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Carbofuran removal by the photo-Fenton reaction was investigated under various H,0, dosage rate
(0-6mgL-'min') and Fe3* dosage (5-50mgL-!). The outcomes demonstrate that the photo-Fenton
reaction was influenced by both the factors. An initial carbofuran concentration of 50 mgL~" was com-
pletely degraded within 30 min, and 93% dissolved organic carbon (DOC) removal was observed after
120 min of treatment at initial pH 3, H,0, dosage rate of 4mgL-! min~! and Fe3* dosage of 35 and
50mgL-'. However, no significant improvement in the carbofuran removal was observed when the
H,0, dosage rate and Fe3* dosage were increased beyond 4mgL-! min~! and 35mgL~!, respectively.
The carbofuran removal was fitted using the pseudo-first order reaction model and the highest apparent
rate constant of 10.5 x 10~2 min~! was obtained. Five major carbofuran intermediates were identified,
which indicate that C-0 bond of the carbamate group and 3-C position of the furan ring were oxidized
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as a result of the photo-Fenton reaction.
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1. Introduction

Carbofuran (2,3-dihydro-2,2-dimethylbenzofuran-7-yl methyl-
carbamate) is a broad spectrum carbamate pesticide and
nematicide, which has been used against various foliar pests
observed in fruit, vegetable and forest crops. It accounts about
12.4% of the total insecticides produced (14,493 tons) every year in
Taiwan [1]. This carbamate pesticide is highly soluble in fresh water
(700 mgL~1) [2]; therefore, it is susceptible to leaching and perco-
lation through agricultural fields. Several researchers reported the
presence of carbofuran in surface water and groundwater [3,4], and
its half-live in water is ranging between 690 days at pH 5 and 7 days
at pH 8 [4]. Hydrolysis and microbial degradation are the two most
important mechanisms determining the stability of carbofuran in
the environment. It is resistant to biological treatment methods;
therefore, microbial degradation of this pesticide, i.e. biodegra-
dation, requires longer time and specific microorganisms. Several
treatment techniques including both physicochemical and biolog-
ical methods could be applied for treating pesticide contaminated
water. However, few techniques are sufficiently broad-based and
convenient for real-time applications [5]. Since carbofuran exhibits
a special biorefractory character and requires longer biodegrada-
tion time, its complete degradation in a shorter time could only be
achieved by utilizing strong oxidizing agents.
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Advanced oxidation processes (AOPs) have been extensively
investigated for water and wastewater treatments. These processes
could be applied as the sole treatment process or as a pretreat-
ment for improving the biodegradability of pesticide containing
wastewater prior to the biological treatments [6-8]. Several studies
have proven that AOPs are promising and also attractive alterna-
tives in the treatment of organic pollutants that are either toxic
or refractory to the biological treatments [9-12]. AOPs mainly rely
on the generation of highly oxidative free radicals, in most cases
the hydroxyl radical (*OH) with an E° of 2.8 V/SHE [13]. A vari-
ety of effective treatment techniques such as ultrasonic irradiation,
direct photolysis, ultra-violet (UV) irradiation in the presence of
ozone or Fenton reagent, electro-Fenton, anodic Fenton treatment
(AFT), TiO, as a photocatalyst and ultrasound penetration have
been successfully applied for carbofuran degradation in contam-
inated water [4,14-20]. One of the AOPs, i.e. Fenton treatment, has
been receiving more attention because of its broad-spectrum of tar-
get compounds, strong oxidation ability and fast reaction rate. In
addition, it is simple, non-expensive and can be operated under the
conditions of low temperature and atmospheric pressure [21]. The
mechanism of the Fenton reaction with H,0, and Fe2* is shown
in Eq. (1) and the generation of less powerful hydroperoxyl radical
(HO,*, E9 1.42 V/SHE) is shown in Eq. (2) [22-25].

Fe** + H,0, — Fe3* +°*0H + OH™, k; = 53-76 M~15~1 (1)
Fe3* + H,0, — Fe?t +HO,* + H*, ky = 0.01-0.02M~'s7 1 (2)

The reaction rate of the Fenton reaction (k) is much faster than the
Fe2* regeneration rate (k,), therefore the addition of Fe2* and H,0,
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is required to keep the reaction proceeding. The major drawbacks
of Fenton treatment are (1) the continuous addition of Fe?* and
H, 0, for further oxidation of organic compound owing to the very
slow regeneration of Fe2* in Eq. (2), and (2) the production of large
volume of ferric hydroxide sludge [26-28]. The photo-Fenton reac-
tion, a combination of H,0, and UV irradiation less than 400 nm
with Fe3* or Fe2*, is a promising treatment, which can produce rel-
atively more *OH compared to the Fenton treatment. This is mainly
by the photoreduction of Fe(OH)?* (formed in the Fenton reac-
tion at pH 2-3) to Fe* as shown in Eq. (3) [24]. Subsequently, the
regenerated Fe2* could undergo further reaction with more H,0,
molecules, produce new *OH and form a reaction cycle [23,29]. It
has two advantages, i.e. (1) facilitate the Fenton treatment with-
out continuous addition of external Fe2*, and (2) reduce the ferric
hydroxide sludge formation [23,30].

FeOHZ* + hy — Fe2t +*OH (A < 400nm) (3)

In the past, the photo-Fenton treatment has shown very high effi-
ciency in the mineralization of biorefractory pesticides and other
organic pollutants [9,21,30-33]. However, it is essential to esti-
mate the best reaction condition or the complete mineralization
of target compound, i.e. the initial pH and the dosages of H,0,
and Fe3* [21,30]. In this study, degradation/mineralization of car-
bofuran under the photo-Fenton reaction was investigated. The
effects of dosage of Fe3* and the dosage rate of H,0, on the
performance of the photo-Fenton reaction were evaluated with
continuous addition of H,O,. Moreover, the intermediates of carbo-
furan produced during the photo-Fenton treatment were identified
by GC/MS. Based on the intermediates detected, the possible car-
bofuran degradation pathway was proposed.

2. Materials and methods
2.1. Chemical reagents

Carbofuran was obtained from Shida Chemical Industries
(Taoyuan, Taiwan) and was used as received (HPLC grade, 98%
purity). Titanium sulfate (TiSO4, 5% w/w) was purchased from
Nacalai Tesque (Japan) and hydrogen peroxide (H,0,, 33% w/w)
was supplied by Panreac Chemicals (Spain). Exactly 1000 mgL-!
Fe3* stock solution was prepared by dissolving ferric sulfate
(Fe5(S04)3), Yakuri Pure Chemicals, Japan) and used for the exper-
iments. The HPLC grade methanol was used in carbofuran analysis.
All other chemicals were of reagent grade and the solutions were
prepared using double distilled water.

2.2. Experimental apparatus

Fig. 1 represents the schematic diagram of the experimental
setup. A 1.6L double-walled reactor was used in all the experi-
ments. Several ports were provided in the reactor for feeding the
reactants and sampling the solution. Moreover, pH and tempera-
ture probes were permanently fixed in the reactor. A Teflon-coated
stirrer was installed in the reactor to mix the solution at 175 rpm.
During the experiment, H,O, was added continuously into the
reactor at a flow rate of 1 mLmin~! with a syringe pump. Two 8-W
monochromatic UV lamps of 312 nm (with emission range between
280 nm and 360 nm) were placed axially in the reactor and kept in
place with a quartz sleeve; the UV intensity of one 8-W UV lamp is
60 wW cm—2, The reaction temperature was maintained at 25 + 1°C
by using a water bath.

2.3. Experimental procedures

Stock carbofuran solution was prepared by dissolving 200 mg of
carbofuran in 1L of double distilled water. Exactly 1L of diluted

I] O Stirrer
Sampling
/_/ql port

Thermal probe

pHp
_

Syringe
pump

UV lamp ] ?><;)

H,0,

Thermostate

Fig. 1. Schematic diagram of the experimental setup.

carbofuran solution corresponding to an initial concentration of
50mgL-! was added into reactor. The initial pH was adjusted to
3 using 0.1N H,S04 [21,34-36]. Subsequently, a designed quantity
of Fe3* was added into the reactor and the contents were mixed
thoroughly. The UV lamp was then turned on to mark the start
point of the experiment and continued with the simultaneous addi-
tion of H,0O, at a constant flow rate. At regular intervals, 8 mL of
sample was withdrawn from the reactor and filtered through a
0.45 pm membrane filter paper. Finally, the samples were analyzed
for residual carbofuran, DOC, H,0; and carbofuran intermediates.

2.4. Analytical measurements

Carbofuran concentration in the samples was analyzed by
the high performance liquid chromatography (HPLC) (Hitachi Co.,
Japan) equipped with a Hitachi L-2420 UV detector and a RP-18 GP
250 separation column (250 mm x 4.6 mm i.d., Kanto Chemicals,
Japan). Exactly 20 L of sample was injected manually and ana-
lyzed at 280 nm. The mobile phase was composed of methanol and
water (50:50, v/v), and was pumped at a flow rate of 1 mLmin~!.
Under these separation conditions, the retention time of carbo-
furan was observed around 12 min. For determining the residual
H,0, concentration, the samples were mixed with 5% titanium sul-
fate solution (the volume ratio of H,O, sample to titanium sulfate
solution is 10:1, v/v) and analyzed in a spectrophotometer (Hitachi
U-3010, Japan) at 412 nm. The residual H, 0, was measured for two
purposes: (1) to make sure that the H,O, supplied in the system is
sufficient, and (2) to compare the residual H, O, with the variation
of carbofuran concentration and DOC removal. Carbofuran miner-
alization was estimated from DOC concentrations. A TOC analyzer
(O.L. Analytical Model 1030) was adopted for measuring the DOC
of the samples. Throughout the study, the reaction pH and tem-
perature were continuously monitored by a pH probe and thermo
meter (Suntex TS-2, Taiwan), respectively.

2.5. Identification of major intermediates

The major carbofuran intermediates formed during the photo-
Fenton reaction were identified using the GC/MS technique. A
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Fig. 2. The profile of carbofuran and DOC removal percentages with time (Fe3*
dosage at 5mgL-1, H,0, dosage rate at 0.1 mgL~' min~! and pH 3).

mixture of sample and dichloromethane (5:1, v/v) was shaken vig-
orously in a rotary shaker at 150 rpm for 30 min, and subsequently,
analyzed in a Shimadzu GC/MS-QP2010 equipped with a HP-5 cap-
illary column (30 m x 0.25 mm i.d., thickness of 0.25 pm). Helium
was used as the carrier gas at a flow rate of 1.5mLmin~!. The GC
oven temperature was programmed as follows: initially held at
80°C for 2 min, increased to 210 °C atarate of 10°C min~! and held
for 3 min, then raised from210to 310°C at arate of 30°Cmin~! and
finally held at 310°C for 2 min. The injector and detector tempera-
tures were maintained at 220 and 250 °C, respectively. The mass
spectrometer was operated in the full-scan electron-impact (EI)
mode at 70 eV.

2.6. Carbofuran removal kinetics

The pseudo-first order reaction model as shown in Eq. (4) was
used to study the carbofuran removal kinetics.

C
In (%:) = kappt (4)

where Cp and C; are the concentrations of carbofuran (mgL-!) at
reaction times zero and t. kqpp is the apparent rate constant (min=1)
and t is the reaction time (min). The rate constants are estimated
based on the linear plot of In(Cy/C;) versus t.

3. Results and discussion
3.1. Effect of irradiation time on carbofuran degradation

The UVirradiation time required for carbofuran degradation was
evaluated under an initial carbofuran concentration of 50 mgL~!
and pH 3 with the Fe3* dosage at 5mgL~! and H,0, dosage rate at
0.1 mgL~! min~!. The profiles of carbofuran and DOC removal per-
centages are shown in Fig. 2. After 240 min, carbofuran and DOC

Table 1

removals were reached around 97% and 42%, respectively. These
results indicate that even with low dosage of Fe3* and dosage rate
of H,0,, it is possible to obtain higher carbofuran degradation as
well as its mineralization. However, no significant increase in the
carbofuran removal was observed between 120 and 240 min (less
than 10%). The DOC removal profile indicates that carbofuran min-
eralization rate could be enhanced by increasing the UV irradiation
time. However, considering the carbofuran removal, 120 min was
adopted for the subsequent experiments.

3.2. Effect of H;0, dosage rate on carbofuran degradation

In order to identify a better dosage of H,O, required for the
photo-Fenton reaction, the experiments were repeated at pH 3,
with a Fe3* dosage of 35mgL-! and varying H,0, dosage rates
(0-6mgL-!min—'). Carbofuran and DOC removals under various
dosage rates of H,0, are shown in Table 1. Throughout the exper-
iments, the solution pH remains relatively unchanged (2.8-3.4).
It can be noticed in the experimental outcomes that the car-
bofuran degradation increases under the higher dosage rates of
H,0,, which is mainly due to the generation of *OH with extra
H,0, addition. On the other hand, carbofuran removals have
improved greatly, i.e. 32-73%, 39-90% and 47-100% within 15, 20
and 30 min reaction, respectively, when the H,O0, dosage rate was
increased from 0 to 4mgL-! min~! (Table 1). At the same condi-
tion, the DOC removal efficiency has increased from 13% to 93%
after 120 min reaction. However, no improvement in the carbo-
furan/DOC removal was observed when the H,0, was overdosed,
i.e. beyond 4mgL-1 min~1. Several researchers have also reported
the negative effect of H,0, dosage under H,0, overdosed photo-
Fenton systems for the degradation of target compound [21,37].
Under this overdosed rate, H,O, could react with *OH, and as a
result, less powerful HO,* is formed as shown in Eq. (5). Moreover,
HO,* could further react with *OH and form water and oxygen
as per Eq. (6) [21,38]. Therefore, the H,0, dosage rate beyond
4mgL-'min~! can reduce the oxidative capacity of the photo-
Fenton reaction by decreasing the amount of *OH and oxidant in
the system [36].

H;05 +°OH — H,0 + HO,* (5)
HO,* + *OH — H,0 + O, (6)

The DOC profile has shown a sharp increase from 10 to 60%
within 20-60min, and then, followed a gradual increase after
60 min (60-93%) at higher H,0, dosage rate. This is in good agree-
ment with the residual H,O, concentration as shown in Fig. 3.
The residual H,O, concentration under H,O, dosage rates of 4
and 5mgL-! min~! decrease at reaction time 15-40 min, and then,
increases gradually after 40 min (Fig. 3). The carbofuran removals
were fitted using the pseudo-first order reaction model; the high-
est apparent rate constant of 8.8 x 10~2 min~! was observed at the
H,0, dosagerate of 4mgL~1 min—! (Table 1). Thisreveals that H,0,
dosage rate at 4mgL-! min~! has accelerated the oxidation rate of
carbofuran.

Effect of various H,0, dosage rates on carbofuran and DOC removals (Fe3* dosage at 35 mgL-! and pH 3).

H,0, dosage rate (mgL-! min~1) Carbofuran removal (%)

Pseudo-first order carbofuran
removal kinetics

DOC removal (%)

15 min 20 min 30 min 30 min 120 min kapp (x10~2 min~") R?
0 32 39 47 9 13 14 0.87
0.5 40 48 68 11 49 4.5 0.98
1.25 66 78 92 23 76 7.7 0.98
4 73 90 100 31 93 8.8 0.94
5 73 87 100 26 92 8.6 0.95
6 45 62 86 12 79 5.6 0.91
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Fig. 3. Variation of residual H,0, as a function of time with different H,0, dosage
rates (Fe3* dosage at 35mgL~" and pH 3).

3.3. Effect of Fe3* on carbofuran degradation

The photo-Fenton experiments were repeated under differ-
ent Fe3* dosages (5-50mgL~') and H,0, dosage rates (0.8 and
4mgL-"min1), and at fixed pH, i.e. pH 3. The experimental out-
comes are shown in Table 2 and the H,0, consumption is shown in
Fig. 4. Throughout the study not much variation in pH (2.9-3.3) was
observed. Table 2 demonstrates that carbofuran and DOC removal
efficiencies could be improved by increasing the Fe3* dosage. The
increase in Fe3* dosage increases the production of more quan-
tity of *OH through the Fenton reaction and facilitates the higher
carbofuran and DOC removal efficiencies.

However, no significant improvement in carbofuran and DOC
removals were observed when the Fe3* dosage was increased
beyond 35mgL-!. This is in good agreement with the results
reported in the previous studies [21,23,39]. The main reason is
for the limited degradation of carbofuran at H,O, dosage rate of
0.8mgL-'min~! is due to the insufficient residual H,O, concen-
tration in the system (Fig. 4). The higher removal at a H,0, dosage
rate of 4mgL-" min~! could be attributed to the increased resid-
ual H,0, concentration in the system; however, the increase in
Fe3* dosage beyond 35mgL-! at this condition has produced sim-
ilar carbofuran removal owing to the photostationary equilibrium
between Fe?* and Fe3* [4].

The carbofuran removals shown in Table 2 were fitted using the
pseudo-first order reaction model. The apparent rate constants are
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Fig.4. Variation of residual H,0; as a function of time with different Fe3* dosages at
pH 3 (solid points represent H,0, dosage rate at 0.8 mg L-! min~! and hollow points
represent H,0, dosage rate at 4mgL~"' min—').

shown in Table 2, which indicate that the increase in Fe3* dosages
and the dosage rates of H,0, have the capability of increasing the
carbofuran removal rate to a certain extent. The highest carbofu-
ran removal rate constant of 10.5 x 10~2min~! was observed at
50mgL-! Fe3* dosage with 4mgL-! min~! of H,0, dosage rate.

3.4. Chemical degradability of carbofuran

A summary of experiments and the main outcomes are given
in Table 3. This could be useful to evaluate the efficiency of each
process in carbofuran degradation/mineralization. It can be seen in
Table 3 that no carbofuran volatilization was observed in 120 min
reaction; therefore, the carbofuran removal in the present study
was solely by the treatment technique adopted. The simple oxida-
tion techniques, i.e. H,O,, Fe3*, UV irradiation and the combination
of H,0, and Fe3*, have produced fewer carbofuran removal and
insignificant DOC removal efficiencies. While H,0, and Fe3* were
combined with UV irradiation, i.e. UV + H,0, and UV + Fe3*, the car-
bofuran removal was increased to 84% and 77%, respectively, after
120 min reaction. However, the DOC removal has reached only less
than 17% in these combinations.

On the other hand, the photo-Fenton reaction has produced
complete carbofuran removal (100%) in 30 min and up to 93% DOC
removal in 120 min. These results indicate that the photo-Fenton
treatment is highly effective for the rapid degradation and mineral-
ization of carbofuran. Also, the photo-Fenton system was reported
as the most efficient process for the degradation of several pol-
lutants [21,31,33]. In this study, HO, was supplied at a constant
flow rate duirng the treatment, which could minimize the reagent
cost. As a whole, the application of the photo-Fenton reaction with
constant supply of H,O, can generate rapid removal of carbofuran
from aqueous systems.

3.5. Degradation pathway

The experimental samples collected under the photo-
Fenton conditions, i.e. Fe3* dosage at 35mgL-!, H,0, dosage
rate at 4mgL-'min~! and at pH 3, were used for identi-
fying the intermediates of carbofuran and the degradation
pathway. Five major intermediates, i.e. 3-Hydroxy-2,2-
dimethyl-2,3-dihydro-1-benzofuran-7-yl methylcarbamate,
2,2-Dimethyl-3-0x0-2,3-dihydro-1-benzofuran-7-yl methyl-
carbamate, 2,2-Dimethyl-2,3-dihydro-1-benzofuran-7-ol,
2,2-Dimethyl-2,3-dihydro-1-benzofuran-3,7-diol and 7-Hydroxy-
2,2-dimethyl-1-benzofuran-3(2H)-one, were identified and their
full scan mass spectra are shown in Fig. 5(b-f), respectively.
Based on the spectral analysis of the intermediates, the possible
carbofuran degradation pathway(s) are proposed in Fig. 6, and
numbers 1-5 are assigned to five intermediates. The first step in
the degradation of carbofuran is found to be the cleavage of C-O
bond in carbamate group and the formation of intermediate 1
(m/z 164) [40]. This intermediate has also been detected in the
photolysis, TiO, catalyzed photolysis and anodic Fenton treatment
of carbofuran [16,40,41]. The carbamate group appeared to be
the primary attack site by *OH in the photo-Fenton reaction.
Alternatively, it is envisaged that hydroxylation of carbofuran and
intermediate 1 also play an important role in the initial degradation
owing to *OH attack at the 3-C position of furan ring. This leads to
the formation of intermediates 2 (m/z 237) and 3 (m/z 180) [42].
The successive oxidation of these two compounds, i.e. m/z 237 and
180, at their 3-C position of the furan ring might have induced the
formation of intermediates 4 (m/z 235) and 5 (m/z 178) [24].

In addition to the hydroxylation and further oxidation of 3-
C position in the furan ring, the cleavage of carbamate group
from intermediates 2 and 4 can also result in the formation
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Table 2
Effect of various Fe?* dosages on carbofuran and DOC
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removals at pH 3.

H,0, dosage rate (mgL-! min~1)

Fe3* dosage (mgL-1)

Carbofuran removal (%)

Pseudo-first order carbofuran
removal kinetics

DOC removal (%)

15 min 20 min 30 min 30 min 120 min Kapp (x1072 min~") R?
0.8 5 6 17 40 0 46 2.6 0.95
20 34 41 64 12 59 4.4 0.92
35 54 68 81 16 62 6.5 0.98
50 58 72 85 19 63 6.9 0.99
4 5 42 54 79 9 79 5.2 0.96
20 71 85 100 32 91 8.3 0.96
35 73 90 100 31 93 8.6 0.94
50 80 97 100 34 93 10.5 0.94
Table 3
Carbofuran and DOC removals under different experimental conditions.
Experiment H,0; (mgL~" min~1) Fe3* (mgL1) Carbofuran (mgL-1) pH Removals after 120 min
Carbofuran (%) DOC (%)
Control 0 0 50 3 0 0
uv 0 0 50 3 7 0
H,0, 4 0 50 3 10 0
Fe3* 0 35 50 3 0 0
Fe3* +H,0, 4 35 50 3 18 5
UV+H,0, 4 0 50 3 84 17
UV +Fe3* 0 35 50 3 77 13
Photo-Fenton? 4 35 50 3 100 93
a UV+Fe3* +H,0,.
0, o,
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Fig. 5. GC-MS spectra of carbofuran and its degradation intermediates (RT means retention time).
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Fig. 6. Proposed degradation pathways of carbofuran by photo-Fenton process (dotted lines reflect the hypothesized carbofuran degradation pathway).

of intermediates 3 and 5. Moreover, the decrease of DOC up
to 93% (Table 3) indicates that the furan ring or benzene ring
is opened, and subsequently, mineralized to inorganic carbon
dioxide and water via carbamic acid and methyl amine as
reported in previous investigations [4,16]. In addition to these
five compounds, there may be other intermediates of carbofu-
ran, which are not detected at this moment owing to their lower
concentrations.

4. Conclusions

Carbofuran degradation was accelerated in the photo-Fenton
system and the apparent degradation rate was influenced by many
factors such as irradiation time, the dosage rate of H, 0, and dosage
of Fe3* appiled. The pseudo-first order reaction kinetics was used
to model the carbofuran removal in the system. A highest car-
bofuran removal rate constant of 10.5 x 10~2 min~! was obtained
under an initial pH of 3, Fe3* dosage of 50 mgL~! and H,0, dosage
rate of 4mgL-1min~'. Under these conditions, an initial carbo-
furan concentration of 50mgL-! was completely degraded and
93% of DOC removal was achieved in 120 min reaction. Further-
more, five intermediate products of carbofuran were identified
during the photo-Fenton reaction and the degradation pathway(s)
were proposed. As a whole, the photo-Fenton treatment has
greater potential for carbofuran removal in comparison with other
AOPs.
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