/RH-MCM-41 due to the
dispersion on RH-MCM-41. In addition, the pore vol-
umes of all TiO2/RH-MCM-41s were higher than 160
cm3/g implying that the adsorption capacities of TiO2/
RH-MCM-41s were greater than that of the bare TiO2.
Activities of all catalysts were expected to rely on
adsorptive properties between reagent and active site.
If the adsorption was performed properly, reaction
would also proceed well.

In Fig. 2, the effect of RH-MCM-41 on the ad-
sorption of TiO2 was investigated. It was expected
that the modification of TiO2 by dispersing on RH-
MCM-41 would reduce its band gap energy, less than
3.2 eV. If this phenomenon occurred, electrons in va-

lence band would be easily excited to conduction band.
Consequently, HO• could be easily produced for pho-
tocatalytic degradation and the degradation would pro-
ceed faster. However, the results from DR-UV
showed that the blue shift of absorption edge in the
diffuse reflectance of UV spectra of any TiO2/RH-
MCM-41 was not observed. In addition, the UV ab-
sorption of all catalysts depended on the amount of
TiO2. RH-MCM-41 but did not enhance bare TiO2 to
adsorb more UV-light indicating that band gap of bare
TiO2 did not change. When comparing the adsorption
of 40%RH-MCM-41 and 60%RH-MCM-41, the ad-
sorptive intensities were almost the same implying that
60 wt% TiO2 was an excess load for dispersion on
the surface of RH-MCM-41. Thus, the TiO2 amount
of 40 wt% or less was suitable to produce good dis-
persion on RH-MCM-41 and the photodegradation of
alachlor was expected to improve.

The zeta potential of RH-MCM-41, TiO2/RH-
MCM-41 and bare TiO2 in Fig. 3 were at 2.25, 2.90
and 6.75 mV, respectively. The trend indicated that
positively charged surface increased in order of TiO2
> TiO2/RH-MCM-41 > RH-MCM-41. From this re-
sult, TiO2 was expected to dominate in charge inter-
action to aromatic ring of alachlor. However, charge
interaction was negligible in this study because ad-
sorption mode was predominated by Freundlich iso-
therm which was the adsorption between non-
charged compound and charged surface of solid cata-
lysts. The adsorption characteristics of alachlor on
RH-MCM-41 were compared in Figs. 4(a-b).

3.2. Adsorption isotherm of alachlor

Figs. 4(a-b), show adsorption of alachlor on cata-
lysts studied in the dark condition by stirring the mix-

Figure 1. XRD spectra of bare TiO2 and TiO2/RH-MCM-
41; (a) TiO2 (b) 60%TiO2/RH-MCM-41 (c) 40% TiO2/RH-
MCM-41 (d) 10% TiO2/RH-MCM-41 (e) RH-MCM-41.

Table 1. BET surface area and volume adsorption at STP of
TiO2 and TiO2/RH-MCM-41

Figure 2. UV-visible diffuse reflectance spectra of bare
TiO2 and TiO2/RH-MCM-41; (a) TiO2 (b) 60%TiO2/RH-
MCM-41 (c) 40% TiO2/RH-MCM-41 (d) 10% TiO2/RH-
MCM-41 (e) RH-MCM-41.
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ture of alachlor and catalyst and sampled after 0.5 h.
Several adsorptive parameters were concerned includ-
ing the equilibrium concentration of alachlor in solu-
tion, the amount of adsorbed alachlor on the catalyst
at the equilibrium concentration, the maximum adsorp-
tion amount and the apparent adsorption equilibrium
concentration. The results were described in both
Langmuir and Freundlich isotherms in equation (1) and
(2), respectively.

(1)

(2)

Where
C

e 
= equilibrium concentration of alachlor in solution

(mg/L)
q

e
 = amount of adsorbed alachlor on the catalyst at

the equilibrium concentration (mg/g)
q

max
= maximum adsorption amount of alachlor (mg/g)

K
ad

 = apparent adsorption equilibrium concentration
(mg/L)-1

K = adsorption capacity constant (mg/L)-1

n = adsorption layer of alachlor

The relationship between C
e
/q

e
 and C

e
 were plot-

ted and it did not obey Langmuir model because a
linear relationship was not obtained [see Fig. 4(a)].
This indicated that surface-charge interaction between
alachlor and TiO

2
/RH-MCM-41 was not only chemi-

sorption but also physisorption. Thus, Freundlich model
was studied and the results are shown in Fig. 4(b).
From equation (2), a straight line with the slope and
R2 of 0.67 and 0.98, respectively, was obtained. A
number of adsorption layers (n) from the relationship
between n and slope were 1.50 confirming the previ-
ous reasons that adsorption between organic or inor-
ganic compounds on adsorbent should be multi-lay-
ers.

3.3. Photodegradation of alachlor on bare TiO
2

and TiO
2
/RH-MCM-41

3.3.1. Effect of TiO
2
 loading on RH-MCM-41 to

photodegradation
In order to obtain the optimal amount of TiO

2

added on RH-MCM-41, various amounts of TiO
2
, 10,

Figure 3. Zeta potential of TiO
2
 and TiO

2
/RH-MCM-41; (a)

TiO
2
 (b) RH-MCM-41 (c) 10%TiO

2
/RH-MCM-41.
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Figure 4. Adsorption of alachlor on TiO
2
/RH-MCM-41; (a) Langmuir isotherm (b) Freundlich isotherm; [TiO

2
/RH-MCM-

41] = 1 g/L, pH = 4, [alachlor] = 80 μM, UV light = 300 nm.
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20, 40 and 60 wt%, were used.  Their performances
for photodegradation in Fig. 5 showed that the degra-
dation rate was not different significantly with differ-
ent TiO2 loading. All catalysts showed 100% conver-
sion of alachlor around 15-20 min. when compared
the ration of conversion to amount of TiO2 loading, 10
wt% was worth to use. Thus, results suggested an
optimal 10%TiO2/RH-MCM-41 to achieve most ef-
fective degradation of alachlor.

3.3.2. Synergic effect of support and UV light
 The comparison between the photocatalytic deg-

radation of alachlor on bare TiO2 and on TiO2/RH-
MCM-41 is exhibited on Fig. 6. In this study, the cata-
lyst concentration and the power of UV light were
fixed at 1 g/L and 300 nm because Vohra et al., (2005)
had proven that the suitable amount of TiO2 for pho-
toreaction was in the range of 0.5-1 wt. According to
Fig. 6, TiO2/RH-MCM-41 in the dark did not show
any activity while the blank reaction (without cata-
lyst) with sole UV light showed about 40% change in
alachlor concentration implying that UV light is nec-
essary for this reaction. Without UV light, there was
no energy to generate HO• radical in TiO2/RH-MCM-
41. In addition, alachlor could automatically degrade
but reaction time to obtain complete conversion would
be too long. In the case of RH-MCM-41 with UV
irradiation, the degradation rate was slightly greater
than that in the blank and 50% conversion of alachlor
was achieved after 30 min. This showed synergic ef-
fect of support due to the face that RH-MCM-41 had
brφnsted acid site for adsorption and degradation of
alachlor. For TiO2/RH-MCM-41 and bare TiO2, 100%
conversion of alachlor was achieved on 20 and 30

min. for TiO2/RH-MCM-41 and bare TiO2, respec-
tively. This indicated the enhancement of photocata-
lytic degradation of alachlor by dispersing of TiO2 on
RH-MCM-41 support because RH-MCM-41 provided
higher OH density on the surface (Vohra et al., 2005).
There are two reasons to support this hypothesis. First,
the surface hydroxyl group play important role in di-
rect participation in the reaction mechanism by trap-
ping photo-generated holes that reach catalyst sur-
face producing reactive surface HO• radical
(Hoffmann et al., 1995). Second, surface hydroxyl
group can change the adsorption of reactant molecule
by both serving as active site for pollutant adsorption
and covering the site on TiO2 where electrons are
trapped (Maira et al., 2000).

3.3.3. Effect of alachlor concentration
 Fig. 7 shows the effect of alachlor concentra-

tion. The alachlor concentration of 80 μM possessed
the highest degradation rate. For the concentration
higher than 80 μM, the certain loading of TiO2/RH-
MCM-41 produced a certain amount of hydroxyl radi-
cal which may not be sufficient for all alachlor mol-
ecules. For the lower concentration, alachlor molecules
may adsorb more strongly on the surface and had lower
degradation rate (Wang et al., 2008). Further infor-
mation, the initial rate of reaction was exhibited in Fig.
8. The degradation rate agreed with the results in Fig.
7 that the reaction proceeded rapidly when the alachlor
concentration was 80 μM.
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Figure 5. Photocatalytic degradation of alachlor on various
TiO2/RH-MCM-41s; [TiO2/RH-MCM-41] = 1 g/L, pH = 4,
[alachlor] = 80 μM, UV light = 300 nm.
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3.3.4. Kinetics of reaction
The kinetics of alachlor degradation was investi-

gated to determine the reaction order. In Fig. 9, the
plot between lnCA versus time gave a straight line with
slope and R2 of 0.23 and 0.9926, respectively corre-
sponding to the mathematic formula below:

(3)

From the equation, rate constant (k) of alachlor
degradation was 0.23 min-1. This result implied that
photocatalytic degradation alachlor obeyed the pseudo-
first order model as expressed by equation (3).

Figure 7. Effect of concentration influencing photocata-
lytic degradation of alachlor; [TiO2/RH-MCM-41] = 1 g/L,
pH = 4, UV light = 300 nm.
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Figure 8. Initial degradation rate of alachlor by differential
method; [TiO2/RH-MCM-41] = 1 g/L, pH = 4, UV light = 300
nm.
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3.3.5. Effect of pH
Fig. 10 exhibits the effect of pH to photocatalytic

degradation of alachlor. Eventhough, pH change did
not affect the charge of alachlor molecule, surface
charge was really sensitive to the pH change. In or-
der to understand a role of pH, we already reported
surface properties of TiO2/RH-MCM-41 and bare
TiO2 by studying zeta potential in Fig. 3. Correspond-
ing to the previous result, photocatalytic degradation
of alachlor reached the highest efficiency at pH4 be-
cause the surface charge of catalyst at this pH was
nearly zero. The adsorption between neutral alachlor
and surface functional group should be compromised
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Figure 9. pseudo-first order plot from photocatalytic deg-
radation of alachlor; [TiO2/RH-MCM-41] = 1 g/L, pH = 4,
[alachlor] = 80 μM, UV light = 300 nm.
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in this condition. Finally, Fig. 11 also confirmed that
the degradation rate was highest when the solution
pH was 4. At lower pH, the surface charge was posi-
tive and the interaction between alachlor and catalyst
surface was unfavorable resulting in lower degrada-
tion. At the pH higher than 4, the degradation rate
decreased gradually even though the surface had nega-
tive charge. In this case, the reaction did not only oc-
cur on active site of the catalyst but also on the bulk
solution. This can refer to Kim and Choi’s study (Kim
and Choi, 2002) which reported that the hydroxyl radi-
cal could be produced on both catalyst surface and
bulk solution.

4. Conclusions

The photocatalytic performance of TiO2 could be
enhanced by dispersing on mesoporous materials, RH-
MCM-41, prepared form rice husk silica. The mor-
phology and crystalinity of TiO2 did not change after
modification. The reaction was strongly dependent on
pH solution because surface functional group of solid
catalysts was sensitive to pH change. The neutral
surface dominated reaction by playing an important
role for adsorption of a neutral alachlor molecule. TiO2/
RH-MCM-41 was more preferable for photocatalytic
degradation than the bare TiO2 since it possessed
higher OH groups.
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