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This article describes the photolytic and photocatalytic removal
of the insecticide methomyl at low concentration from different
types of water, upon UV, visible or natural solar light radiation,
in the presence of TiO, and ZnO, as well as using Fe-ZSM-S5 zeolite
and AlFe-pillared montmorillonite (photo-Fenton process). The rate
of photodecomposition of methomyl was measured using UV spec-
trometry and HPLC, while its mineralization was investigated by
ion chromatography (IC) and total organic carbon (TOC) analysis.
The photochemical removal of methomyl is a natural and applicable
model for the purification of water.

Keywords heterogeneous iron catalysts; methomyl; photocataly-
sis; photolysis; titanium dioxide; zinc oxide

INTRODUCTION

Methomyl (Fig. 1), with the ITUPAC name S-methyl
N-(methylcarbamoyloxy)thioacetimidate and CAS No.
16752-77-5 belongs to a class of compounds known as
oxime carbamates (or carbamoyloxime). It was widely used
for the control of insect and nematode pests. It is a very
toxic and hazardous compound and a pollutant causing
environmental concern because of its high solubility in
water (57.9 gL~ " at 25°C), according to (1). Like some other
closely related carbamates, methomyl acts by inhibiting the
enzyme acetylcholinesterase (2). Since its sorption affinity to
soils is rather low, it can easily cause contamination of both
ground and surface water resources (3).

Advanced Oxidation Processes (AOPs) include catalytic
and photochemical methods which use H,O,, O3, or O, as
the oxidant. The principal active species in these systems
is the hydroxyl radical *OH, which is an extremely reactive
and non-selective oxidant for organic contaminants (4,5).
The main advantage of these processes is a complete miner-
alization of many organic pollutants (6,7). Several catalysts
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have been used (TiO,, ZnO, Fe,05, CdS, ZnS) and among
them TiO, is one of the most effective (8—11). The following
mechanism has been proposed:

a) absorption of efficient photons by titania (hv > E,=
3.2¢eV);

TiO; + hv(UV) — ecy + hiy (1)

b) oxygen ionosorption;

(Oz)ads + eEB - 027 (2)

¢) neutralization of OH™ groups into ‘OH radicals by
photoholes;

(HO < H" +OH )4 +h/y = H"+OH  (3)

d) oxidation of the organic reactant via successive attacks
by ‘OH radicals;

R +'OH — R" + H,0 (4)

e) or by direct reaction with holes;

R +h* — R — degradation products (5)

As an example of the last process, the holes can generate
CO, according to:

RCOO™ +h" — R" + CO, (6)

ZnO 1is also frequently used as a catalyst in hetero-
geneous photocatalytic reactions. The biggest advantage
of ZnO in comparison to TiO, is that it absorbs over a
larger fraction of the UV spectrum and the corresponding
threshold wavelength of ZnO is 387 nm. Upon irradiation,
valence band electrons are promoted to the conduction
band leaving a positive hole behind. These electron-hole

1617
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FIG. 1. Structure of methomyl.

pairs can either recombine or interact separately with
other molecules. The holes in the valence band at the ZnO
surface can oxidize adsorbed water or hydroxide ions to
produce hydroxyl radicals. Electron in the conduction
band at the catalyst surface can reduce molecular oxygen
to superoxide anions. These radicals may form organic
peroxides or hydrogen peroxide in the presence of organic
scavengers. The hydroxyl radicals attack organic com-
pounds (R) and intermediates (Int) are formed. These
intermediates react with hydroxyl radicals to produce the
final products (P). The mechanism of heterogeneous
photocatalysis in the presence of ZnO can be given by the
following reactions (12,13):

ZnO + hv(UV) — ecp + hip (7)
ecp + hip — heat (8)

hyg + H20ua4s — HT + "OH s )
hyp + “OH,gs — "OH,q (10)
ecg + 02— Oy (11)

05 +HO; + H" — H,0,+ 0, (12)
0; +R — R-0O (13)
‘OH,¢ + R — Int. — P (14)

Fenton’s processes belong to AOPs that utilize H,O,
activation by iron salts. The classic Fenton’s reagent is a
mixture of ferrous ions and H,O, in acidic solution or
suspension (7,14):

Fe’™ + H,0, — Fe*™ + OH™ +'OH (15)

Equation (15) presents the most important steps of a
Fenton reaction and involves electron transfer between
H,0, and Fe(Il) with the oxidation of Fe(Il) to Fe(IIl)
and the resulting production of highly reactive hydroxyl
radicals ‘OH and potentially reactive ferryl species. The
removal of organic compounds by Fenton’s reagent
can be strongly accelerated by irradiation with UV or
UV-visible light. This process is called the photo-Fenton
reaction (14-17). Equation (15) is the key of photo-Fenton
processes. The obtained Fe* ions or their complexes subse-
quently act as light absorbing species, which produce
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another hydroxyl radical, while the initial Fe*™ ion is
regained:

Fe(OH)*" + hv — Fe** + ‘OH (16)

The main advantage of the photo-Fenton process is light
sensitivity up to a wavelength of 600 nm (17). According to
the literature (5), irradiation with light of wavelength
J.<580nm affects the photoreduction of Fe'™ to Fe’"
together with the production of *OH radicals.

The photolysis of different pesticides was frequently stud-
ied (18-20) but, to the best of our knowledge, there are no
reported studies focusing on the photolysis of methomyl in
the any type of water, including seawater. On the contrary,
methomyl was successfully photodegraded using AOPs.
Different catalysts were used, mostly TiO, (16,21-26).
ZnO was also used (23). The photo-Fenton reaction was also
employed (14,16,24-26), with dissolved ferrous sulfate hep-
tahydrate being used as the source of Fe> ions. Recently,
it was reported as a letter that methomyl can be photocata-
lytically removed using supported iron catalysts such as
Fe-ZSM-5 zeolite and AlFe-pillared montmorillonite (27).

The objective of the present work was to study the
photolytic and photocatalytic removal of methomyl in
deionized, distilled and seawater. Semiconducting oxides
(TiO;, and ZnO) and iron catalysts (Fe-ZSM-5 and AlFe-
pillared montmorillonite) were used in the photocatalytic
reactions. Monochromatic, polychromatic, and natural
solar light were applied as light sources during the metho-
myl removal. The effects of parameters such as water type,
reaction temperature, lamp distance, initial concentration
of catalyst, initial salt concentration (NaCl), and pH were
studied. The effect of various catalysts on the photodegra-
dation of methomyl was also studied.

EXPERIMENTAL
Materials

All chemicals used in this investigation were of reagent
grade and were used without further purification. Analyti-
cal grade methomyl (99.8%) and technical grade methomyl
(98%) were granted by Du Pont De Nemours, USA. TiO,-
Merck Eusolex® T (anatase modification) and ZnO
(Merck) were used as received. The preparations of the
Fe-ZSM-5 zeolite and AlFe-pillared montmorillonite
catalysts were described at previous papers (28,29). One
gram of pillared montmorillonite catalyst contained 5 mmol
(iron 4 aluminum) cations; thus, the iron content amounted
to ca. 14 wt.%. The applied physico-chemical methods for
characterization of the catalyst are given elsewhere (29).
In the starting Fe-ZSM-5 zeolite, the Si/Al ratio was 12.
The extent of iron exchange resulted in a Fe/Al ratio of
0.75. Thus, the iron content was ca. Swt.%. NaOH,
Na,COs3, H,SO,4, HCI, NaCl, and NaHCO; were purchased
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from Merck. Hydrogen peroxide solution (30% v/v) in a
stable form was provided by Carlo Erba. The acetonitrile
used for the HPLC analysis was HPLC grade and was
provided by Fluka. Methanesulfonic acid for ion chromato-
graphic analysis was provided by Fluka. All solutions were
freshly prepared with Millipore Waters deionized water
(18.2MQcm ™" at 25°C) prior to use.

Photolytic and Photocatalytic Procedures

All solutions were prepared by dissolving methomyl
(without a catalyst or with a certain amount of catalyst)
in water (deionized, distilled, sea) with additional degasifi-
cation for 10 min in an ultrasonic water bath. The initial
concentration was 16.22mgL .

The photolysis of methomyl with monochromatic
irradiation at 254nm was performed using an Osram
mercury lamp (2 x 8 W). The distance between the lamp
and the surface of the solution ranged from 20 to 200 mm.
The quartz photoreactor (cylindrical shape, volume
20mL) was equipped with a water-cooled quartz jacket to
maintain the solution temperature constant (mainly 20°C)
during irradiation. Samples (15.0mL) were exposed to
irradiation from 120 to 600 min. During the experiments,
the reaction mixture was stirred on a magnetic stirrer.

Irradiations under UV light (366 nm) were performed in
the same quartz photoreactor as mentioned previously with
an Osram mercury lamp (2 x 8 W) placed S0 mm from the
surface of the reaction mixture. The experiments under
315-400 nm polychromatic light were performed in a glass
reactor (cylindrical shape, volume 30.0 mL) with an 300 W
Osram Ultra-Vitalux® lamp (mixture of lights; UV-A:UV-
B=13.6:3, according to the manufacturer’s specifications)
placed 300 mm from the surface of the reaction mixture. In
a typical experiment, 15.0 mL of the methomyl solution for
the first or 25.0mL for the second experiment were used.
Agitation was then applied (500 rpm) to maintain a hom-
ogenous suspension and the lamp was switched on. After
an appropriate irradiation time, the suspension was sampled.

Reactions under sunlight were performed in open flasks
made of a quartz glass (150.0mL volume). In a typical
experiment, 100.0mL of the methomyl solution with a
certain amount of TiO, or ZnO catalyst were exposed to
sunlight for an appropriate time interval (from 20 to 45h).
The average methomyl solution temperature was 35°C.

All solutions of methomyl for the photo-Fenton experi-
ments were prepared by dissolving the analytical grade
methomyl in deionized water followed by sonication for
10 min. The reactions were performed at room temperature
in a glass batch reactor. A total of 100.0 mL of solution was
placed into the reactor together with 2.0mL 0.1 molL™!
H,0, and a certain amount of Fe-ZSM-5 zeolite or alterna-
tively well-powdered AlFe-pillared clay catalyst. The pH
adjustment (3.5-4.0) was realized by adding 0.15mol L™
H,SO,. Solution pH was measured using a PHM 93

reference pH meter, Radiometer, Copenhagen, Denmark.
The reaction was performed under vigorous stirring with
a constant airflow of 30-35mLmin~'. A halogen lamp
(Brilux, Model JCDR, 50 W, 640 cd, China) was used as
the radiation source. The color temperature of the light
was 3000 K, which corresponds to 575.6nm (30). At the
end of the reaction, all solutions were centrifuged for
15min in a Rotofix 32 centrifuge, Germany, to separate
the catalyst particles.

Analytical Procedure

For the spectrophotometric determination methomyl
during its degradation of, 2.0 mL of the solution were taken
at regular intervals and their spectra recorded (after sample
centrifugation when catalysts were used) on a Shimadzu
1700 UV-VIS spectrophotometer in the wavelength range
from 200 to 300 nm. The kinetics of methomyl degradation
was monitored at 233.8 nm. For HPLC determination, all
solutions were filtered through Sartorius 0.20 um syringe
filters and were analyzed at 234nm and at ambient
temperature (25°C) on a Hewlett Packard HP 1050 liquid
chromatograph with a UV/VIS detector, equipped with a
reversed-phase column type Zorbax Eclipse XDB-CI8
150 x 4.6 mm (i.d.) x 5um. The mobile phase (flow rate
2.0mLmin"') was a mixture of acetonitrile and water
(25:75, v/v). The sample injection volume was 20 pL and
both samples and standards were diluted with acetonitrile.
Under the above chromatographic conditions, the concen-
trations of methomyl were determined from the peak areca
at tg =2.0min. The sample pH was adjusted by adding
dilute NaOH and HCI using a pH meter (PHM93 reference
pH meter, Radiometer, Copenhagen, Denmark). For the
ion chromatographic determinations, all methomyl solu-
tions were diluted, filtered through Milex-GV 0.22 uym
membrane filters, and analyzed on a Dionex DX-300 ion
chromatograph at ambient temperature (25°C), with a
suppressed conductivity detector. The ion chromatograph
was equipped with a Dionex IonPac AS 14 column
250 x 4.0mm (i.d.) for anion determination and a Dionex
TonPac CS 12 column 250 x 4.0 mm (i.d.) for cation determi-
nation. The mobile phase for the anion determination was a
carbonate/bicarbonate mixture (3.5 mmol L™' Na,COs +
1.0mmol L™! NaHCOs), flow rate 1.0mLmin~", and for
cation determination, it was a solution of methanesulfonic
acid (20.0mmol L"), flow rate 1.0mLmin~'. The sample
injection volumes were 50 pL for both the anion and cation
measurements. Prior to sample measurements, blank sam-
ples of deionized water were chromatographed. The reten-
tion times for nitrate and sulfate ions were 8.0 and
12.5min, respectively. The retention time for ammonium
ions was 4.8 min. For total organic carbon (TOC) analysis,
the samples were analyzed on a Zellweger LabTOC 2100
instrument using high-temperature combustion followed by
infrared CO, detection.
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RESULTS AND DISCUSSION
Photolysis

All the experiments were performed under mono-
chromatic 254 nm ultraviolet light since 366 nm ultraviolet
light had small effect on methomyl photolysis, as
previously established (21).

In the first part of the experimental work, the influence of
lamp distance on the reaction rate of methomyl photolysis
was studied. The distance between the lamp and the solution
surface was varied from 20 to 200 mm. As can be seen from
Fig. 2, the reaction rate of methomyl removal decreased with
increasing lamp distance. The reaction rate was 3.7 times
higher (k=0.0194min"') when the lamp was placed at
20 mm distance from the reaction mixture surface than when
the lamp was placed at 200mm (k =0.0053 min~'). After
120 min irradiation, 29.18% (200 mm), 43.32% (100 mm),
59.89% (50 mm), and 73.62% (20 mm) of the initial technical
grade methomyl had been removed at 20°C in distilled water
of pH 6.0.

The kinetics of the photodegradation rate of most organic
contaminants (31) can be well described using a pseudo-first
kinetic order, which is given by the following equations:

In(C,/C) =k -t (17)

C = Coe ™ (18)

where C, is the initial concentration of contaminant and C'is
the concentration of contaminant at irradiation time ¢, and
k is the pseudo-first order rate constant. For reactions of
pseudo-first order, the half time of the reaction can be
calculated using:

t1/2:ln2/k (19)
0.025
0.020 +
= 0.015
£
X~
0.010 A
0.005 +
0.000 w T ‘ .
0 50 100 150 200
d (mm)

FIG. 2. Theeffect of lamp distance on the photolysis rate of technical grade
methomyl in distilled water (4 =254 nm, temperature = 20°C, pH = 6.0).

All the following experiments using 254 nm radiation
were performed with the same Osram mercury lamp
(2 x 8 W) placed 100 mm above the surface of the reaction
mixture due to the optimal handling of the experiment. The
influence of the reaction temperature on the reaction rate
of removal of the technical grade methomyl is presented
in Fig. 3, which shows that the reaction rate increased
in the temperature range from 10°C (k=0.0076 min~") to
50°C (k=0.0098 min~'), while the half-lives decreased
from 91.20 min to 70.73 min, respectively. It is obvious that
the reaction temperature has a significant influence on the
degradation reaction rate of the technical grade methomyl
in distilled water at pH 6.0. In the further studies, a
reaction temperature of 20°C was chosen since the highest
increase in the reaction rate was between 10°C and
20°C (the reaction rate constants were 0.0076 min~' and
0.0087 min !, respectively).

The influence of the water type was investigated by
conducting experiments at 254 nm in deionized (water pH
5.2), distilled (water pH 5.5), and seawater (water pH 7.9,
concentration of Cl™ ions, 26.2 g L™"). First, an experiment
in the dark at ambient temperature was performed in order
to check the stability of methomyl. No methomyl disap-
pearance was detected after seven days. The results of the
influence of the type of water are shown in Fig. 4 and
Table 1. The reaction rate was highest in distilled water
and lowest in seawater. The technical grade methomyl
disappeared approximately 1.5 times faster in distilled
(t1/2="79.67min) than in seawater (f;/, =123.78 min) and
1.2 times faster in distilled than in deionized water
(t1/2=97.63min). One would expect the reaction to
proceed faster in deionized than in distilled water due to
the content of ions in the latter, but the obtained results

0.010

0.009 -

k (min™)

0.008 +

0.007 T T T \ T
0 10 20 30 40 50

t (°C)

FIG. 3. The effect of temperature on the photolysis rate of technical grade
methomyl in distilled water (1 = 254 nm, lamp distance = 100 mm, pH = 6.0).
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FIG. 4. The effect of the type of water on the photolysis rate of technical
grade methomyl (4 =254 nm, lamp distance = 100 mm, temperature = 20°C).

suggest that certain ions in distilled water promote the
reaction. It is known that distilled water may contain some
trace metals as well as trace organic carbon (32). In
addition, it was found that Cu’" in combination with
ascorbic acid promotes the removal of bisphenol A in
aqueous solution (33). Seawater contains different ions,
such as CI-, SO2~, HCOj, etc. (20) which can retard the
photolysis of methomyl. It was found that the reactions
in the different waters followed first-order kinetics, as given
in Table 1.

In general, photolysis of chemicals in aqueous solution
is influenced by pH. In the present study two experiments
were performed using 254nm irradiation. First, the
photolysis of the technical grade methomyl was studied
in distilled water at three different pH values (3.15, 6.00,
and 10.55). The pH was adjusted by the addition of HCl
(3.15) or NaOH (10.55). The third value is the pH of the
pure insecticide solution in distilled water. The obtained
results (Fig. 5 and Table 2) imply that the pH has small
influence on the reaction rate and that the reaction was
the fastest at pH =6.0. Removal of the analytical grade
methomyl was studied in deionized water at five different

TABLE 1
Kinetics of methomyl degradation under artificial lights and sunlight
Water type
Light source Technical methomyl Parameters Deionized Distilled Sea
254 nm Without a catalyst k (min~") 0.0071 0.0087 0.0056
R 0.9990 0.9991 0.9942
112 (min) 97.63 79.67 123.78
366 nm With 2.0gL~" of TiO, k (min~") 0.0058
R 0.9880
t1/> (min) 119.51
With 2.0gL~"! of ZnO k (min~ ") 0.0120
R 0.9915
11/2 (mm) 57.76
315-400 nm With 2.0gL~" of TiO, k (min~") 0.0047
R 0.9941
t1/> (min) 147.48
With 2.0gL~"! of ZnO k (min~") 0.0100
R 0.9988
tl/Z (mm) 69.31
Sunlight With 0.1gL~" of TiO, k (min~") 0.0018 0.0030 0.00046
R 0.9976 0.9985 0.9930
t1/> (min) 387.59 228.38 1501.42
With 0.2gL~" of TiO, k (min~") 0.0016 0.0022 0.00057
R 0.9955 0.9993 0.9803
t1/> (min) 443 85 320.41 1208.98
With 0.15gL"" of ZnO k (min~) 0.0019 0.0028 0.00114
R 0.9989 0.9975 0.9945
t1/> (min) 364.81 250.53 605.37
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FIG.5. Theeffect of pH on the photolysis rate of technical grade methomyl
in distilled water (4 = 254 nm, lamp distance = 100 mm, temperature = 20°C).

pH values (2.0, 6.0, 7.0, 8.0, and 9.0). The obtained results
are shown in Fig. 6 and Table 2. Once again, it can be seen
that the reaction rate was the highest in neutral and the
lowest in acidic media. In addition, it is obvious from
Table 2 that at pH =6.0 in deionized water, the technical
grade methomyl disappeared faster (k= 0.0071 min~") than
the analytical grade methomyl (k=0.0058min""), but
slower than the technical grade methomyl in distilled water
(k=0.0087 min").

Photocatalytic Removal of Methomyl Under 366 nm
and 315-400 nm Radiation

The influence of various parameters, such as the initial
concentration of the catalyst, the initial NaCl concen-
tration and pH, was investigated on the photocatalytic

MIJIN, AND E. KISS

0.0060

0.0058 -

0.0056 -

k (min™)

0.0054 -

0.0052

pH

FIG. 6. The effect of pH on the photolysis rate of analytical grade
methomyl in deionized water (A=254nm, lamp distance=100mm,
temperature = 20°C).

removal of methomyl in the presence of TiO, and ZnO
using an Osram mercury or a 300 W Osram lamp. The
effect of various catalysts on the methomyl photocatalytic
removal was also studied. In the first part of the photo-
catalytic study, several experiments were conducted in
deionized water under 366 nm and 315-400 nm light. These
experiments were performed using different conditions, i.e.,
in the absence and presence of the catalyst as well as in
the dark. In the absence of the catalyst, no changes in
methomyl concentration were observed under either mono-
chromatic or polychromatic light. In the absence of light, a
very small change in the methomyl concentration was
observed. In the third experiment, when either type of
radiation and TiO, or ZnO were applied, a disappearance
of methomyl was registered (Table 1).

TABLE 2
Effect of pH on the kinetics of methomyl degradation under 254 nm irradiation (temperature: 20°C,
lamp distance: 100 mm)

pH
Water type Methomyl Parameters 2.00 3.15 6.00 7.00 8.00 9.00 10.15
Distilled Technical k (min~ 1) 0.0078 0.0087 0.0083
R 0.9993 0.9991 0.9970
t1/> (min) 88.86 79.67 83.51
Deionized Analytical k (min~") 0.0054 0.0058 0.0059 0.0057 0.0056
R 0.9977 0.9983 0.9993 0.9964 0.9956
t1 /> (min) 128.36 119.51 117.48 121.61 123.78
Deionized Technical k (min~ 1) 0.0071
R 0.9990
ZI/Z (mln) 97.63
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The most employed semiconductor photocatalyst TiO,,
as well as ZnO were used. The most important advantage
of ZnO over TiO, is that it absorbs over a larger range
of the UV spectrum. All experiments were performed using
1.0—3.0g L™ of either TiO, or ZnO and it was found that
the optimal concentration of the catalysts was 2.0gL .
The photodegradation efficiency increased with increasing
concentration of the photocatalyst, reaching the highest
value at 2.0gL~" and then decreasing. A possible expla-
nation for this phenomenon is that when all insecticide
molecules are adsorbed by TiO», the addition of higher
quantities of TiO, has no effect on the photodegradation
efficiency but the increased catalyst concentration in the
solution causes light inhibition due to the opacity it creates.
For this reason, reduced degradation rates were registered
when the catalyst concentration was increased beyond
2.0gL"". In addition, the results (Fig. 7 and Table 1)
showed that the photocatalytic removal of methomyl was
much faster when ZnO was used (k=0.0120min~"' for
the 366nm lamp and k=0.0100min~" for the 300 W
Osram lamp) than when TiO, was used (k =0.0058 min '
for the 366 nm lamp and k=0.0047 min~' for the 300 W
Osram lamp). As a result, the methomyl disappeared
approximately 1.2 times faster under 366 nm than under
315-400nm light. The methomyl removal rate in the
presence of ZnO was approximately twice that registered
in the presence of TiO, (catalyst concentration=2.0gL™").

It is also known that the degradation of some organic
compounds in photocatalytic processes is influenced by
the pH value of the solution (34,35). The photocatalytic
removal of methomyl was studied at three different pH

1.0 %

0.8 1

0.6

C/Co

0.4

0.2 1

0.0 T T T
4

Time (h)

——TIO, =+—7Zn0O

FIG. 7. The effect of the catalyst type on the photocatalytic removal rate
of methomyl in deionized water (A=366nm, pH=5.6, catalyst
concentration=2.0gL™").

o
N
o]

values (3.5, 5.6, and 9.0), adjusted by the addition of HCI
(3.5) or NaOH (9.0), while the third pH value was that
of the pure insecticide solution in deionized water. The
results imply that the removal rate was the highest in acidic
solution and the lowest in alkaline solution. It should be
mentioned that the pH of the solution can also be adjusted
by the addition of H,SO,4 or HF. The addition of either HF
or H,SO, practically doubled the degradation rate of
2-hydroxypyridine when P-25 was used, as reported by
Stapleton et al. (36). This can be explained by the adsorp-
tion of free fluoride ions on the surface of the catalyst
and the displacement of surface bound hydroxyl radicals
(37-40). Also, SOﬁf ions could be adsorbed onto the
catalyst surface, thus modifying surface properties (acidity,
area, electron—hole recombination) (41,42).

A common inorganic salt, i.e., sodium chloride, was
applied to study the influence of an inorganic salt on the
photocatalytic removal of methomyl. The influence of
different concentrations of sodium chloride (0.0-5.0%
w/v) on the reaction rate is presented in Fig. 8. The
observed decrease of the reaction rate of methomyl
removal in the presence of chloride ions can be explained
by competitive adsorption or by the hole scavenging
properties of chloride ions (43):

Cl” + h$B — CI (20)
Cl+ClI" — Cly (21)
OH +ClI” — CI'+ OH™ (22)
1.0
0.8
0.6
S
&)
0.4
0.2
0.0 \ ‘ ‘
0 2 4 6
Time (h)

| ——0% ——1% —=—5% |

FIG. 8. The effect of the NaCl concentration on the photocatalytic
removal rate of methomyl in deionized water (A=366nm, pH=25.6,
TiO,=2.0gL™}).
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While chlorine radicals are formed slowly, they are
converted into chloride anions instantly. The surface sites
normally available at the TiO,/methomyl solution inter-
face for adsorption and electron transfer from methomyl
can be blocked by anions, such as chloride anions, which
are not oxidizable and are effective inhibitors of the
detoxification process (43).

The ion chromatography results showed that mine-
ralization led to the formation of sulfate, nitrate, and
ammonium ions during the process, both under monochro-
matic and polychromatic light (Figs. 9 and 10). Mineraliza-
tion of sulfur atoms into sulfate ions was almost complete
and the maximum expected value for sulfate ions (around
9.60mgL ') was obtained. Nitrate and ammonium ions
were also detected in various relative concentrations during
the photocatalytic experiments. The maximum detected
value for nitrate and ammonium ions were 1.13mgL ™!
and 1.22mgL"!, respectively. The nitrogen mass balance
was therefore incomplete at the end of the treatment
(around 50% of the inorganic nitrogen expected in the pro-
cess). When TiO, was used as the catalyst, mineralization
of organic carbon was incomplete and about 80% of the
initial TOC had disappeared after 8 h (under 300 W Osram
lamp) or after 6h (under 366nm). These results are in
accordance with those of other researchers (24). In
addition, it was found that ZnO was a better catalyst than
TiO,. When ZnO was used about 80% of the initial TOC
had disappeared after 4h (Figs. 9 and 10).

Sunlight Degradation of Methomyl

AOPs driven by solar energy appears to be an efficient
method for the removal of pesticides from water (16, 24—
26). The influence of the initial concentration of catalysts
and effects of various catalysts on methomyl removal in
deionized, distilled, and seawater was investigated. All
experiments were performed with 0.1 gL™" or 0.2gL™" of

10
", TiO2

NOs™, TiO2
NH:" |, TiO2
TOC , TiO2
", ZnO
NOs™ , ZnO
, ZnO
TOC, ZnO

SRR SR B

C(mgL")

0 1 2 3 4 5 6
Time (h)

FIG. 9. Disappearance and mineralization of methomyl under 366 nm
UV light (deionized water, pH = 5.6, catalyst concentration=2.0gL™").

10 —— S04, IO,
—*= NOs , TiO:
= NHi', TiO:
—=— T0C, Ti02
—— S04, ZnO
6 —°— NOs , ZnO
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7
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FIG. 10. Disappearance and mineralization of methomyl under the 300 W
Osram Ultra-vitalux lamp (1=315-400nm, deionized water, pH=15.6,
catalyst concentration=2.0gL™").

TiO, and with 0.15gL™" of ZnO. Several experiments were
performed prior to the photocatalysis tests with TiO, and
ZnO. The experiments in which 16.22mgL~' methomyl
solutions in the absence of catalyst (in the three water type)
were exposed to sunlight for five days showed no changes
in the methomyl concentration. Also, experiments in the
dark with both the TiO, and ZnO catalyst confirmed that
no alterations were detected in solutions containing
initially 16.22mgL"" of methomyl. Subsequently, metho-
myl solutions with both catalysts, either TiO, or ZnO, were
exposed to sunlight from 20 to 45 h, depending on the kind
of water which was used as the solvent.

The results of the photocatalytic removal methomyl
under sunlight are presented in Table 1. In all cases the dis-
sipation of methomyl followed a pseudo-first kinetic order.
When 0.1g L~ ! of TiO, was used, the rate constant of
methomyl removal from distilled water (k= 0.0030 min ")
was 1.7 or 6.5 times faster than that in deionized (k=
0.0018 min~ ") or seawater (k = 0.00045min"'). In the pres-
ence of 0.2gL~" of TiO,, the methomyl disappeared 1.4
times faster in distilled (¢, > = 320.41 min) than in deionized
water (7;/,=443.85min) and 3.9 times faster than in sea-
water (71> =1208.98 min). The disappearance of methomyl
was 1.5 times faster in the presence of 0.15gL~" of ZnO as
a catalyst in distilled water (k =0.0028 min~') than in deio-
nized water (k=0.0019 min~') and 2.5 times faster than in
seawater (k=0.00114min"'). As can be seen from Table 1,
ZnO was generally a better catalyst than TiO,. In seawater,
methomyl was degraded approximately 2 times faster in the
presence of ZnO than in the presence of TiO».

IC analysis confirmed that when deionized or distilled
water were used as solvents, the all the sulfur present in
the methomyl molecule was released as sulfate anions,
which is in agreement with the results presented in other
reports (23-25). Ammonium and nitrate anions were also
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detected in various relative concentrations during the
photocatalytic experiments in deionized and distilled water,
as was reported elsewhere (24). The amount of ammonium
anions detected during sunlight removal of methomyl was
higher and the amount of nitrate anions was lower than
under the artificial lights.

Methomyl Removal Under Photo-Fenton Process

In the experimental work focusing on catalytic wet
peroxide oxidation of methomyl at 575.6nm (photo-
Fenton reaction), two types of heterogeneous iron catalysts
were used: Fe-ZSM-5 zeolite at a concentration of 1 gL ™!
and AlFe-pillared montmorillonite at a concentration of
5gL~". The effect of catalyst concentration on the reaction
is shown in Fig. 11. When the AlFe-pillared clay catalyst
was used, only 54% of the methomyl had been degraded
after 5h of illumination, while methomyl conversion with
Fe-ZSM-5 zeolite exceeded 80% after 1 h of reaction and
almost 100% of the methomyl had been degraded after
4h of irradiation. It is obvious that the activity of the
Fe-ZSM-5 zeolite was significantly higher as compared to
the AlFe-pillared clay catalyst. Another problem with the
AlFe-pillared clay catalyst was that the intermediates of
the product retarded the functioning of the catalyst. The
absorbance of the methomyl solution after 4 and 5h
reaction time were practically the same (Fig. 11). This
retardation phenomenon was similar to the phenomenon
observed in phenol degradation (28). A further advantage
of the Fe-ZSM-5 over AlFe-pillared clay catalyst is its
easier separation from the reaction suspension. The
Fe-ZSM-5 catalyst precipitates easily on the bottom of
the glass reactor, while removal of the AlFe- pillared clay

1.0 %

0.8 1

0.6

C/Co

0.4 1

0.2

0.0 T T T T T
0 60 120 180 240 300

Time (min)

—— AlFe-pillared montmorillonite —5— Fe-ZSM-5 zeolite ‘

FIG. 11. Methomyl disappearance under the photo-Fenton process
(A=575.6nm, deionized water, catalyst concentration: Fe-ZSM-5
zeolite=1gL ™!, AlFe-pillared montmorillonite=5gL™").

catalyst from the reaction suspension can proceed, with
reasonable velocity, only by centrifugation (27). In
addition, comparing the two catalysts, it is evident that
the structure of the zeolite certainly stabilizes iron in a state
favorable for the catalytic process (44). Ion chromato-
graphy results showed that mineralization led to sulfate,
nitrate and ammonium ions during the process.

CONCLUSIONS

For the first time, it is reported that methomyl can be
effectively decomposed by ultraviolet light at 254nm in
various aqueous solutions, including seawater. The reac-
tion rate depends on the water type, lamp distance, reac-
tion temperature, and pH. The reaction rate of methomyl
removal decreased with increasing lamp distance and was
the lowest in seawater. In addition, it was found that the
reaction rate increases in the temperature range from
10°C to 50°C and it is the highest in neutral and the lowest
in acidic media. It was previously reported that methomyl
can be decomposed by UV light /.., at 366 nm (21-23)
and sunlight (16,24-26) using Degussa P-25 TiO,, UV
light Z,.x at 366 nm (23) using ZnO (Merck) and TiO,
Hombikat UV-100. The present results of the photocataly-
tic removal of methomyl by UV light (366 nm) and by
simulated solar light (315400 nm) indicated that the reac-
tion was affected by the initial catalyst concentration, pH
and the type of catalyst, as reported previously (21). It
was found earlier that P-25 TiO, is a better catalyst than
ZnO (Merck) and TiO, Hombikat UV-100 (anatase) (23).
In the present study, it was also found that ZnO (Merck)
is a better catalyst than TiO, (Merck) (anatase) under the
same reaction conditions. It was also found that the
presence of NaCl led to an inhibition of the reaction due
to the scavenging properties of chloride ions, as reported
earlier (21). Concerning the photo-Fenton reaction, it
was reported by Tamimi et al. (14) that methomyl can be
removed by photo-Fenton (H,0,/Fe’"/UV) in 30 min.
Here and in a previous paper (27), it was demonstrated that
Fe-ZSM-5 zeolite and AlFe-pillared montmorillonite show
significant activity in the photo-Fenton reaction, the
Fe-ZSM-5 zeolite being the superior catalyst. In both the
photocatalytic and photo-Fenton reaction, IC results
showed that mineralization led to the formation of sulfate,
nitrate, and ammonium ions during the processes, while
Tamimi et al. (22) reported the formation of only sulfate
and ammonium ions.
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