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a b s t r a c t

The aim of this work was to study the efficiency of Fe- and N-doped titania suspensions in the pho-
tocatalytic degradation of the herbicides RS-2-(4-chloro-o-tolyloxy)propionic acid (mecoprop, MCPP),
(4-chloro-2-methylphenoxy)acetic acid (MCPA), and 3,6-dichloropyridine-2-carboxylic acid (clopyralid,
CP) under the visible light (� ≥ 400 nm) irradiation. The obtained results were compared with those of the
corresponding undoped TiO2 (rutile/anatase) and of the most frequently used TiO2 Degussa P25. Com-
eywords:
e-doped rutile TiO2

-doped anatase TiO2

isible light irradiation

putational modeling procedures were used to optimize geometry and molecular electrostatic potentials
of MCPP, MCPA and CP and discuss the obtained results. The results indicate that the efficiency of photo-
catalytic degradation is greatly influenced by the molecular structure of the compound. Lowering of the
band gap of titanium dioxide by doping is not always favorable for increasing photocatalytic efficiency
erbicides
hotodegradation
EP study

of degradation.

. Introduction

TiO2 semiconductors that are used in the photocatalysis pro-
esses are characterized by a high incidence of recombination
etween electrons and holes, which unfortunately reduces the effi-
iency of the photocatalytic process. For an efficient photocatalytic
rocess, it is extremely important to have the charge carriers sep-
rated as far as possible, and one of efficient ways for achieving
his is the doping of semiconducting materials, such as TiO2, with
arious metals and non-metals [1]. Besides, one of the main pur-
oses of such doping is to extend the light absorption edge in order
o make use of the majority of the ambient light spectrum. Vari-
us computational and experimental methods have proven that the
ost convenient transition metal for such purposes is iron, due to

ts ion radius (rTi = 0.68 Å and rFe = 0.64 Å) and half-filled electronic
onfiguration [2].

Numerous investigations have shown that the photocatalytic
ctivity of Fe-doped TiO2 is strongly dependent on the dopant con-

entration; higher contents of Fe3+ result in an increase of the
ecombination rate of photogenerated electrons and holes and thus
n a decrease of the photocatalytic activity [3]. When the iron con-
entration exceeds an optimal level, the Fe3+ ions steadily become
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304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.02.055
© 2010 Elsevier B.V. All rights reserved.

the recombination centers of photogenerated electrons and holes.
This was ascribed to the fact that more Fe3+ sites trap more pho-
togenerated electrons and holes, but the trapped free carrier pairs
easily recombine through quantum tunneling [4]. Thus, a higher
Fe3+ content in the catalyst makes the recombination reaction more
probable. Because of that, titania doped with a non-metal, such
as carbon [5], sulfur [6], phosphorus [7], fluorine [8], nitrogen [9],
etc., which can replace lattice oxygen atoms, are also frequently
used for narrowing the band gap of TiO2. Nitrogen doping can be
easily achieved by various methods (sputtering TiO2 targets in N2
atmosphere, calcination of TiO2 in ammonia atmosphere, anneal-
ing of TiO2 with organic compounds containing nitrogen, etc. [9]).
Even very low concentrations of nitrogen can produce consider-
able band gap narrowing of TiO2 [10]. The properties of doped
TiO2 materials and already mastered synthesis methods [10,11]
were the reasons for choosing Fe- and N-doped TiO2 to study the
photocatalytic degradation of herbicides under visible light irradi-
ation. The differences in crystalline structure are inherent to the
synthesis procedures – the presence of iron ions makes the rutile
structure more stable, and the annealing, as a step in the synthe-
sis of N-doped samples, favors the anatase structure. Besides, in
our previous works, we began the study of the efficiency of pho-
tocatalytic degradation of selected pesticides under visible light

irradiation in aqueous suspensions of TiO2 Degussa P25 [12] and
N-doped anatase TiO2 (wet synthetic method) [13].

In view of the above, the aim of this work was to investigate the
efficiency of Fe-doped rutile TiO2 [11] and N-doped anatase TiO2
(dry synthetic method) [10] as photocatalysts in the degradation
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Fig. 1. Structures of the pesticides.

f the herbicides RS-2-(4-chloro-o-tolyloxy)propionic acid (meco-
rop, MCPP, C10H11ClO3), (4-chloro-2-methylphenoxy)acetic acid
MCPA, C9H9ClO3) and 3,6-dichloropyridine-2-carboxylic acid
clopyralid, CP, C6H3Cl2NO2) (Fig. 1) using visible light (� ≥ 400 nm)
or irradiation. These pesticides were chosen because of their wide
se for selective control of many annual and some perennial weeds
nd because of their frequent presence in drinking water [14,15].
nother important objective was to study how the performance
f Fe- and N-doped TiO2 catalysts compare with that of the cor-
esponding undoped TiO2 (rutile/anatase) and most frequently
sed TiO2 Degussa P25. Finally, the aim was to investigate if the
atalyst activity depends on the molecular structure of the com-
ound subjected to photocatalytic degradation. In order to correlate
olecular structure of the herbicides with obtained results, we

roposed molecular electrostatic potential (MEP) model of these
ompounds, calculated by Hyperchem 8.0.6.

. Experimental

.1. Chemicals and photocatalysts

The commercial herbicide MCPP (98% purity), obtained from the
hemical Factory “Župa” Kruševac, Serbia, was purified by conven-
ional recrystallization from water–ethanol (1:1, v/v) solution, and
ts purity was checked by 1H NMR spectrometry (Bruker AC-250).

CPA (98.8% purity) and CP (99.4%) were purchased from Riedel-
e Haën and used without purification. All other chemicals used
ere of analytical reagent grade. The herbicides solutions were pre-
ared in doubly distilled water, the initial concentration of MCPP
nd MCPA being 2.7 mmol dm−3 and that of CP 1.0 mmol dm−3.

The Fe-doped rutile TiO2 powders were synthesized according
o a recently described procedure [11]. Briefly, appropriate amount
f FeCl3 (Aldrich, p.a.) was dissolved in 200 cm3 of water. Five cubic
entimeters of TiCl4 (Fluka, p.a.) prechilled to −20 ◦C were added
ropwise to the solution containing FeCl3 under stirring. After 2 h of
tirring at room temperature, the obtained dispersions were heated
nd kept at 50 ◦C for 16 h with constant stirring. The resultant pre-
ipitates were dialyzed against water until test reaction for Cl− was
egative, and subsequently dried in vacuum at room temperature.
ndoped rutile TiO2 powder was synthesized in the same man-
er but without FeCl3. Concentration of Fe3+ in TiO2 matrix was
hecked by scanning electron microscopy using an energy disper-
ive spectrometer as detector (SEM/EDS, JEOL JSM-35).

The N-doped anatase TiO2 powder nanoparticles were obtained

y the dry synthetic method [10]. Briefly, freshly prepared Ti(OH)4
ry powder was mixed with urea (1:1 or 1:2; Sigma, p.a.) and heated

n the air up to 400 ◦C for 1 h. Although the stoichiometric con-
ent of nitrogen in both N-doped anatase TiO2 catalysts should be
elatively high, the measured content was very low, that is below
s Materials 179 (2010) 49–56

the detection limit of the X-ray photoelectron spectroscopy (XPS)
method, which is reportedly about 1 at.% [16,17]. Undoped anatase
TiO2 powder was synthesized in the same manner but without urea.

The X-ray diffraction (XRD) measurements of the powders were
performed on a Philips PW 1710 diffractometer.

The UV/vis diffuse reflectance spectra (DRS) were recorded on
an Evolution 600 UV/vis spectrophotometer (Thermo Scientific),
equipped with DRA-EV-600 Diffuse Reflectance Accessory.

TiO2 Degussa P25 (75% anatase and 25% rutile, specific area of
50 m2 g−1, average particle size 20 nm, non-porous) was used for
the purpose of comparison.

FTIR spectra were taken on a Thermo Nicolet Nexus 670 spec-
trophotometer with 4 cm−1 resolution and 100 scans. A volume of
20 cm3 of 1.0 mmol dm−3 CP solution, containing 2000 mg dm−3 of
the appropriate catalyst, was stirred for 4 h in the dark, to allow
herbicide adsorption on TiO2 particles. The residue obtained after
decantation was dried at 60 ◦C. Spectra were recorded on pellets
consisting of a mixture of the sample prepared in this manner and
KBr.

All experiments were carried out using a 2000 mg dm−3 suspen-
sion of the catalyst.

2.2. Photodegradation procedure

Photocatalytic degradation was carried out in a cell described
previously [13]. Aqueous suspensions of the catalyst containing
herbicide were sonicated for 15 min before irradiation, to make
the catalyst particles uniform. The suspension thus obtained was
thermostated at 40 ± 0.5 ◦C in a stream of O2 and then irradiated
with the visible light using a 50 W halogen lamp (Philips) and a
400 nm cut-off filter. The lamp output was calculated to be ca.
1.7 × 10−9 Einstein cm−3 min−1 (potassium ferrioxalate actinome-
try). During irradiation, the mixture was stirred at a constant speed.
All experiments were carried out at a natural pH (∼2.8 for MCPP and
MCPA, and 3.2 for CP).

2.3. Analytical procedure

The kinetics of herbicides photodegradation reactions were
studied by liquid chromatography–diode array detection (LC–DAD)
and UV/vis spectrophotometry.

For the LC–DAD monitoring, aliquots (0.25 cm3 for MCPP and
MCPA, and 0.50 cm3 for CP, to keep total volume change below
10%) of the reaction mixture were taken at the beginning of
the experiment and at regular time intervals. In the case of CP,
5.0 cm3 of 0.1 mol dm−3 HCl were added, and the solution diluted to
10.00 cm3 with doubly distilled water. The suspensions containing
photocatalyst were filtered through Millipore (Millex-GV, 0.22 �m)
membrane filter. After that, a 20-�l sample was injected and ana-
lyzed on an Agilent Technologies 1100 Series liquid chromatograph,
with the UV/vis DAD set at the absorption maxima (228 nm for
MCPP and MCPA and 225 nm for CP) and using an Eclypse XDB-
C18 (150 mm × 4.6 mm i.d., particle size 5 �m, 25 ◦C) column. The
mobile phase (flow rate 1 cm3 min−1) was a mixture of acetonitrile
and water (1:1, v/v, pH 2.68 for MCPP and MCPA, and 3:7, v/v, pH
2.56 for CP), the water being acidified to make a 0.1% phosphoric
acid.

For the spectrophotometric monitoring, samples were prepared
in the same way as for LC measurements, and the spectra were
recorded in the wavelength range from 200 to 400 nm on a Seco-
mam Anthelie Advanced 2 spectrophotometer in 1 cm quartz cells.

The kinetics of herbicides degradation was monitored at 228 nm
(MCPP and MCPA) and 225 nm (CP).

Computer modeling procedures used in this study were per-
formed using Hyperchem 8.0.6 (Hypercube Inc.). The compounds
formulae were entered into the data set as two-dimensional
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Table 2
Concentration of Fe3+ in doped rutile TiO2 powders.

Sample (% Fe–TiO2) Fe at.% (EDS)

Rutile TiO2 0.00
2.5 0.13
ig. 2. Diffuse reflectance spectra of the catalysts: (a) 1, rutile TiO2; 2, TiO2 + 0.13 at.%
e; 3, TiO2 + 0.19 at.% Fe; 4, TiO2 + 1.27 at.% Fe; 5, TiO2 + 1.48 at.% Fe; 6, TiO2 Degussa
25; and (b) 1, TiO2 Degussa P25; 2, anatase TiO2; 3, N1-TiO2; 4, N2-TiO2. Insets:
ypical XRD patterns.

ketches into Hyperchem and stored as atomic coordinates. Full
ptimization geometry and calculation of the positive and neg-
tive MEPs for the best conformer were performed using the
emi-empirical method AM1 running on Hyperchem. Electronic
roperties were computed from single point calculations.

. Results and discussion

.1. Characteristics of photocatalysts

The influence of doping on the UV/vis spectral properties of TiO2
s clearly shown in Fig. 2. The DRS of Fe-doped rutile TiO2 are pre-
ented in Fig. 2a and of N-doped anatase TiO2 in Fig. 2b. As can be
een, the absorption edge of the doped TiO2 samples shifts toward
igher wavelengths, indicating a decrease in the band gap. The

eflectance of undoped TiO2 (Fig. 2a curve 1 and b curve 2) starts to
ecrease from around ≤420 nm, while the decrease in the reflec-
ion of doped samples is significantly shifted to the visible spectral
egion, as is shown in Table 1. Results of XRD measurements of cat-

able 1
bsorption thresholds (�)/band gap energy (Eg) and average particle diameters (D)
f applied photocatalysts.

Type of photocatalyst � (nm)/Eg (eV) D (nm)

TiO2 Degussa P25 ∼400/3.1 20
Rutile TiO2 ∼420/3.0 5–7 [11]
Fe-doped rutile TiO2 440–550/2.8–2.2 5–7 [11]
Anatase TiO2 ∼400/3.2 6–8 [10]
N-doped anatase TiO2 540–590/2.3–2.1 6–8 [10]
5.0 0.19
10.0 1.27
20.0 1.48

alysts are presented as insets in Fig. 2: Fe-doped samples have a
rutile crystal structure and N-doped samples have anatase crystal
structure, without any detectable dopant-related phase. Average
particle diameters calculated from the XRD measurements are pre-
sented in Table 1.

The SEM/EDS measurements showed that the real concen-
trations of Fe3+ in the TiO2 matrix were much lower than the
corresponding stoichiometric values (Table 2), which is in good
agreement with the results obtained by the inductively coupled
plasma (ICP) method [11].

3.2. Photocatalytic activity of Fe-doped rutile TiO2

The results of studying the photocatalytic activity of rutile TiO2
doped with different amounts of Fe3+ are presented in Fig. 3. As
can be seen, the rate of MCPP degradation in the presence of these
catalysts was lower compared to that observed in the presence
of undoped rutile (Fig. 3a). Also, the increase in the Fe3+ concen-
tration from 0.13 to 1.48 at.% resulted in a decrease of the rate of
photocatalytic degradation of MCPP.

In the case of MCPA as substrate, the situation was somewhat
different (Fig. 3b). Although the degradation rate in this case was
also highest in the presence of undoped rutile TiO2, the increase in
the Fe3+ concentration up to 1.27 at.% yielded a slight increase in
the degradation rate, followed by a marked decrease with a further
increase in the dopant content.

In order to investigate how molecular structure of the substrate
influences the rate of its degradation, we compared the processes
for MCPP and MCPA, having an aromatic ring in their molecules,
with that of CP, whose molecule contains a pyridine ring which has
the properties of a strong Lewis base (Fig. 1). It was found that in
the case of CP the presence of Fe3+ in rutile had a favorable effect
on the photocatalyst efficiency, i.e. the increase in the Fe3+ content
accelerated the CP degradation, as is shown in Fig. 3c.

In view of the fact that the degradation intermediates of MCPP,
MCPA and CP might absorb at the same wavelength as the main
compound, we applied the LC–DAD technique to separately identify
the degradation intermediates and the parent compound. By this
technique, we studied the behavior of those Fe-doped rutile TiO2
catalysts for which spectrophotometric measurements showed the
highest photocatalytic efficiency in the case of all three herbicides.
Since TiO2 doped with 0.13 at.% Fe appeared to be most efficient
of the synthesized photocatalysts used in the degradation of MCPP
and MCPA, the degradation efficiency of these herbicides was stud-
ied in the presence of this catalyst (Fig. 4). It was found that the
degradation rate of both herbicides was higher than that measured
by spectrophotometric method (Fig. 3a and b), which indicates the
presence of intermediates. Namely, with both herbicides, the pres-
ence of the intermediate 4-chloro-2-methylphenol was observed
at the retention time of 4.9 min (Fig. 5, chromatograms 1 and 2),
which is in agreement with our previous findings [18,19]. Also, it
was found that the rates of degradation of MCPP and MCPA were

similar, which is understandable because of the similarity of their
structural formulae and physical properties. Since the rate of CP
photodegradation determined spectrophotometrically was highest
in the presence of TiO2 doped with 1.27 at.% Fe, the correspond-
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with electrons [4]. Also, the increase in the Fe3+ concentration may
lead to the formation of the aggregates of Fe-oxides (Fe2O3 or FeO),
causing a further decrease of the photodegradation rate, which is a
consequence of lower mobility of the charges and reduced adsorp-
ig. 3. Spectrophotometric monitoring of herbicides photocatalytic degradation in
he presence of rutile TiO2, rutile TiO2 doped with different at.% of Fe3+ and TiO2

egussa P25: (a) MCPP; (b) MCPA; and (c) CP.

ng kinetic curve is also shown in Fig. 4. As can be seen, the rates

f CP degradation measured by both techniques are very similar
Figs. 3c and 4), which indicates the absence of intermediates (Fig. 5,
hromatogram 3).

The efficiency of the photodegradation processes was compared
ith that of the direct photolysis performed also using visible light
Fig. 4. Kinetics of photocatalytic degradation of herbicides in the presence of Fe-
doped rutile TiO2.

[13,20]. The degradation of all herbicides was detected, but at a
much lower rate than in the presence of catalysts, the difference
being especially pronounced in the case of MCPP and MCPA. There-
fore, it can be concluded that the direct photolysis did not play a
significant role in the overall photocatalytic degradation.

To interpret the influence of the presence and concentration of
Fe3+ ions on the photocatalytic activity of the Fe-doped rutile TiO2
it is necessary to take into account a number of factors [2]. Firstly,
Fe3+ ions can enhance the intensity of absorption in the UV/vis
light region and make a red shift in the band gap transition of the
Fe-doped rutile TiO2 samples (Fig. 2). This can induce more photo-
generated electrons and holes to participate in the photocatalytic
reactions. Apart from this effect, Fe3+ ions can also serve as a medi-
ator of the transfer of interfacial charges at an appropriate doping
concentration. Besides, the presence of a small amount of Fe3+ ions
can enhance the activity, but excessive Fe3+ ions are detrimental
[2]. A most probable explanation of the decrease of photocatalytic
efficiency with increase in the Fe3+ content might be the trapping
of holes on the catalyst surface, which lowers their apparent mobil-
ity and results in an increased probability of their recombination
Fig. 5. Chromatograms obtained in the presence of Fe-doped rutile TiO2 after about
5 h of degradation: (1) MCPP, 0.13 at.% Fe; (2) MCPA, 0.13 at.% Fe; (3) CP, 1.27 at.% Fe.
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ig. 6. Relative position of energy levels in photocatalysts: (a) rutile TiO2 and Fe-
oped rutile TiO2; and (b) anatase TiO2 and N-doped anatase TiO2 [29–31].

ive properties of Fe oxide compared to TiO2 [21]. Secondly, the
arge surface area may be an important factor in certain photocat-
lytic degradation reactions, since the large amount of adsorbed
rganic molecules promotes the reaction rate. However, powders
ith a large surface area are usually associated with large amounts

f crystalline defects which favor the recombination of photogener-
ted electrons and holes, leading to a poor photoactivity [2]. Thirdly,
article size is another important parameter influencing the pho-
ocatalytic efficiency, since the electron–hole recombination rate

ay depend on the particle size. Finally, but not the least impor-
ant, come the effects of the substrate structure and the pH at which
he photodegradation process is taking place.

The observation that there does not exist an Fe3+ concentra-
ion at which the photodegradation rate of all tested herbicides
ould be the highest suggests that the structure of the substrate
lays a decisive role in the photocatalytic process. This conclusion

s also supported by the finding that the concentrations of MCPP
nd MCPA on the catalyst with highest Fe3+ content (1.48 at.%) in
he first period of photocatalytic degradation are higher than their
nitial equilibrium concentrations (Fig. 3), which may be ascribed
o the desorption of the herbicides, induced by irradiation [22]. It
s well known that the surface of TiO2 is amphotheric, so that at a
ow pH a significant number of surface sites are protonated, yield-
ng a positively charged surface. Hence, the maximum adsorption
f carboxylic acids will occur at the pH corresponding to the pos-
tively charged TiO2 surface, as the deprotonated acid molecules
arry negative charges. Therefore, one can expect efficient adsorp-
ion of acids whose pKa values (MCPP, pKa = 3.11 − 3.78 [23]; MCPA,
Ka = 3.1 [24]; and CP pK1 = 1.4 and pK2 = 4.4 [25]) are lower than the
HZPC (∼5.1) of rutile TiO2 [26]. Also, FTIR measurements [12,13]
onfirmed the formation of RS-2-(4-chloro-o-tolyloxy)propionate
pecies after the adsorption of MCPP on the TiO2 surface. It is obvi-
us that at such high dopant concentration the population of Fe3+

ons on the very surface of TiO2 particles or adjacent to it is relatively
igh. When the suspension is illuminated, the electrons generated
re being rapidly trapped (Fe3+ + e− → Fe2+) according to Fig. 6a,
hich affects the surface properties and yields desorption of MCPA
nd MCPP. As a consequence, an increase in the concentration of
he free herbicide in the solution is observed at the beginning of
he photocatalytic experiment. Later on, the degradation becomes

ore intensive than desorption. This effect was not observed with
P, which is a carboxy-pyridine compound, capable to compensate
Fig. 7. FTIR spectra of: (1) CP alone; (2) the difference between the spectra of CP
adsorbed on TiO2 Degussa P25 and TiO2 Degussa P25; (3) CP adsorbed on TiO2

Degussa P25; (4) TiO2 Degussa P25.

for the disturbance occurring after the irradiation through zwit-
terion formation [27]. Fig. 7 shows the FTIR spectra of CP itself
(curve 1), the difference between the spectra of CP adsorbed on TiO2
Degussa P25 and TiO2 Degussa P25 (curve 2), CP adsorbed on TiO2
Degussa P25 (curve 3), and TiO2 Degussa P25 (curve 4). Curve 1 has
a broad band at 1707 cm−1, corresponding to the C O vibrations of
carboxyl group, substituted in the spectrum of the adsorption prod-
uct (curves 2 and 3) by the bands of carboxylate anion at 1627, 1404
and 1337 cm−1. These bands are attributed to the newly formed
3,6-dichloropicolinate species. There are also bands at 1047 and
1150 cm−1 that are due to the stretching and deformation vibra-
tions of the C H of the pyridine ring, respectively, and a broad band
at 1236 cm−1 due to the vibration of the aromatic C N bond [28].
Significant broadening of the band that corresponds to C N vibra-
tions can be an indication of the ability of CP to bind through the N
atom to the TiO2 surface.

3.3. Photocatalytic activity of N-doped anatase TiO2

The LC–DAD measurements served to evaluate photocatalytic
activity of the N-doped anatase TiO2 catalysts in the degradation
of all three herbicides. In the case of MCPP (Fig. 8a), these cata-
lysts showed a significantly higher activity compared to that of
anatase TiO2 itself, especially in the initial period of photodegra-
dation. When the substrates were MCPA and CP (Fig. 8b and c),
the results were somewhat different. In both cases, the N-doped
anatase TiO2 catalysts exhibited only a slightly higher efficiency,
confirming the known fact that photocatalytic activity depends on
the type of the substrate. It should be noted that under the given
experimental conditions CP degraded only to a very small extent
(Fig. 8c).

As can be seen from Fig. 8, the efficiency of N-doped anatase
TiO2 catalysts is almost independent of the stoichiometric ratio of
TiO2 and nitrogen used in their preparation. Namely, the N-doped
anatase TiO2 catalysts were prepared by mixing the dry Ti(OH)4
powder with urea in the ratios 1:1 and 1:2. The obtained results
can be explained by the assumption that the photocatalysis takes

place mostly on the anatase TiO2 itself, which also makes the major
part of the doped material. The differences in the DRS of the two N-
doped titania materials can be explained by the presence of oxygen
vacancies, whose concentration increases whenever the dopant
ions are introduced into the titania (Vo levels in Fig. 6b). Besides, as
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Fig. 8. Kinetics of photocatalytic degradation in the presence of anatase TiO2, N-
doped anatase TiO2 and TiO2 Degussa P25: (a) MCPP; (b) MCPA; and (c) CP.
s Materials 179 (2010) 49–56

already mentioned, the nitrogen content in the doped catalysts is
very small, i.e. it is below the detection limit of the XPS method.

The photocatalytic degradation of all three herbicides was
slower on TiO2 Degussa P25 compared to that on anatase TiO2 and
N-doped anatase TiO2, which was especially pronounced in the case
of MCPP and MCPA. Besides, the smaller size of the anatase TiO2
and N-doped anatase TiO2 particles contributes to their higher pho-
tocatalytic activity compared to TiO2 Degussa P25. The increased
surface area available for the adsorption of herbicide molecules
means at the same time an increase in the population of active sites
on which the degradation process takes place. Besides, it should be
borne in mind that the recombination of photogenerated e−–h+

pairs in the nano-particles is significantly slower compared to the
diffusion of free charge carriers to the surface, which contributes
to a higher photocatalytic efficiency [32].

3.4. Catalyst’s activity and molecular structure of herbicides

On the basis of all the above discussion we can conclude
that the differences in photoreactivity are directly related to the
electron-donor or electron-withdrawing character of the differ-
ent substituents in the herbicide aromatic/pyridine ring, which can
activate/deactivate the ring with respect to the electrophilic attack
of the •OH radical. This may be explained in terms of the effect of
Cl and CH3 group as substituents. Namely, the higher reactivity of
MCPP and MCPA compared to CP is probably due to the presence
of the benzene-ring activating CH3 group (Fig. 1). The MCPP and
MCPA molecules contain also Cl atoms, playing a deactivating role.
However, the CP molecule, although containing a pyridine ring that
exhibits properties of a strong Lewis base due to the presence of
the nitrogen atom with a lone pair of electrons, which is under the
given reaction conditions protonated, has also two Cl atoms bound
to the pyridine moiety, causing its lower reactivity compared to
that of the other two herbicides. These results are in agreement
with those reported in the literature [33]. Also, it is known that
pyridine, because of the presence of N atom in its ring, is less reac-
tive than benzene, which also contributes to the lower reactivity of
CP compared to MCPP and MCPA. Besides, the presence of the elec-
tronegative COO− group, clearly shown in the Hyperchem-derived
MEPs (Fig. 9), indicates that the bond between the substrate and
the catalyst is realized via the COO− group in the case of all three
herbicides, since the pH of the suspension is about 3, which ren-
ders the catalyst surface positively charged. Fig. 9 shows that the
negative electrostatic potential on the COO− group of MCPA and
MCPP is lower compared to that of CP, this property being directly
proportional to the photoreactivity of the herbicide molecule.

The herbicides adsorption on TiO2 Degussa P25 was also
assessed in order to determine how herbicide structure influences
the adsorption on the catalyst. It appeared that the adsorption after
15-min sonication of CP suspension was very low (about 3%), the
adsorption of MCPP and MCPA being somewhat more pronounced
(about 6%). This is directly proportional to the photocatalytic degra-
dation rate of these herbicides and may be still another explanation
for the slower reaction of CP compared to MCPP and MCPA.

In summary, the results indicated that the rate of MCPP and
MCPA degradation is higher on undoped rutile TiO2 photocatalyst
compared to its Fe-doped form. Contrary, the degradation of CP on
undoped rutile TiO2 is less efficient than on the Fe-doped catalyst,
the only exception being the catalyst with the lowest iron content
(0.13 at.%). A comparison of the performance of undoped rutile TiO2
and Fe-doped rutile TiO2 with that of TiO2 Degussa P25 shows that

rutile TiO2 is more efficient in the degradation of MCPP and MCPA,
the efficiency of the Fe-doped rutile TiO2 being similar to or lower
than that of TiO2 Degussa P25. The efficiency of the former two
catalysts in CP degradation is also similar to or higher than that of
TiO2 Degussa P25. The N-doped anatase TiO2 is more efficient than
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Fig. 9. MEP maps for the herbicide molecules. Electronegative and electropositive
potential contours are shown in red and green lines, respectively: (a) MCPP; (b)
MCPA; and (c) CP.
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undoped anatase TiO2 in the photocatalytic degradation of MCPP
and MCPA, the increase in the efficiency being more pronounced
in the case of MCPA. However, the N-doped anatase TiO2 is inef-
ficient in the degradation of CP, indicating that the photocatalytic
activity depends on the structure of the substrate. A comparison of
the efficiency of the N-doped anatase TiO2 with that of Fe-doped
rutile TiO2 shows that the former is advantageous, confirming the
observation that non-metals are more efficient dopants than met-
als. Finally, a comparison of the photocatalytic efficiency of the two
crystalline forms of TiO2, rutile and anatase, shows that the lat-
ter is more active in the case of all three herbicides, which can be
explained by a higher mobility of free charge carriers in anatase.

4. Conclusion

The results showed that all investigated herbicides can be pho-
tocatalytically decomposed in the presence of Fe- or N-doped
TiO2, under visible light irradiation. Doping of rutile TiO2 with
Fe3+ lowered its photocatalytic activity in the case of MCPP and
MCPA degradation. In contrast to this, the rate of CP degradation
increased with increase in the Fe3+ content up to 1.27 at.%. When
N-doped anatase TiO2 was used, the rate of degradation of all three
herbicides was higher compared to that obtained using undoped
anatase TiO2, the effect being most pronounced in the photodegra-
dation of MCPP. In all the cases the photocatalytic efficiency of
undoped anatase TiO2 was higher compared to that of the undoped
rutile form. Results indicate that the efficiency of photocatalytic
degradation is greatly influenced by the molecular structure of the
compound. Lowering of the band gap of titanium dioxide by dop-
ing is not always favorable for increasing photocatalytic efficacy of
degradation.
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