
2178

†To whom correspondence should be addressed.

E-mail: gnurak@engr.tu.ac.th

Korean J. Chem. Eng., 28(11), 2178-2183 (2011)
DOI: 10.1007/s11814-011-0095-4

INVITED REVIEW PAPER

Visible light-irradiated degradation of alachlor on Fe-TiO2 with assistance of H2O2

Kitirote Wantala*, Pongtanawat Khemthong**, Jatuporn Wittayakun***, and Nurak Grisdanurak****,†

*Department of Chemical Engineering, Energy Management and Conservation Office, Faculty of Engineering,
Khon Kaen University, Khon Kaen 40002, Thailand

**National Nanotechnology Center (NANOTEC), NSTDA, Pathumthani 12120, Thailand
***School of Chemistry, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand

****Department of Chemical Engineering, Faculty of Engineering,
NCE for Environmental and Hazardous Waste Management, Thammasat University, Pathumthani 12120, Thailand

(Received 19 August 2010 • accepted 10 April 2011)

Abstract−0.1 Fe/Ti mole ratio of Fe-TiO2 catalysts were synthesized via solvothermal method and calcined at various

temperatures: 300, 400, and 500 oC. The calcined catalysts were characterized by XRD, N2-adsorption-desorption, UV-

DRS, XRF, and Zeta potential and tested for photocatalytic degradation of alachlor under visible light. The calcined

catalysts consisted only of anatase phase. The BET specific surface area decreased with the calcination temperatures.

The doping Fe ion induced a red shift of absorption capacity from UV to the visible region. The Fe-TiO2 calcined at

400 oC showed the highest photocatalytic activity on degradation of alachlor with assistance of 30 mM H2O2 at pH 3

under visible light irradiation. The degradation fitted well with Langmuir-Hinshelwood model that gave adsorption

coefficient and the reaction rate constant of 0.683 L mg−1 and 0.136 mg/L·min, respectively.
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INTRODUCTION

Alachlor (2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl)

acetamide) is a herbicide used to control annual grass and broad-

leaf weeds. After use, it can be absorbed in the soil and contami-

nate water reservoirs. Despite its low acute toxicity, alachlor has

carcinogenic activity on humans [1]. The maximum concentration

of alachlor in drinking water permitted by the United States Envi-

ronmental Protection Agency (US-EPA) is 0.2µg/L while the Euro-

pean maximum contaminant level (MCL) for pesticide in drinking

water is 0.1µg/L [2].

Because alachlor has widely been used in several countries includ-

ing Thailand, its removal from water should be seriously considered

and made. Alachlor can be degraded easily in the presence of photo-

catalysts and UV radiation. Titanium dioxide or titania (TiO2) has

been claimed to be the best catalyst, which can absorb photon to

generate electrons and holes to react with organic compounds [3,4].

In general, the anatase phase of TiO2 is a more active form com-

pared to rutile. Various forms of TiO2, including bulk nanoparticles

(such as commercial P25), film immobilized on glass or nanoparti-

cles dispersed on MCM-41, were applied for the treatments [5-7].

One limitation of TiO2 is it can absorb UV light effectively but

not visible light. This property can be improved by doping TiO2

with ferric ion (Fe3+) and the resulting materials showed an enhance-

ment of photocatalytic reaction [8-10]. Such improvement was sig-

nificant on the TiO2 prepared by a solvothermal method, which exhib-

ited a higher performance on decomposition of methyl orange than

that of the commercial P25. The Fe3+ was proposed to capture elec-

trons which restrain the recombination of electrons and holes [11].

Along with TiO2, the presence of Fe3+ and hydrogen peroxide

(H2O2) also improved the photodegradation of alachlor. The reac-

tion between Fe3+ and H2O2 generates hydroxyl radicals and further

accelerates degradation. In addition, H2O2 is an electron acceptor

which is able to prevent the electron-hole recombination. However,

an optimum amount of H2O2 should be determined to avoid an ex-

cessive amount which might decrease photocatalytic activity [12,13].

In this work, Fe3+ doped TiO2 was synthesized by the solvother-

mal method and tested for photocatalytic degradation of alachlor

under visible light with H2O2 assistance. The fixed loading of Fe

on TiO2 support (with the molar ratio of 0.1) was selected accord-

ing to our previous investigation [10]. A calcination effect in the

lower range of temperature (300-500 oC) was selected to prevent

particle sintering and phase transformation. The effects of initial

concentration (alachlor and H2O2) and solution pH were also included.

The influence of physico-chemical properties (Fe-TiO2) on photo-

catalytic activity was discussed.

EXPERIMENTAL

1. Catalyst Preparation

Titanium tetraisopropoxide (TTIP, 98%), isopropyl alcohol (IPA,

99.8%), ferric nitrate nonahydrate (Fe, 99%), polyethylene glycol

(PEG, MW=20,000) were supplied by Merck and used without fur-

ther purification.

The Fe-TiO2 photocatalyst with Fe/Ti mole ratio of 0.1 was syn-

thesized by solvolysis as described elsewhere [10]. The method was

based on the reactant molar ratio of TTIP : PEG : IPA of 55.6 : 1.0 :

216.0 and PEG : IPA weight ratio of 1 : 10. TTIP and Fe were dis-

solved in a solution containing IPA and PEG and crystallized at 100 oC

for three days. The obtained brown gel was dried at 80 oC over-

night to produce the brown powder and calcined at the temperature
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of 300, 400, and 500 oC for 3 h. The final product was ground and
stored in a desiccator.
2. Catalyst Characterizations

The crystal phases and structures of the synthesized samples were
analyzed by powder X-ray diffraction (XRD, Bruker D8) using a
Cu K

α
 radiation. The chemical compositions of the calcined sam-

ples were analyzed by X-ray fluorescence spectroscopy (XRF, Sie-
mens SRS3400) to confirm Fe/Ti molar ratio. The thermal property
of the as-synthesized Fe-TiO2 was analyzed simultaneously under
air atmosphere by thermal gravimetric analysis (TGA, Shimadzu
50A). The temperature was ramped from 30 to 600 oC with a heating
rate of 5 oC/min. BET specific surface area was obtained from a N2

adsorption-desorption apparatus (Quantachrome Autosorb I). The
band gap energy of the samples was determined by using UV-diffuse
reflectance spectroscopy (UV-DRS, Hitashi UV3501) under the
wavelength ranging from 250 to 800 nm and BaSO4 was used as a
standard. The surface potential of the prepared catalysts was deter-
mined by Zetasizer (Malvern ZS90).
3. Photocatalytic Degradation of Alachlor

Alachlor (99.5%) was supplied by Supelco (USA) and the syn-
thetic alachlor solution was prepared by dissolving it in deionized
water. The photocatalytic testing was conducted by suspending 50.0
mg of the Fe-TiO2 catalyst in 200 mL alachlor solution which was
irradiated by 500-W Xenon lamp (Shanghai DianGuang Device).
The reactor was placed 50 cm away from the light source and the
radiation was filtered by 1.0 M NaNO2 to cut off wavelengths shorter
than 400 nm. Flux intensity of 58 mW/cm2 was detected inside the
reactor and the reaction temperature was maintained at 25 oC. The
initial concentration of H2O2 and alachlor was studied in range of
0-60 mM, and 2.5-19 ppm, respectively. In addition, the effect of
initial pH was also studied at 3, 4, 7, and 9. Every 30 min, a sample
was collected to determine the remaining amount of alachlor. The
measurement was made by using an HPLC (Agilent Technologies
1200 series) coupled with a photodiode array detector, Agilent Tech-
nologies 1100 series pump and controller. The maximum absorp-
tion wavelength of 197 nm was used for the detection. The separation
was performed by a Hypersil ODS C18 column (4.0×125mm, 5µm).
The mobile phase consisting of a mixture of 60% acetonitrile and
40% HPLC-grade water was delivered at a flow rate of 1.0 mL/min
with injection volume 20µL. The absorbance was quantified by
using a five-point standard calibration curve. The alachlor peak ap-
peared at the retention time of 6.4 min.

RESULTS AND DISCUSSION

1. Characteristics of Catalysts

Fig. 1 shows the XRD patterns of Fe-TiO2 catalysts calcined at
300, 400, and 500 oC, compared with commercial TiO2 P25. Only
the anatase phase was observed in all samples. The calcination tem-
peratures in this study were not so high, resulting in no phase trans-
formation from anatase to rutile phases. Based on the major peak
at 26o, the average crystalline size of the anatase TiO2 could be cal-
culated using the Debye-Scherrer equation (Eq. (1)).

(1)

Where t is average crystallite size (nm), K is constant using 0.9, λ is

X-ray wavelength (0.154 nm), β is the line broadening at half the
maximum intensity in radians, θB is Bragg angle. The average crystal-
lite sizes of the synthesized samples are listed in Table 1. The crystal-
lite sizes of the samples were approximately 10 Å, much smaller than
that of commercial TiO2 (P25), ~20 Å.

Because the photocatalytic degradation of alachlor involves ad-
sorption and reaction on the surface, the surface areas of the cata-
lysts were measured and the results are listed in Table 1. All the syn-
thesized catalysts under solvothermal technique had a surface area
of approximately 52-90 m2/g, higher than that of P25 which was
50 m2/g.

According to the XRD results, the peaks identifying Fe2O3 (2θ=
24, 34, 36, 49, and 54) were not observed because the loading of
Fe might be lower than the detection limit and be dispersed well in
the titania structure. The Fe content in the catalyst determined by
XRF was 0.09 and not different from the calculated value. More-
over, the same procedure revealed that Fe3+ ions were plausibly in-
corporated into the interstices or lattice sites and uniform dispersion
in TiO2 structure indicated by XANES and SEM element mapping,
respectively, as presented in our previous report [10].

To understand the effects of the calcination temperature, TGA-
DTA was analyzed. Fig. 2 shows percent weight loss and the heat
flows in a material as a function of temperature. The weight loss
appeared in two steps. The first range was from 30-130 oC with ap-
proximately 5% weight loss corresponding to the removal of resid-
ual acetone, isopropyl alcohol, and dry gel powder. The second region

t = 

Kλ

β θBcos
-----------------

Fig. 1. XRD patterns of Fe-TiO2 samples calcined at 300, 400, and
500 oC compared with commercial TiO2 P25.

Table 1. Properties of synthesized catalysts

Nominal composition
SBET

(m2g−1)

Titania

crystalline

size (nm)

Band edge

wavelength

(nm)

Band gap

energy

(eV)

Commercial TiO2 P25 50 20.2 390 3.18

Fe-TiO2 300 oC 90 09.4 470 2.64

Fe-TiO2 400 oC 92 10.0 476 2.61

Fe-TiO2 500 oC 52 09.9 481 2.58
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was between 130-350 oC with about 55% weight loss attributed to

the combustion of organic templates and nitrate ion. This was con-

firmed by the exothermic DTA peak at 336 oC. After that, there was

no significant weight loss. The results indicated that the calcination

at 400 oC would be sufficient to decompose the catalyst precursors

to generate Fe-TiO2. The data corresponded to BET surface area,

listed in Table 1, that the samples calcined at 400 oC gave the highest

BET surface area. The samples calcined at 300 oC still contained

PEG or organic template and were not suitable for further applica-

tion. The samples calcined at 500 oC had a lower surface area be-

cause the high temperature caused particle aggregation.

Fig. 3 shows the UV-visible spectra of calcined Fe-TiO2 cata-

lysts compared with P25. The diffuse reflectance spectra of all Fe-

TiO2 samples showed a red shift and the absorption in the visible

region increased significantly. The shift increased with increasing

the calcination temperature. Thus, doping TiO2 with Fe improved

the absorption of the Fe-TiO2 and made it likely to be photocatalyt-

ically active under visible light. Similar red-shift characteristic was

observed in Fe-doped titania nanorods and microspheres [14,15].

Yu et al. [14] stated that the absorptions in the visible region may

be induced by a charge transfer transition of 3d electrons of Fe3+ to

TiO2 conduction band or a charge transfer transition between iron

ions at 500 nm. Thus, the iron ions with incorporated into the lattice

of TiO2 and changed its electronic properties. The band gap ener-

gies of catalysts (Eg) were calculated by using Eq. (2) [16]:

(2)

where h is Planck’s constant (4.14×10−15 eV·s), c is the light veloc-

ity (2.99×108 m/s) and λ is the band edge wavelength (nm) (such a

band edge wavelength was obtained from an intersection of a tan-

gent of the iron absorption peak onset (520 nm) and a steep line of

UV absorption spectra, as shown in Fig. 3) [17,18]. The Eg of Fe-

TiO2 decreased when the samples were calcined at a higher tem-

perature (Table 1). The Eg was approximately 2.6 eV, suggesting

that these catalysts could be used under visible light (namely, wave-

length >400 nm). The decrease in Eg was also observed in Fe-doped

titania nanorods (2.97 eV) and microspheres (2.61 eV) [14,15].

2. Photocatalytic Degradation of Alachlor

As presented, high surface area of Fe-doped titania calcined at

400 oC was selected to degrade alachor by the photocatalytic pro-

cess under several conditions, such as initial H2O2 concentration,

initial solution pH and initial alachlor concentrations.

The effect of initial H2O2 concentrations was studied in the range

of 0-60 mM. The test was carried out with initial concentration of

alachlor of 5 ppm at pH 4.0, as shown in Fig. 4. The results showed

that the photocatalytic reaction, without H2O2 dosage, produced the

lowest activity. This indicates that energy emitted from visible light

is unable to break O-H bond of a water molecule to yield OH−. The

results also showed that the initial concentrations of H2O2 enhanced

the photocatalytic activity and optimized at the concentration of 30

mM. Regarding Eq. (3), H2O2 reacted with electrons and yielded

•OH and OH− and then OH− would react with h+ and transferred to

•OH as shown in Eq. (4). Thus, H2O2 in the form of •OH can degrade

alachlor in photocatalytic process. With a higher concentration of

H2O2 than 30 mM, the photocatalytic activity was decreased. The

overdose of H2O2 retarded the reaction rate because some hydroxyl

radicals may have been consumed, which are explained in Eq. (5)-

(6). Besides, the excess of H2O2 existing on the surface of catalysts

Eg = 

hc

λ 10
−9

×

-----------------

Fig. 2. Thermograph and DTA results of as-synthesized Fe-TiO2.

Fig. 3. UV-DR spectra of Fe-TiO2 samples calcined at 300, 400, and
500 oC compared with commercial TiO2 (P25).

Fig. 4. Photodegradation of alachlor by Fe-TiO2 as a function of
concentration of H2O2 at condition: 5 ppm initial alachlor
concentration and initial of pH 4.
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would obstruct alachlor species to adsorb on the surface.

e−+H2O2→•OH+OH− (3)

h++OH−

→•OH (4)

H2O2+•OH→H2O+•HO2 (5)

HO2+•OH→H2O+O2 (6)

A pH of aqueous medium has an influence on the stability of dis-

persion of Fe-TiO2 powders. Thus, the effects of initial pH solutions

were studied at 3, 4, 7, and 9 under the conditions of the initial con-

centration of alachlor of 5 ppm and H2O2 30 mM. Maximal photo-

catalytic activity was observed at pH 3 and decreased with increas-

ing initial solution pH, as shown in Fig. 5. It could be explained by

isoelectric charge of the material and the charge of alachlor solution.

At pH 3, the surface of catalysts presented a state of neutral net sur-

face charge (pHZPC=2.8, see the inserted figure in Fig. 5) and alachlor

solution possessed more negative charges (pKa=0.67 at 25 oC). Con-

versely, at pH 4 or higher, both surface and solution would present

mainly negative charges. Therefore, the interaction between alachlor

species and the catalyst surfaces at pH 3 should be higher than that

at pH 4 or higher.

Because this work was done in an acidic condition, it may have

caused the leaching of Fe ions from the catalyst. Thus, Fe ions in

aqueous solution were measured. The amount of Fe ions in the so-

lution was not detected as indicated by the GF-AAS (Perkin Elmer,

AAnalyst 800). This indicated that catalyst was impressively stable

under a severe acidic condition.

The effects of initial alachlor concentrations were studied at 2.5,

5, 9, 15 and 19 ppm with initial concentration of H2O2 30 mM at

pH 3.0. The results (Fig. 6) showed that the lower initial concentra-

tions of alachlor gave the highest photocatalytic degradation effi-

ciency. The results also showed that the reaction rate constants de-

creased with an increase in the initial alachlor concentrations. It was

possible that, at higher concentrations, the alachlor adsorbed and

covered the catalyst surface and resulted in deactivation that had

been already discussed by Lee and co-workers [7].

To analyze the kinetic of photocatalytic oxidation, the data were

fitted to the simple initial rate expression of the Langmuir-Hinshel-

wood (L-H) form as follows (Eq. (7)):

(7)

(8)

where ro, Co, Kad and kr are the initial rate, the initial concentration

of alachlor, the adsorption coefficient and the reaction rate con-

stant, respectively. In general, Kad and kr can be calculated from the

slope and interception of the plot of 1/ro versus 1/Co that corre-

sponded to Eq. (8). The experimental data showed that the photo-

catalytic degradation of alachlor by all Fe-TiO2 samples obeyed the

simple rate expression of the L-H kinetics (see the inserted figure

in Fig. 6) with different initial alachlor concentrations. As a result,

Kad and kr were 0.683 L/mg and 0.136 mg/L.min, respectively. The

photo-oxidation reaction of alachlor over Fe-TiO2 mainly occurred

at the catalyst surface.

Photodegradation is an electric-energy-intensive process. Accord-

ingly, a figure-of-merit of the process based on electric energy con-

sumption should be evaluated. Recently, the IUPAC has proposed

the parameter for advanced oxidation processes (AOP) on the use

of electrical energy. For the case of low pollutant concentration, the

electrical energy per order (EEO) is defined as the amount of electric-

ity (kWh) required to minimize the concentration of a pollutant by

1st order of magnitude in every 1 m3 of contaminated water. The

EEO (kWh/m3/ order) can be calculated from the following Eq. (9):

(9)

The Eq. (9) can be arranged in linear form as follows in Eq. (10).

(10)

ro = 

krKadCo

1+ KadCo

--------------------

1

ro

--- = 

1

KadkrCo

------------------ + 

1

kr

----

EEO = 

Pt1000

V
Co

C
-----
⎝ ⎠
⎛ ⎞log

-----------------------

C

Co

-----
⎝ ⎠
⎛ ⎞

 = − 

1

EEO

--------
Pt1000

V
-----------------log

Fig. 5. Photodegradation of alachlor by Fe-TiO2 as a function of
initial pH at condition: 5 ppm initial alachlor concentra-
tion and 30 mM H2O2.

Fig. 6. Photodegradation of alachlor by Fe-TiO2 as function of ini-
tial alachlor concentration at condition: 30 mM H2O2 and
pH 3.
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Where P is the power (kW) to the AOP system, t is the irradiation

time (hour), V is the volume (L) of the water in the reactor, Co and

C are the initial and final alachlor concentrations [22]. EEO can be

calculated from the negative inverse slops of the plot of C/Co versus

visible dose (Pt1000/V) in the semilog scale that corresponded to

Eq. (10) as shown in Fig. 7. The results showed that EEO increased

with increasing initial alachlor concentrations. EEO increased from

12.50 to 26.32 kWh/m3/order when alachlor concentrations increased

from 2.5 to 19 ppm (see inserted table in Fig. 7).

Table 2 presents the potential of alachlor degradation under sev-

eral conditions. As can be seen, the alachlor was highly degraded

over P25 and UV irradiation. When the study was done in the visible

light region, the degradation decreased 7 times. It may slightly be

increased with FeCl3 assistance. In this study, we improved the higher

performance of alachlor degradation in the visible light by Fe incor-

porated into TiO2 via solvothermal method.

With an initial concentration of 2.5 ppm of alachlor, the catalyst

degraded the alachlor completely within 240 min. However, the

organic intermediates were still present in the solution, as observed

in the TOC profile (Fig. 8). The mineralization should take a longer

time to be completed. Several pathways for the degradation of alachlor

to small aliphatic organic end-products and then degraded to CO2,

H2O, NH3, NO3

− and Cl− are including dearomatization, dechlorina-

tion, hydroxylation, dealkylation, scission of the C-O bond, and N-

dealkylation [19,23]. These pathways were the detoxification pro-

Fig. 7. (C/Co) versus visible dose in the semilog scale, The EEO val-
ues are calculated from the negative inverse slopes of the
least-squares fit lines.

Table 2. Alachlor degradation by several conditions

Condition Catalyst Kinetic model Rxn rate const; min−1 Ref.

UV (300 nm)+4.94 mM H2O2

CAlachlor 5.93 ppm

Catalyst loading 5 mg/L

pH 6.0

TiO2P25 pseudo-1st order 0.39 [5]

UV (300 nm)+10 mM Na2S2O8

CAlachlor 50 ppm

Catalyst loading 200 mg/L

pH 2.8

TiO2P25

TiO225+10 mg/L

Fe3+

Initial rate of TOC 0.0038

0.0122

[20]

UV (375 nm)

CAlachlor 5 ppm

Catalyst loading: 5 times of coating

pH 5

TiO2P25 thin film

TiO2P25 thin 

film+7.5 mg/L Fe3+

pseudo-1st order 0.001

0.0018

[4]

Xenon lamp (without filter cutoff)+0.05% (v/v) H2O2

CAlachlor 30-60 ppb

Catalyst loading 150 mg/L

TiO2P25

TiO2P25+15 mg/L

FeCl3

pseudo-1st order 0.053

0.065

[21]

Xenon lamp (400 nm cutoff)+30 mM H2O2

CAlachlor 2.5-19 ppm

Catalyst loading 250 mg/L

pH 3.0

Fe-TiO2 L-H 0.093 This work

Fig. 8. Comparing TOC and photodegradation of alachlor by Fe-
TiO2 at 2.5 ppm initial concentration, 30 mM H2O2 and pH
3.
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cess as reported by Mahmoodi and Arami [23].

Based on the results of the photocatalytic degradation of alachlor,

the alachlor photodegradation mechanism under the visible irradia-

tion can be proposed. The mechanism included four pathways, as

shown in Fig. 8. Electrons in Fe-TiO2 valence band were excited

by the visible irradiation and moved to the conduction band. Path 1

shows OH− on the surface of TiO2 reacting with the holes and forming

hydroxyl radicals (•OH), the main cause of the photodegradation

of alachlor. Path 2 displays electrons in the conduction band react-

ing with the surface adsorbing O2 molecules to yield O2

−• radicals.

Subsequently, the O2

−• radicals reacted with adsorbed alachlor to

break down their molecules. Additionally, Path 3 shows the Fe3+

on the surface of TiO2 (photosensitization) being excited, bringing

about efficient charge transfer in the composite samples. The Fe3+

particles could also act as electron traps. They could reduce elec-

tron recombination in the catalyst matrix, becoming Fe2+ species.

Since Fe2+ was unstable, it would rapidly transfer an electron into

O2 molecules to yield more O2

−• radicals. Therefore, the photocata-

lytic activity could be improved greatly.

Concerning Path 4, the effects of H2O2 as discussed above, led

to oxidizing agent and reducing surface centers. In addition, the higher

concentration of H2O2 would affect deleteriously to the performance.

CONCLUSIONS

The Fe-TiO2, prepared by the solvothermal method and then cal-

cination at different temperatures, showed that the physical and chem-

ical properties of Fe-TiO2 were affected by the calcination tempera-

tures by means of the crystalline phase, crystalline size, surface

area, and adsorption capacity. The catalyst calcined at 400 oC with

the initial concentrations of H2O2 at 30 mM and pH 3.0 produced

maximal the photocatalytic activity under visible light. The photo-

catalytic degradation rates corresponded to the Langmuir-Hinshel-

wood (L-H) kinetic model.
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