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Oxidation of lindane in contaminated water under solar irradiation in the presence of
photocatalyst and oxidizing agents
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The oxidation of lindane is investigated by photooxidation and photocatalytic procedures using solar light
irradiation. The photocatalyst used in photocatalysis is Degussa P25 TiO,. The degree of oxidation is followed by
chemical oxygen demand (COD) measurements. The oxidation process is carried out at different initial concentrations
of lindane varying from 0.05x10 > M to 1.0x10> M. The photooxidation and photocatalytic oxidation are studied in the
presence of H,0,/K,Cr,05 to check the effect of oxidizing agents on the rate of oxidation. The higher rate of oxidation
is observed in the presence of H,O, when compared to K,Cr,07 in photocatalysis. The decrease in the concentration of
lindane during oxidation is also followed by UV-visible absorption studies. The oxidation of lindane follows the first
order kinetics and the value of the rate constant &, as calculated, is 0.43x107*s7".
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INTRODUCTION

Wastewater treatment is one of the challenging
areas of the environmental pollution control as our
hydrosphere is getting contaminated with signifi-
cantly high concentrations of various chemicals.
These chemicals include the pesticides used mainly
in agriculture; dyes used in the textiles, laboratory
reagents, etc. Pesticides constitute one of the major
classes among pollutants. In recent years pesticide
compounds (insecticides, herbicides, fungicides,
nematodes, rodenticides, efc.) are being increasingly
used in the control of pests. Many of these chemi-
cals persist for long periods causing contamination
of water, soil and air environment. Many of these
pesticides and organochlorine compounds are toxic,
carcinogenic and mutagenic. The contamination of
water by these chemicals has become a major and
serious problem globally and removal of these con-
taminants has become very challenging.

There are several techniques of removal of
contaminants from the water [1-4] and some of
them are found to be inefficient procedures. Bio-
logical oxygen demand (BOD) and the chemical
oxygen demand (COD) [5-7] are among the waste
water quality indicators, which are essentially
laboratory tests to determine the pollutant content.
Any oxidizable material present in a natural water-
way or in an industrial or wastewater will be oxi-
dized both by biochemical (bacterial) or chemical
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processes. Recent developments in the domain of
chemical water treatment have led to improved
oxidative degradation procedures, which are gene-
rally referred to as advanced oxidation processes
(AOP). Among AOP the photooxidation has
attracted much attention for the degradation of
pesticides and organic pollutants in contaminated
water [8—11]. Photooxidation uses the energy in
light to destroy environmental contaminants, applic-
able both as a waste clean-up and a pollution control
technique.

In photocatalysis TiO, is a widely used photo-
catalyst [8—11]. A wide range of photonic efficien-
cies are observed among various TiO, phases and
formulations. Studies have shown that mixtures of
anatase and rutile TiO, perform better than either
individual rutile or anatase phases of TiO, [12] and
the high photocatalytic activity is reported in some
mixed-phase TiO, preparations such as Degussa
P25. The commercial Degussa P25 TiO, contains 80
to 90% of anatase and 10 to 20% of rutile [12]. The
inactivity of pure-phase rutile is due in part to rapid
rates of recombination. In mixed-phase TiO,, charges
produced on rutile by visible light are stabilized
through electron transfer to lower energy anatase
lattice trapping sites. These results suggest that
within mixed-phase titania (P25) there is morpho-
logy of nanoclusters containing typically small rutile
crystallites interwoven with anatase crystallites. The
transition points between these two phases allow for
rapid electron transfer from rutile to anatase. Thus,
rutile acts as an antenna to extend the photoactivity
into visible wavelengths [13] and the structural
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arrangement of the similarly sized TiO, crystallites
creates catalytic “hot spots” at the rutile-anatase
interface. Hence, the commercial Degussa P25 TiO,
photocatalyst has been chosen for the photocatalytic
oxidation study in order to compare with direct
photooxidation and chemical oxidation.

In the present work the oxidation of lindane by
direct photolysis and photocatalytic oxidation by
chemical oxygen demand (COD) measurement
method is discussed. Lindane is an organochlorine
insecticide. Consumption or acute exposure to
lindane can cause health hazards in humans, aquatic
animals and birds [14]. Hence, the suitable pro-
cedure for the decontamination of lindane from the
aquatic environment is needed. In this regard, in the
present study the oxidation of lindane by solar light
irradiation and by an oxidizing agent in the
presence/absence of catalyst has been explored. The
analyses are made by oxygen demand measurements
(COD tests) and also by UV-visible absorption
studies.

EXPERIMENTAL
Materials

Lindane is obtained from Rallis India Ltd., an
Agrochemical Research Station, Bangalore, India.
The purity of the compound was about 98.5% and it
was used as obtained from the industry without
further purification. Benzene hexachloride (BHC) is
the 100% pure form of the product while lindane is
slightly less pure (> 99% pure). There are eight
separate three dimensional forms (isomers) of BHC;
the gamma configuration being one of those forms.
Lindane refers only to the y-isomer of BHC [14].

The other materials such as potassium dichro-
mate, ferrous ammonium sulphate (FAS), silver
sulphate, mercuric sulphate, hydrogen peroxide,
H,SO, and Ferroin indicator of Merck chemicals are
used for the study. Degussa P25 TiO, as supplied by
the company has surface area of about 50 m*/g and
anatase and rutile ratio is 4:1 (80%:20%).

Analytical Methods

Photooxidation and photocatalytic oxidation
procedures are employed to study the oxidation of
lindane in which COD measurement and absorption
studies are used as analytical methods to follow the
degradation of lindane. The value of COD indicates
the concentration of the lindane in the solution. The
COD values give the extent of degradation of
lindane under solar illumination.

The UV-visible spectra of the samples were
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obtained using Shimadzu UV-VIS-160 model
instrument. The decrease in the absorption intensity
of the bands corresponds to the wavelengths, 198 nm
and 190 nm indicating the degradation of lindane.

Reactors

Photoreactor. The photoreactor unit consists of
the optical convergence lens of circumference of 39
cm which was fixed at the appropriate height in
such a way that the entire area of the reaction vessel
would focused by the sun light and it was main-
tained carefully throughout the experiment. It
consists of a glass reaction vessel of circumference
34 cm, 1 litre capacity, which was mounted on a
magnetic stirrer. The entire set up is encased in a
cabinet.

COD (chemical oxidation) reactor. The experi-
mental setup used for COD test is a round bottom
flask fitted with reflux condenser (water cooled).
The heating was done using heating mantle.

Experimental procedure

Photooxidation of lindane at 0.1x10> M con-
centration has been studied under solar light irra-
diation. The solution of about 500 ml was kept
under constant stirring during irradiation. The solar
irradiation was performed between 11 a.m. to 2 p.m.
during June and September months in 2008. The
experimental setup was made on the roof of the
research laboratory in Bangalore, India. The latitude
and longitude are 12.58 N and 77.38 E, respectively.
The average intensity of sunlight was around
1.16x10°> W-cm 2. The solar light was concentrated
by using convex lens and the reaction mixture was
exposed to this concentrated solar light. The samples
were withdrawn before the start of irradiation and at
30, 60, 90 and 120 min during irradiation in about
30 ml quantities each time. The similar procedure
was involved in photocatalysis, but in the presence
of Degussa P25 TiO, photocatalyst. The samples
from the photocatalysis were centrifuged to remove
suspended photocatalyst. Then COD measurements
were made for these samples using strong oxidizing
agent potassium dichromate. The process is largely
followed by measuring chemical oxygen demand
(COD) of the solution and also studied by UV-
visible absorption measurements. The COD deter-
mination involves the use of oxidizing agent, such
as potassium dichromate, to oxidize the chemical in
acidic aqueous medium. The other reagents such as
silver sulfate were added as catalyst and mercury
sulfate in order to avoid the formation of silver
halide [5-7, 15, 16].
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RESULTS AND DISCUSSION
Chemical Oxygen Demand (COD) measurement

The degree of oxidation is followed by chemical
oxygen demand (COD) measurements. The samples
of photooxidation and photocatalytic oxidation
experiments are used for COD measurements. In
general the COD value indicates the extent of
contamination of water by the pollutants. In this
study, it also implies the concentration (amount) of
lindane oxidized. The general reaction of potassium
dichromate with lindane is given by the equation:

C6H6C16 + 2CI‘20727 + 2stO4 —
— 6CO, + 2H,0 + 6HCl + 2Cr,80, (1)

The COD calculations are made using the
following relationship:

COD = 8000 (V — V))N/V )

Where V; is the volume of FAS used in the blank
sample, V; is the volume of FAS in the original
sample, and N is the normality of FAS. If millilitres
are used consistently for volume measurements, the
result of the COD calculation is given in mg/L.

Higher COD value indicates higher concentra-
tion of contaminants in the water. On treating any
particular waste water (of particular concentration)
the COD should decrease. Here, COD test itself is
considered as the chemical oxidation. However, this
method itself introduces lots of toxicants such as
chromium ions, acid, efc., along with the degrada-
tion of lindane. Hence, a suitable environmental
friendly method is essential for removal of water
contaminants. In this regard, photooxidation by
natural or artificial light irradiation is prominent.

Optimal concentration of lindane

The optimal concentration of lindane was deter-
mined by conducting COD experiments at various
concentrations such as 0.05x1072 M, 0.1x107> M,
0.5x10> M and 1.0x10 M in the presence of fixed
amount of oxidizing agent and catalyst. The COD
value is doubled for 0.1x10> M concentration of
lindane and further there is a slight decrease in the
proportional COD values. This may be due to
decrease in the catalytic activity of the silver ions
and competitive reactions with the degradation
metabolites. Therefore, 0.1x102 M solution of
lindane is used as optimum concentration for this
study. The corresponding COD values are given in
Table 1. Similarly, optimal refluxing time was
determined and it was found to be 1.5 h for the
above optimal concentration.

Table 1. The COD (chemical oxidation) values corres-
ponding to various concentrations of lindane.

Concentration, x102M COD value, x10 mg/L

0.05 15.34
0.1 33.21
0.5 131.30
1.0 228.57

Photooxidation and photocatalytic oxidation

The photooxidation is carried out under solar
light at various concentrations of lindane as men-
tioned above. The COD values of the samples are
determined in these experiments after 120 minutes
of irradiation. The decrease in the COD values
implies the increase in the oxidation of lindane. The
COD values at the various initial concentrations of
lindane used in the photooxidation experiments are
plotted as shown in Fig. 1. The higher COD values
in chemical oxidation indicate the greater amount of
oxygen required for the oxidation of lindane. The
lower COD values in the photooxidation and photo-
catalytic oxidation imply the oxidation of lindane by
these processes as shown in Fig. 1. The COD values
in photocatalytic oxidation are significantly less
than 50% (curve a) of that of photooxidation (curve
b) as depicted in the figure. This implies the effect
of catalyst on the oxidation of lindane. The concen-
tration of lindane has become zero after 90 min. of
solar irradiation. It can also be seen from the figure
that the maximum in oxidation has occurred for
0.1x10* M lindane, which is the optimal concen-
tration. The COD values for the photooxidation and
photocatalytic oxidation of lindane for 0.1x10* M
concentration, at different time intervals are given in
Table 2. The decrease in COD values with increase
in solar irradiation time implies an increase in the
oxidation of lindane.
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Fig. 1. Plots of COD values as a function of concentration
of lindane in which the curves, a, b and ¢ correspond to
chemical oxidation, photooxidation and photocatalytic

oxidation, respectively.
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Table 2. COD values for the photooxidation and photo-
catalytic oxidation of lindane (0.1x10% M) at different
time intervals.

Irradiation time, COD value, x10 mg/L

mm Photooxidation Photocatalytic
oxidation
0 33.44 33.21
30 25.24 10.56
60 21.80 7.88
90 18.16 0.0
120 17.68 0.0

The UV-visible spectral studies have also been
employed. The spectra for the initial sample (before
irradiation) and for the samples after 30, 60, 90 and
120 minutes of solar irradiation are shown in Fig. 2.
The Apax for lindane is found to be at 198 nm. The
intensity of absorption decreases with increase in
irradiation. The absorption intensity is decreased
considerably after 120 min. of irradiation. This indi-
cates nearly 70% oxidation of lindane, whereas in
photocatalysis in the presence of Degussa P25 TiO,,
the complete oxidation of lindane takes 0 min. of
irradiation. The bands at 198 nm and at 190 nm are
characteristic of aromatic m— n* transition. The
decrease in intensity of absorption bands shows the
degree of oxidation of the compound in other words
the degradation of lindane.
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Fig. 2. Superimposed UV-visible absorption spectra:
a. sample before solar irradiation; b. sample after 30
min. of irradiation; c. sample after 60 min; d. sample
after 90 min.; e. after 120 min..

However, in photo/photocatalytic oxidation
experiments for efficient oxidation, the intensity of
the solar light focused on to the reaction solution is
very important. The amount of radiation intercepted
by a planetary body varies inversely proportional to
the square of the distance between the star and the
planet. The Earth’s orbit and obliquity change with
time (over thousands of years), sometimes forming a
nearly perfect circle, and at other times stretching
out to an orbital eccentricity of 5% (currently 1.67%).
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The total solar illumination remains almost constant
but the seasonal and latitudinal distribution and
intensity of solar radiation received on the Earth's
surface also varies [17]. Fig. 3 is the solar spectrum,
which shows the absorption of sun light at different
wavelength regions. However in the present
research work photo/photocatalytic oxidation using
solar light was performed as described previously.
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Fig. 3. Solar radiation spectrum which shows the
radiation of sunlight at the top of the atmosphere,
at sea level and black body radiation.

Effect of oxidizing agent on the rate of
photo/photocatalytic oxidation

The degree of conversion is depending on several
factors and one of them is the formation of photo-
generated reactive radical species. Therefore, the
photo/photocatalytic oxidation experiments were
conducted in the presence of oxidizing agents such
as H,O, and K,Cr,O;. The presence of oxidizing
agents causes the formation of OH radicals under
light illumination more efficiently in the presence of
photocatalysts. The OH radicals are highly potent
oxidants, which enhance the rate of oxidation. The
oxidation of lindane in these processes is analyzed
by COD determination at different time intervals
during illumination. The COD values from the photo-
oxidation and photocatalytic oxidation experiments
in the presence of H,O,/K,Cr,0; are plotted against
the illumination time as shown in Fig. 4. The curves
a, b and ¢ correspond to photooxidation of lindane
carried out in the absence of oxidizing agent, in the
presence of H,O, (5 ml of 0.01 M) and in the
presence of K,Cr,O7 (5§ ml of 0.01 M) respectively.
The higher rate of oxidation is observed in the
presence of H,0O, than that in the presence of
K,Cr,O; (Table 3). The reason may be the ease of
formation of greater number of OH radicals in the
presence of H,O, when compared to K,Cr,O;. The
dichromate may directly oxidize lindane to some
extent since it is a strong oxidant provided the
media is acidic, but the formation of the essential
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OH radicals is considerably less. Hence, the higher
rate can be expected in the presence of H,O,. How-
ever, the rate of oxidation of lindane is much higher
in the presence of both catalyst and oxidizing agents,
i.e. in the photocatalysis. There is a rapid decrease
in the COD values in these experiments (curves d, €
and f). The curves d, e and f correspond to photo-
catalytic oxidation of lindane carried out in the
absence of oxidizing agent, in the presence of H,O,,
and in the presence of K,Cr,O; at 5 ml of 0.01 M
concentration, respectively. The highest rate of
oxidation is observed with H,O,, when compared to
dichromate.
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Fig. 4. Plot of COD values as a function of solar irradia-
tion time for the oxidation of lindane in which the curves
a, b and c correspond to the photooxidation experiments
and the curves d, e and f correspond to photocatalytic
oxidation experiments. The curves a and d, b and e,
and c and f correspond to the experiments carried out
in the absence of oxidizing agent, in the presence of
H,0; and in the presence of K,Cr,05, respectively.

Table 3. COD values for the photooxidation and photo-
catalytic oxidation of lindane (0.1x107 M) in the presence
of H,0, and K,Cr,0- as additional oxidizing agents.

Irradiation COD values in COD values in
time, photooxidation photocatalytic oxidation
min experiments experiments

Without With  With Without With  With
Oxidant H202 K2CT207 Oxidant H202 K2Cr207

0 3334 3325 333 3322 33.0 33.12
30 27.6 270 248 10.56 872 9.12
60 212 195 17.8 7.88 0.0 1.35
90 173 146 125 0.0 0.0 0.0
120 13,5 125 10.2 - - -

Efficiency and kinetics of photooxidation and
photocatalytic oxidation

The efficiency ‘%’ of photo/photocatalytic oxida-
tion is defined by conversion degree as follows:

n=[(CODy — COD)/COD,]<100 (%) (3)

Where, COD, and COD denote the concentra-
tions at the initial moment and given time ¢, res-

pectively. Fig. 5 is a plot of 7(%) versus irradiation
time, which implies the percentage of conversion of
lindane to product to be high at the beginning and
later it became almost constant. About 70% effi-
ciency of total oxidation is achieved within 90 min
of irradiation in photooxidation. However, 100%
efficiency is achieved in photocatalysis in 90 min of
irradiation.
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Fig. 5. Plot of oxidation efficiency ‘n(%)’ versus
irradiation time.

COD concentration can be fitted well by the
following apparent first-order kinetics:

In(CODy/COD) = kt @)

Where, £ is the apparent first-order reaction rate
constant, which is found to be 0.43x10* s for the
oxidation of lindane. Fig. 6 represents the plot of
log(CODy/COD) versus irradiation time, in which
the initial rate of oxidation is high. About 70% of
degradation (of total oxidation) has taken place in
the course of 1.5 h of irradiation, whereas the rate
constant for photocatalytic oxidation is 1.27x107* s,
in which 100% oxidation has taken place.

log comvcoD
=

0 20 a0 all 20 10 120 140
Ixradia tion tree {redn

Fig. 6. Plot of log(COD/COD) versus irradiation time.

CONCLUSION

In this research work a comparative study of
photooxidation and photocatalytic oxidation of
lindane has been explored by using oxygen demand
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measurement procedure. The photocatalytic oxida-
tion is found to be doubly efficient than direct
photooxidation at 0.1x107 M concentration of
lindane in the presence of commercially available
Degussa P25 TiO,. The method is more simple and
cost effective as it uses the more abundant solar
light for the oxidation of lindane. This procedure
can be extended to study the detoxification of other
water contaminants. The efficiency of the solar
photo/photocatalytic oxidation is enhanced consi-
derably in the presence of oxidizing agents.
Decrease in the COD values in the presence of
oxidizing agents implies an increase in the oxida-
tion of lindane. Comparatively higher rate of degra-
dation is observed with H,O, than that with
potassium dichromate.
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OKMCJIEHUE HA JIMHJIAH B 3BAMBPCEHM BOIU IO/ JEUCTBUE HA CJTbHUEBA CBETJIMHA
B ITPUCBCTBUE HA ®OTOKATAJIM3ATOP 11 OKUCIIUTEJIEH ATEHT

I'. Kpumnamypru'*, M. Cona Bait®

! Henapmamenm no xumus, Yuusepcumem na Banzanop, Baneanop 560001, Hnous
2
Henapmamenm no xumus, Koneowc I'vmam, Baneanop, Unous

[ocrpmuna va 5 1oam 2009 1.; IIpepabotena na 25 stayapu 2010 .

(Pesrome)

W3zcnenBaHo € OKHMCIEHHETO Ha JIMHIAH 4pe3 (OTOOKMCIIeHHE W BBB (POTOKATAIMTUYHH HPOLECH C WU3IOJI3BaHE HA
ci'lbHYeBa cBemInMHA. M3mon3Ban e dotokaranmuzatop TiO, Degussa P25. Crenenra Ha OKuCIIeHHE € OIpeeNneHa 4pe3
n3MepBaHe Ha XxuMudecku notpedHust kuciopo (XIIK). OKucnuTeHuT Ipolec € MPOBEXIAH IPH PA3THIHA HaYaIHA
KOHLIEHTPALUY Ha JIMHAAH - OT 0.05x102 M o 1.0x1072 M. POTOOKHUCIEHHETO U (hOTOKATATUTHIHOTO OKHCIICHUE ca
n3caensanu B npuckeTBre Ha H,0, 1 K,Cr,07 3a na ce mpocienn edexra Ha OKACIUTETHN areHTH BBPXY CKOPOCTTa Ha
oxucnenue. [Ipu porokaranusa mo-BUCOKa CKOPOCT Ha OKUCIICHHE € HabroaBaHa B npucbeTBre Ha H,O, B cpaBHEHNE
¢ K,Cr,0;. Hamanenuero Ha KOHLEHTpanUsTa Ha JIMHIAH 110 BpeMe Ha OKHCICHHETO € CIIeAeHO 4pe3 abcopOuusra B
VYB-Buguma o6nact. OKHCIEHHETO Ha JIMHIAH ClleBa KMHETHKATa HA peaknus OT IbPBU MOPSAABK M H3YHCIIEHATa

CTOIHOCT Ha CKOPOCTHATa KoHcTaHTa k e 0.43x107* 57!,
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