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bstract

2,4-Dichlorophenoxyacetic acid (2,4-D) was degraded using both Fenton reagent and cobalt-peroxymonosulfate (Co/PMS) advanced oxidation
rocesses (AOPs) in the dark and under solar radiation as source of light in photo-assisted AOPs. Four different concentrations of the transition metal
cobalt or Fe(II)) were tested maintaining constant the initial oxidant agent (PMS or hydrogen peroxide) concentration. The effect of temperature
as investigated in the dark for both processes and the activation energy was determined for each process. For the processes performed in the dark,

he maximum degradation for 2,4-D (86%) was achieved using Co/PMS (0.25 mmol L−1 of cobalt) in 48 min, while the dark Fenton achieved a
aximum degradation of 2,4-D (17%) using 0.1 mmol L−1 of Fe(II). Complete 2,4-D degradation was achieved when the samples were irradiated

y the sun using the same conditions described for 5 min of reaction time. In the case of solar-driven Co/PMS, complete 2,4-D degradation was
chieved after 40 min using 0.004 mmol L−1 of cobalt. Pseudo first order reaction rate constants determined in the dark for Fe/H2O2 and Co/PMS
rocesses indicated that Co/PMS is able to perform the degradation of the pesticide at the same reaction rate as Fenton reagent, despite the fact that

obalt concentration is 100 times lower than Fe(II) concentration. Solar light increased the kinetic constant in the Co/PMS complex by 33 times
ompared with that obtained under dark conditions. Attempt to follow 2,4-D degradation using the photo-Fenton process was not possible since
omplete degradation occurred after the first 5 min of irradiation using [Fe] = 0.1 mmol L−1.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, the increase in production and use of pesti-
ides for agriculture has resulted in the presence of a variety of
ersistent contaminants in the environment, including in surface
ater and groundwater [1]. Pesticide-related concerns in Mexico

nclude water pollution due to runoff of the cultivated land, poor
andling of pesticides in agricultural activities, little or no envi-
onmental monitoring, lack of safety measures and emergency
lans, and disposal of pesticide containers without prior clean-

ng. Specifically, 2,4-D was selected in this study because it is an
uthorized pesticide and one of the most widely used in Mexico
1]. The United States Environmental Protection Agency (EPA)
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lassifies 2,4-D as a compound that can potentially cause ner-
ous system damage for short-term exposure at levels above
he maximum concentration level (MCL) and kidneys and liver
roblems at long-term [2]. Recent studies suggested that 2,4-D
s detectable during the application and after a long period of
se in surface water and groundwater [3].

Several conventional processes, including adsorption and
iological treatment, are commonly applied for the removal of
,4-D in contaminated water [1,4,30]. Some alternative pro-
esses have also been explored in the destruction of 2,4-D,
ther pesticides, and a variety of other organic contaminants
3]. Among emerging treatment approaches, advanced oxida-
ion processes (AOPs) are considered among the most effective

nd are currently gaining significant importance in water treat-
ent applications [5]. These processes involve the generation of

ery reactive oxidizing species (i.e., free radicals) with sufficient
xidizing power to complete degrade toxic organic compounds

mailto:ebandala@tlaloc.imta.mx
dx.doi.org/10.1016/j.jphotochem.2006.09.005
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n water. Radicals generated by AOPs are usually very efficient
n chemical attack and degradation of environmental organic
ollutants [6]. Consequently, AOPs are of high interest to the
cientific and industrial communities involved in water treat-
ent and have been successfully applied to the detoxification

f water polluted with a wide variety of chemicals such as pes-
icides, phenols, hydrocarbons, surfactants, and dyes [5,7–12].
ne of the established AOPs is the Fenton reagent (Fe2+/H2O2),
hich is used in field-scale applications. However, more recent

tudies have extended the combination of other transition met-
ls and oxidants and presented promising results [5,10]. One of
hese systems that has shown very interesting reactivity is the
obalt/peroxymonosulfate (Co/PMS), which has demonstrated
romising results for the oxidation of some specific organic
ollutants such as 2,4-dichlorophenol, atrazine and naphthalene
5,10,28,29]. The system includes the generation of sulfate radi-
als through the decomposition of peroxymonosulfate by cobalt,
ccording to the following reaction [5]:

o2+ + HSO5
− → Co3+ + SO4

•− + HO− (1)

hen Fenton process uses ultraviolet (UV) radiation, visible
ight or a combination of both, the resulting process (known as
hoto-Fenton) has several advantages, including the increase of
egradation rate and the flexibility of using alternative energy
ources (i.e., solar radiation) for driving the process [13–16].
imilarly, synergistic effects in the degradation rate of Fenton-

ike processes, such as Co/PMS combined with UV radiation,
ave been recently explored [10]. It has been reported that the
se of UV-C light (i.e., in the germicidal range) promotes the
eneration of radical species through the photolysis of the oxi-
ants according to the following reaction [10,17,18]:

(2)

evertheless, only little has been reported on the actual mech-
nism of how the light enhances the reaction rate in this pro-
ess when both the catalyst and the oxidant are present. The
o/PMS/UV process has shown an increase in the degradation

ate for tested pollutants [10] when compared with the dark
o/PMS system. To our knowledge, no studies on the use of

olar radiation as the source of light in the Co/PMS/UV pro-
esses have been reported. The aims of this work are to test
he potential of the Co/PMS and solar-driven Co/PMS/UV pro-
esses to degrade 2,4-dichlorophenoxyacetic acid (2,4-D), an
mportant environmental organic pollutant, and compare them
ith the Fenton and photo-Fenton processes using the sun as the

ource of energy.

. Experimental
.1. Reagents

2,4-D (2,4-dichlorophenoxyacetic acid) primary standard,
urity higher than 95%, was obtained from Chem Service. For

r
e
o
i
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he degradation experiments, 2,4-D was used as its commer-
ial formulation (Hierbamine®, Syngenta) with a concentration
f the active ingredient (a.i. = 59 ± 1%). The concentration of
,4-D in Hierbamine® was determined using the 2,4-D primary
tandard. Stock solution (1 mg/mL) of the pesticide was prepared
irectly in water. In the degradation experiments, appropriate
mount of 2,4-D stock solution was used for spiking the water
ample to obtain the desired initial concentration (100 mg/L).
he initial pH in the synthetic samples was of ca. 5 and no further
H adjustment was performed nor for Co/PMS neither Fe/H2O2
xperiments. Cobalt acetate Co(AcO2)2 (Aldrich), sodium per-
xymonosulfate (PMS from OXONE®, Aldrich; it should be
oted that OXONE® is a product manufactured by DuPont),
ydrogen peroxide (Aldrich, 50% stabilized) and FeSO4·7H2O
Baker) were ACS reagent grade and were used as received.
xcess methanol (Burdick & Jackson, pesticide grade) was used

o quench Co/PMS reactions as proposed by Anipsitakis et al.
28]. Catalase (Sigma, 2200 UA/mg) was used to quench the
enton and photo-Fenton reaction in samples before analysis as
reviously reported [12].

.2. Apparatus and analytical methods

The analysis of 2,4-D was carried out without any extrac-
ion procedure by HPLC–UV/vis using a Hewlett-Packard
050 liquid chromatograph equipped with a UV diode array
etector. The analysis was performed at isocratic regime
sing a Hypersil-GreenEnv, 5 �m × 250 mm × 4.6 mm column
Thermo Hypersil-Keystone). The mobile phase was 75% (v/v)
f 2% acetic acid and 25% (v/v) acetonitrile. The flow rate
as 1 mL/min and the UV–vis detector wavelength was set at
80 nm.

.3. Pesticide degradation experiments

.3.1. Systems in the absence of solar light
Dark Co/PMS and Fe/H2O2 degradation experiments were

arried out in 1.8 mL screw cap glass vials with 1 mL 2,4-D solu-
ion (50 mg/L). For dark Co/PMS experiments, four cobalt con-
entrations (0.00, 0.004, 0.040 and 0.250 mmol L−1) were tested
t the same initial PMS molar concentration (1 mmol L−1).
ark Fenton experiments were carried out using four Fe(II)

oncentrations (0.000, 0.004, 0.040 and 0.100 mmol L−1). The
nitial concentration of hydrogen peroxide was kept at the same
alue for all experiments (1 mmol L−1). The procedure for the
egradation experiments was the following: Once the pesticide
olution was added in the 1.8 mL vial, the appropriate volume
f transition metal stock solution (cobalt or Fe(II)) was added
o achieve the desired initial concentration. The solution was
haken using a vortex mixer. Then the oxidant solution (H2O2
r PMS) was added to the 2,4-D-transition metal mixture until
he desired concentration was achieved and a sample was ana-
yzed considering this as the initiation point (t0) of the dark

eaction. The reaction mixture was kept in the dark for the
ntire duration of each experimental run. A sample of 25 �L was
btained every 12 min and analyzed for pesticide concentration
n the HPLC system. The reaction was followed until HPLC
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dark under controlled temperature are presented in Table 2. As
shown, temperature has a noticeable effect on the process. An
increase of temperature caused an improvement in the kinetic

Table 1
Kinetic constant (k) values for the Co/PMS and Fenton processes in the dark

[Cobalt] (mmol L−1) k (min−1) [Fe2+] (mmol L−1) k (min−1)
E.R. Bandala et al. / Journal of Photochemistry

nalysis showed no significant further variation on the pesticide
oncentration.

.3.2. Experiments under controlled temperature
These experiments were carried out to determine the effect of

he temperature on the degradation process. In order to do this,
he lowest concentration of transition metal and oxidant able to
chieve the minimum pesticide degradation in the non-irradiated
xperiments, in each case, was chosen (0.004 mmol L−1

f cobalt, 1 mmol L−1 of PMS, 0.100 mmol L−1 of Fe(II),
mmol L−1 of H2O2). The degradation tests were performed

n the dark at 20, 30 and 40 ± 1 ◦C in a controlled temperature
ath Lauda RM 20 (Brinkmann Instruments). Each solution was
laced in an Erlenmeyer flask (total reaction mixture 50 mL)
overed with aluminum foil to avoid interaction by incident
ight, submerged in the water bath and maintained under constant

echanical agitation. In this case, the reagents were added in the
ame sequence as detailed in Section 2.3.1. After the addition of
he oxidant, the reaction mixture was sampled at 5, 10, 15, 30,
5 and 60 min of reaction and analyzed for 2,4-D concentration
n the HPLC system.

.3.3. Systems in the presence of solar light
Experiments for solar-driven AOPs were performed in a

ench scale system consisting of one compound parabolic con-
entrator (CPC) with a total collection surface of 0.1 m2 widely
escribed elsewhere [12,19]. The CPC system was facing the
un on a platform sloped 19◦ (equal to local latitude). The
OPs reactions were carried out in a Pyrex glass tube having
00 cm in length and 2.54 cm of internal diameter, located in
he focus of the CPC collector. The total volume of the system
as 1.5 L.
Synthetic samples were prepared by adding 2,4-D and the

ransition metal (Fe(II) or cobalt) in 1.5 L of water to reach
nal concentrations equal to those (0.25 mmol L−1 for cobalt
nd 0.1 mmol L−1 for Fe(II)) that had demonstrated the highest
,4-D degradation (i.e., as percent removal) as determined dur-
ng the experiments performed in the dark. Once the transition

etal was added to each experiment, an initial sample (5 mL,
= 0) was taken and analyzed immediately. While the solar
ollector was covered, the reaction solution was mixed for 5 min
o achieve a homogeneous solution. After this time, the oxidant
either H2O2 or PMS) was added and the cover of the collector
as removed. Sampling was performed after 5, 10, 15, 30,
5 and 60 min of irradiation. No further addition of transition
etal or oxidant agent was carried out in all the experimental

uns.
All experiments involving the presence of solar radiation

ere performed under the same solar conditions between 12:00
nd 14:00 local time in April 2006. The incident global radia-
ion on the solar collector was determined every 2 min using a
i-Cor pyranometer (LI-200SA) able to measure solar radiation

n a wavelength range between 280 and 2800 nm and located at

he same angle as the solar collector to avoid tilt angle adjust-

ents. For determining reaction kinetic parameters, a simple
rst order kinetic model was used to fit the results for both dark
nd solar-based AOPs.

0
0
0

T

ig. 1. Degradation of 2,4-D using the Co/PMS system in the dark. The initial
MS concentration in all the experiments was 1 mmol L−1.

. Results and discussion

.1. Co/PMS system in the dark

Fig. 1 depicts the results of 2,4-D degradation in experiments
sing the Co/PMS in the dark. As it can be seen, cobalt con-
entration showed an important effect on the reaction rate and
he extent of the overall 2,4-D degradation at the end of the
eaction run. When no cobalt was added to the reaction mix-
ure, no pesticide degradation was observed. As the transition

etal concentration was increased from 0 to 0.004 mmol L−1, an
mportant effect was observed in the reaction rate. Whereas no
egradation was observed in experiments without cobalt, 18%
f 2,4-D degradation was achieved as cobalt concentration was
ncreased to 0.004 mmol L−1 in 48 min. In general, an increase
n cobalt concentration resulted in an increase in the removal
fficiency of 2,4-D. The latter was increase from 47% to 86% in
8 min when the molar concentration of cobalt increased from
.04 to 0.25 mmol L−1, respectively.

The kinetic constants obtained considering first order reac-
ion kinetics are presented in Table 1. It is important to mention
hat the first order kinetic model proposed fits relatively well
R2 ≥ 0.97) the experimental results. An increase in cobalt con-
entration caused a gradual increase in both the degradation
fficiency and the rate constants. For example, at initial cobalt
oncentrations of 0.004, 0.04, and 0.25 mmol L−1, the ratios of
he rate constants were 1, 3.5, and 4.6, respectively.

Results from experiments using the Co/PMS system in the
.004 0.0036 0.004 –

.04 0.0129 0.04 –

.25 0.06 0.1 0.0038

he concentration of the oxidant in both cases was 1 mmol L−1.
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Table 2
Kinetic constant values for three different temperatures used for dark Co/PMS

Temperature (◦C) Reaction time (min) k (min−1)

20 48 0.0036
30 48 0.0045
40 48 0.0089
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xperimental conditions tested were [Cobalt] = 0.004 mmol L−1 and [PMS] =
mmol L−1.

onstants. It is worthy to mention that studying the role of tem-
erature in this range is important since measurements of water
emperature in the solar photoreactor indicated an increase in
olution temperature to values as high as 40 ◦C. From the kinetic
esults at different temperatures, an activation energy value of
4.3 kJ/mol was determined for the process using the Arrhenius
quation.

The initial reaction rates for the first 15 min (IR15) were
lso calculated. The initial reaction rates were 0.0009, 0.0038
nd 0.0039 mmol/min for 20, 30 and 40 ◦C, respectively. These
alues are comparable to those previously reported by Anipsi-
akis and Dionysiou [5]. They determined an initial reaction
ate of Co/PMS of 0.0052 mmol/min for 2,4-dichlorophenol
2,4-DCP) for reaction mixture at pH 2 and 0.0269 mmol/min
or a pH value of 3.0 using [PMS] = 1.227 mmol L−1 and
Cobalt] = 0.028 mmol L−1.

.2. Solar Co/PMS process

Fig. 2 shows 2,4-D degradation using Co/PMS in the pres-
nce of solar radiation. In order to obtain a better comparative
nalysis, pesticide degradation is shown as function of reac-
ion time. Nevertheless, results from average solar radiation for

2
ach experiment (in W/m ) are also depicted in Fig. 2 in order
o show that the solar radiation conditions during experiments
ere comparable.

ig. 2. 2,4-D degradation in the presence of solar radiation under different cobalt
nitial concentrations. The initial concentration of PMS for the experiments with
obalt is 1 mmol L−1. The average global radiation (in W/m2) measured during
ach experimental run is also shown in the legend.
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It is interesting to note that no 2,4-D degradation was
bserved in experiments using only solar radiation. When
erely 1 mmol L−1 of PMS was added into the contaminated

olution, 90% of the initial 2,4-D concentration was degraded in
5 min of irradiation. These results agree with previous reports
10] for the decomposition of PMS by UV radiation. When
dding 0.004 mmol L−1 of cobalt under the same PMS concen-
ration, complete 2,4-D degradation was observed for the same
rradiation time. The catalytic effect caused by the transition

etal is obvious. When cobalt concentration was increased to
.25 mmol L−1, a degradation of 90% was achieved after the
rst 5 min of reaction.

Table 3 shows kinetic constants values obtained for the
esults presented in Fig. 2. The results show that the solar-
riven Co/PMS process (Co/PMS/solar) is several times faster
han the dark Co/PMS process. At the same reaction con-
itions, solar aided experiments showed significantly higher

values. For example, the dark Co/PMS process (with
Cobalt] = 0.004 mmol L−1 and [PMS] = 1 mmol L−1) has a
alue of k = 0.0129 min−1. When solar radiation is used, at the
ame reaction conditions, the value is k = 0.128 min−1, one order
f magnitude higher.

The values of k shown in Table 3 allowed us to differentiate
etween the temperature effect on the process in the presence of
olar light. As mentioned above, in the solar-driven processes,
he solution temperature was increased up to 40 ◦C at the end of
ach experimental run. The results discussed in Tables 2 and 3
learly show that the presence of solar radiation caused a signifi-
ant increase in the reaction rate constant, much higher than that
btained due to increase in temperature. Whereas the increase in
emperature to 40 ◦C (i.e., in the absence of solar light) resulted
n a k value of 0.0089 min−1 (2.3 times faster than that obtained
n the dark Co/PMS system at 20 ◦C), the presence of solar radi-
tion (including UV-A and IR radiation) increased the k value
o 0.128 min−1 (approximately 35 times the value obtained in
he dark Co/PMS system at 20 ◦C). The improvement in the
eaction rate for the Co/PMS/solar process compared to the
MS/solar process is very interesting. Anipsitakis and Diony-
iou [10] reported no significant differences when testing the
ffect of an inorganic salt of cobalt in the Co/PMS/UV reagent
nder UV-C radiation (germicidal, λ = 253.7 nm) for 2,4-DCP
egradation. They found that, after 120 min of reaction, the
xtent of 2,4-DCP degradation achieved with the Co/PMS/UV
as identical to that obtained with the PMS/UV reagent. In a

ore recent work, they identified the influence of the cobalt

ounterion in the pathway degradation of 2,4-DCP with the
o/PMS system and also in the degradation kinetics observed for
,4-DCP degradation using this process [28,29]. In the present

able 3
alues of kinetic constant for the Co/PMS/solar process

eagent concentration k (min−1)

mmol L−1 PMS 0.0393
.004 mmol L−1 cobalt 0.1286
.25 mmol L−1 cobalt 0.2283

MS concentration was 1 mmol L−1 in all cases.
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ig. 3. UV–vis absorption bands in the wavelength range from 190 to 800 nm
or (a) cobalt acetate in deionized water (0.004 mmol L−1) and (b) potassium
eroxymonosulfate (PMS, 1 mmol L−1) in deionized water.

ork, the use of an organic salt of cobalt in the oxidation process
howed an important advantage on the degradation of 2,4-D,
ainly for solar aided experiments. Nevertheless, systematic

tudies dealing with the possible role of the cobalt salt counte-
ion during the solar driven process are still in progress. To try
o find out the possible interaction between solar radiation and
he reaction mixture in Co/PMS/solar process, the absorbance
pectra in the range of 190–800 nm of all species at the ini-
ial concentrations used in this work in deionized water were

easured with UV–vis spectrophotometer and are depicted in
igs. 3a and b and 4.

It can be observed, from Fig. 3a and b, that no radiation
bsorption was determined neither for cobalt acetate or PMS
n the region of solar UV radiation (300–400 nm). Neverthe-
ess, when both reagents are put together in the same vessel, the
bsorption bands of the PMS showed a shift to lower frequen-

ies after the first minutes of reaction as depicted in Fig. 4. This
gure shows changes in PMS absorbance bands in the range
rom 190 to 400 nm for different reaction times after adding

ig. 4. Change in the PMS absorption bands in the wavelength range
190–400 nm) after different reaction times with the addition of cobalt to the
eaction mixture.
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obalt. Reagent concentrations were equivalent to those used
or 2,4-D degradation experiments (0.25 mmol L−1 of cobalt and
mmol L−1 of PMS). The absorption spectra were determined
very 30 s during 5 min. As showed, in the earliest seconds no
ignificant changes in the absorptions bands were determined.
fter 2.5 min, an important shifting of the band at ca. 210 nm
as detected and an increase in the absorption band near 350 nm

from almost 0 at t0 to near 0.25 absorbance units, AU, at time
.5 min).

As the reaction proceeded, this absorption band increased
chieving an absorbance value of 0.5 AU. These results are inter-
sting and may provide insights on the role of solar radiation in
riving this process. No radiation absorption occurred initially
n the wavelength range for solar radiation when the Co/PMS
eagents were analyzed separately. Once the transition metal and
he oxidant agent were mixed together, interaction between both
f them could produce a transition state adduct able to absorb in
he UV region of the solar spectrum. Both conditions, the capa-
ility to absorb in the solar UV region as well as the sensitivity
howed by the reaction mixture to the increase of temperature
ould be the reason of the increase in the reaction rate observed
or solar driven Co/PMS/UV process.

.3. Dark Fenton process

Results from 2,4-D degradation using dark Fenton reagent
re depicted in Table 4. As it can be seen, except for the highest
e(II) concentration, no pesticide degradation was observed for
ll the ferrous sulfate concentrations tested. Kinetic constant k
alues obtained from fitting the data in Table 4 to the first order
inetic model proposed are shown in Table 1.

From these results, it is clear that Fenton reagent is not able
o perform the same pesticide degradation under similar reac-
ion conditions to those tested for dark Co/PMS reagent. Com-
arison of results from both processes, showed that pesticide
egradation determined at the highest Fenton reagent conditions
[Fe] = 0.1 mmol L−1; [H2O2] = 1 mmol L−1) were similar to the
,4-D degradation achieved when soft Co/PMS dark conditions
[Cobalt] = 0.004 mmol L−1; [PMS] = 1 mmol L−1) were tested
17% final 2,4-D degradation in both cases).

The effect of temperature was also investigated for the
enton reagent and the results are presented in Table 5. As

bserved for the dark Co/PMS process, a rise in temperature
aused an increase in the final 2,4-D degradation. For the
ase of Fenton process, the effect of temperature was actually
ore pronounced than that observed for Co/PMS. Whereas

able 4
,4-D degradation using dark Fenton reagent

eagent concentration Reaction
time (min)

Final 2,4-D
degradation (%)

mmol L−1 H2O2 48 –
.004 mmol L−1 FeSO4 48 –
.04 mmol L−1 FeSO4 48 –
.1 mmol L−1 FeSO4 48 17

xidant agent (H2O2) concentration in all cases was 1 mmol L−1.
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Table 5
Effect of temperature on final 2,4-D degradation and k values for dark Fenton
process

Temperature
(◦C)

Reaction time
(min)

Final 2,4-D
degradation (%)

k (min−1)

20 48 17.36 0.0038
30 48 59.76 0.0111
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Table 6
2,4-D degradation under irradiated conditions for photo-Fenton process

Reaction
conditions

Reaction time
(min)

Final 2,4-D
degradation (%)

0.01 mmol L−1 FeSO4 60 4
0 −1
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temperatures and pesticide degradation under the same condi-
tions (0.1 mmol L−1 of Fe(II); 1 mmol L−1 H2O2) but involving
solar radiation. From Fig. 5, it is easy to note that the use of
solar radiation to promote Fenton process implies considerable
0 45 95.04 0.0604

xperimental conditions were [Fe] = 0.1 mmol L−1 and [H2O2] = 1 mmol L−1.

or Co/PMS an increase of 20 ◦C (from 20 to 40 ◦C) generated
he increase from 17% to 42% in pesticide degradation (see
able 2); with Fenton reagent the same increase in temperature
nhanced the final pesticide degradation from 17% to 95%. A
imilar trend was observed for the kinetic data obtained (see
lso Table 5). When the temperature was increased from 20
o 40 ◦C, the k value increased from 0.0038 to 0.06 min−1,
ver one order of magnitude. These results agreed with
esults reported in previous studies [22,23]. In particular,
agawe et al. [24] demonstrated the possibility of a combined
hotochemically- and thermally-enhanced photoreactive Fen-
on system utilizing solar infrared as energy source. These
nvestigators reported that in the case of photochemically and
hermally enhanced Fe/H2O2 systems, the removal rate of
arget compounds (i.e., 4-chlorophenol) could be increased by
ver two orders of magnitude compared with the dark Fenton
ystems.

Using kinetic data from Table 5, the value of the activation
nergy calculated for the Fenton reagent was 105.15 kJ/mol.
omparing this result with that reported by Barb et al. [20]

or 2,4-D degradation using Fe(II)/H2O2 reagent (39.5 kJ/mol),
ctivation energy obtained is around three times higher. Ratio-
alization of this result can be done considering the experimental
onditions tested. In this work, no pH adjusting was performed
uring experimental runs neither for Co/PMS or Fenton reagent
n order to have a better comparative basis between both sys-
ems. It is well known that Fenton reagent performance in water
etoxification is improved at low pH values [21,26,27]. Acti-
ation energy for Fenton process at almost neutral pH value
ca. 6.5) was determined, whereas Barb et al. and Lee et al.
20,25] determined this value using a pH range between 1 and
.3. Assuming that they have tested 2,4-D degradation using
enton reagent under optimal conditions, reported activation
nergy for Fe/H2O2 is comparable to the one determined for
o/PMS process (34.3 kJ/mol).

.4. Photo-Fenton process

Due to the lack of 2,4-D degradation using low Fe(II)
oncentrations under dark Fenton process, the transition metal
oncentration was increased in order to achieve best pesticide
egradation results. Table 6 shows the results obtained by

ncreasing Fe(II) concentration for solar driven photo-Fenton
rocess.

Using 0.01 mmol L−1 of Fe(II), only a 4% of 2,4-D degrada-
ion was achieved. Increasing the transition metal concentration

F
F
(
(

.05 mmol L FeSO4 60 14

.1 mmol L−1 FeSO4 5 100

xidant concentration was 1 mmol L−1.

y five times resulted in an increase of the final pesticide degra-
ation by approximately 14% in both cases after 60 min of irra-
iation. Using a molar concentration of iron of 0.1 mmol L−1,
00% of 2,4-D degradation was achieved in only 5 min of irra-
iation. Meanwhile, at non-irradiated conditions, only 17% of
egradation was obtained with 0.1 mmol L−1 of Fe(II) at 60 min
f reaction. Rossetti et al. [31] reported a degradation of 29.3%
f formic acid with the Fenton reagent (1 mmol L−1 Fe3+ and
.93 mmol L−1 H2O2) in the absence of solar light and 80.7%
hen radiation from the sun was applied. An enhancement of
1.4% in the degradation of formic acid during 1 h of reaction
mploying solar radiation with a plane collector was obtained. In
ur case, an improvement of 83% was achieved in the presence
f solar radiation under the conditions mentioned before. These
esults are comparable and showed evidence of the improvement
n the degradation of organic pollutants with solar radiation
sing the Fenton reaction like in previous studies [12,13,15,32].
ttempts to fit the results from Table 6 to the first order kinetics

ailed because the collected data did not show a linear behavior
r were not enough to complete the reaction kinetics.

The high effect of temperature on the Fenton process depicted
n Section 3.3 was differentiated from the effect of solar radia-
ion on the process. Fig. 5 shows a comparison between 2,4-D
egradation using Fenton reagent conditions at different reaction
ig. 5. Comparison of the temperature and solar radiation effect for photo-
enton process. Experimental conditions were [Fe(II)] = 1 mmol L−1 and 20 ◦C
diamonds), 30 ◦C (triangles), 40 ◦C (squares) and using solar radiation (circles)
[Fe(II)], 0.1 mmol L−1; average radiation, 1000 W/m2).
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ncrease of reaction rate. Even if the kinetic constants were not
etermined for each experiment using first order kinetics, cal-
ulation of initial reaction rate for the first 5 min (IR5) provides
nteresting results. IR5 values at 20, 30, and 40 ◦C were 0.0028,
.0124, and 0.0234 mmol/min, respectively. For example, an
ncrease in reaction temperature of 20 ◦C (from 20 to 40 ◦C)
aused an enhancement of the initial reaction rate by almost one
rder of magnitude. When solar radiation was utilized, the IR5
eached 0.04 mmol/min, almost twice the value observed in the
ark at 40 ◦C.

. Conclusions

The degradation of 2,4-D was performed using sulfate radi-
als generated by the conjunction of peroxymonosulfate with an
rganic salt of cobalt (Co/PMS) and hydroxyl radicals generated
y the Fenton reagent in experiments performed in the dark or
n the presence of solar light. The results showed that the use
f solar light is very beneficial to the degradation efficiency of
hese processes.

Experimental results revealed a significant enhancement in
he degradation efficiency of the Co/PMS/UV and Fe/H2O2/UV
rocess when using solar radiation. This effect demonstrated to
e independent from the increase of temperature caused by IR
adiation absorption in the solar photoreactor.

Kinetic data obtained from the experiments showed that the
pplication of solar radiation as driving force for both processes
ncreased the reaction rate constant approximately by one order
f magnitude when compared to the dark processes. Comparison
etween the two processes studied using kinetic data demon-
trated that the Co/PMS reagent exhibited 2,4-D degradation
fficiency as high as the photo-Fenton process and that the for-
er reagent is capable of performing the process efficiently
ithout pH adjustments and solar radiation highly improved the

eaction rate. In this study, the applicability of solar radiation to
rive sulfate radical-based AOPs was demonstrated for the first
ime. The results revealed that by using solar light as energy
ource for the photo-process, a significant enhancement in the
eaction rate constant was achieved for the degradation of 2,4-D
esticide, a widely distributed, highly toxic and environmentally
mportant pollutant in aquatic systems.
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