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ABSTRACT

In this study, bismuth vanadate is used as a visible-light catalyst for the photocatalytic degrada-
tion of pirimicarb insecticide. Significant amount of H,0, is mandatory to obtain a significant
photocatalytic activity of BiVO,. The scavenger study indicates that holes and hydroxyl radicals are
the main active species involved in the degradation of pirimicarb. Seven intermediates are
identified and characterized through a mass spectra analysis. Based on this intermediate identi-
fication, a simple degradation pathway is proposed for the pirimicarb molecule, mainly through
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dealkylation and decarbamoylation. The practicality of this BiVO, photocatalyst is validated for the
degradation of pirimicarb in environmental water samples, which indicates its potential for
practical applications in water pollutant removal and environmental remediation.

Introduction

Pirimicarb  (2-dimethylamino-5,6-dimethylpyrimidin-
4-yldimethylcarbamate) is an important substituted
N-dimethylcarbamate insecticide and has been widely
used against aphids in fruits and vegetables."?! It is a
suspected carcinogen and mutagen, and is acutely toxic
for mammals due to its inhibition of the enzyme
acetylcholinesterase.* Soloneski and Larramendy'®
have revealed that pirimicarb exerts both genotoxicity
and cytotoxicity in Chinese hamster ovary (CHO-K1)
cells. Pirimicarb has been classified as moderately
hazardous (class 1II) by the World Health
Organization (WHO).[”! Due to its extensive usage,
pirimicarb has been detected frequently in environ-
mental waters,®*) raising the need for the development
of a simple and effective removal method.

Traditional wastewater treatment techniques include
activated carbon adsorption, chemical oxidation, biologi-
cal treatments, etc. However, each has limitations and
disadvantages. The adsorption method involves only a
phase transfer of pollutants without degradation, the che-
mical oxidation method is unable to mineralize all organic
substances, and biological treatment methods feature slow
reaction rates and require the disposal of activated sludge.-
10111 Since organic pollutants can be completely degraded

into harmless matter by photocatalysis under ambient
temperature and pressure, researchers have predicted
that it will soon be recognized as one of the most effective
means of dealing with various kinds of wastewater.!"?

Bismuth vanadate (BiVO,) is a promising photocata-
lyst because of its properties such as nontoxicity, high
stability, and excellent photocatalytic effect in organic
dye degradation.!>?*! It possesses a bandgap of
2.3-2.4 eV, which is smaller than that of the TiO,
photocatalyst (3.2 eV) and shows good absorption for
visible light.****! BiVO, mainly possesses three crystal-
line phases*®?”): monoclinic-scheelite, tetragonal-zircon,
and tetragonal-scheelite. Among the three crystalline
phases, the monoclinic-scheelite structure shows the
best photocatalytic activity under visible-light irradiation
because of its narrower band gap (2.4 eV)1?¥! than that of
tetragonal structure (2.9 eV).l?

To the best of our knowledge, no prior study has
investigated the degradation of pirimicarb insecticides
using a bi-based photocatalyst, and very little is known
about the use of BiVO, in the treatment of pirimicarb in
aqueous solutions. This paper first addresses the optimiza-
tion of BiVO,-mediated photocatalytic degradation of pir-
imicarb through a systematic investigation of the effect of
different operational variables such as hydrogen peroxide
concentration, catalyst dosage, solution pH, and the
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presence of anions. It then provides a better understanding
of the contribution of some major reactive species (HOs,
h*, «O,") in the photocatalytic process by the addition of
the scavengers isopropanol, EDTA, and methanol. Third,
this study seeks to identify the reaction intermediates and
understand the mechanistic details of the photodegrada-
tion of pirimicarb in the BiVO,/visible-light process.
Finally, the practicality of this BiVO, photocatalyst is
validated for the degradation of pirimicarb in environ-
mental water samples (river water and lake water).

Experimental
Materials

Pirimicarb insecticide (Sigma, St. Louis, MO, USA), Bi
(NO;);5H,0O (Sigma), NH,VO; (Panreac, Barcelona,
Spain), isopropanol (Merck, Kenilworth, NJ, USA), ethy-
lene diamine tetraacetic acid (Alfa Aesar, Lancashire, UK),
and methanol (Merck) were obtained and used without
any further purification. A stock solution containing 10 mg
L™ of pirimicarb in water was prepared, protected from
light, and stored at 4°C. HPLC analysis was used to confirm
the presence of pirimicarb as a pure organic compound.
Hydrogen peroxide (30%) was purchased from Acros
Organics (Geel, Belgium) and all other chemicals were of
reagent grade and used as such without further purifica-
tion. Deionized water was used throughout this study. The
water was purified with a Milli-Q water ion-exchange
system (Millipore Co., Billerica, MA, USA) for a resistivity
of 1.8 x 10" Q-cm.

Preparation and characterization of BiVO,

A quantity of 19.4 g of Bi(NO;);-5H,0 and 4.679 g of
NH,VOj; were separately added into two solutions of 2.0
mol L™! nitric acid (500 mL) with stirring over 30 min at
room temperature. After the solutions of Bi(NO;)
35H,0 and NH,VO; mixed with each other, 7.5 g of
urea was added. Then the mixed solution was refluxed
and stirred for 24 h at 90°C. The vivid yellow precipitate
was washed several times with distilled water and abso-
lute alcohol, and then dried at 60°C for 10 h. Finally, the
dried powder was calcined at 450°C for 15 min.

The phase and composition of the as-prepared
BiVO, powder were measured using an X-ray diffract-
ometer (PHILIPS XPERT Pro MPD, Almelo,
Netherlands). The morphology of BiVO, powder was
analyzed using a field-emission scanning electron
microscope (FE-SEM, HITACHI S-4800, Krefeld,
Germany). The UV-vis diffuse reflectance spectrum
of the BiVO, powder was measured using a UV-vis
spectrophotometer equipped with an integration sphere
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(Perkin Elmer Lambda 35, Waltham, MA, USA). The
Brunauer-Emmett-Teller (BET) surface area of the
BiVO, powder was analyzed by nitrogen adsorption—
desorption measurement (ASAP 2020, Norcross, USA).

Apparatus and instruments

The apparatus used to study the photocatalytic degra-
dation of pirimicarb is described elsewhere.**! The
C-75 Chromato-Vue UVP cabinet provided a wide
area of illumination from 4 W visible-light tubes posi-
tioned on two sides of the cabinet interior. A Waters
ZQ LC/MS system, equipped with a binary pump, a
photodiode array detector, an autosampler, and a
micromass detector, was used for separation and
identification.

Procedures and analysis

Degradations were performed on 100 mL of aqueous
solutions containing 10 mg L' pirimicarb and four dif-
ferent amounts of BiVO, (0.1, 0.25, 0.5,and 1.0 g L) at
different pH values. For reactions in different pH media,
the initial pH of the suspension was adjusted by adding
either NaOH or HNOj solution. Prior to irradiation, the
suspension was magnetically stirred in the dark for ca. 30
min to ensure the establishment of an adsorption-deso-
rption equilibrium. Different amounts of hydrogen per-
oxide (0.35, 1.05, or 1.75 g L") were then added.
Irradiation was carried out using two fluorescent lamps
(FATS5/CW, Philips Lighting Co., Salina, KS, USA). The
lamp mainly provides visible light in the range of 400-700
nm. The average light intensity striking the surface of the
reaction solution was about 1420 lux, as measured by a
digital luxmeter. At any given irradiation time interval,
the suspension was sampled (5 mL) and centrifuged to
separate the BiVO, powders.

After each irradiation cycle, the amount of the pirimi-
carb residual was determined by HPLC. The analysis of
organic intermediates was accomplished by HPLC-ESI-MS
after readjustment of chromatographic conditions to make
the mobile phase compatible with the working conditions
of the mass spectrometer. Solvent A was 25 mM aqueous
ammonium acetate buffer (pH 6.9), and solvent B was
methanol. LC was carried out on an Atlantis™ dC18
column (250 mm x 4.6 mm i.d., d, = 5 um). The flow rate
of the mobile phase was set at 1 mL min~". A linear gradient
was run as follows: t=0, A =95, B=5;t= 20, A = 50, B = 50;
t =35-40, A =10, B=90; and, t = 45, A =95, B =5. The
elution was monitored at 220 nm. The column effluent was
introduced into the ESI source of the mass spectrometer.
The quadruple mass spectrometer, equipped with an ESI
interface with a heated nebulizer probe at 350°C, was used
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with an ion source temperature of 80°C. ESI was carried out
with the vaporizer at 350°C, and nitrogen was used as
sheath (80 psi) and auxiliary (20 psi) gas to assist with the
preliminary nebulization and to initiate the ionization pro-
cess. A discharge current of 5 LA was applied. Tube lens and
capillary voltages were optimized for maximum response
during the perfusion of the pirimicarb standard.

Analysis of hydroxyl radicals

The formation of hydroxyl radicals (HOe) in the Vis/
BiVO,/H,0, system was detected by the fluorescence
technique using coumarin as a probe molecule. The
experimental procedures were similar to those used in
the measurement of photocatalytic activity except that
the aqueous solution of pirimicarb was replaced by an
aqueous solution of 1 x 107> M coumarin. Visible-light
irradiation was continuous and sampling was performed
every 2 h for analysis. The solution was analyzed after
filtration on a Shimadzu RF-5301PC fluorescence spectro-
photometer. The product of the coumarin hydroxylation,
7-hydroxycoumarin, produced a peak at a wavelength of
about 456 nm by excitation with a wavelength of 332 nm.

Procedure for degradation of pirimicarb in real
samples

The river water sample was collected from the Han
River in Taichung city, while the lake water sample
was collected from the lake in Taichung Park. Real
water samples were collected in Pyrex borosilicate
glass or PET containers. Once transported to the lab,
all samples were filtered through 0.45 pm membranes
to remove suspended matter and stored in the dark at
4°C until analysis. Finally, the real water samples were
spiked with the target compound (at 10 mg L") just
prior to photocatalytic experiments. Degradations were
performed on 100 mL of real water samples containing
0.5 g L™ BiVO, and 1.05 g L™! H,0, at pH 5.

Results and discussion
Characterization of BiVO,

Figure 1 shows the XRD pattern, SEM image, and DRS
analysis of the as-prepared BiVO, photocatalyst. The
BiVO, photocatalyst has a monoclinic-scheelite structure
and the diffraction peaks of the sample conform with the
standard BiVO, (JCPDS 14-0688) with a = 5.195 A, b =
11.701 A, and ¢ = 5.092 A. The sharp and narrow diffrac-
tion peaks indicate a high crystallinity of the monoclinic
BiVO,. No diffraction peaks of other phases are detected.
SEM analysis indicates that the microparticles of the

BiVO, sample are mainly polyhedral in morphology (6—
8 pm in edge length). The BET surface area of BiVO, was
determined to be 0.40 m*/g. According to the diffuse
reflectance spectrum, the BiVO, powder presents photo-
absorption properties from the UV-light region to visible-
light region until 550 nm. The band gap (E,) of BiVO, is
estimated to be 2.35 eV, which indicates that the BiVO,
sample has a band gap suitable for the photocatalytic
decomposition of organic contaminants under visible-
light irradiation.*"

The XPS spectra of the as-prepared BiVO, exhibited
the characteristic spin-orbit split of Bi4f 5/2 and Bi4f 7/
2 signals, V2p 1/2 and V2p 3/2 signals, and Ols peak
(Fig. 2). The Bi4f orbital showed splitting peaks at 158.9
and 164.2 eV, and the V2p orbital showed the peaks at
516.8 and 524.2 eV. The observed Ols peak at 530.2 eV
could be assigned to the lattice oxygen in crystalline
BivO,.l?%

Effect of H,0, dosage

To investigate the effect of adding H,0O, to the photo-
catalysis of pirimicarb, experiments with the as-pre-
pared BiVO, and different dosages of H,0O, were
carried out under visible-light irradiation. The results
indicate that, if only the BiVO, powder is added to the
solution under visible-light irradiation, pirimicarb did
not show photodegradation (Fig. 3). However, the
degradation rate can be significantly increased by add-
ing H,O, to the process. This might be due to the
difficult migration of photoinduced carriers within the
pure BiVO, catalyst®); hence, without proper scaven-
gers for photogenerated carriers, electrons and holes
could easily recombine, thus reducing photocatalytic
efficiency. Here, radical precursor H,O, may induce
the generation of oxidizing species (HOe») and simulta-
neously act as electron acceptor to prevent the recom-
bination of electron and hole, thus contributing to the
photocatalytic oxidation of organic contaminants.**
The HOe generated had a strong oxidizing ability and
was available to oxidize pirimicarb. Therefore, the
appropriate amount of additive H,O, could enhance
the photocatalytic degradation efficiency.

Nevertheless, there is an optimum dosage for H,0O,; too
high or too low dosage could decrease the degradation
efficiency. The highest degradation efficiency was observed
in the system with 1.05 g L' H,O,, which could degrade
99.8% of pirimicarb in 8 h. As shown in Fig. 3, insufficient
H,0, results in insufficient amounts of HOe being gener-
ated to act as an oxidizer, thus reducing photocatalytic
activity. At high H,0, dosages, however, the excess H,O,
molecules scavenged the valuable HOe and generated a
much weaker oxidant HO,e, which could further react
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Figure. 1. (a) XRD pattern, (b) SEM image, and (c) DRS analysis
of the as-prepared BiVO, photocatalyst.

with the remaining strong HOe to form oxygen and
water.*! Therefore, the total oxidation capabilities of the
system are largely reduced and the rates retarded.

Effect of catalyst dosage

To obtain the optimum BiVO, suspension concentration,
the effect of photocatalyst dosages on the degradation of
pirimicarb in aqueous solution was studied, and experi-
ments were carried out using BiVO, concentrations ran-
ging from 0.1 to 1.0 g/L. The results showed that the
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Figure. 2. XPS spectra of the as-prepared BiVO, photocatalyst:
(a) Bi4f; (b) V2p and Ofs.
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Figure 3. Effect of H,0, dosage on the photocatalytic degrada-
tion rate of pirimicarb. Experimental conditions: pirimicarb con-
centration, 10 mg L™"; BiVO, concentration, 1 g L™"; pH 5.

photocatalytic reaction without BiVO, produced the low-
est activity (Fig. 4). As the concentration of the
photocatalyst increases from 0.1 to 0.5 g/L, the photode-
gradation efficiency of pirimicarb increases rapidly from
67.7% to 92.4% under visible-light irradiation for 3 h. The
efficiency then decreases slightly when the BiVO, con-
centration exceeds 0.5 g/L. Below the optimal catalyst
loading, dosing more catalyst to the reaction solution
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Figure 4. Effect of BiVO, dosage on the photocatalytic degra-
dation rate of pirimicarb. Experimental conditions: pirimicarb
concentration, 10 mg L™'; H,0, concentration, 1.05 g L™'; pH 5.

results in a higher initial degradation rate. This may be
attributed to the higher amount of total active surface
area, that is, a larger number of active surface sites and a
more pronounced light absorption when the added cata-
lyst mass increases.**! Above the optimal catalyst loading,
the initial degradation rate decreases with higher catalyst
concentrations. The excessive BiVO, photocatalyst
increases turbidity and opacity of the solution with scat-
tering phenomena reducing the light transmission
through the solution (shielding effect).”” At high catalyst
concentrations, particle aggregation may also reduce the
catalytic activity,®® thus decreasing photodegradation
efficiency of pirimicarb.

Effect of initial pH value

Many studies have indicated that the pH of a solution is
an important parameter in the photocatalytic degradation
of organic compounds.”**”! Figure 5 shows the influence
of the initial pH value on the photodegradation rate of
pirimicarb in the Vis/BiVO,/H,0O, system. The results
indicate that the degradation rate decreased as pH
increased, and this degradation proceeded much faster
under an acidic pH. When the initial pH rose from 5.0
to 9.0, the degradation rate of pirimicarb within 3 h
decreased significantly from 92.4% to 10.7%. At higher
pH levels, the reduced photocatalytic performance of
BiVO,/H,0, under visible-light irradiation was likely
due to a special property of H,0,'*!! in that, in an alkaline
medium, H,0, becomes highly unstable resulting in the
self-decomposition of H,0,, and this phenomenon is
strongly dependent on pH."*? The self-decomposition
would rapidly break down the H,0, molecules into
water and oxygen, and results in the molecule losing its
oxidizing characteristics and, most importantly, no longer
serving as a source of hydroxyl radicals. The degradation

0.8

0.6

C/Co

0.4

0.2

Time (hr)

Figure 5. pH effect on the photocatalytic degradation rate of
pirimicarb. Experimental conditions: pirimicarb concentration,
10 mg L™"; BiVO, concentration, 0.5 g L™"; H,0, concentration,
1.05 g L%,

rate of pirimicarb in the Vis/BiVO,/H,O, process was
therefore significantly reduced at higher pH values.

Effects of anions

To investigate the effect of inorganic anions that are
most likely to be found in natural waters, NaCl,
NaNOs;, and Na,SO, were added to the system until
the resultant solution contained 0.05 M of ClI~, NO5,
and SO4°~ ions prior to irradiation. The results showed
that all these anions significantly inhibited the degrada-
tion (see Fig. 6). The inhibition effects of anions could
be explained as the reaction of positive holes (h*) and
hydroxyl radical (HO«) with anions that behaved as h*
and HOe scavengers resulting in prolonged pirimicarb
removal.**) A major drawback resulting from the high
reactivity and nonselectivity of HOe was that it also
reacted with nontarget compounds present in the back-
ground water matrix, that is, inorganic anions present
in water. Thus, a greater quantity of HO« was needed to
achieve the desired degree of degradation.!**

Detection of active species by scavengers

To evaluate the role of the active species involved in the
photocatalytic process, isopropanol (IPA), ethylenedia-
mine tetraacetic acid (EDTA), and methanol (MeOH)
were respectively added as active species scavengers for
HOe, h*, and «O,**! Figure 7 displays the photocata-
lytic degradation of pirimicarb with the BiVO, catalyst
in the absence and presence of scavengers (IPA, EDTA,
and MeOH) under visible-light irradiation. It can be
observed that the addition of MeOH induces a small
change in the degradation efficiencies of pirimicarb,
which suggests that «O,™ radicals do not play a major
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Figure 6. Effect of anions on the photocatalytic degradation
rate of pirimicarb. Experimental conditions: pirimicarb concen-
tration, 10 mg L™"; BiVO, concentration, 0.5 g L™"; H,0, con-
centration, 1.05 g L™'; pH 5.
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Figure 7. Photocatalytic degradation of pirimicarb with BiVO,
catalyst in the absence and presence of scavengers (IPA, EDTA,
and MeOH) under visible-light irradiation. Experimental condi-
tions: pirimicarb concentration, 10 mg L™'; scavenger concen-
tration, 1 x 10~ M; BiVO, concentration, 0.5 g L™"; H,0,
concentration, 1.05 g L™"; pH 5.

role for the photocatalytic degradation of pirimicarb.
On the contrary, IPA and EDTA have obvious inhibi-
tion on the photocatalytic degradation of pirimicarb,
which suggests that hydroxyl radicals and photogener-
ated holes are the dominant oxidative species in the
photocatalytic system.

We further confirmed the formation of hydroxyl radi-
cal by the fluorescence technique using coumarin as a
probe molecule. When HOe. radicals are formed they
react with coumarin to form 7-hydroxycoumarin, which
shows a fluorescence peak at 456 nm under an excitation
wavelength of 332 nm.*®! Figure 8shows the changes of
fluorescence spectra from 10 M coumarin solution
under visible-light irradiation with irradiation time in
the presence of BiVO,/H,0,. A gradual increase in the
fluorescence intensity at about 456 nm was observed with
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Figure 8. Fluorescence spectral changes observed during illu-
mination of BiVO,/H,0, in a 1 x 107> M aqueous solution of
coumarin (excitation at 332 nm). Each fluorescence spectrum
was recorded every 2 h of visible-light irradiation.

increasing irradiation time. The generated fluorescence
spectrum had an identical shape and maximum wave-
length to that of standard 7-hydroxycoumarin. This sug-
gested that fluorescent product 7-hydroxycoumarin was
formed during BiVO, photocatalysis due to the specific
reaction between HOe and coumarin. Therefore, hydro-
xyl radicals were shown to be the active species during
BiVO, photocatalytic reaction.

From Fig. 3, we can observe that if only the BiVO,
powder is added to the solution under visible-light
irradiation, pirimicarb did not show photodegradation
because the photogenerated carriers (electrons and
holes) could easily recombine. However, if BiVO,/
H,0, is added to the solution during irradiation,
hydroxyl radicals can be formed in significant amount
(Fig. 8) and the degradation rate can be significantly
increased. These results are in agreement with Xiang
et al.*® and Saison et al.*”),

Separation and identification of the intermediates

Considering the environmental concerns regarding pir-
imicarb and the limited data in the literature with
regard to the reaction intermediates generated during
the removal of this pollutant, a thorough product study
on the degradation of pirimicarb in dilute aqueous
solution using the Vis/BiVO4/H,0, process was under-
taken. Figure 9 shows a total ion chromatogram of the
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Figure 9. Total ion chromatogram obtained for pirimicarb solution (100 mg L™") after 9 h of irradiation with visible light in the

presence of BiVO, (0.5 g L") and H,0, (1.05 g L™).

pirimicarb solution in the presence of both H,O, and
BiVOy catalyst under visible-light irradiation. The solu-
tion contained at least eight identified components at
retention times of less than 50 min. One of the peaks
was the initial pirimicarb (peak I); the other seven
(new) peaks were those of the intermediates formed.
We denote the pirimicarb and its related intermediates
as compounds I-VIIL. Except for the initial pirimicarb,
the other peaks increased at first and subsequently
decreased, indicating the formation and subsequent
transformation of the intermediates.

Table 1 presents the retention times and mass peaks of
the intermediates and the corresponding compounds iden-
tified by interpretation of their mass spectra. Compound II
was identified as 2-[(methylformyl)amino]-5,6-dimethyl-
pyrimidin-4-yl-dimethylcarbamate and exhibited a proto-

Table 1. Identification of the intermediates from the photode-
gradation of pirimicarb by HPLC-ESI-MS.

Photodegradation w
Peaks intermediates Abbreviation (min) (m/2)
| 2-dimethylamino-5,6- DDP 34.33 239
dimethylpyrimidin-4-yl-
dimethylcarbamate
1] 2-[(methylformyl)amino]-5,6- MFDP 31.81 253, 225

dimethylpyrimidin-4-yl-
dimethylcarbamate

n 2-methylamino-5,6- MDP 29.05 225, 168
dimethylpyrimidin-4-yl-
dimethylcarbamate

\) 2-(formylamino)-5,6- FDP 27.32 239, 211
dimethylpyrimidin-4-yl-
dimethylcarbamate

v 2-amino-5,6- ADP 2581 211, 154
dimethylpyrimidin-4-yl-
dimethylcarbamate

Vi 2-dimethylamino-5,6-dimethyl- DDHP 20.69 168
4-hydroxypyrimidine

vil 2-methylamino-5,6-dimethyl-4- MDHP 18.49 154
hydroxypyrimidine

Vil 2-amino-5,6-dimethyl-4-
hydroxypyrimidine

ADHP 14.84 140

nated molecular ion peak at m/z = 253 and a fragment ion at
m/z =225, which corresponded to the [M + H-CH,-CH,]*
group. The mass spectra data showed that the N-methyl
group of pirimicarb had been oxidized and transformed
into an aldehyde group."! Compound III was identified as
2-methylamino-5,6-dimethylpyrimidin-4-yl-dimethylcar-
bamate and exhibited a protonated molecular ion peak at
m/z = 225, which corresponded to the loss of one methyl
group from pirimicarb. It exhibited a fragment ion at m/z =
168 which corresponded to the [M + H-NCH;-CH,-
CH,]* group. This compound was probably produced by
the demethylation of the 2-dimethylamino group of
pirimicarb.

Compound IV was identified as 2-(formylamino)-5,6-
dimethylpyrimidin-4-yl-dimethylcarbamate and exhib-
ited a protonated molecular ion peak at m/z = 239 and
a fragment ion at m/z = 211, which corresponded to the
[M + H-CH,-CH,]" group. This compound was pro-
duced by the oxidation of the N-methyl group of com-
pound III. Compound V was identified as 2-amino-5,6-
dimethylpyrimidin-4-yl-dimethylcarbamate and exhib-
ited a protonated molecular ion peak at m/z = 211,
which corresponded to the loss of two methyl groups
from pirimicarb. It exhibited a fragment ion at m/z =
154, which corresponded to the [M + H-NCH;-CH,-
CH,]* group. It was probably produced by the demethy-
lation at the 2-methylamino group of compound III.

Compound VI was identified as 2-dimethylamino-5,6-
dimethyl-4-hydroxypyrimidine and exhibited a proto-
nated molecular ion peak at m/z = 168. This compound
was produced by the alpha-cleavage of the carbonyl-oxy-
gen bond and transformed into corresponding phenol.!"!
Compounds VII and VIII were, respectively, identified as
2-methylamino-5,6-dimethyl-4-hydroxypyrimidine and
2-amino-5,6-dimethyl-4-hydroxypyrimidine, exhibiting
protonated molecular ion peaks at m/z = 154 and m/z =



140. They were probably produced by the demethylation
at the 2-dimethylamino group of DDHP (compound VI).
The absorption spectra of these intermediate pro-
ducts are measured and depicted in Fig. 10. The
absorption maximum of the spectral bands shifts hyp-
sochromically from 245.3 nm (Fig. 10a, spectrum I) to
227.6 nm (Fig. 10a, spectrum V), and from 225.2 nm
(Fig. 10c, spectrum VI) to 219.3 nm (Fig. 10c, spectrum
VIII). These hypsochromic shifts of the absorption
bands are presumed to result from the formation of a
series of N-de-methylated intermediates in a stepwise
manner. The N-de-methylation of the 2-dimethyla-
mino-5,6-dimethylpyrimidin-4-yldimethylcarbamate
(pirimicarb) has the wavelength position of its major
absorption band moved toward the blue region, A.x I,
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245.3 nm; III, 237 nm; V, 227.6 nm. Moreover, in
Fig. 10c, the hypsochromic shift of the absorption
band presumably results from the formation of a series
of hydroxypyrimidine derivatives in a stepwise manner.
The N-de-methylation of the 2-dimethylamino-5,6-
dimethyl-4-hydroxypyrimidine has the wavelength
position of its major absorption band moved toward
the blue region, . VI, 2252 nm; VII, 221.7 nm;
VIIL, 219.3 nm.

Degradation pathways of pirimicarb

Based on the results, the molecular structure of the
degradation intermediates and the tentative photocata-
lytic degradation pathway of pirimicarb are presented

(a)

(b)

T T T
200.00 22000 24000 260.00

T T T T
280,00 300.00 320.00 34000 360 .00

Figure 10. Absorption spectra of the intermediates formed during the photodegradation of pirimicarb. Spectra were recorded using
the photodiode array detector. (a) Spectra I, Ill, V; (b) spectra Il, IV; and (c) spectra VI-VII correspond to the peaks |, lll, V, II, IV, and

VI-VIIl in Fig. 9, respectively.



2292 (&) Y.WUETAL

N o NYN
NG R
“HsC™ "CHg HsC™ “CHs
Y o
CH, (|3H3 pirimicarb (VD
D
H@WO N (
Z “CH
[ A
NYN o}
Oy N
%(I:/ \CH3
H \
(I CH CHy CH,

I G he
H™ CHs H™ “CHs
CH, oMy (1 (VID)
H3C\%\(O N
CH
)
N\(N (@]
_N
H \ﬁ:H
0 \
v CH,

N

H

)

CHs |
Y

/N\

H H

CH3
H3CWOH

° "~
/N\

H

(VIID)

Figure 11. Proposed photocatalytic degradation mechanism of pirimicarb followed by the identification of several intermediates by

HPLC-ESI-MS technique.

in Fig. 11. It involves two different pathways (routes A
and B, respectively), corresponding to the two possible
reaction sites on the pirimicarb molecule. One was
based on successive N-dealkylation of the 2-dimethyla-
mino group to form the carbamate-containing inter-
mediates II-V. The second degradation route was based
on decarbamoylation of the carbamate moiety with
further N-dealkylation of the 2-dimethylamino group
to have the hydroxypyrimidines VI-VIII.

The N-dealkylation of the pirimicarb occurs mostly
due to the attack of the HOe» species on the 2-dimethy-
lamino group of the pirimicarb. It is well known that
the HOe radical is an electrophile and that C-H bonds
adjacent to nitrogen are responsible for a pronounced
stereoelectronic effect that produces high rates of
H-atom abstraction. Therefore, the hydrogen atoms in
the 2-dimethylamino group of pirimicarb molecule are

the most prone to radical attack. Hydroxyl radicals
yielded carbon-centred radicals upon the H-atom
abstraction from the N-methyl group, or they reacted
with the lone-pair electron on the N atom to generate
cationic radicals, which are subsequently converted into
carbon-centred radicals.'*®! The carbon-centred radical
generated following the addition of oxygen forming the
peroxyl radical decomposed to different intermediates
(compounds II and III). The mono-de-methylated spe-
cies (compound III) can also be degraded by BiVO,
photocatalysis and is implicated in other similar events
(H-atom abstraction and oxygen attack) to yield the
corresponding N-formyl intermediate (compound IV)
and bi-de-methylated intermediate (compound V).

In the second route, pirimicarb (I) was subjected to
chemical decarbamoylation to produce 2-dimethyla-
mino-5,6-dimethyl-4-hydroxypyrimidine  (compound



VI). The degradation pathway was via the cleavage of
the carbonyl-oxygen bond to give the corresponding
hydroxypyrimidine. Decarbamoylation of the carba-
mate moiety of compound III or N-dealkylation of the
2-dimethylamino group of compound VI would then
yield  2-methylamino-5,6-dimethyl-4-hydroxypyrimi-
dine (compound VII). Further N-dealkylation of com-
pound VII or decarbamoylation of the carbamate
moiety of compound V induced the formation of 2-
amino-5,6-dimethyl-4-hydroxypyrimidine (compound
VIII).

Performance of recycled catalyst

To confirm the stability of the high photocatalytic
performance of BiVO,, the circulating runs in the
photocatalytic degradation of pirimicarb in Vis/
BiVO,/H,O, system was performed (Fig. 12). After
five recycles for the photodegradation of pirimicarb,
the catalyst did not exhibit any significant loss of activ-
ity. It indicates that BiVO, has high stability and does
not photocorrode during the photocatalytic oxidation
of pirimicarb, which is especially important for its
application.

Treatment of real water samples

To evaluate whether the BiVO, photocatalysis system
can be applied to environmental water, we collected
lake and river water samples for testing. The degrada-
tion rates of pirimicarb in deionized water and real
water samples are compared in Fig. 13. For the envir-
onmental water samples, the pirimicarb concentration
in Vis/BiVO,/H,0, process decreased with an increase
in the irradiation time, indicating that the as-prepared

— st YEK <
5 10 15 20 2

Time (hr)

C/Co

5

Figure 12. Cycling runs in the photocatalytic degradation of
pirimicarb in the presence of BiVO,/H,0, under visible-light
irradiation. Experimental conditions: pirimicarb concentration,
10 mg L™"; BiVO, concentration, 0.5 g L™"; H,0, concentration,
1.05 g L™"; pH 5.
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Figure 13. Photocatalytic degradation rates of pirimicarb in deio-
nized and real water samples. Experimental conditions: BiVO, con-
centration, 0.5 g L™'; H,0, concentration, 1.05 g L™"; pH 5.

material is an active photocatalyst. The degradation rate
of pirimicarb using BiVO, photocatalytic system in
river water was slightly decreased in comparison with
that in deionized water. This result may be due to the
fact that anions or hydroxyl radical scavengers in the
river water samples decreased the photocatalytic activ-
ity of BiVO,. From Fig. 6, we can observe an inhibitive
effect of anions in the order SO, > < NO5;™ < Cl~ during
the photocatalytic  degradation of pirimicarb.
Considering the characteristics of the real water sample
given in Table 2, the presence of inorganic anions such
as chloride and nitrate in the composition of river
water could hinder the oxidation process by scavenging
the produced hydroxyl radicals. However, BiVO,
photocatalysis can be used for effective degradation of
pirimicarb in real water samples, indicating its potential
for practical applications in water pollutant removal
and environmental remediation.

Conclusions

As-prepared BiVO, powder exhibits the typical pattern of
a monoclinic-scheelite structure and shows a high degree
of photocatalytic activity under visible-light irradiation.
The BiVO, photocatalysis must be done in the presence of
significant amounts of hydrogen peroxide for eliminating
pirimicarb insecticides. Four hours of photocatalytic reac-

Table 2. Characteristics of the real water sample.

Parameter River water Lake water
pH 6.30 6.24
Conductivity (umho cm™) 420 378
Turbidity (NTU) 29 49
Sulfate (mg L") 48.1 50.9
Chloride (mg L™") 226 16.7
Nitrate (mg L") 84.8 2.9
Nitrite (mg L™") 1.12 0.02
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tions reduced pirimicarb concentrations by 97.6%. The
photodegradation rate is found to increase with BiVO,
dosage, but the reaction is slower at high dosages. The
photodegradation is much more efficient under acidic
conditions and decreases with increasing pH. In addition,
the presence of inorganic anions such as chloride, nitrate,
and sulfate, which are often present in natural water and
industrial wastewater, decreases the primicarb photocata-
lytic degradation rate. The effects of the active species
involved in the photocatalytic process are examined.
The results indicate that holes and hydroxyl radicals are
the main active species involved in the degradation of
pirimicarb. Seven intermediates are identified and char-
acterized through a mass spectra analysis, giving insight
into the early steps of the degradation process. Based on
the identification of intermediates, a simple degradation
pathway is tentatively proposed, including N-dealkylation
of the 2-dimethylamino group and decarbamoylation of
the carbamate moiety in the pirimicarb molecule. Finally,
the Vis/BiVO,/H,0, process is used for effective degra-
dation of pirimicarb in environmental water samples
(river water and lake water), demonstrating the advan-
tages of its high photocatalytic activity.
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