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ABSTRACT

A kinetic model was developed to simulate the solar photocatalytic degradation of alachlor
(organo chlorine herbicide) in aqueous solution using TiO, (Degussa P25) catalyst. The effect of
temperature, pH, radiant flux, TiO, loading, presence of various cations, anions, surfactants on the
photocatalytic degradation of alachlor were studied and determined the optimum condition under
which the degradation rate was maximum. The solar irradiated samples were analyzed by a validated
HPLC method. The photoproducts were determined by using LC/MS/MS technique. Rapid dissipation
of herbicide was observed by using 0.5g/l of TiO, (Degussa P-25) catalyst. The rate of degradation
was found to increase with the increase in the temperature from 40°C to 70°C. The influence of
cations on the degradation rate was in the order Fe?, Cu?* >Zn?*>Ni?* >Mn2* > Co?* and for anions
Cl, HClo, > CO.*, So,?. The rate was decreased as the pH was increased from 4.0 to 8.0. But
at very high alkaline condition (pH 10.0) the rate was found to be the maximum. Among the three
surfactants used (Cetyltrimethylammonium bromide (CTAB), Sodium dodecy! sulphate (SDS) and
Polyethylene (23) dodecanol (Brij-35)) Sodium dodecyl sulphate showed much influence and when
the study was conducted at three different radiant flux (109 Lux, 655 x 10" Lux, 601 x 102 to 1074 x
102Lux) it was observed that the rate was faster under the day light flux 601 x 102 to 1074 x 102Lux.
The degradation rate of alachlor was found to follow the first order kinetics. Finally the optimized
conditions or the kinetic model which showed maximum degradation rate was then applied for treating
effluent and ground water.
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INTRODUCTION increasing concern about the impact of pesticides

on human health and environment. Pesticide

The intensive use of pesticides has been  contamination may affect the quality of soil, water, air

one of the factors contributing to high crop yields  and consequently may pose risk to flora and fauna.
and lower commodity prices. However there is At present pollution of the environment by pesticides
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is one of the main health risk factors' 2. The extent
of pesticide contamination of the water environment
has recently raised much concern because of the
potential health hazards associated with the entry of
these compounds into the food chain of human and
animals® “. Hence an effective control of maximum
admissible concentrations of pesticides in water, soil,
crops and food is essential for improving the quality
of life.

There are three main paths for the destruction
of organic compounds. First, light can directly excite
the molecules of the organic contaminants thus
leading to their direct photochemical destruction.
Second, light can activate some exogenic oxidants
like H,0,, O, which when added in to the system
produce strong oxidizers like OH" or O- and third,
light can be adsorbed by some photocatalyst like TiO,
etc., which either directly participate in the oxidation
of organic substance or initiate the formation of OH
radicals from water and H,0,.

Many toxic organic compounds are
designed to be chemically stable and thus resistant
to conventional microbial degradation. Advanced
oxidation process (AOPs) are considered to
be promising in the abatement of the growing
environmental problems resulted from these toxic
compounds®. Among the semiconductor substances,
TiO, has been extensively applied in researches
because of its non-toxicity, chemical stability, low
cost and suitable to work under sunlight as energy
source®™. TiO, powder (Degussa P-25), which is
a standard material in the field of photocatalytic
reactions, contains anatase and rutile phases in
a ratio of about 3:1. It is produced through high
temperature (> 1200°C) flame hydrolysis of TiCl, in
the presence of H, and O, TiO, so formed is treated
with steam to remove HCI which is also produced
as a part of the reaction. The product is 99.5% pure
TiO, (anatase: rutile, 70:30) which is non-porous, with
rounded edges cubic particles. The Degussa P-25
TiO, powder has a surface area of 50 + 15 m*g™' and
an average particle diameter of 21 nm. Transmission
electron microscopy distinguished anatase and
rutile particles separately form their aggromelates.
Theurich et al., 1996 found that the rutile phase
does not exist as an overlayer on the surface of the
anatase particle but it exists separately from anatase
particles™.
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The photocatalyst derives its activity from
the fact that when photons of a certain wavelength
are incident upon its surface, electrons are promoted
from the valence band and transferred to the
conductance band. This leaves positive holes in the
valence band, which reacts with the hydroxylated
surface to produce OH' radicals, which are the most
potent oxidizing agents.

In the absence of suitable electron and hole
scavengers, the stored energy is dissipated within
a few nanoseconds by recombination. If a suitable
scavenger or a surface defect state is available
to trap the electron or hole, their recombination is
prevented and subsequent redox reaction may occur.
In Degussa P-25 the conduction band electron of
the anatase phase jumps to the less positive rutile
phase, reducing the rate of combination of electrons
and holes in the anatase phase.

Organochlorine pesticides have given rise
to the greatest environmental concern because of
their greater stability in the aquatic ecosystem. In
general, they are resistant to hydrolysis, and those
that undergo photochemical reaction (usually by
photosensitizing) tend to form compounds with
persistence comparable to, or greater than, their
parent compounds'®'3. They are also insoluble
in water and the environmental contents have
focused mostly on their potential for biological
accumulation.

Alachlor chemically known as 2-chloro-
2',6'-diethyl-N-methoxymethyl acetanilide is a pre-
emergence herbicide mainly used to control annual
grasses and many broad-leaved weeds in cotton,
brassicas, maize, oil seed rape, peanuts, radish,
soya beans and sugar cane.

This paper reports the behavior of alachlor
degradation in water and the influence of different
physico - chemical parameters on the rate of
photocatalytic degradation of alachlor in aqueous
solutions using the photocatalyst TiO, (Degussa
P-25).

MATERIALS AND METHODS

Alachlor (purity 99%) is obtained from
Chem Service, West Chester, England. Acetonitrile
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used for the liquid chromatography was of residue
grade (E.Merck, Germany). All the photocatalytic
degradation assays were carried out using titanium
dioxide (Degussa P-25) (Sigma Aldrich, Germany),
which is predominantly anatase. It is nonporous and
offers a specific surface area of about 50 m?g" and
a density of 3.85gcm™

Alachlor samples were analysed by
Shimadzu High Performance Liquid Chromatograph
system equipped with LC-10 AT pump and SPD-10A
UV-VIS detector connected to CBM-101 module
using CLASS-LC10 software. The column used was
Phenomenex C18 (25 cm length, 4.6 mm internal
diameter). Mobile phase was Acetonitrile: Water
(80: 20). The analysis was performed at the
Wavelength 220 nm in the flow rate 1.0 ml/min.
Approximate retention time for alachlor was 8.2
minutes.

From the stock solution (500mg in 100 ml
of residue grade acetonitrile) of alachlor, desired
concentrations of working solutions were prepared by
serial dilution. Two control samples were maintained
for this purpose. One without the addition of TiO,
and the other without the addition of alachlor. 0.5g/I
TiO, (amount was fixed after studying the influence
of catalyst loading on herbicide degradation) was
added to the working solution and all the samples
were exposed under the direct sunlight during the
daytime. The light intensity during the day time was
observed as 601 x 102to 1074 x 102 lux. Aliquots
of sample solution were collected and centrifuged
at 3000 rpm. The filtrate was again filtered through
0.4pm nylon (Millipore) filter paper to separate the
tiny particles of the catalyst (TiO,). The clear samples
were then analysed by validated HPLC.

Effect of TiO, amount on photodegradation

Five sets of 20 pg/ml of alachlor solution
were made and to each of the solution different
known amounts of TiO,, 10mg, 20mg, 50mg 100mg
and 150mg were added. The samples were exposed
to the direct sunlight while stirring continuously.
The amount of TiO, at which maximum herbicide
degradation occurred was identified and used in the
subsequent studies.

Effect of temperature on photodegradation
To a 20pg/ml of alachlor solution, 0.5 g/l
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of TiO, was added. The samples were then placed
inside a thermostatically temperature controlled
water bath at a specified temperature. The entire
system was placed under the sunlight for solar
irradiation. The study was conducted at four different
temperatures 40, 50, 60 and 70 = 1°C. At different
time points samples were collected, centrifuged and
filtered through 0.4pm nylon (Millipore) filter paper
for complete separation of TiO, particles.

Effect of herbicide concentration on
photodegradation

The dissipation of alachlor at five different
concentrations were studied using optimum amount
of TiO, (0.5g/1) at the optimum temperature 40 + 1°C.
The concentrations of herbicides studied were 10,
20, 50, 100 and 500ug/ml.

Influence of cations and anions

To 20pg/ml concentration of alachlor
solution added 0.1 ml of metal/anion stock solution,
to give different uniform concentrations of ionic
solution (102M, 10-*M and 10*M). 0.5g/l of TiO, was
then added. After mixing the solutions vigorously,
the compounds were kept in water bath at constant
temperature 40+1°C and exposed to sunlight while
stirring the contents constantly. The metal ions
used in the studies were Ferrous sulphate (Fe 2*),
Copper sulphate (Cu?*), Cobalt nitrate (Co?*), Nickel
sulphate (Ni?*), Manganous sulphate (Mn?*) and
Zinc sulphate (Zn?*). The anions used in the study
were Sodium sulphate (SO,*), Sodium chloride
(CI), Sodiun perchlorate (CIO,’), Sodium carbonate
(CO,?), Sodium bicarbonate (HCO,).

Effect of pH on photodegradation

Four different buffer solutions of pH 4.0,
6.0, 7.0 and 8.0 were prepared to evaluate the effect
of pH on the rate of hydrolysis. Known quantity of a
herbicide was added to each of the buffer solution
to obtain the final concentration 20 pg/ml. To this
herbicide spiked buffer solution 0.5 g/l of TiO, was
added. Studies were conducted at 40°C.

Effect of surfactants on photodegradation

To a known concentration of alachlor
solution, spiked 0.1 ml stock solution of a surfactant
to give a concentrations of 10 M. 0.5g/l of TiO, was
then added. After mixing the solutions vigorously,
the compounds were kept in water bath at 40°C
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and exposed to sunlight while stirring the contents
constantly. The surfactants used in the study were
cationic surfactant cetyltrimethylammonium bromide
(CTAB), anionic surfactant sodium dodecyl sulphate
(SDS) and non-ionic surfactant polyethylene (23)
dodecanol (Brij-35).

Effect of radiant flux on photodegradation

To a 20pg/ml of herbicide solution, 0.5 g/l
of TiO, was added. The samples were then placed
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inside a water bath at a specified temperature.
Radiant flux was observed at room condition using
Lux meter which was capable of measuring radiant
flux up to 50,000 Lux. Dissipation of herbicide was
monitored at different time points in room light.
Simultaneously two sets of solutions of 20ug/ml of
herbicide concentration containing 0.5g/l of TiO, were
prepared. One of which was kept under day light and
another under mercury lamp of 300 watts.
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Scheme 1: Identified metabolites of alachlor
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During each study samples were collected
at different time points, centrifuged and filtered
through 0.4 pm nylon (Millipore) filter paper for
complete separation of TiO, particles. The filtrate
was then analysed by HPLC

Identification of metabolites

The importance of degradation products
must be stressed in the case of active compounds
which may yield substances that are most active,
persistent or toxic than the parent compound™.
To identify the metabolites, if any formed during the
degradation process and to asses the completion
of photocatalytic degradation in aqueous solutions,
fraction of solar irradiated samples collected were
analysed by LC/MS/MS .

In LC/MS/MS, samples were analysed in
both positive ion and negative ion mode. PE 200
quaternary pump was used under the pressure
range 0 to 6100.0 Psi. PE 200 auto sampler was
used. Water / Acetic acid (0.1%) / Acetonitrile were
used as mobile phase for the analysis.
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RESULTS AND DISCUSSION

Investigations were carried out to establish
the photocatalytic effect on the degradation of
alachlor using TiO, as catalyst. The influence of
amount of TiO,, temperature, anionic and cationic
reagents, pH, surfactants and radiant flux were
studied and determined the optimum condition for
greater alachlor dissipation. The data generated
clearly showed that the addition of TiO, in terms of
different quantities highly influenced the degradation
rate. But with very high amounts of TiO, (>500mg/L)
detrimental effect was observed due to the poor light
penetration in to the sample because of heavy TiO,
loading. This was evident from the fact that 0.5 g/
of TiO, showed optimum dissipation up to the level
20pg/ml. The increase in temperature significantly
increased the dissipation rate in the presence of TiO,
catalyst up to 70°C. At different concentrations of the
herbicides investigated, the results showed that the
dissipation was rapid up to the level 50ug/ml. At very
high concentration levels (100 and 500ug/ml) the
rate was slowed down. At higher concentration levels

Table 1: Conditions under which degradation rate was much influenced

Parameters Residue level (pg/ml) at different hours
5%hour 10"hour 15"hour 20"hour 25"hour

TiO, loading (0.5 g/) 12.45 9.82 7.39 5.91 3.17
Temperature (70°C) 9.54 6.13 5.42 3.48 1.12
Concentration (10 pg/ml) 6.51 419 2.72 1.68 0.15
Cations — Nickel (10*M) 11.32 9.21 7.15 5.24 2.75
Cations — Iron (104 M) 9.72 8.73 6.85 4.86 1.45
Cations — Copper (10*M) 9.86 8.92 7.07 5.11 2.75
Cations — Zinc (10 M) 11.12 9.08 7.11 4.87 2.75
Anion — Chloride (10*M) 10.11 8.86 7.06 5.14 2.22
Anion — Perchloride (10*M) 10.02 8.77 7.01 5.03 217
Anion — Bicarbonate (10*M) 10.74 8.97 7.75 5.31 2.75
pH 4.0 8.11 5.62 2.01 0.68 0.01
pH 10.0 5.17 1.63 0.38 ND* ND*
Surfactant (103M)

(Sodium dodecyl sulphate) 10.27 7.85 4.55 1.79 0.56
Radiant flux (601 x 102 to 11.25 9.11 7.18 5.22 2.89

1074 x 102Lux)

*ND - Not detectable
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Fig. 1: Graph representing the dissipation of alachlor under optimized conditions
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Fig. 2: Graph representing the dissipation of alachlor in effluent and the ground water



MALINI et al., Orient. J. Chem., Vol. 32(6), 3165-3173 (2016)

the results showed the requirement of additional
quantities of TiO, as evidenced from the presence
of residues.

Anionic and cationic substances also
influenced the dissipation of herbicides. The presence
of anions such as chloride, perchlorate, sulphate,
carbonate and bicarbonate affect the adsorption
of the degrading species and thereby affecting the
degradation rate. The presence of cations showed
both positive and negative effect on the degradation
rate. The presence of transition metal ions such as
Fe?+and Cu #* showed marked enhancing effect on
the degradation rate. It was also observed that the
degradation rate was increased with the increase in
the concentration of ferric ion. The presence of the
cations cobalt and manganese showed detrimental
effect that may be due to the associated anion and
the effect of the salts on substrate adsorption.

From the investigations it was observed
that at pH 4.0, dissipation rate was enhanced and
showed detrimental effect in the rate towards neutral
pH. This may be due to the influence of pH on the
surface charge of the photocatalyst and also the
state of ionization of the substrate and hence its
adsorption. At pH 4.0 and 9.0, the photocatalytic
degradation was found to be higher. The faster
degradation at higher pH’s can be attributed due
to the rapid hydrolysis of molecules by the free OH
radicals.

Effect of surfactant was studied by using
cetyltrimethyl ammonium bromide (CTAB), sodium
dodecyl sulphate (SDS) and polyoxy ethylene (23)
dodecanol(Brij-35). The degradation of the herbicide
was enhanced while using SDS surfactant. The
enhancement may be due to the hydrophobic
interactions of the herbicide with the anionic micelles.
The inhibition of oxidation was observed while
using CTAB and Brij-35 surfactants, the inhibitory
effect may be due to the lack of hydrophobic or
hydrophilic interactions between the herbicide and
the surfactants.

The degradation rate of herbicide was found
to be proportional to the radiant flux used. At higher
flux the rate was greater, this means that the process
works in a good photocatalytic regime, the incident
photons were efficiently converted into active
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species that act in the degradation mechanism.
The conditions under which the degradation rate of
Alachlor was greatly accelerated were given in the
table-1. The degradation pattern of alachlor under
the optimum conditions was represented graphically
in Fig.1.

The applicability of the method was studied
using effluent samples collected from the herbicide
manufacturing facility. To understand the influence
of inherent parameters associated with the effluents,
effluent samples spiked with the herbicides were
also tested without the addition of TiO,. Under the
identical study period, 18 to 25% dissipation was
observed in the samples fortified with 20ug/ml of
herbicide. An identical experiment conducted in
ground water clearly shows the complete dissipation
of alachlor in 40 hours. At this time points no residues
were detected by the HPLC technique used. This
unequivocally highlights the influence of TiO, in
photocatalytic degradation of herbicide in ground
water and in effluent treatment. The details were
graphically represented in Fig.2.

This was also evidenced by the confirmatory
technique LC/MS/MS applied in the study. Further
studies using LC/MS/MS identification of metabolites,
showed the formation of several metabolites
in aqueous solutions due to the photocatalytic
degradation of alachlor. The details were presented
in scheme 1.

The rate of the reaction was calculated
under the following conditions. Concentration
of herbicide - 20pg/ml, amount of TiO, - 0.5g/,
temperature - 40°C. Calculated the dissipation
kinetics in terms of DT, , DT, and rate constant.
The DT, DT,, and rate constant of alachlor were
found to be 7.68 + 1.41, 29.42 + 5.69 and 0.1147
hour respectively. Results clearly shows that the
dissipation follows first order kinetics in all the
investigations conducted with the alachlor.

CONCLUSION

The ensemble of these results clearly
confirms that photocatalysis is a convenient and
cheap means of decontaminating ground water
and for treating effluent. The results also showed
the rate of decontamination of ground water
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increased in several folds under various conditions
established. Because of the robust character of
titania, photocatalysis can be envisaged as an
advantageous technique for purifying aqueous
wastes'® and producing drinking water, especially in
remote arid sunny places, where water supply will
be a crucial problem in the next millennium.
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