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New strategies to reduce the environmental and economic costs of pesticides use are currently under study. Microencapsulation
has been used as a versatile tool for the production of controlled release agricultural formulations. In this study, the photochemical
degradation of the herbicides MCPA and mecoprop has been investigated in different aqueous media such as ultrapure and river
water under simulated solar irradiation. To explore the possibility of introducing cyclodextrins in the herbicide formulations, the
photodegradation study of the inclusion complexes of MCPA and mecoprop with (2-hydroxypropyl)-𝛽-cyclodextrin (HP-𝛽-CD)
was also performed. The half-lives of MCPA and mecoprop inclusion complexes were increased approximately by a factor of three
related to the free molecules. Additionally, it has been shown that the photodegradation of MCPA and mecoprop is influenced
by their structural features. The additional methyl group existing in mecoprop molecular structure has a positive influence on the
stabilization of the radical intermediate formed in the first stage of photodegradation of both herbicides.The results found indicated
that MCPA and mecoprop form inclusion complexes with HP-𝛽-CD showing higher photostability compared to free herbicides
indicating that HP-𝛽-CD may serve as ingredient in these herbicide formulations.

1. Introduction

Human population is constantly exposed to numerous chem-
ical species present in the environment. Pesticides, a broad
group of biologically active chemicals used for pest man-
agement, are among the most widely used chemicals in the
world, and also among the most dangerous to human health.
Among them, chlorophenoxy herbicides have received spe-
cial attention because of their wide distribution and extensive
use as plant growth regulators. Chlorophenoxy herbicides
can be easily transferred to surface and ground waters
due to their polar nature and relatively good solubility [1–
3]. Furthermore, the toxicity of this type of herbicides is
recognized, and the high-level exposure has been shown to
be hepatotoxic as well as nephrotoxic in animal studies. They
may cause, for instance, human chronic liver injury, non-
Hodgkin’s lymphoma, soft tissue sarcoma, and malignant
lymphoma [4–6].

As one of the most widely used herbicides in the
world, 2,4-dichlorophenoxyacetic acid (2,4-D) continues to
be one of the most studied pesticides, both in animals
and in humans. Yet 4-chloro-2-methylphenoxyacetic acid
(MCPA) and 2-(4-chloro-2-methylphenoxy)propanoic acid
(mecoprop, MCPP) continue to be commercially impor-
tant herbicides with widespread use, particularly in western
Europe. In fact, MCPA and mecoprop (Scheme 1) are power-
ful, selective, and extensively used chlorophenoxy herbicides
usually applied against broad-leaf weeds primarily in cereal
and grass seed crops. In Portugal, MCPA still remain one
of the most often used herbicides for rice crops [7]. Like
the other phenoxy compounds, they are widespread in the
environment and have been detected in agricultural drainage
water, ground water, and sometimes even in water supplies
intended for human use [8–11]. Former studies have shown
that MCPA and mecoprop are photodegradable substances
in groundwater and drinking water. Moreover, one MCPA



2 International Journal of Photoenergy

CH3

Cl

O

HO O

(a) (b) (c)

Cl

OH

CH3

Cl

OHO

OH3C

CH3

Scheme 1: Chemical structures of (a) MCPA, (b) mecoprop, and its main photodegradation product (c) 4-chloro-2-methylphenol.

photodegradation intermediate is listed, in the priority pollu-
tants of the EuropeanCommunity and theUS Environmental
Protection Agency, as hazardous to human health [12, 13].

New strategies to reduce the environmental and eco-
nomic costs of pesticides use are currently under study.
Although sometimes the conventional formulations may be
incorporated directly as solids, they are generally dispersed
or diluted in water to be applied as a spray on the crops
and/or soil [14]. This situation causes problems of toxicity
and environmental contamination in agricultural areaswhere
conventional formulations are applied, as a consequence of
the high doses necessary to compensate for losses resulting
from chemical and/or biological degradation, photodecom-
position, volatilization, absorption by plants and adsorption
to soil colloids, runoff, and lixiviation, among others [15, 16].
Systems capable of releasing a herbicide to the desired site
at a controlled rate offer the potential of overcoming some
of these problems and of allowing more efficient utilization
of existing herbicides. Effective controlled release formu-
lations of herbicides should be allowed extended periods
of activity, while minimizing adverse environmental effects
related to movement of the herbicide from the application
site. Microencapsulation has been used as a versatile tool for
the production of controlled release agricultural formulations
[14, 16]. The versatility of this method leads to the possibility
of encapsulating a wide range of pesticides.

Cyclodextrins (CDs) comprise a family of well-known
cyclic oligosaccharides derived from starch with a hydro-
philic outer surface and a lipophilic central cavity. Thus,
an important property of the CDs is the ability to form
noncovalent host-guest inclusion complexes with a wide
variety of organic molecules of appropriate shape and size,
either in the solid phase or in aqueous solution [19, 20].
Molecular encapsulation of pesticides by CDs can enhance
the efficacy and facilitate formulation of these agrochemicals
in a variety of ways, for example, by increasing their flowa-
bility, wettability, dissolution rate, and chemical and thermal
stability and reducing their volatility [21, 22].

This work aimed to study the photodegradation process
of herbicides MCPA and mecoprop in order to evaluate
their environmental impact. The influence of microencap-
sulation of MCPA and mecoprop by (2-hydroxypropyl)-𝛽-
cyclodextrin (HP-𝛽-CD) on its rate of photodegradation was

also assessed. The structural features governing the pho-
todegradation of these herbicides were also evaluated. The
appraisal of the physicochemical properties of these inclusion
complexes will lead to new understanding of how to increase
the efficiency and effectiveness of crop protection products
containing MCPA or mecoprop phenoxy herbicides.

2. Experimental

2.1. Reagents and Water Samples. 4-Chloro-2-methylphen-
oxyacetic acid (MCPA), 2-(4-chloro-2-methylphenoxy)pro-
panoic acid (mecoprop, MCPP), and (2-hydro-xypropyl)-
𝛽-cyclodextrin (HP-𝛽-CD) were supplied by Sigma-Aldrich
Quı́mica (Sintra, Portugal). Analytical grade reagents pur-
chased from Merck (Darmstadt, Germany) were used with-
out additional purification. The water used was purified with
a Millipore system (Milli-Q-50 18MΩ cm).

Environmental water used in the experiments was col-
lected from Leça river basin located in northern Portugal.
The water samples were obtained from the top meter in 2.5 L
brown glass bottles. Immediately after arrival in the labo-
ratory, the samples were filtered through 1 𝜇m of glass fibre
filters and 0.45𝜇m of cellulose acetate filters, sequentially, to
remove suspended particles, and refrigerated at 4∘C prior to
use.

The pH 4 supporting electrolyte was prepared by diluting
41.0mL of 0.2M acetic acid and 9.0mL of 0.2M sodium
acetate to 100mL.

2.2. Apparatus. Voltammetric experiments were performed
using an Autolab PGSTAT 12 potentiostat/galvanostat
(Metrohm Autolab, The Netherlands) in a one-compartment
glass electrochemical cell equipped with a three-electrode
system consisting of a bare or modified glassy carbon
working electrode (GCE, 𝑑 = 2mm), a platinum wire
counter electrode, and an Ag/AgCl (saturated KCl) reference
electrode. All measurements were carried out at room
temperature.

A Crison pH-meter with glass electrode was used for pH
measurements (Crison, Spain).

2.3. Phase Solubility Studies. Phase solubility studies
were carried out according to the procedure previously
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reported [23]. Briefly, an excess amount of MCPA or
mecoprop (30mg) was added to 7.5mL of aqueous
solutions containing different concentrations of HP-
𝛽-CD (0–35mM). Then, the suspensions were shaken
on an incubator shaker (Ika KS 4000i) at 25 ± 2∘C for
2 days. After equilibrium was reached, suspensions were
centrifuged and the supernatant was withdrawn and properly
diluted. The concentrations of MCPA and mecoprop were
determined spectrophotometrically (Shimadzu UV-Vis
Spectrophotometer, UV-1700 PharmaSpec, Japan) at 228 nm.
The apparent stability constants, 𝐾

𝑠
, were calculated from

phase solubility diagrams with the assumption of 1 : 1
stoichiometry, according to the following equation:

𝐾
𝑠
=

slope
𝑆
0
(1 − slope)

, (1)

where S
0
is the solubility of MCPA or mecoprop in the

absence of HP-𝛽-CD.

2.4. Irradiation Experiments. Photodegradation rates of
MCPAandmecopropwere determined in natural water (Leça
river) and in ultrapure water under simulated solar radiation.
Photodegradation studies were carried out using a thermo-
static chamber equipped with Ultra-Vitalux 300W (Osram)
UV-Vis lamps to simulate solar radiations (UVA radiated
power 315–400 nm 13.6W and UVB radiated power 280–
315 nm 3.0W). Aqueous solutions of MCPA and mecoprop
(100mL, 0.5mM) were maintained at room temperature and
exposed (in a capped pyrex flask) to UV-Vis irradiation for
130 hours at a fixed distance of 35 cm. The same experiment
was carried out in the presence of HP-𝛽-CD. Studies were
carried out on MCPA and mecoprop samples at HP-𝛽-
CD concentration of 35.0mM. Control experiments in the
dark (blank experiments) under the same conditions and
initial concentrations of MCPA and mecoprop were carried
out in parallel for comparison without the application of
light. At selected time intervals, samples were collected and
quantitatively analyzed, after proper dilution, by square wave
voltammetry (SWV) for the amount of the compound of
interest remaining in the solution after irradiation based
on external calibration. All experiments were carried out in
duplicate at 25 ± 1∘C.

2.5. Analysis of MCPA and Mecoprop. Photodegradation
kineticswas performedwith anAutolab PGSTAT 12 potentio-
stat/galvanostat. Voltammetric experiments were carried out
as described elsewhere [24]. Briefly, stock standard solutions
of MCPA and mecoprop (10mM) were prepared in ethanol.
For calibration curves, standard solutions were prepared in
the voltammetric cell by adding accurate volumes of the
stock standard solution ofMCPA ormecoprop to the selected
acetate buffer pH 4 supporting electrolyte in order to obtain
concentrations between 10 and 70 𝜇M. SQWvoltammograms
were recorded from 0.5 to 1.5 V at a scan rate of 50mV s−1.
The calibration curve for SQW analysis was constructed by
plotting the peak current against the MCPA or mecoprop
concentration.
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Figure 1: Phase solubility diagram obtained for herbicides (red
square) MCPA and (blue circle) mecoprop and increasing concen-
trations of HP-𝛽-CD in water at 25∘C. Each point represents the
mean of three determinations.

2.6. Analysis of Data. The disappearance rates of MCPA and
mecoprop follow first-order kinetics given by

𝐶
𝑡
= 𝐶
0
𝑒−𝑘 𝑡, (2)

where 𝐶
0
and 𝐶

𝑡
are the concentrations at times 0 and 𝑡, 𝑡

is the irradiation time, and 𝑘 is the first-order rate constant.
The fitting of the experimental data was satisfactory for all the
samples.

The half-life (𝑡
1/2

) ofMCPA andmecoprop, time required
for its concentration to decrease to half its initial value, is
related to the rate constant by the following equation: 𝑡

1/2
=

ln 2/𝑘.
Results are expressed as mean ± standard error (3

independent samples). Statistically significant difference was
determined using the Student’s 𝑡-test and analysis of variance
(Anova) with 𝑃 = 0.05 as a minimal level of significance.

3. Results and Discussion

3.1. Phase Solubility Studies. The stoichiometric ratio and
stability constants of the inclusion complexes were derived
from the changes in the solubility between MCPA and
mecoprop in the presence of increasing amounts of HP-𝛽-
CD, measured by UV spectrophotometry. Figure 1 presents
the phase solubility plots obtained for MCPA and mecoprop
and increasing concentrations of HP-𝛽-CD in water at 25∘C.

As can be seen, it shows AL type solubility diagrams as
theMCPA andmecoprop solubility increases with increasing
HP-𝛽-CD concentrations, according to the classification
established by Higuchi and Connors [25]. Table 1 summa-
rizes the MCPA and mecoprop solubility, slopes, stability
constants, and correlation coefficients of the phase solubility
diagrams. Results evidenced that MCPA and mecoprop solu-
bility is enhanced by the HP-𝛽-CD inclusion complexation.
Moreover, since the slope of the diagrams is less than 1
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Table 1: Complex formation parameters for MCPA/HP-𝛽-CD and
mecoprop/HP-𝛽-CD systems in water at 25∘C.

Herbicide 𝑆
0

(mM) 𝛼 𝐾
𝑠

(M−1) 𝑅2

MCPA 2.22 ± 0.04 0.45 ± 0.03 334 ± 9 0.9993
Mecoprop 3.12 ± 0.03 0.47 ± 0.05 282 ± 5 0.9990
𝑆
0
represents the solubility of MCPA or mecoprop; 𝛼: slope; 𝐾

𝑠
: stability

constant.

(Table 1), the complex stoichiometry was assumed to be 1 : 1
[23, 25].

The maximum concentration of MCPA and mecoprop in
aqueous solution determined in absence of HP-𝛽-CD at 25∘C
was of 2.22mM and 3.12mM, respectively. An increase in
MCPA and mecoprop solubility was observed with increas-
ing HP-𝛽-CD concentrations, and a solubility limit was
determined at 35mM HP-𝛽-CD, which corresponds to the
maximum solubility of HP-𝛽-CD in water at 25∘C.

The results found show that, under the experimental
conditions used, the𝐾

𝑠
values obtained forMCPA andmeco-

prop inclusion complexes are comparable. This data suggest
that the interaction of HP-𝛽-CD with MCPA and mecoprop
should be quite similar, which can be ascribed to the similar-
ity between both herbicides’molecular structures (Scheme 1).
Moreover, the association constant for MCPA/HP-𝛽-CD
complexwas 334M−1 which ismore than twofold higher than
that described for MCPA/𝛽-CD complex, indicating that the
interaction of HP-𝛽-CD with MCPA is stronger than that of
𝛽-CD [23].

3.2. Photodegradation Studies. Previous voltammetric exper-
iments have been carried out for investigation of the electro-
chemical properties ofMCPA andmecoprop in glassy carbon
(GC) and GC-modified electrodes [24]. Both herbicides
present a single oxidation wave, 𝐸

𝑝
= +1.21V, corresponding

to an oxidation process proceeding at the aromatic nucleus,
through an electron transfer, via the formation of a cation
radical intermediate that undergoes further reaction, namely,
the cleavage of the ether linkage [24]. Based on the redox
features of MCPA and mecoprop, a simple electroanalytical
procedure has been developed for the monitoring of these
herbicides in natural waters [24].

The degradation of MCPA and mecoprop was followed
by SQW voltammetric measurements of the remaining con-
centrations of the herbicides or their HP-𝛽-CD complexes
in aqueous solution under simulated solar radiation. The
concentrations of MCPA and mecoprop during photodegra-
dation were monitored by observing the current intensity
of the oxidation peak occurring at 𝐸

𝑝
= +1.21V, as shown

in Figure 2 (peak 1). The intensities of this peak decreased
gradually during the degradation process reflecting the
degradation of MCPA and mecoprop (Figure 2). Throughout
the voltammetric monitoring of the degradation process
occurring for MCPA and mecoprop in water, it was possible
to observe the appearance of a second oxidation wave,
𝐸
𝑝
= +0.76V (peak 2, Figure 2). This second peak occurs

as a result of the oxidation of the phenolic group existing
in the molecular structure of the main intermediate, 4-
chloro-2-methylphenol, that is produced upon photolysis

of MCPA and mecoprop (Scheme 1). In fact, it has been
already reported that the major photodegradation pathway
of MCPA and mecoprop involves elimination of the side
chain, resulting in the formation of 4-chloro-2-methylphenol
(Scheme 2) [17, 18, 26].

The percentages of free and HP-𝛽-CD-complexedMCPA
and mecoprop concentrations (obtained by SQW analyses)
were plotted as a function of time, as shown in Figures 3 and
4.

The photodegradation kinetics of MCPA and mecoprop
disappearance was of first order in all cases (ultrapure and
river water). In fact, MCPA andmecoprop photodegradation
profile followed an exponential decay showing that they
are clearly affected by photoirradiation in solution. On
the contrary, no disappearance of MCPA or mecoprop has
been detected in the dark experiments (Figures 3 and 4),
demonstrating that the disappearance of these herbicides
was only due to photodegradation. The irradiation time for
each aqueous media depended on the MCPA and mecoprop
degradation rates and continued until total herbicides’ loss,
which took place after ca. 130 h. The photodegradation rates
of MCPA and mecoprop were lower in river water than
in ultrapure water, showing that there is a dependency
between the degradation of MCPA and mecoprop and the
constitution of the irradiated media. This inhibiting effect
of the components of river water may result from light
attenuation induced by natural water constituents [9, 27].
Table 2 lists the values of the rate constants (k), half-lives
(𝑡
1/2

), and the linear regression coefficients for the kinetics of
the photodegradation of MCPA and mecoprop for simulated
solar irradiation. The results found for MCPA are in good
agreement with the data described in literature [8, 27].

The irradiation of MCPA and mecoprop in aqueous
solution in the presence of HP-𝛽-CD (35mM) showed a sig-
nificant decrease in the degradation of herbicide throughout
the course of irradiation, demonstrating the photoprotective
effect of the cyclodextrin (Figures 3 and 4).

Actually, both MCPA and mecoprop were more slowly
photodegraded in all the waters studied producing first-
order rate constants of 26.8 versus 8.6 and 34.4 versus 10.9
for ultrapure water and 23.0 versus 6.4 and 15.0 versus 8.7
for river water, respectively (Table 2). In general, the half-
lives were increased approximately by a factor of three.
The microencapsulation in HP-𝛽-CD seems to act as a
physical barrier, through which the encapsulated MCPA and
mecoprop are protected for some time against the action
of light. This may explain why the residual concentrations
of MCPA and mecoprop are much higher in the irradiated
samples when herbicides are encapsulated in HP-𝛽-CD than
in the free form after 130 h (Figures 3 and 4).

The photodegradation of MCPA and its methylated
homologous mecoprop (Scheme 1) appears to be influenced
by the structural features of these herbicides. The half-lives
of HP-𝛽-CD encapsulated MCPA and mecoprop are 80.6
versus 63.6 for ultrapure water and 108.0 versus 79.7 for
river water, respectively. Assuming that the photocatalytic
transformation of MCPA and mecoprop into 4-chloro-2-
methylphenol can result, as suggested in the literature, from
the oxidation of methylene group and/or from a substitution
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Figure 2: Square wave voltammograms obtained for the photodegradation of 0.5mM solutions ofMCPA in the (A) absence and (B) presence
of 35mM concentration of HP-𝛽-CD after (a) 0, (b) 25, (c) 50, (d) 65, (e) 75, and (f) 130 hours of irradiation in pH 4 acetate buffer electrolyte.
Scan rate: 50mV s−1.
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Figure 3: Photodegradation of (a) MCPA and (b) MCPA/HP-𝛽-CD inclusion complexes in (open red square, solid red square) ultrapure and
(open blue circle, solid blue circle) river water under simulated solar irradiation.

of the side chain by hydroxyl radicals, it is clear that the
methyl group existing in mecoprop molecular structure
has a positive influence on the stabilization of the radical
intermediate (Scheme 2) [17, 18]. In either case, the formation
of tertiary alkyl radical and/or the phenoxyl radical in
the first stage of decomposition of mecoprop seems to be
thermodynamically favoured relative to MCPA which may
be explained considering the electron-donating ability of the
methyl group.

The results found demonstrated the effectiveness of HP-
𝛽-CDcomplexation in improving the photostability ofMCPA
and mecoprop, preventing and reducing the degradation
processes occurring in aqueous solution.

4. Conclusions

Direct photodegradation appears to be an efficient system
for the degradation of chlorophenoxy herbicides MCPA and
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Figure 4: Photodegradation of (a) mecoprop and (b) mecoprop/HP-𝛽-CD inclusion complexes in (open red square, solid red square)
ultrapure and (open blue circle, solid blue circle) river water under simulated solar irradiation.

OCl

CH3

CH2 COOH

OCl

CH3

CH COOH
∙

∗

Cl

CH3

+ CO2 + H2O
∙Cl

CH3

OH

+∙OH (TiO2, h�)
−H2O

(a) (b)
∙OH

OH

O CH2 COOH

Cl

CH3

O CH2 COOH

+∙OH (TiO2, h�)

Cl OH

CH3

∙

∙

Scheme 2: Proposed pathways of MCPA photodegradation in the presence of TiO
2

suspension: (a) oxidation of methylene group [17];
(b) substitution of the side chain [18].



International Journal of Photoenergy 7

Table 2: Kinetic parameters of MCPA and mecoprop photodegradation in different aqueous media.

Herbicide Concentration HP-𝛽-CD (mM) Water type k (10−3⋅h−1) 𝑡
1/2

(h) 𝑅2

MCPA
0 Ultrapure 26.8 ± 0.4 25.9 ± 0.5 0.97

River 23.0 ± 0.6 30.1 ± 0.6 0.99

35 Ultrapure 8.6 ± 0.3 80.6 ± 0.9 0.99
River 6.4 ± 0.3 108.0 ± 1.2 0.99

Mecoprop
0 Ultrapure 34.4 ± 0.7 20.2 ± 0.8 0.98

River 15.0 ± 0.5 46.2 ± 0.7 0.99

35 Ultrapure 10.9 ± 0.4 63.6 ± 0.6 0.99
River 8.7 ± 0.4 79.7 ± 1.1 0.98

mecoprop. As microencapsulation has been shown to be a
versatile tool for production of controlled release agricul-
tural formulations, the inclusion complexes of MCPA and
mecoprop with HP-𝛽-CD have been prepared. The forma-
tion of MCPA/HP-𝛽-CD and mecoprop/HP-𝛽-CD inclusion
complexes increased significantly the photostability of both
herbicides in aqueous solutions. In general, the half-lives of
the herbicides inclusion complexes were increased approxi-
mately by a factor of three related to the free molecules. It
has been shown that the photodegradation of MCPA and
mecoprop is influenced by their structural features. The
additional methyl group existing in mecoprop molecular
structure has a positive influence on the stabilization of
the radical intermediate formed in the first stage of the
photodegradation of both herbicides.

The gathered results suggest that the formation of inclu-
sion complexes with cyclodextrins can improve the prop-
erties of formulations containing MCPA and mecoprop,
minimizing the losses of these herbicides by photolysis and
therefore increase the effectiveness of the herbicide in future
applications.
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