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Abstract Photocatalytic degradation of 4-chloro-2-
methylphenoxyacetic acid (MCPA) in aqueous solution using
Cr(III)-doped TiO2 under UVand visible light was investigat-
ed. The semiconductor material was synthesized by a
microwave-assisted sol–gel method with Cr(III) doping con-
tents of 0.02, 0.04, and 0.06 wt%. The catalyst was character-
ized using X-ray powder diffraction (XRD), scanning electron
microscopy (SEM), nitrogen physisorption, UV–Vis diffuse
reflectance spectroscopy (DRS), and atomic absorption spec-
troscopy (AAS). The photocatalytic activity for the
photodegradation of MCPA was followed by reversed-phase
high-performance liquid chromatography (HPLC) and total
organic carbon (TOC) analysis. The intermediates formed
during degradation were identified using gas chromatogra-
phy–mass spectrometry (GC–MS). Chloride ion evolution
was measured by ion chromatography. Characterization re-
sults showed that Cr(III)-doped TiO2 materials possessed a
small crystalline size, high surface area, and mesoporous
structure. UV–Vis DRS showed enhanced absorption in the
visible region as a function of the Cr(III) concentration. The
Cr(III)-doped TiO2 catalyst with 0.04 wt% of Cr(III) wasmore

active than bare TiO2 for the degradation ofMCPA under both
UV and visible light. The intermediates identified during
MCPA degradation were 4-chloro-2-methylphenol (CMP),
2-(4-hydroxy-2-methylphenoxy) acetic acid (HMPA), and 2-
hydroxybuta-1,3-diene-1,4-diyl-bis (oxy)dimethanol
(HBDM); the formation of these intermediates depended on
the radiation source.
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Introduction

Chlorophenoxy acid herbicides such a 4-chloro-2-
methylphenoxyacetic acid (MCPA) are widely used for the
control of annual and perennial weeds in cereals and grass seed
crops. This pesticide has been detected in groundwater, efflu-
ents of wastewater treatment plants, and agricultural drainage
water (Gimeno et al. 2014; Kaminski et al. 2014).MCPA is one
of the most frequently identified organic substances in ground-
water and drinking water due to its poor biodegradability, high
solubility, and mobility (Zertal et al. 2004). A World Health
Organization (WHO) and U.S. Environmental Protection
Agency (EPA) regulation set the maximum contaminant level
of this compound in drinking water in 2 μg/L (United States
Environmental Protection Agency 2004; WHO 2006).

Thus, alternative treatment technologies to remove MCPA
from contaminated water are needed. The degradation of this
compound has been described using chemical, photochemi-
cal, and biological processes (Garcia-Segura et al. 2011;
Gimeno et al. 2014; Kamaraj et al. 2014; Kaminski et al.
2014; Muter et al. 2014; Sanchis et al. 2013), but some of
these treatment procedures require long treatment periods
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and in practice, are often difficult to apply in waste disposal.
TiO2-mediated heterogeneous photocatalysis has been shown
to be an efficient way for complete degradation and mineral-
ization of organic pollutants such as MCPA under UV radia-
tion (Djebbar et al. 2006; Zertal et al. 2004). However, the
activation of TiO2 is limited only to ultraviolet light (which
accounts for just 5% of the solar spectrum) due to its large
band gap energy (3.2 eV). Therefore, the effective utilization
of visible light for photocatalytic processes has become the
ultimate goal (Daghrir et al. 2013; Devi and Kavitha 2013;
Pelaez et al. 2012). Doping a TiO2 matrix with transitionmetal
ions has been frequently considered to be a way to improve
the photocatalytic efficiency of TiO2. Transition metal ions act
as trapping sites by accepting the photogenerated electrons or
holes from the TiO2, suppressing charge carrier recombination
and facilitating the onset shift in the band gap absorption to the
visible region, thus improving the photocatalytic activity of
the material (Devi and Kumar 2011; Dong et al. 2015; Pelaez
et al. 2012). Among these dopants, Cr(III) is an interesting
option, as it has an ionic radius (0.76 nm) very similar to that
of Ti(IV) (0.75 nm), which could penetrate into the TiO2 crys-
tal lattice and easily occupy the position of Ti(IV) in the TiO2

lattice (Peng et al. 2012; Tian et al. 2012). Furthermore, the
TiO2 doped with 3d-transition metal ions such as Cr(III) could
present energy levels inside the band gap leading to significant
visible light absorption for TiO2 (Michalow et al. 2013; Ould-
Chikh et al. 2014). However, photocatalytic activity usually
depends on the nature and the amount of doping agent and the
synthesis procedure (Devi and Kumar 2011; Michalow et al.
2013; Pelaez et al. 2012). In previously reported studies,
Cr(III)-doped TiO2 has been synthesized via different
methods such as hydrothermal process (Li et al. 2013; Ould-
Chikh et al. 2014), sol–gel method (Fan et al. 2008; Jaimy
et al. 2011; Peng et al. 2012), and flame spray pyrolysis (FSP)
(Michalow et al. 2013; Tian et al. 2012).

Among the different synthetic procedures, the sol–gel
process has recently gained increasing importance in the
materials science field and represents one of the simplest
and cheapest methods used for TiO2 metal ion doping
(Daghrir et al. 2013; Gupta and Tripathi 2012). The main
advantages of this process are high purity and homogeneity
of the products obtained and that the incorporation of dop-
ant ions is performed on the molecular scale. In addition,
this method readily controls the size, shape, and size dis-
tribution of prepared catalysts (Gupta and Tripathi 2012).
Recently, a microwave-assisted synthesis has been suc-
cessfully applied for the preparation of different
nanomaterials. Some of the advantages of the microwave-
assisted methods, compared with other preparation proce-
dures, are rapid heating, higher reaction rates, shorter reac-
tion time, homogeneous heat transfer, phase purity, and
improved yields (Pan et al. 2013; Wu et al. 2013; Wu and
Tai 2013).

Thus, this research aims to study the degradation of MCPA
in aqueous solution under UVand visible light using a Cr(III)-
doped TiO2 photocatalyst. The evaluated catalysts were syn-
thesized by a microwave-assisted sol–gel method.
Characterizations were performed using X-ray diffraction
(XRD), nitrogen physisorption, scanning electron microscopy
(SEM), UV–Vis diffuse reflectance spectroscopy (DRS), and
atomic absorption spectroscopy (AAS). The influence of dop-
ant loading and catalyst amount was investigated. Finally, gas
chromatography–mass spectrometry (GC–MS) was used for
the determination of organic intermediates, and ion chroma-
tography was used to monitor the chloride ions generated as
end-product during the degradation reaction of this pollutant.

Experimental procedure

Reagents

All chemicals were of analytical grade quality. Ultrapure wa-
ter from a Milli-Q system (18 MΩ cm, Millipore, Bedford,
MA, USA) was used to prepare the solutions. MCPA (99.8%)
and 4-chloro-2-methylphenol (CMP, 97%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Standard stock
solutions (100mg/L) ofMCPA and CMPwere prepared using
ultrapure water and stored at 4°C in dark glass bottles.
Titanium (IV) isopropoxide (97%) and chromium (III) nitrate
nonahydrate (99%) obtained from Sigma-Aldrich were used
as precursors for the synthesis of TiO2 nanomaterials.
Titanium dioxide P25 with a composition of 80% anatase
and 20% rutile was purchased from Degussa Chemicals
(Hanau, Germany).

Catalyst synthesis

A microwave-assisted sol–gel method was adopted for the
synthesis of both the undoped TiO2 and the Cr(III)-doped
TiO2 materials (0.02, 0.04, and 0.06 wt%). For the synthesis,
5 mL of ultrapure water adjusted to pH 3 and 12 mL of
isopropanol was mixed into a 100-mL Pyrex beaker and
placed under magnetic stirring for 90 min. The corresponding
quantity of Cr(NO3)3•9H2O was dissolved in 5 mL of water
and 4 mL of isopropanol, and the obtained solution was then
slowly added drop wise at the same time as 21 mL of titanium
(IV) isopropoxide to the water:isopropanol mixture. The stir-
ring was stopped after 2 h, and the resulting mixture was
irradiated in an 1800-W microwave oven with temperature
controller (MARS 6, CEM) for 60 min at 150°C using
75-mL-capacity Teflon vessels. To obtain the catalyst powder,
the mixture was filtered, washed with distilled water, and
dried at 80°C for 20 h. The dried product was then calcined
(Barnstead Thermolyne) at 500°C for 4 h (2°C/min ramp rate).
The prepared materials were named 0.02-CrTi, 0.04-CrTi, and
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0.06-CrTi, where the numbers correspond to the wt% compo-
sition of Cr(III) in the prepared materials. The bare TiO2 was
obtained by the same procedure with no addition of
Cr(NO3)3•9H2O and was named Ti.

Characterization

The particle morphology was analyzed by SEM using a JEOL
JSM6510-LV microscope operated at 5 keV. The structural
characterization of the catalysts was examined by XRD per-
formed on a Siemens D5000 instrument. The diffractograms
were recorded over an angular range of 10–90° (2θ) using Cu
Kα radiation. The Debye–Scherrer equation (Eq. 1) was ap-
plied to the most intense peak to calculate the average crystal-
lite size:

D ¼ kλ
βcosθ

ð1Þ

where D is the average crystallite size, k is the Scherrer
constant, which is usually taken as 0.94, λ is the wavelength
of the X-ray radiation, β is the half-height width of the (101)
anatase diffraction peak, and θ is the diffraction angle.

The nitrogen physisorptionmeasurement was carried out to
determine the specific surface area using the Brunauer–
Emmett–Teller (BET method) in a Quantachrome Autosorb-
1 analyzer. The samples were degassed at 473 K prior to the
measurements. The band gap energy of the photocatalysts was
determined by UV–visible light DRS using a scanning UV–
Vis spectrophotometer (Thermo Fisher Scientific—Evolution
300 PC) equipped with an integrating sphere TFS-Praying
Mantis accessory (BaSO4 Spectralon was used as reference).
The band gaps were calculated for the samples by using the
Kubelka–Munk function based on the following equation as
previously described (López and Gómez 2011):

F Rð Þ ¼ 1−Rð Þ2
2R

ð2Þ

where R is reflectance of the sample and F(R) is propor-
tional to the extinction coefficient (α).

The chemical composition of the materials was determined
by atomic absorption spectroscopy (AAS) (Varian SpectrAA
220 FS) using a PHOTRON hollow cathode chromium lamp
after microwave-assisted acid digestion of the sample with
HF:HNO3:HCl (1:3:1) at 180°C for 20 min.

Photocatalytic evaluation

The experimental setup for photocatalytic degradation of
MCPA by Cr(III)-doped TiO2 under visible or UV radiation
is schematically shown in electronic supplementary material
(Fig. Sup. 1). The degradation was performed in a batch reac-
tor (Pyrex beaker) containing 450 mL of 10 mg/L MCPA

aqueous solution and 1 g/L of catalyst loading. The photocat-
alytic activity was evaluated at pH 3.5, and the aqueous solu-
tionwas previously adjusted at the desired pHwith 1MHNO3

using a pH/ISE meter Orion Star A111 (Thermo Scientific).
The MCPA solution was magnetically stirred, and before irra-
diation, the suspension was stirred in the dark for 1 h to ensure
the adsorption–desorption equilibrium. Then, it was irradiated
with visible radiation (Spectroline 450 nm, 358 W/m2) or UV
radiation (Philips Hg lamp 365 nm, 800W/m2). The lampwas
positioned 10.0 cm above the photo-reactor, and the experi-
ments were performed at room temperature (23 ± 2°C). The
reaction rate was followed by taking aliquots at desired time
intervals and then filtered. Monitoring of MCPA degradation
was followed by reversed-phase high-performance liquid
chromatography (HPLC, YL 900) using a Luna C8
100 × 4.6 mm, 3-μm column (Phenomenex) and a mobile
phase of 50:50 (v/v) acetonitrile:water at pH 3 adjusted with
H3PO4. The chromatographic conditions were adapted from a
previous study (Solís et al. 2015). The total organic carbon
concentration (TOC) during the degradation process was de-
termined in the aqueous solution using a TOC-V CSH
Shimadzu Analyzer. The intermediates 4-chloro-2-
methylphenol (CMP), 2-(4-hydroxy-2-methylphenoxy) acetic
acid (HMPA), and 2-hydroxybuta-1,3-diene-1,4-diyl-bis(oxy)
dimethanol (HBDM) were analyzed by using a Hewlett–
Packard (Agilent Technologies, Palo Alto, CA, USA) HP
7890 series GC equipped with a split/splitless injector and a
mass selective detector (HP 5973C). Analytes were separated
using 30 m × 0.25 mm, 0.25-μm-thick HP5MS (methyl 5%
phenyl polysiloxane) gas chromatographic column (Agilent
Technologies) with the following oven temperature program:
initially 70°C (holding 1 min), increased at 25°C/min to
180°C, then increased to 250°C at a rate of 5°C/min, and held
1 min, with a total run of 20.4 min. Helium (99.999%) was
used as the carrier gas at the flow rate of 1 mL/min. The
injection port was operated in pulsed splitless mode with an
injection temperature of 250°C using 1 μL sample volume
injection to obtain the mass spectra (40–650 m/z). The MS
was operated at the electron impact (EI) mode (70 eV). The
quadrupole mass analyzer, EI ion source, and the interface
temperatures were maintained at 150, 230, and 280°C,
respectively.

Prior to the determination, solid-phase extraction of 1.5 mL
of the sample, previously filtered, was carried out with OASIS
HLB filters preconditioned with ethyl acetate, methanol, and
Milli-Q water (3 mL of each) at pH 3. The sample was eluted
with 3 mL of ethyl acetate, dried with N2 gas, and
reconstituted with 1 mL of ethyl acetate. The extract was
t r e a t e d w i t h 2 0 0 μ L o f N - m e t h y l - N - ( t e r t -
butyldimethylsilyl)trifluoroacetamide (MTBSTFA) as
silylating reagent (Rodrı́guez Pereiro et al. 2004). Chloride
ion determination was carried out by ionic chromatography
(Dionex ICS-1100, Thermo Scientific) with a Dionex Ion
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Pac® AS23 column (250 × 4 mm); the mobile phase used was
4.5 mM Na2CO3:0.8 mM NaHCO3 at a flow rate of 1.2 mL/
min.

Results and discussion

Characterization of catalysts

The results of the chromium content, the BET specific surface
area, the crystallite size, and the Eg values of the different
catalyst samples are presented in Table 1. The XRD patterns
of the undoped and Cr(III)-doped samples (Fig. 1) showed
that all the samples consisted of anatase as a unique crystalline
phase (JCPDS, No. 21-1272). No crystalline phases involving
chromium oxides or oxyhydroxide were detected, implying
that Cr(III) could be incorporated into the crystal lattice of
TiO2 thanks to the similarity of the Cr(III) and Ti(IV) ionic
radii (Peng et al. 2012; Tian et al. 2012). It is feasible that
Cr(III) could replace Ti(IV) in the TiO2 lattice structure (Li
et al. 2013).

The results are shown in Table 1. As the dopant concentra-
tion increased, the crystallite size decreased and ranged from
20 to 14 nm. This result suggested that dopant could restrain
the growth of TiO2 crystallites introducing defects within the
TiO2 crystal lattice (Li et al. 2013).

Usually, high specific surface areas are related to small
crystallite size and could have a positive effect on enhancing
the reactivity of TiO2 for photocatalytic applications. The
presence of Cr (III) on the TiO2 slightly increased the BET
specific surface area from 51 to 60 m2/g, as shown in Table 1.
However, surface area values were only slightly affected by
the Cr(III) content. All the samples presented pore diameters
(5.6–6.5 mm) within the mesoporous range (type IV
isotherms).

UV–Vis diffuse reflectance spectra were recorded to deter-
mine the effect of metal doping on the TiO2 absorption edge
(Fig. 2). As seen in Table 1, increasing the amount of Cr(III)
incorporated did not affect the intrinsic band gap of anatase
TiO2. However, a slight increase in the absorbance capacity at
approximately 450 nm was observed in the case of the sample
doped with the highest Cr(III) amount (0.06-CrTi material).
This behavior can be attributed to the interfacial charge trans-
fer from Cr(III) to the conduction band of Ti(IV) and partially
to the 4A2g→

4T1g transition band of Cr(III) in an octahedral
coordination (Jaimy et al. 2011; Ould-Chikh et al. 2014; Tian
et al. 2012). The enhancement of absorbance in the visible
region could improve the photocatalytic activity of TiO2 under
visible light, as previously reported by other authors (Jaimy
et al. 2011; Li et al. 2013; Ould-Chikh et al. 2014; Tian et al.
2012).

The SEMmicrographs of the catalysts (Fig. 3) showed that
the samples were formed by agglomerates of sphere-like-

shaped nanoparticles with diameters ranging from 50 to
90 nm. The SEM images indicated that the increment of
Cr(III) content from 0 to 0.06 wt% caused the reduction of
the particle size while nanoparticles become more spherical.
Additionally, the increment of Cr doping in TiO2 reduced
agglomeration of particles obtaining highly dispersed TiO2

crystals that could present high photocatalytic activity. The
effect of chromium doping in the morphological properties
of TiO2 anatase structure has been previously described by
Vijayalakshmi and Jereil (Vijayalakshmi and Jereil 2015).
The AAS results confirmed the presence of chromium in all
the prepared photocatalysts, although, as seen in Table 1, the
quantity of chromium incorporated was always lower than the
expected theoretical percentage value.

Photocatalytic activity of Cr(III)-doped TiO2 catalysts

Photocatalytic activity of the undoped and the Cr(III)-doped
TiO2 catalysts was evaluated by the degradation, under visible
irradiation, of MCPA solutions at pH 3.5 (natural pH of
MCPA solution) using 1 g/L of catalyst loading (Fig. 4). It
can be clearly seen that 0.04-CrTi showed better performance
on the degradation of MCPA in comparison with either the
bare TiO2 (Ti) or Cr-doped TiO2 materials with Cr contents of
0.02 and 0.06 wt% (Fig. 5). Thus, the optimal Cr doping level
into TiO2 to obtain the highest photocatalytic activity was
0.04 wt%, resulting in complete MCPA degradation in
240 min under visible radiation. Appropriate Cr(III)-doping
levels in TiO2 could effectively enhance the separation of the
electron-hole pairs by the entry of chromium ions into the
crystal lattice of TiO2, improving its photocatalytic perfor-
mance. However, an excess chromium content could be in
the form of an oxide on the surface of TiO2, where Cr(III) ions
could act as recombination centers, which decrease the
photoactivity of TiO2 (Fan et al. 2008; Li et al. 2013; Peng
et al. 2012).

The enhanced photocatalytic activity under visible light of
Cr(III)-doped TiO2 photocatalysts (relative to the undoped
oxide) are most likely due to its higher surface area, mesopo-
rous structure, lower crystallite size, and the presence of de-
fects created in the semiconductor by metal doping. Most of
these characteristics are directly related to the preparation
method. Because of the higher performance shown by the
0.04-CrTi photocatalyst, this catalyst was selected for further
studies aimed to establish the best degradation conditions and
intermediates formed.

Effect of catalyst dosage

The effect of catalyst dosage for MCPA degradation was eval-
uated with three different catalyst quantities of 0.04-CrTi sam-
ple: 0.5, 1, and 1.5 g/L under visible radiation. As seen in
Fig. 5, the degradation percentage of MCPA increased as the
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catalyst dosage was increased to an optimum value of 1 g/L
and decreased with increasing catalyst dosage. On one hand,
this could be attributed to the effect of catalyst particles that
attenuate light absorption inside the reaction medium when
the catalyst loading increases above an optimum value. On
the other hand, when using a lower catalyst dosage, the num-
ber of catalytic active sites in the reaction medium decreased.
In both cases, ●OH radical production decreased in the pho-
tocatalytic system, and therefore, the efficiency of degradation
was reduced (Ahmed et al. 2011; Akpan and Hameed 2009).

Effect of radiation source

Sunlight consists of both visible and UV light. From the view-
point of practical application, it is desirable to develop
photocatalysts with high activity under both UV and visible

light in order to utilize sunlight most effectively.
Photocatalytic degradation of MCPA using P25, Ti, and
0.04-CrTi was evaluated under both light irradiation sources.
Degussa P25 has an Eg value of 3.33 eV, BET surface area of
50 m2/g, and crystallite size of 30 nm (Han et al. 2012;
Palominos et al. 2009). The results are shown in Fig. 6a, b.
Dark control experiments conducted to determine the exact
initial dark adsorption–equilibration period when using 0.04-
CrTi as catalyst indicated that MCPA already reached its equi-
librium in 1 h with an MCPA removal of approximately 9%.
However, MCPA is a photostable herbicide, and
photodegradation was negligible in the absence of catalyst
under visible and UV light irradiation, obtaining only 4 and
11% degradations of MCPA, respectively. The control exper-
iments (photolysis and adsorption) confirmed that the en-
hancement in the degradation rate of MCPA is a photocatalyt-
ic effect arising from catalyst materials.

The Langmuir–Hinshelwood (L–H) kinetic model has
been widely utilized to describe the kinetics of the photocata-
lytic process (Alvarez-Corena et al. 2016; Dong et al. 2016
Kondarides 2010; Liu et al. 2014). The rate of degradation (r)
with maximum coverage of sites on the photocatalyst surface
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Fig. 1. XRD patterns of the prepared Cr(III)-doped TiO2 catalysts with
various metal doping concentrations

Table 1. Physicochemical
properties of the prepared
catalysts

Catalyst Cr content (wt.%)a Surface area (m2/g)b Crystallite size (nm)c Eg (eV)d

Ti – 51.5 19.72 3.13

0.02-CrTi 0.012 ± 0.003 56.8 15.25 3.14

0.04-CrTi 0.025 ± 0.002 54.5 14.24 3.14

0.06-CrTi 0.044 ± 0.004 60.4 14.23 3.13

a Determined by AAS (n = 4)
b BET method
c Scherrer’s equation applied to the (101) anatase diffraction peak
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is controlled by the reaction rate of the adsorbed molecules
and is given by Eq. (3):

r ¼ dc
dt

¼ kLH
KLc

1þ KLc
; ð3Þ

where KL is the Langmuir adsorption constant, kLH is the
L–H reaction rate constant, and c is the contaminant

concentration. The Langmuir–Hinshelwood (L–H) equation
could be simplified considering the possible boundary
conditions:

(a) when KL x c >> 1 (at high substrate concentration), the
reaction is of pseudo zero order, where kr is the apparent
rate constant:

(d)(c)

(b)(a)

Fig. 3. SEM micrographs at 50,000× magnification of the samples: Ti (a), 0.02-CrTi (b), 0.04-CrTi (c), and 0.06-CrTi (d)
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r ¼ dc
dt

¼ kr ð4Þ

Integration of Eq. (4) gives the following expression:

c−c0 ¼ −krt ð5Þ

(b) when KL x c ≪ 1 (for diluted solutions), the reaction is of
pseudo-first order. The pseudo-first-order kinetic rela-
tionship is shown in Eq. (6), where kapp is the apparent
rate constant

r ¼ dc
dt

¼ kappc ð6Þ

Integration gives the following expression:

In
c
c0

� �
¼ −kappt ð7Þ

where c is the MCPA concentration at reaction time t, c0 is
the initial MCPA concentration, and kapp is the apparent rate
constant. The plot of ln (c/c0) versus t gave a straight line,
confirming that degradation of MCPA followed pseudo-first-
order kinetic.

This model has been commonly accepted to describe pho-
tocatalytic processes of organic compounds, including pesti-
cides (Fenoll et al. 2014; Maya-Treviño et al. 2014; Oseghe
et al. 2015, Zertal et al. 2004). The apparent rate constants for
the evaluated catalysts under visible and UV radiation are
included in Table 2. It is worthwhile to mention that the pres-
ent study was performed at low substrate concentration; there-
fore, the good correlation of the experimental data (regression
coefficients (R2) between 0.9887 and 0.9977) indicates that
photocatalytic degradation of MCPA using these
photocatalysts fits into the pseudo-first-order kinetic model.

The photocatalytic degradation of MCPA under visible
light radiation (Fig. 6a) indicated that the 0.04-CrTi sam-
ple exhibited higher photocatalytic activity compared to
that of the Ti and P25 materials, confirming that Cr dop-
ing is an effective way to improve the photoactivity of
TiO2. The MCPA degradation percentages in 240 min
were approximately 99, 45, and 32% with 0.04-CrTi, Ti,
and P25, respectively. The results revealed that 0.04-CrTi
displayed a higher initial rate (4.1 × 10−3 min−1) of MCPA
degradation. The degradation rate under visible radiation
with a 0.04% Cr(III) doping concentration was 1.70 and
6.8 times higher compared to that of the bare TiO2 and
P25, respectively. The constant value achieved for MCPA
degradation was 3.1 times lower than the kapp value
(~15.8 × 10−3 min−1) reported in a previous study using
a 0.25 mol% Cr(III)-doped photocatalyst prepared
through an aqueous sol–gel method for the photocatalytic
oxidation of methylene blue under visible light (Jaimy
et al. 2011). Although slightly lower constant rate values
were achieved during MCPA degradation using 0.04-CrTi
prepared by a microwave-assisted sol–gel method than the
reported value on the degradation of azo dye using
0.25 mol% Cr(III)-doped TiO2 obtained by a sol–gel pro-
cedure (Jaimy et al. 2011), there are other operational
parameters that could significantly influence the photocat-
alytic degradation process (e.g., light intensity, nature and
concentration of the organic pollutant, nature and loading
of photocatalyst) (Dong et al. 2015).

Conversely, under UV irradiation (see Fig. 6b), all the cat-
alysts were effective in removingMCPA; the ordering accord-
ing to the MCPA degradation rate was as follows: P25 > 0.04-
CrTi > Ti.
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Fig. 6. Adsorption, photolysis, and photocatalytic degradation ofMCPA
under visible (a) and UV (b) radiation (10 mg/L MCPA, pH 3.5, and 1 g/
L of catalyst)
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As observed in Table 2, the MCPA degradation rates were
slower under a visible light excitation source when compared
to those under the UV light irradiation. Deactivation in the UV
region of chromium-doped titania materials prepared under
hydrothermal conditions was also described by Ould-Chikh
et al. during photocatalytic degradation of formic acid (Ould-
Chikh et al. 2014). Thus, the 0.04-CrTi photocatalyst may be
good for the degradation of organic molecules under visible
light but it requires a longer time for mineralization (total
oxidation of MCPA compound to CO2).

The enhanced photocatalytic activity of Cr(III)-doped TiO2

under UVand visible radiation depends on the morphological
and structural characteristics of the sample as well as on the
amount of Cr doping. Doping with 0.04 wt% chromium was
mainly responsible for the efficient separation of
photogenerated electrons and holes in the TiO2 under UV
radiation, preventing the electron-hole pair recombination.
While using visible radiation, Cr(III) ions increased absorp-
tion in the visible light region of the spectra, resulting in pro-
duction of more photogenerated electron/hole pairs that could
participate in redox reactions improving the photoreactivity of
Cr(III)-doped TiO2 (Peng et al. 2012; Zhu et al. 2006).

Intermediate products generated under UV and visible
radiation

The intermediates formed, the end-product Cl− generated, and
the mineralization abatement during the photocatalytic degra-
dation of MCPA in aqueous suspensions of 0.04-CrTi under
visible (Fig. 7a) and UV radiation (Fig. 7b) were determined
by GC–MS, ion chromatography, and TOC analysis,
respectively.

The intermediates detected were 4-chloro-2-methylphenol
(CMP), 2-(4-hydroxy-2-methylphenoxy) acetic acid (HMPA),
and 2-hydroxybuta-1,3-diene-1,4-diyl-bis(oxy)dimethanol
(HBDM).

Only aromatic intermediates CMP and HMPAwere identi-
fied during the visible light-mediated photocatalytic degrada-
tion of MCPA, which were not completely removed after

240 min (see Fig. 7a). CMP was generated from MCPA by
the attack of •OH on the C(1)–O bond and reached a maxi-
mum concentration of 4 mg/L in 120 min. The hydroxylation
of MCPA by a photo-induced hydroxyl radical with dechlori-
nation formed HMPA and a Cl− ion. CMP is more toxic than
the parent compound and is listed in the priority pollutant list
of the European Community as more hazardous to human
health (Solís et al. 2015). Thus, the quantification of this in-
termediate should be taken into consideration during water
treatment related with the MCPA removal. Visible light
0.04-CrTi mediated photocatalytic treatment resulted in 32%
mineralization.

Conversely, photocatalytic degradation under UV radiation
with 0.04-CrTi material generated the aromatic intermediates
CMP and HMPA that were completely removed in 180 min,
after reaching maxima of 1.35 and 1.38 mg/L, respectively
(see Fig. 7b). The UV-mediated photocatalytic reaction led
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Fig. 7. Photocatalytic degradation and mineralization of MCPA:
evolution of the Cl− ion as an end-product and CMP, HMPA, and
HBDM intermediates formed using the 0.04-CrTi catalyst under visible
(a) and UV (b) radiation

Table 2. Apparent rate constants and the corresponding linear
regression coefficients (R2) for the photocatalytic degradation of MCPA
under UVand visible radiation sources

Catalyst/radiation source kapp × 103 (min−1) R2

P25/Vis 0.6 0.9976

Ti/Vis 2.4 0.9981

0.04-CrTi/Vis 4.1 0.9892

P25/UV 12.3 0.9966

Ti/UV 8.4 0.9977

0.04-CrTi/UV 10.6 0.9887
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to the complete removal of the aromatic intermediates; how-
ever, the herbicide was not completely mineralized and some
intermediates accumulated in the reaction media. The 2-
hydroxybuta-1,3-diene-1,4-diyl-bis(oxy)dimethanol
(HBDM) was identified during UV photocatalytic degrada-
tion ofMCPA. HBDMwas formed by demethylation and ring
opening of HMPA. As shown in Fig. 7b, after 180 min, ∼56%
of TOC percentage was achieved. The degradation of MCPA
was accompanied by the loss of its initial chlorine (1.77 mg/L)
as Cl− ion, as confirmed by ionic chromatography. As seen in
Fig. 7b, the Cl− ion generated in 240 min of reaction was
approximately 1.68 mg/L (94.9% of initial Cl− concentration).
The formation of the main intermediate CMP has been de-
scribed during degradation of MCPA by TiO2-mediated
photocatalysis treatment (Djebbar et al. 2006; Oseghe et al.
2015; Zertal et al. 2004), UVA/TiO2/O3 system (Solís et al.
2015), and photoelectron-Fenton processes (Garcia-Segura
et al. 2011). Conversely, intermediate compounds such as
HMPA and HBDM, with significantly lower toxicity than
MCPA and CMP, have been mainly described during the
TiO2-mediated photocatalysis process (Djebbar et al. 2006;
Oseghe et al. 2015).

Conclusions

Cr(III)-doped TiO2 materials with Cr(III) doping contents
of 0.02, 0.04, and 0.06 wt% have been prepared by a MW-
assisted sol–gel procedure. In all cases, the obtained mate-
rials had an anatase structure and small crystalline size,
high surface area, mesoporous structure, enhanced absorp-
tion in the visible region, and surface defects created by
metal doping from the preparation method that prevents
charge recombination of the electrons and holes. They also
exhibited a visible light-induced activity due to the transi-
tion from the TiO2 valence band to the Cr(III) impurity
states. The Cr(III)-doped TiO2 catalyst with 0.04 wt%
Cr(III) showed higher photocatalytic performance than
the bare TiO2 for the degradation of MCPA under both
UV and visible light radiation, which is attributed to the
synergistic effect of the morphology, composition, struc-
ture, and optical properties. Intermediates of MCPA degra-
dation were identified as 4-chloro-2-methylphenol, 2-(4-
hydroxy-2-methy lphenoxy) ace t i c ac id , and 2-
hydroxybuta-1,3-diene-1,4-diyl-bis(oxy)dimethanol. TOC
analysis confirmed the mineralization of MCPA with 32
and 56% removal by visible light- and UV-mediated
0.04-CrTi photocatalysts, respectively. The toxicity of in-
termediate products generated during the MCPA degrada-
tion depended on the irradiation source and, in contrast to
the initial MCPA, might be mineralized using biological
treatment methods.
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