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Abstract

Organophosphorus insecticide dichlorovos (DDVP) can be photodegraded into chloride ion, water, carbon dioxide and other compounds
in an aqueous solution containing semiconductor powder suspensions, using ultraviolet light. Thermostatic photolytic photocell (35 ml) is
used. The rate of this photodegradation has been measured by monitoring concentratioioof @H, conductivity of the solution and
change in the absorption spectra of compound during irradiation. The effect of various parameters, including semiconduyct@nTiO
TiO2/V,S,), organic sensitizergp{nitrophenol, hydroguinone, riboflavine) .8, concentrations and radiation sources (UV, visible and
sunlight), has been studied and new experimental optimized conditions have been established.

According to the experimental and kinetic results, the photocatalytic degradation reaction is followed up first order, and possible
mechanisms are suggested.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction carcinogenic compounds at a semiconductor—water in-
terface [11-13] For instance, toxic organophosphorous
Insecticides are considered cumulative and toxic com- insecticides are liable to photocatalyzed-decomposition, ul-
pounds. Their presence as contaminates in aquatic entimately becoming completely mineralized products, over
vironments may cause serious problems to human be-illuminated semiconductor suspensidid]. Lu et al.[15]
ings and other organismfl-5]. Dichlorovos (DDVP), have investigated several factors affecting the photocatalytic
as an organophosphorous insecticide, is used widely fordegradation of DDVP using a glass photoreactor coated
crop protection mainly in greenhouses and for control- with TiO and 20 W black-light tungsten fluorescent tube.
ling parasites and insects in houses, aircraft, and outdoorThey found that the activation energy was 28.4 kJmhol
areas (as aerosols, liquidspray8). LDso of DDVP for and the quantum yield for the destruction of DDVP was
mouse 87 mg/kg, rabbit 205mg/kg and man 400 mg/kg 2.67%. Gratzel et al16] have described a complete min-
[6,7]. Consequently, it becomes necessary to remove theeralization of 4-nitrophenyltriethylphosphate on Nb-doped
residues of this toxic compound from matrices such as TiO. Harad et al[17] have shown that efficient degrada-
water by devising an efficient and economic purification tion of DDVP and Trichlorofon occurred by using PtY/HO
method. photocatalyst and $O addition and that these are min-
Recently, the so-called “advanced oxidation processes”eralized into non-toxic products of Tl PQs3~, H* and
have become a promising method of aquatic detoxifica- COy.
tion [8-10]. Of these, heterogeneous photocatalysis, which ~ This study describes the photodegradation of DDVP
involves electron—hole pair formation initiated by gap ex- using (TiG, ZnO, V,S,/TiOz) aqueous dispersions com-
citation of semiconductor particles, has great potential bined with organic sensitizers. The effect of various param-
as a technique to dispose off environmentally harmful or eters (sensitizers, concentration, temperature, different light
sources and semiconductors) on this photo-oxidation reac-
"~ Corresponding author. _tion_is invest_igated. Moreover, photodegradation of DDVP
1 present address: Department of Chemistry, College of Science, Uni- IN TiO2/sensitizer system under solar exposure is observed.
versity of Diyala, Diyala, Iraq. The possible mechanisms are proposed.
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2. Experimental for final photodegradation products, using ion chromato-
graph (Metrohm 690) equipped with an electroconductivity
2.1. Materials detector for measuring the quantity of Cion formation,

UV-visible spectrometer (Philips PW8800), gas chromato-
DDVP used in this experiment was supplied by BDH graph (Varian Vesta 6500), conductometer (WtW LF 191)

(99% purity). The molecular formula is and pH meter (Philips PW942). Classical qualitative analyt-
ical methods were also used to identify the final ions.

//0 Experiments under sunlight were carried out in glass
CL,C =CHOP(OCH3;), flasks containing an aqueous solution 023 x 1074M

. . . DDVP and 0.0606 mg1! TiO2 anatasewith and without ri-
TiO2 (anatase and rutile) of Fluka, with BET surface area poflavine as sensitizer. These experiments were conducted

of 18.11nf g™ (Epg = —3.29eV) and 14rAg™* (Epg = on sunny days between 9.00 a.m. and 4.00 p.m.
—3.05eV), respectively, were used. ZnO (99% purity) was

supplied by Ventron GmbH. A 5% A5,/TiO, with BET
surface area of 44.9%hy~! was prepared in this laboratory 3 Results and discussion
according to the procedure described elsewlfitg

The organic sensitizers, riboflaving;nitrophenol, other 3.1. Preliminary studies
sensitizers and chemicals used were analytically pure grade
obtained from recognized suppliers. Oxygen (99.9%) and

; Preliminary experiments showed that the destruction of
nitrogen (99%) gasses were locally produced.

DDVP (1.25 x 10~#m) in the presence of Ti§(60.6 ppm)
and oxygen flowing (20 mImint) did not occur in the ab-

2.2. Photochemical reactor and procedures sence of UV-light { = 365 nm). No promising results were
observed by using tungsten (500 and 1000 W) lamps during
A 150W medium-pressure mercury lampnbx = 3h illumination under similar conditions.

365 nm) supplied by PHYWE Ltd. was used as light source.  When the same concentrations of DDVP was illuminated
A Pyrex photoreactor (cylindrical shape, volume 35ml) with UV-150W in the presence of T¥X60.6 ppm) in oxy-
equipped with a slice window (diameter 3 cm) surrounded gen atmosphere, an increase in the formation of ©hs
by a thermostatically controlled water jacket was used. The and conductivity, but a decrease in pH were observed. This
operation and arrangement of the whole laboratory systemindicates that photodegradation of DDVP occurs better un-

are given elsewher 9]. der UV-150 W illumination than that of two visible sources
A known amount of a certain photocatalyst was added according to intensity20].
to an aqueous solution of dichlorovos (with initial con- Figs. 1 and 2show that the concentration of Clions

centration of 125 x 10~ M, unless otherwise noted) in a and conductivity increases with time but the pH decreases
photoreactor cell. The reaction mixture was magnetically (Fig. 3), indicating that the dechlorination of DDVP oc-
stirred, and the resulting suspended solution was irradiatedcurs for formation of acidic products (i.e., HCI,2PQy).

with a medium-pressure mercury lamp, while bubbling oxy- The effect of flow rate of oxygen bubbling was found to be
gen of flow rate of 20mimin! was passed through the in important factor on the rate of dechlorination of DDVP
solution. Several samples were withdrawn at different ir- (1.25 x 10-*M) under similar condition.

radiation time intervals and immediately centrifuged to re-  Fig. 4 shows that the highest concentration of Gbns
move photocatalyst particles. These samples were analyzeds obtained at the flow rate of 20 ml mih after irradiation
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Fig. 1. Formation of Ct ion with time of irradiation (A) using UV-light and (B) in dark.
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Fig. 2. Change in conductivity of DDVP solution with time of irradiation (A) using UV-light and (B) in dark.
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Fig. 3. Change in pH with time of irradiation (A) using UV-light and

(B) in dark. Fig. 5. Formation of Ct ion with time of irradiation using @) oxygen

and (A) nitrogen flowing at 20 mlmin?.

under UV-light for 3h. Above this flow rate, dechlorina- i, conducting band (CB) on the TiOsurface. Therefore,
tion of DDVP gradually decreases. This may be attributed yy.jight and oxygen bubbling at 20 mimitt were used
to the competition of such compounds significantly with {nroughout.

O2 on the adsorbed sites of TiGurface, thus decreasing
the formation of hydroxyl radical as a powerful oxidizing
agent, which is responsible for the photomineralization of
DDVP in aqueous solution under similar conditions. How- .
ever, in a nitrogen atmosphere (20 ml mi, dechlorination Many researchers have shown that the addition g0H

of DDVP is completely suppressefig. 5), because nitro- to the photodegradation process in the presence of semicon-

gen molecules cannot react with photoelectrons generateoduf:to,r would increase the efficiency of the procigss-24}
This is because D, as an efficient electron acceptor in-

creases the generation of more OH radicals when reacting

3.2. Effect of adding H2O, on photodegradation of DDVP
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Fig. 4. Formation of Ct ion with oxygen flow rate using UV-light at

180 min.

Fig. 6. Formation of Cf ion with time of irradiation &) in the presence
of H,0, and @) in the absence of $0,.
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180 (20mimin~Y) during a 3h irradiation time. Above this
concentration, the light scattering becomes more effective,
and this decreases the photo-intensity usually absorbed by
TiO,, thereby decreasing the rate of photodegradation af-
ter 0.061g1! concentration of Ti@. Our findings are in
harmony with those of other researchers who used a semi-
conductor system for photo-oxidation of such pesticides
[13,27-29]

This reaction scheme is far too complicated because of
different secondary reactions, as the encounter reaction in

Cond.
us/em

40 T T T T T . liquid is very crude and there are uncertainties due to the
Y 30 60 9 120 150 180 “Cage effect” from the different fragments produced and the
t[min] solvent.

Fig. 7. Change of conductivity of DDVP solution with time of irradiation

(A) in the presence of #0, and @) in the absence of }D5. 3.4. Effect of mixed semiconductor

A comparative study was carried out using 5%By/TiO,

(60.6 ppm) mixed semiconductor and Tbiflatase ZNO,
with conduction band electrorisl,Ox+€ecp — OH™+0H?®) and TiG ruiile @s a single semiconductdfig. 9 shows that
on the surface of semiconductors, resulting in more de- the percentage of Clion liberated increases as follows:
struction of most organic pollutan{®2]. Fig. 6 shows a 5% V,S,/TiO, (66.8%) > TiO2anatase(624%) > ZnO
comparison of photodegradation of DDVPZ% x 10~4 M) (49.8%) > TiO2 ytile (21.7%).
with and without HO, addition in the presence of TyO It is worth noting that a high increase in the dechlorina-
(66.6 ppm) and @flowing as a function of irradiation time.  tion of DDVP using 5% \(S,/TiO, may be due to the large
A high dechlorination rate is observed, and the percentagesurface area of this photocatalyst, which leads to an increase
of CI~ ion liberated increased to about 89.4% with®J in the adsorbed oxygen molecules on its surface and forma-
(5x 10°° M), compared with 62.4% without ¥, addition
during a 3 h irradiation time.

Conductivity of the solution Kig. 7) also increases

1.5-fold by the addition of HO,. Results show that the 6
pH of irradiated solution (figure not shown) during 3 h 5j
decreases markedly. These results are in good agreemeriCl'l ppm 4
with those reported by other workers for photocatalytic 31
degradation of such insecticidgzb,26] 21
1 .
0 T T T T T

3.3. Effect of concentration of TiO» 0 30 60 90 120 150 180

Fig. 8 shows the optimum concentration of BiQatase t[min]
which gives a maximum concentration of "Clion at Fig. 9. Formation of Ct ion with time of irradiation using UV-light in the

0.0606 g’r1 (60.6 ppm) t_hrough the photodegradaﬁon of presence of M) 5% V,S,/TiO; (60.6 ppm), ®) TiOzanatase(60.6 ppm),
DDVP (1.25 x 10~*M) in the presence of © flowing (@) ZnO (394 ppm) and &) TiOze With (60.6 ppm).
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Fig. 8. Change in formation of Clion with concentration of Ti@anataseusing UV-light at 180 min irradiation at room temperature.
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Fig. 10. Change in conductivity of DDVP solution with time using UV-light in the presenc@f5% V., S,/TiO (60.6 ppm), ®) TiO2 anatase(60.6 ppm),
(®) ZnO (394 ppm) and &) TiOyile With (60.6 ppm).

tion of more radical ions (&, O,—, O7) that enhance the
photo-oxidative degradation process of the DDVP molecule.
Similarly, the conductivity of the solution during a 3h irra- 8

diation also increase§ig. 10 in the same order, indicating 7
that V. S,/TiO; is more efficient than the other semiconduc-
tors investigated. These results agree well with other works 61
that used different semiconductors (but notSy/TiO») [CT'] ppm 5 -
for photocatalytic degradation of polluted molecules 4 -
[11,18] 3
. .. .. . 2 71
3.5. Effect of various sensitizers addition to semiconductors 14
It is proposed that the photosensitization of semiconduc- 0 - T T T '
tor by various dyes permits the expansion of the wavelength 0 30 60 %0 120 150 180
response of the photocatalysts to visible region, thereby t[min]

enhancing their photogatalytlc aCt'IV.'ty' I.€., Increase In th.e Fig. 11. Formation of Ci ion with time of irradiation in the presence
rate of photodegradation of pesticides and other 0rganic of Tio, yatse and (—) riboflavine (15mg), &) p-aminophenol (2 mg),

compoundg29]. (®) hydroquinone (2mg),®) p-nitrophenol (2 mg) andl) TiO only.
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Fig. 12. Arrhenius plot of reaction rate constant versus &t/215 nm.
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Fig. 11 shows the addition of different sensitizers
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3.7. Effect of temperature on photodegradation

in the concentration range of 0.015-0.002g per 35ml of DDVP

to TiO, (60.6 ppm) for the photodegradation of DDVP
(1.25x 10~*M) in oxygen flowing (20 mImin'?), using an
UV-150W lamp. Results show that only riboflavine with
TiOy increases markedly by the concentration of @bn

Photodegradation reactions for DDVP have been car-
ried out by varying the reaction temperature from 278 to
318K. Fig. 12 shows the Arrhenius plot between Krof

liberated compared to the other sensitizers investigated.degradation and T/ The data of activated enerds, has
This may due to the absorption of new wavelength by been calculated from the change of optical density at three

riboflavine and TiQ.

3.6. Photodegradation of DDVP under solar exposure

Photodegradation of DDVP (25 x 10~*M) under sun-
light radiation (b = 1.425 x 10 8einsteint1s™1) was
carried out in the presence of TiGhatase(60.6 ppm) and
oxygen atmosphere (20 mlmih). After 7h of solar ir-
radiation, dechlorination of DDVP was low compared
with that of UV-illumination, and the of Ci ion liber-

ated was found to be 29%, while aqueous suspension of

riboflavine sensitized Ti@unatasewas 33% (under similar

experimental conditions). These values are approximately

2—-2.5-fold less than that with UV-irradiation of the two

systems. This lower activity is due to the absorption of a

small function of solar energy by a combined %i@nd
sensitizer.
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Fig. 13. Destruction of DDVP (k 10~*M) and formation of Ct ion
with irradiation time in the presence of TiO(66.6 ppm) measured at
different wavelengths.
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Fig. 14. Plot of INA, — As,) versus irradiation time. When the initial DDVP concentration is 10~ M and TiQ, loading is 60.6 ppm.
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wavelengths 197, 219 and 288nm as a function of the of this photodegradation process was about 67 min at room

temperature. We found that the best data at 215 nm with temperature.

value of E5 = 12.88 kd/mol with less scattered; this reac-

tion may be diffusion controlled and the fragments that are 3.8. Kinetic analysis and mechanism of photoreaction

produced have considerable opportunity to react with each

other or with the adjacent solvent before they move freely  Fig. 14 shows a straight line when the logarithm ab-

into the bulk of the solution to react with other entities (Cage sorbancgA; — Ay) is plotted versus irradiation time. This

effect). indicates a first-order reaction kinetic with specific rate con-
Fig. 13shows the destruction of DDVP measured at dif- stant of 173x10~*s~1. Accordingly, the calculated half-life

ferent wavelengths by UV-visible spectrophotometry and of the reaction is 3998.8s.

the formation of CI ion measured by ion-selective elec- We can suggest that from the data already obtained and

trode for initial concentration of £ 10~4 M of DDVP in the kinetic studies of the photo-oxidative degradation of DDVP

presence of Ti@ and oxygen flowing. About 70% destruc- in aqueous colloidal suspended of pithe following mech-

tion occurred after irradiation for 3.5h. The half-lifg 4) anism may be proposed:

TiO: —= 5 TiO:( e+ hh *)

(e.b) (v

I+ H:Q0>O0H+H"  or H +e —> H

(c.b)

Py
CH30-—F’/ OCH==CCl, Qi’cmo_.p{—oc}-l—ccu
s s M

o O v OH

/ J HE=00
CH30 — P— OH +CH:OH<—2— 0*30— —0+HC=CCL
2 (In

CO, + H0
v addition
0 abstraction
/
CH30H + HO—P—OH
@O/
0,

H_.c—ccz2 HO-C =CCl,
Ly lOH
OH

|
HO-C =CCl,
imerization l
HO ?H CO, + H,O + 2CI”

H0+ COr¢——H— C C—'CI

CO, + H;0

‘ H
’OH H—?—CCIZ—CCIZ—(IZ—H

CO, + 2CI OH OH

Cr+Co; + H,0
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3.9. Conclusions [11] D. Bahnemann, Handbook of Environmental Chemistry, Part Il, Vol.
2, Springer, Berlin, 1999, p. 285.

Degradation of insecticides in water is very important ow- [12] H. Ertl, Kozinger, J. Weitkamp, Handbook of Heterogeneous

. - L : Catalysis, Vol. 4, Wiley, New York, 1997, p. 2111.
ing to their accumulation in plant and animal cells. Research [13] H. Hidaka, K. Nohara, J. Zhao, J. Photochem. Photobiol. 64 (1992)

is on to find the best and easiest way of degradation of these™ ~ 547
molecules and soluble ions. Our research group is examin-[14] K. Harad, T. Hisanaga, K. Tanka, Noiv. J. Chim. 8 (1989) 597.
ing the application of degradation to industrial water. Thus [15] M.C. Lu, G.D. Roam, J.N. Chem, J. Photochem. Photobiol. 76 (1993)

the type of insecticides and the range of concentration intap[16] éoi- critael M. M. Grézel 3. Mo, Catal. 30 (1987) 347
: K. Gratzel, M. Jirousek, M. Gratzel, J. Mol. Catal. .
water have been studied. [17] K. Harad, T. Hisanaga, K. Tanka, Water Res. 24 (1990) 1415.
[18] S.A. Naman, J. Hydrogen Energy 71 (1992) 499.
[19] F.M. Hussien, M.Sc. Thesis, University of Baghdad, 2001.
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