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ABSTRACT

The carbendazim is a widely used benzimidazole fungicide. It is of major concern due to its
suspected hormone disrupting effects. The degradation of carbendazim considered as a
“priority hazard substance” by the Water Framework Directive of the European Commission
was investigated by UV/solar photocatalytic process using P25 TiO, and LR grade TiO,. A
batch-type photoreactor was employed and the influence of catalyst loading, initial
concentration, area/volume ratio, pH of the solution and light conditions were studied.
Aeroxide P25 shows better degradation efficiency than LR grade TiO, in both UV and
sunlight conditions for optimized parameters. Degradation of fungicide was negligible with
TiO, under UV without catalyst. However, no adsorption took place with catalyst in dark.
Also, the addition of oxidant (H,O,) had no appreciable increase in the rate of degradation
for both the catalysts. Under UV light with TiO, carbendazim has shown substantial
degradation at different time of irradiation. The optimized parameters under UV for the
degradation of carbendazim are catalyst loading 1gL™", area/volume ratio 0.919 cm®ml’,
intensity 30 W m ™2, pH 6.5 and around 85% mineralization of carbendazim was achieved.

Keywords: Photocatalytic degradation; Carbendazim (technical); TiO, TiO, LR; Slurry
reactor; H,O, and UV

1. Introduction

Fungicides directly inhibit sterol
membrane and DNA synthesis [2].

synthesis

in
Because of

Fungicides are either chemicals or biological agents
that inhibit the growth of fungi or fungal spores.
Fungi can cause serious damage in agriculture,
resulting in critical losses of yield and quality [1]. The
residues of fungicide have been detected on food
grains that are used for human consumption mainly
because of post harvest treatments of seeds [1].

*Corresponding author.

their chemical characteristics, fungicides represent a
type of pollutant that shows variable persistence
and photochemical degradation [3]. Out of them
carbendazim is one of the concerned fungicide.
The carbendazim [MBC (methyl-2-benzimidazole
carbamate)] is a widely used systemic fungicide for
controlling a broad range of fungi affecting fruits,
nuts, vegetables, turf, and field crops. The structure of
carbendazim is shown below:
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Additionally, the carbendazim and n-butylisocya-
nate (BIC) are degradation products of benomyl
fungicide (methyl-1-(butylcarbamoyl)-2-benzimidazole
carbamate) in water and in organic solvents [4].
Systemic fungicides, benomyl, and carbendazim are
toxic and can be adsorbed through the roots, leaves,
and green tissues of flora along with water [5]. These
products, benomyl, carbendazim and BIC, are harmful
for humans, animals and plants. This toxicity includes
effects in the male mammalian reproductive system,
embriotoxicity, teratogenesis [6-8], and phytotoxicity
[9,10]. The half-life of carbendazim on bare soil is
6-12 months and in water is around 2-25d in aerobic
and anaerobic conditions, respectively [11]. Therefore,
the quantitative determination is very important for
carbendazim in water, soil, wastewater, crops, and
foods. Treatment of water by advanced oxidation pro-
cesses (AOPs), that is useful for purifying drinking
water and cleaning industrial wastewater, has been
used extensively worldwide [12]. AOPs include photo-
catalysis systems which generate OH radical when a
semiconductor (TiO,, ZnO etc.) is excited by absorbing
UV light equivalent to its band gap energy. TiO, has
been widely used because of its various merits such as
low cost, nontoxicity, photocatalytic, and chemical
activity.

Previously some researchers have studied the
degradation of carbendazim using diverse methods.
The photodecomposition of fungicide carbendazim
has been studied in aqueous solution at several pH
under different experimental conditions and found
that at alkaline solution degradation was more rapid
as compared to acidic solution [13-15]. The transfor-
mation of fungicide carbendazim by hydrogen
peroxide has been studied in the absence and occur-
rence of carbonate ions. It was found that the presence
of hydrogenocarbonate ions cause a quenching effect,
which cause the degradation of carbendazim [16].
Work on synthetic and natural dye pigments as photo-
sensitizers has also been investigated for the visible
light photodegradation of the colorless solution of this
fungicide [17]. Thermal adsorption and catalytic
photodegradation of carbendazim in river water and
soil has been studied and the effect of nitrite and
nitrates ions was observed [18]. Xiao et al. [19] had
studied the sonolytic ozonation of carbendazim with

the variation in pH with ozone dose. It was observed
that sonolytic technique alone is not that efficient, but
combination of ozonation and sonolysis can effectively
degrade carbendazim, but higher concentration of
ozone dose is required. The degradation of carbenda-
zim have been studied by Rajeswari and co-workers
using TiO, Os; and combination [20-22]. They have
mainly studied the degradation on Oz using UV at
253 nm. Moreover, they have studied the degradation
of commercial carbendazim using TiO, and have
achieved 76% degradation in one hour. Work on
optimization, kinetics, and toxicity studies was also
reported but with immersion type of reactor [23]. Such
reactions are of high cost and these reactions are lim-
ited to small-scale applications. Our aim is to degrade
fungicide economically under UV (365nm) and solar
light conditions by reducing the cost of catalyst.

In this paper, we have focused on the degradation
of fungicide carbendazim in batch type of reactor.
Different reaction parameters, such as concentration of
catalyst, pH, A/V, different light intensity, and
addition of oxidant H,O, were investigated with both
P25 and LR grade TiO,. The photodegradation of
carbendazim has also been studied under different
light conditions i.e. UV and sunlight by keeping all
other parameters optimum. Moreover, degradation of
carbendazim with low price LR grade TiO, was not
reported in the literature as far as our knowledge is
concerned. Thus, LR grade TiO, was tested in order to
reduce the operating cost of the system.

2. Materials and methods

Carbendazim (98.5%, technical grade) was used as
model pesticide which was kindly provided by Mark-
fed agro chemicals Mohali. TiO, Aeroxide P25 (purity
97%, average particle size of 30nm and anatase to
rutile ratio was 80:20) bought from Aeroxide (China)
industries was used as photocatalyst without any
further preliminary treatment. LR grade TiO, (Mini-
mum essay 98.0%) was purchased from SD
Fine-Chemicals, Mumbai. H,O, (assay 29-32%) was
purchased from Merck, India. Membrane filters of
0.22 pm (Millipore, from USA) were used to separate
the TiO, particles from the samples. All the aqueous
solutions were prepared with double distilled water.
A batch-type reactor set up with an artificial light was
irradiated. A stock solution having 10mgL™" carben-
dazim concentration was prepared and degradation
was carried out with nano TiO,. Acidic or alkaline
media were obtained by addition of HCl LR or NaOH
(essay 97% from SDFCL products) to the aqueous
solutions containing the substrate. The setup consist of
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Fig. 1. Batch-type photocatalytic reactor setup. (1) Blue-
black UV lamps (20 W), (2) hemispherical reactor vessel,
(3) reaction solution, (4) magnetic bead, (5) RPM controller,
(6) adjustable stand, (7) RPM display, (8) temperature con-
troller, (9) scale, and (10) electric switch.

a UV chamber having 70 x45x75cm, consisting of
8x20W UV black florescent lamps (Philips) arranged
in parallel inside the top of the chamber having wave-
length 365 nm as shown in Fig. 1. Analysis of samples
was done using Shimadzu UV-vis spectrophotometer.

3. Analyses

For all analytical purposes, Shimadzu UV-vis spec-
trophotometer (model no. 2450) was used. In order to
perform the experiments, a solution containing
10mgL™" of carbendazim was initially prepared. The
pH was adjusted to the desired value by means of a pH
meter (Perfit India) using dilute HCl and NaOH solu-
tions). Light intensity was measured using Solar Light
Co. PMAZ2100, Intentiometer. The crystalline structure
of both catalysts was determined by a Pan analytical
X'Pert Pro diffractometer (D/max rA) at 45kV and
40mA (Cu Ka=1.504060 A). Analysis was performed
after separation of the photocatalyst particles by
membrane filtration with a UV-vis spectrophotometer
measuring the absorbance at wavelength (Amnax) 285 nm.
Also, the mineralization of carbendazim was observed
by COD Vario photometer (RD 125), Orbit India.

4. Results and discussion
4.1. Absorption spectra

Degradation of carbendazim using TiO, photocata-
lyst was studied and the samples withdrawn at regular

interval of time were observed using UV-vis spectros-
copy. The absorption spectra of carbendazim showed a
strong distinctive peak at wavelength 285nm. The
gradual decrease in the peak intensity was observed
with the decrease in the fungicide concentration. As
discussed by Saien et al. the peak at 285 nm accredited
to benzene ring which can be attacked by hydroxyl
radicals [23-25]. The important fragment in these reac-
tions is aryl radical group which can be decomposed
after radicalizing [26]. Therefore, it is entrenched that
the degradation of carbendazim occurred at different
intervals of time as shown in Fig. 2. After 60 min, the
peak is completely vanished in the presence of TiO,
suspension.

4.2. Photodegradation reactions

Carbendazim solution was irradiated with a
known amount of nano TiO, catalyst. As shown in
Fig. 3, adsorption was negligible with TiO, under dark
and hence no adsorption takes place on the surface of
catalyst. Also, UV light alone cannot degrade
fungicide in the absence of catalyst. The degradation
of carbendazim takes place in around 60 min under
UV/TiO,.

The photocatalytic oxidation of carbendazim in
water has been successfully modeled using
LangmuirHinshelwood kinetics. According to the
Langmuir-Hinshelwood model:

dC  KKC

~dt 1+KC )

where C is the bulk concentration, k' is reaction rate
constant, K is equilibrium adsorption constant and ¢
represents time. For low solute concentration KC is

Init.Conc

5 min

10 min

— 20 min

30 min

— 10 min

Ahsorbance

50 min

Wavelength (nm)

Fig. 2. Absorption spectra changes for degradation of
carbendazim with TiO, under UV light (carbendazim
10mgL™", pH 6.5, UV 30 Wm?, and P25 1gL™").



T. Kaur et al. | Desalination and Water Treatment 54 (2015) 122-131

CiCo

125

0 50 100
Time (min)

150

12
f
08 | o 2508
o o 2g4
S 061 . a 1591
04 - R o x 1g4
02 2 ; o o - 0:59h
ol * 8 @
0 10 20 0 40 0 60 70
Time(min)

Fig. 4. Effect of catalyst loading on the degradation of

Fig. 3. Photocatalytic degradation (#) reaction in dark, ()
UV without TiO, (A) UV with TiO, (carbendazim
10mgL™, pH 6.5, P25 1gL™).

usually much smaller than one. This reduces the
above equation to pseudo first order equation:

In(Co/C) = kt @)

where Cy is the initial concentration and k is apparent
rate constant. Plot of In(Cy/C) gives a straight line
which shows that it obeys pseudo-first-order kinetics.

Due to the character of photocatalytic reaction, k is
a function of parameters such as UV light intensity,
catalyst loading, pH of the solution, addition of the
oxidant (H;O,), and initial concentration of pollutant
and geometry of the photoreactor.

4.3. Degradation of carbendazim with different amount of
aeroxide P25

A series of experiments were carried out to assess
optimum catalyst dosage by varying the amount of
TiO, (0-25gL™) for degradation of carbendazim
(10mgL™"). Degradation increases with increase in
TiO, dosage up to 1.0gL”), after which there was
gradual decrease in degradation rate, as shown in
Fig. 4. The rate constant versus catalyst loading is
shown in Fig. 5. The figure shows that optimum cata-
lyst loading for maximum degradation was achieved
with 1gL™ TiO,. In carbendazim, initial increase in
degradation with increase in catalyst dosage was
observed due to increase in number of active sites,
hydroxyl radical generation, surface area, and light
absorption. Decrease above 1g L™ TiO, was attributed
due to scattering of light by increased opacity of sus-
pension and decline in number of active sites [24].
Also increase in catalyst dosage above optimum level
resulted in decrease in light penetration and causes

carbendazim (carbendazim 10 mg LY pH 6.5, 30 Wm ).
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Fig. 5. Plot of rate constant vs. catalyst loading on
carbendazim degradation (carbendazim 10 mg L7, pH 6.5,
30 Wm ™).

deactivation of activated molecules due to collision
with ground-state molecule [27]. The aggregation of
particles may also reduce effectual surface area of
catalyst for adsorption of reactant [28].

4.4. Effect of pH

The amphoteric behavior of titania influences the
surface charge of the photocatalyst. The role of pH on
the photocatalytic degradation of carbendazim was
studied in the pH range 1-9 at constant carbendazim
concentration of 10mgL™" and catalyst dose 1gL™"
[29]. The natural pH of carbendazim solution (6.3)
shows maximum results as compared to the other pH
values, since pH 1 and 3 are significantly less than the
pKa (=4.5) of carbendazim in aqueous solution [14]. At
lower pH, protonation of carbendazim takes place and
the protonated groups are more stable under UV radi-
ation than its main structure [30]. The zero point
charge, pHyp, for titania is around 6.8 and in acidic
pH it is positively charged and in alkaline pH it is
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negatively charged, and thus catalyst surface is also
positively charged leading to a lower level of degrada-
tion at pH 1 and 3 [31]. Thus, the acceptance of
electron by the dissolved oxygen decreases the recom-
bination of valance band hole and conduction band
electron. Similarly, at pH 9 rate of degradation is not
as much as observed at natural pH, as shown in
Fig. 6.

4.5. Effect of initial concentration

Initial concentrations of reactants play a significant
role in determining the rates of most of chemicals and
photochemical reactions. This was evident in the degra-
dation patterns for the fungicides given in Fig. 7. The
degradation rate for carbendazim in the initial stages
was faster, followed by relatively slower removal effi-
ciency at later stages. There was reduction in the rate
and extent of degradation of carbendazim as the initial
concentration was increased from 5 to 12mgL™". At
higher fungicide’s concentrations, there would be
more adsorption of fungicides on TiO, resulting in a
lesser availability of catalyst surface for hydroxyl radi-
cal generation. The rate of degradation depends upon
the formation of hydroxyl radicals, which has critical
role in the degradation process [32,33]. With the
increase in concentration of pesticide the screening
effect dominates and prevent the penetration of the
light [34].

4.6. Effect of areafvolume ratio of the reactor

In shallow-pond batch-type reactor, depth of
solution is an important parameter as penetration of
light decreases with increase in depth and more the
area, more will be penetration of light on the surface.
If the surface area of the solution is increased the path
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Fig. 6. Plot between rate constant vs. pH of carbendazim
(carbendazim 10 mg L™, 30Wm™, P25 1 g L™h.
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Fig. 7. Effect of initial concentration on degradation rate
with time on carbendazim (pH 6.5, 30 Wm 2 P25 1 g LY.

length of photons entering the solution increases
hence the formation of OH radical increases. More
area and less depth enhance the rate of degradation as
the penetration of UV rays increases [35]. Hence, the
reaction rate constant increases with increasing area to
volume ratio as shown in Fig. 8. As the A/V ratio
increases from 0.575 to 1.324 cm” ml™, the degradation
rate constant increases from 0.048 to 0.072 min~". After
irradiation for one hour, it was observed that the
solution with highest A/V ratio shows maximum
degradation under UV light i.e. about 96.0%, whereas
the lowest degradation was found in the solution
having maximum initial volume. But its A/V ratios of
0.919 cm” ml™" were used in all the reactions.

4.7. Effect of light intensity

The reaction rate constant varies with the intensity
of incident light and the type of reactor used. For
shallow-pond batch reactor, the intensity dependence
of the reaction rate constant is given by:

0.08
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0 05 1 15
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Rate constant (min )

Fig. 8. Degradation of carbendazim at different A/V ratios
of the reactor (carbendazim 10mg LY, pH 6.5, 30 Wm™?,
P25 1gL™).
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w = aamil ©

where m and n are the empirical constants whose val-
ues have reported by Wyness et al. [35] for some
systems and k; is reference rate constant correspond-
ing to reference intensity I,. Hence, the constant k is
dependent on the intensity when the aperture to vol-
ume ratio (A/V) is kept constant as shown in Eq. (2).

k "

To study the effect of intensity, the aperture to volume
ratio (A/V) was kept constant at 0.919 cm®’ml™' and
intensity was varied from 20 to 35 Wm 2. The value of
degradation rate constant increased from 0.515 to
1.327 min™" as intensity increases from 20 to 35 Wm 2.
Fig. 9 shows the relation between reaction rate
constant k and intensity for constant A/V ratio. The
value of n is 0.796 and m is 0.998 as calculated from
Fig. 9. These values are quite similar with the value
reported in 3,4-dichlorophenol in shallow pond batch
reactor [35,36].

4.8. Degradation with TiO, LR grade

P25 TiO, is a very efficient catalyst under UV but
it is expensive. To reduce the cost of TiO,, LR grade
which is easily available in the local market was
studied. It is used for the degradation of carbendazim
in slurry mode and showed quite satisfactory results.
To compare this catalyst with P25, the degradation

045
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0.2 1
015
01 4
0.05 |
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Fig. 9. Rate constant variation with UV intensity (carben-
dazim 10mgL™", pH 6.5, P25 1gL™").

studies with TiO, LR was done by varying the catalyst
dosage at optimum conditions. The optimum catalyst
loading of TiO, LR is also found to be 1gL”, as
shown in Fig. 10.

4.9. Comparison of P25 with TiO, LR grade

The effect on degradation of carbendazim was
investigated by treating the aqueous solution in both
UV and sunlight conditions using P25 and TiO, LR.
Fungicide carbendazim was effectively degraded by
TiO, LR. As Aeroxide P25 has smaller particle size
and higher purity than LR grade TiO,, thus it shows
better degradation under both light (UV and sunlight)
conditions as shown in Fig. 11(a) and (b). The percent-
age degradation of carbendazim in UV light with P25
was 96% and TiO, LR was 94% under similar
conditions with catalyst concentration 1gL™), pH
6.3, initial concentration 10mgL™", and light intensity
30 Wm ™. Degradation under sunlight (SL) was also
investigated with both catalysts and found that both
catalysts show less degradation as compared to that
under UV light and the efficiency of TiO, LR is
slightly less than P25 as shown in Fig. 12.

The decrease in the efficiency of TiO, LR grade as
compared to P25 can be supported by results of XRD
of both the samples as shown in Fig. 13(a) and (b). It
is noted that the XRD peaks of TiO, LR and P25 have
the same positions by the height. P25 at 26=27.5°,
preferably showing the presence of rutile phase
whereas the anatase and rutile could not be detected
in TiO, LR grade [37]. Moreover, it could be seen that
the P25 has lower intensity than TiO, LR at 1,300 and
6,000, respectively. It was observed that P25 has wider
peak than TiO, LR at 20=25.3°, which implies that

005
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& 0045 PN
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0.04 -
E .
‘g’ +
S 0035
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¥ 003
o
0.025 , .
0 1 2 3

Catalyst loading (gL")

Fig. 10. Plot showing rate constant vs. catalyst loading of
TiO, LR on carbendazim (carbendazim 10 mg L pH 6.5,
and UV 30 Wm?).
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Fig. 11. (a) Comparsion plot for the degradation of carben-
dazim with P25 and TiO, LR under UV light (carbendazim
10mg L™, pH 6.5, UV 30 Wm™>).
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Fig. 11. (b) Comparsion plot for the degradation of carbenda-
zim with P25 and TiO, in sunlight (carbendazim 10 mgL™",
pH 6.5, 35 Wm ).
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Fig. 12. Percentage degradation of carbendazim with both
catalysts in UV and sunlight (carbendazim 10 mgL_l, pH
6.5, P25 & LR 1gL™").

P25 has smaller grain size and spherical shape, and
therefore provide large surface area comparatively.
Large crystallites give rise to sharp peaks, which
increase the peak width as the decrease in the crystal-
lite size. The crystalline size represents specific surface
area (m®g ") of catalyst which affects its photoactivity.
A small crystalline size has higher specific area than
the larger crystallite [38]. As the surface area increases
the light received per unit area also increases; and
hence leads to more electronic excitations, thus
increases the photoefficiency of the catalyst, which can
be the major reason for better performance of P25
TiO, as compared to LR grade TiO,,

Determination of crystal size of P25 and TiO, LR
was done using Scherer equation:

D = KA/Bcos 0 )

where D is the crystal grain size, K is dimensionless
constant (0.9), 0 is the X-ray diffraction angle, 4 is
wavelength of X-ray radiation (0.15418 nm), and £ is
the full width at half maximum of diffraction peak.
Hence, calculated crystallite size for P25 TiO, and
TiO, LR was 32.8 and 59.5 nm, respectively.

Diffuse reflectance spectra is an excellent diagnostic
tool in which powdered, crystalline, and nanostructure
materials at different spectral ranges i.e. 200-700 nm are
studied. Diffuse reflectance spectroscopy studies for
P25 TiO, and TiO, LR samples are shown in Fig. 14. It
shows that A, decreases in case of TiO, LR. This
increase in band gap of LR TiO, predicts that more
energy is required for formation of electron hole. Hence,
decrease in band gap can be another reason for the
enhanced results of P25 as compared to LR grade TiO,,

4.10. Addition of oxidant

In order to enhance the photocatalytic degradation
rate of carbendazim under UV light and sunlight, an
oxidant (H,O,) is added into a semiconductor suspen-
sion in both P25 Aeroxide and TiO, LR grade. The
effect of H,O, has been investigated in numerous
studies and it was observed that it increases the deg-
radation rate of organic pollutants [39]. But in our
case, addition of oxidant H,O, has no appreciable
increase in the rate of degradation under UV light as
shown in Fig. 15. The observed trend can be explained
by the fact that the addition of oxidants enhances the
degradation rate only if there is a scarcity of oxygen
species in the reaction solution [40]. Also, because
H,0, is activated in acidic conditions and we are
working at nearly neutral pH so this can be a another
reason for the low activity of H,O, [41].
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Fig. 14. Graph showing UV-vis defuse spectra of P25 and
TiO, LR (carbendazim 10mgL™", pH 6.5, UV 30 Wm ™).

5. Mineralization of carbendazim

The reduction of COD reflects the extent of
mineralization of an organic species. Therefore, the
change in COD was studied for carbendazim under
optimized conditions as a function of irradiation time
under UV as well as sunlight. Fig. 16(a) and (b) shows

Fig. 15. Percentage degradation of carbendazim using P25
and LR grade TiO, alone and with addition of oxidant
H,0; (carbendazim 10 mg L pH 6.5, UV 30 Wm ).

change in concentration and % COD removal as a
function of time at optimum conditions. The figure
shows that this process is not only degrading the
carbendazim but also mineralizing the synthetic
effluents. Under optimum conditions fungicide showed
85% mineralization in UV and 80% in sunlight.
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Fig. 16. (a) Plot showing COD removal for carbendazim
under UV (carbendazim 10mg LY pH 6.5, UV 30 Wm™?,
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Fig. 16. (b) Plot showing COD removal for carbendazim
under sunlight (carbendazim 10mgL™, pH 6.5, and
P251gL™"

6. Conclusions

Effective photocatalytic degradation of the fungi-
cide carbendazim is possible using P25 and TiO, LR
catalyst in suspended aqueous solutions under UV
light and sunlight irradiation. Study of TiO, LR grade
for the degradation of carbendazim has a fruitful role
but less effective as compared to P25. The adsorption
of substrate on the catalyst particles was negligible
during photocatalytic degradation. The degradation
rate increases with increase in catalyst loading (P25
and TiO, LR grade) up to 1 gL ™" at pH 6.3, initial con-
centration 10 mg L™, light intensity 30 Wm > and A/V
ratio 0.919 cm”ml™". With optimum catalyst loading
the degradation of carbendazim takes place in around
60min with both the catalysts. Addition of oxidant
(H,O,) with P25 and TiO, LR was studied and not
much appreciable increase in degradation was

observed both in UV light and under sunlight.
Carbendazim shows effective mineralization under
UV and sunlight in 60 min with P25 and TiO, LR.

List of symbols

K — reaction rate constant

k — equilibrium adsorption constant
C — bulk constant

Co — initial concentration

k — apparent rate constant

m, n — empirical rate constant

ko — reference rate constant

Iy — reference intensity

I — intensity of incident light

D — constant grain size

K — dimensionless constant

Q — full width at half maximum (FWHM)
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