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Abstract

The photocatalytic degradation of dimethoate, an organophosphorous pesticide, has been investigated asidgmi®as catalysts. The
degradation kinetics were studied under different conditions such as substrate and photocatalyst concentration, temperature, pH and addition
of oxidants. The degradation rates proved to be strongly influenced by these parameters. Comparison between the two catalysts showed tha
TiO, is more efficient to the disappearance of dimethoate and follows first-order kinetics. DOC measurements were carried out in order to
evaluate the degree of mineralization. Both catalysts were unable to mineralize dimethoate, but the addition of oxidants improved the efficiency
of the processes. Measurements of phosphate, ammonium and sulphate ions gave valuable information about how this process is achieved
Toxicity measurements showed that only the addition of hydrogen peroxide in the illuminated titanium dioxide suspension was able to lead
to a complete detoxification of the solution.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction different reacting systems, they are based upon a common
property: the production of OHradicals. These radicals are
Organophosphorous pesticides have been used as an athe second strongest oxidative species after fluorine (reduc-
ternative to organochlorine compounds for pest control. Be- tion potentialEg = 2.8 V) and they attack unselectively most
cause of the environmental longevity and toxicity of the ofthe organic molecules resulting in a partial or total decom-
organochlorines, the agro-industry has increasingly relied position[4—7].
upon organophosphate pesticides, which are alleged to be Among these processes, heterogeneous photocatalysis is
safe due to their rapid environmental degradafignOn the one of the most promising, since it has already been used
other hand, according to many researches, if the organophossuccessfully for the destruction of a great variety of organic
phates meet the suitable environmental conditions it is possi-compounds. Furthermore, it gives the opportunity to employ
ble to persist in many environmental compartments for long sunlight, so the common drawback of the relatively high cost
periods of timg2]. Moreover, because of the magnitude of of UV-lamps and electricity can be overcome. A variety of
their application they are the chemicals most frequently asso-semiconductor powders (oxides, sulfides, etc.) acting as pho-
ciated with toxicity to domestic animals and wildlife as well tocatalysts has been ugédl. Most attention has been given to
as humang§3]. As a result effective purification methods for  TiO, because of its high photocatalytic activity, its resistance
removing these pollutants from water are in urgent demand. to photocorrosion, its biological immunity and low c§416].
Advanced oxidation processes (AOPs) have received in- When semiconductors, which are in contact with an
creasing attention as an alternative for treating polluted wa- electrolytic solution, are illuminated with energy greater
ters. These processes, despite the fact that they make use dhan their bandgap enerdy, excited high-energy states of
electron and hole pairs {é¢h*) are produced. These species
* Corresponding author. Tel.: +30 2310997873; fax: +30 2310997873,  Can either recombine in the bulk of the semiconductor and
E-mail addressfyti@chem.auth.gr (K. Fytianos). dissipate the input energy as heat or they migrate to surface
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of the semiconductor’s particles and react with adsorbed high-pressure mercury lamp. The lamp was jacked with a
electron donors or electron acceptors. The photogeneratedvater-cooled Pyrex filter restricting the transmission of wave-
holes act as powerful oxidants and the electrons as powerfullengths bellow 290 nm. The tap water cooling circuit main-
reductants and initiate a wide range of chemical redox tained the temperature at 30-35. Dimethoate solution
reactions, which can lead to complete mineralization of (10 mgL1, unless otherwise stated) with the appropriate
organic compoundg8]. amount of catalyst was magnetically stirred and equilibrated
In this study, the photocatalytic degradation of dimethoate in the dark for 30 min prior the illumination. The pH was not
(O,0-dimethyl Smethylcarbamoylmethyl phosphorodi- adjusted unless otherwise stated.
thioate), an organophosphorous insecticide, using &l At specific time intervals samples where withdrawn from
ZnO as catalysts has been investigated. The objectives werethe reactor. To remove the Ty@r ZnO particles the solution
(i) to evaluate the kinetics of pesticide disappearance, (ii) to samples were filtered through a 0 filter. Dimethoate
compare the rates of reaction assisted by the two photocat-concentrations were determined by a Shimadzu 10AD lig-
alysts (iii) to examine the influence of various parameters uid chromatograph equipped with a variable wavelength UV
such as the mass of the catalyst, the initial concentration of detector using a 250 mm 4.6 mm, C18 nucleosil 100-S col-
dimethoate, the addition of oxidants, change of temperatureumn. The mobile phase was a mixture of acetonitrile and
and pH (iv) to measure the degree of mineralization and water (40/60, v/v) with a flow rate of 1 mL mitt. The de-
(v) to evaluate the detoxification efficiency the studied tection was realized at 210 nm. Standard solutions of pure
processes. compounds were used for quantitative analysis.
s O— CHj, In order to evaluate the extend of mineralization total or-
\\\ yd ganic carbon (TOC) measurements were carried out by a Shi-
P madzu V-csh TOC analyzer. Nitrate, ammonium, sulfate, and
\i‘“c_ CH, —S 7/ \\o_ phosphate ions were analyzed spectrophotometrically (with
7 2 CHy a WTW spectrophotometer) using cuvette tests supplied by
CH; —N WTW following ISO 7890 and 7150 method for nitrate and
", ammonium respectively and turbidometric and molybdenum
H blue/ascorbic acid method from standard methods for sulfate

Although the photocatalytic degradation of dimethoate, @and phosphate ions, respectivgl{].

using titanium dioxide, has been studied from previous re- For the examination of the toxic properties of the samples
searcher$9], no significant effort has been made in evalu- collected at specific time intervals throughout the photocat-
ating the photocatalytic efficiency of ZnO on dimethoate’s alytic treatment, the luminescent bactarificheriwere used.
oxidation and the factors affecting it. Moreover, the already Luminescentbacteria emitlightas a by-product of their cellu-
published papers focus on the mineralization of pesticides lar respiration and metabolic processes. During direct contact
caused only by titanium dioxide, while scarce information is With the target compounds, the reduction of the light emis-
given concerning the change in the toxicity during treatment. sion indicates a decreased rate of respiration caused by the
In our study, the mineralization of dimethoate with differ- Presence of toxic compounds. The inhibitioioficheriwas

ent reacting systems based on combinations of catalysts withmeasured by the Microtox test system (Microtox 500 Ana-

oxidants and their detoxification capacity will be presented. !yzer, SDI)withinshorttime exposure, 5and 15 min. The bac-
teria were in freeze-dried form and were activated prior to use

by a reconstitution solution provided by SDI. Sinédicheri
is a marine organism an adjustment of the osmotic pressure
2. Experimental of the samples was applied, in order to obtain samples with
2% salinity, using a concentrated salt solution (22% NacCl).
Dimethoate analytical grade (99.9% purity) was pur- Toxicity measurements of the samples were conducted using
chased from Riedel-de-Haen (Germany). HPLC-grade sol- the 82% Microtox screening test protocol (sample concen-
vents (acetonitrile and water) were supplied by Merck. Hy- tration 82%)[11]. The pH value of the samples was adjusted
drogen peroxide (30%) was obtained from Panrea&;Rg to 741, prior to the toxicity tests, by the addition of 0.1N
was purchased from Merck. Titanium dioxide P-25 Degussa HCI or 0.1N NaOH solutions.
(anatase/rutile: 65/35, non-porous, mean size 30 nm, surface
area 56 Ag~1) and ZnO (mean size 110 nm, surface area
9.5 g~1) were used as received. HCI, NaOH and phos- 3. Results and discussion
phate buffer pH =7 were used to adjust the pH when neces-
sary. Doubly distilled water was used throughout the work. 3.1. Preliminary studies
Stock solutions of dimethoate (1000 mg1) were prepared
in water, protected from light and stored &t®& The photocatalytic degradation of dimethoate in the pres-
Irradiation experiments were carried out in a 500mL ence or in the absence of the two semiconducting catalysts
Pyrex UV reactor equipped with a diving Philips HPK 125W is presented irFig. 1 It is clear that the photolysis of a
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Fig. 1. Photodegradation of dimethoate (10 mg)Las function of irradia-
tion time in the presence of T¥X100 mg 1), ZnO (100 mg 1) or UV Fig. 2. Dependence of the initial reaction ragen the concentration of the
light only, pHy ~ 7. catalyst ([dimethoate] = 10 mg1l). TiO,, pHo =6.5; ZnO, pky = 7.4.

dimethoate solution in the presence of the semiconductingstudy, it can be observed frofig. 2, that the optimum value
oxides leads to the disappearance of the compound. Un-for TiOz is 100mg ! and for ZnO 500 mg L. This dif-

der these experimental conditions and in the presence ofference is ascribed to the catalysts characteristics—a combi-
100mg L1 TiO» complete disappearance of dimethoate is nation of the surface area and the particle sizey E&hibits
achieved within 30 min of illumination, while in the pres- larger surface area and a smaller particle size which are re-
ence of the same quantity of ZnO Comp|ete disappearancesponSible from one hand, for hlgher reaction rates at small

is achieved after 60 min of light exposure. Bi(P-25) ap- concentrations, and from the other, for provoking more eas-
pears to be more effective on dimethoate oxidation than ZnO. ily light scattering while on the contrary, ZnO requires higher
This result is in agreement with other studj&g,13] In the amounts in order to achieve similar reaction rates before light

absence of a catalyst the photolytic decomposition of the in- Scattering takes plag&9].

secticide occurs at a very slow rate and only a 5% reduction ~ Furthermore, the decrease of the reaction rates at high

of its initial concentration is achieved after 120 min of light catalyst concentration are due to other phenomena that may

exposure. Obviously, the high rate degradation of dimethoatetake place like agglomeration (particle—particle interactions)

in the presence of Tigand ZnO can clearly be ascribed to the which result in a loss of surface area available for light-

catalysts’ activity. Furthermore, the addition of the catalysts harvesting19].

without UV radiation had a negligible effect on dimethoate’s ~ Due tothe great difference in the surface area of both cata-

initial concentration (not shown) indicating the negligible ad- lysts, the comparison between them was not always possible

sorbance of the insecticide on the catalysts’ surface. and consequently the optimum amount of each catalyst was
selected, according tBig. 2, to work with throughout the

1 : 1
3.2. Effect of the concentration of the catalyst study (100mg L™ for TiOz and 500mg L= for ZnO).

In order to study the effect of the catalyst's initial con- S-3- Effect of the concentration of dimethoate
centration on the photooxidation of dimethoate, experiments ) ) _ ) .
were conducted employing different concentrations of;Tio  According to previous studies, the influence of the ini-

and ZnO varying from 10 to 1000 mgt (Fig. 2 while using tial concentration of the solute on the photocatalytic degra-
the same initial concentration of dimethoate. dation rate of the most organic compounds is described by

It is obvious that the reaction rate is directly proportional PSeudo-first-order kinetics which is rationalized in terms of
to the mass of catalyst. However, above a certain value theth® Langmuir-Hinshelwood model, modified to accommo-
reaction rate levels off and becomes independent of the con-date reactions occurring at a solid-liquid interfg2e-23]
centration the catalyst. This limit depends on the geometry ON the assumption of no competition with reaction byprod-
and the working conditions of the reactor and corresponds to UCtS the simplestrepresentation for the rates of disappearance
the optimum of light absorption. Above this concentration, ©f dimethoate is given by
the suspended particles of the catalysts block the UV-light . _ _qc /g — k, K Co/(1+ KCo) 1)
passage and increase the light scattefih$4—18] The op-
timum catalyst loading was found from previous studies to whererg is the initial rate of disappearance of dimethoate
be dependent on the initial solute concentrafit®i. In this andCy its initial concentrationK represents the equilibrium
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Fig. 3. Dependence of the initial reaction ratge on the initial concen-
tration of dimethoat€, (TiO2=100mg L1 pHy = 6.5, ZnO =500 mg L1
pHo =7.2). Inset: linear transform of iy vs. 1Cqy according to Eq(2).

Fig. 4. Effect of pH on the initial photodegradation rate of dimethoate
(10mg LY in the presence of Tig(100 mg L) and ZnO (500 mg t2).

The rate constantkg) are useful for comparisons between

adsorption constant of dimethoate dndeflects the limiting  reactants and can only be made when using the same catalyst
reaction rate at maximum coverage for the experimental con-and the same illumination sourf24].

ditions. A standard means of using this equation is to demon-
strate linearity of data when plotted as the inverse initial rate

versus inverse initial concentration 3.4. Effect of pH

1/ro = 1/kr + 1/kK x 1/Co 2) According to previous studies, pH appears to play an im-
portantrole in the photocatalytic process of various pollutants
Photocatalytic experiments in the presence of;Ténd [15,16,18—-20,25-28The influence of the initial pH value on
ZnO were carried out using various initial concentrations of the initial photodegradation rate of dimethoate for thesTiO
dimethoate (5-50 mgt'). The dependence of dimethoate’s and ZnO suspensions is demonstrateHig 4
concentration on irradiation time was plotted and the initial  In the illuminated TiQ system, the effect of pH on the
reaction raterg values where independently obtained from photocatalytic reaction is generally attributed to the surface
these curves, by the linear fit using only the experimental datacharge of TiG. The point of zero charge (pzc) of Ti@s 6.3
obtained during the first minutes of illumination until 20% and at pH values lower than 6.3 the catalyst’s surface is posi-
reduction was achieved, in order to minimize variations as tively charged and at higher pH valuesitis negatively charged.
a result of competitive effects of intermediates, pH changes, Electrostatic attraction or repulsion between the catalyst’s

etc[20]. surface and the organic molecule is taking place, depend-
The dependence of the initial reaction rageon the ini- ing on the ionic form of the organic compound (anionic or
tial concentration of dimethoate is depictedAig. 3. It is cationic) and consequently enhances or inhibits, respectably,

obvious that the rate increases with the increase of the initial the photodegradation rate. Fig. 4 it is observed that the
concentration of dimethoate until it reaches a saturation valuehigher degradation rate occurs at pH=6.5 which is near the
at high concentrations of the insecticide. Above 20 mg,L point of zero charge of the catalyst. Because of the positive
the initial reaction rate starts to become constant, for both charge of amino group and the negative charge of the carbonyl
catalysts. group complicated interactions between the molecules and
Asindicated in the inset dfig. 3, the plot of the reciprocal  the catalyst are taking place at acidic or alkaline pH. When
initial rateral as afunction of the reciprocal initial concentra-  the catalyst has no charge the molecules probably, are allowed
tion Cgl yields a straight line. The linear transform of this ex-  to reach easily the catalyst’s surface and achieve higher reac-
pression yield& = 1.7 mg L=t min~1 (7.5x 10-Mmin—1) tion rateg25].
and K=0.09mglL (24x10*M~1) for the TiO In the ZnO system an increase is observed as pH is in-
and k=14mgL1min? (6.3x10%Mmin~1) and creased from 4.5 to0 5.4 (approximately two-fold increase). At
K=0.04mglL (2.7x10*°M~1) for the ZnO. These PH values higher than 5.4, an almost steady initial reaction
constants reflect to the experimental conditions that hasrate is observed with a negligible decrease as we reach high
been used and they have no absolute meaning. ComparisoH values (pH=9). The low initial reaction rates at acidic
between thé; of TiO, and thek, of ZnO cannot be achieved PH are attributed to dissolution and photodissolution of ZnO
as the catalysts’ characteristics are completely different. (seeFig. 13 [29].
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3.5. Effect of the addition of an oxidant

5 o . " = Zn0-H;0;
The addition of an oxidant into a semiconductor suspen- . 5
sion has been proven to enhance the photodegradation rate  so \ n
of a variety of organic pollutantgl2,18,20,30-36]In our
study the addition of both hydrogen peroxide>(®4) and
peroxydisulfate (kS;Og) was evaluated.
In order to examine the role of hydrogen peroxide, exper- \ '\
iments of the photocatalytic degradation of dimethoate em- ah
ploying different initial concentrations of the oxidant were
conducted. IrFig. 5 the initial rates of reaction versus the 20 - N . \
concentration of the oxidant are presented. It is obvious that St i
until the concentration of 6 mM hydrogen peroxide increases ol . . e
the photodegradation rate by approximately a factor of 2. This
is because hydrogen peroxide can act as an electron accep-
tor and consequently it can promote the charge separation. time (min)
Moreover it can also produce OHadicals according to the
following equations:

60-\

% remaining pesticide

Fig. 6. Effect of the addition of hydrogen peroxide (100 mg).on the
photocatalytic degradation of dimethoate (10 nd)Lin the presence of

H,0, + €~ — OH™ + OH® (l) ZnO (500 mg ).

H,Op +0;" — OH™ +OH® + O, (ii) the latter can be easily adsorbed on J&birface and conse-
quently is degraded more efficiently. On the other hand, anin-

Increasing further the concentration of peroxide, no signifi- creasing concentration of peroxide has been measured during

cant change in the reaction rate is observed. On the contranjllumination of ZnO suspensions due to its low adsorption on

a slight decrease is taking place because at high concentraznO surfacg37-39] In this case, addition of peroxide will

tions, hydrogen peroxide may act as a hole or*Gehvenger. have no effect or moreover, it may cause a negative effect

Therefore an optimal concentration must be designated in or-because, as previously noted, an excess of peroxide can act

der to achieve the best results. According to previous authorsas a radical or a hole scavenger. For this reason the system

this concentration depends on the®}/contaminant molar ~ ZnO-H,0, was not further investigated.

ratio [35]. The effect of adding another electron scavenger (peroxy-
Onthe other hand an opposite effect is observed in the casedisulfate) that has been used with promising req@i4s35]

of zinc oxide Fig. 6). The addition of the oxidant causes a s presented ifFig. 7. Addition of K;S,0g in the photocat-

decrease of the photooxidation rate of dimethoate. This is alytic system causes an increase of the reaction rate for both

probably due to its low adsorption on the zinc oxide’s sur- TiO, and ZnO suspensions. The reactions whes&:Ksg is

face. When TiQand ZnO are illuminated hydrogen peroxide involved and responsible of its efficiency are the following:

is produced. In the case of titanium dioxide small concen-

; . 2 o 2- .-
trations of hydrogen peroxide have been detected because2?Os” +€ — SO +S0Oy (iif)
s 3.2 ] - sss
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Fig. 7. Effect of the KS;0g on the photocatalytic degradation rate of
Fig. 5. Effect of the HO, on the photocatalytic degradation rate of dimethoate (10 mgt?) in the presence of Ti9(100mg L2, pHy=6.2)
dimethoate (10 mgt?!) in the presence of TiQ(100 mg L~1). and ZnO (500 mg L1 pHy =7.4).
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Table 1

Dimethoate initial degradation rateg) and percentage of degradation (after 10 min of illumination) under various experimental conditions

Catalyst or oxidant added ro (mgL~1min-1) Percentage of degradation (after 10 min of irradiation)

TiO, (100mg 1) 0.77+0.04 65

ZnO (500 mg 1) 0.69+0.07 61

H>0; (1 mM) 0.09+0.01 10

K2S,0g (1 mM) 0.52+0.03 44

TiO2 +H20, (100 mg L1 + 1 mM) 1.34+0.22 77

TiO2 +K2S,0g (100 mg =1 + 1 mM) 1.554+0.26 87

ZnO + H,0, (500 mg L1 + 1 mM) 0.39+0.06 39

Zn0 +K,S,0g (500 Mg L + 1 mM) 2.3940.66 99

SO +e — SO (iv) tures, varying from 15 to 68C, were carried out for both illu-

minated TiQ and ZnO suspensionBig. 8shows the Arrhe-

SOs*” +Hy0 — SO4%~ +OH® + HT (v) nius plot of Ink versusT—1 from which the activated energy of
. o ) dimethoate degradation was calculated. Eqéor TiO2 sys-

SO +RH — - — SO +CO; (vi) tem is 22.9 kJ moi! and for the ZnO system 21.5 kJ mdl

Itis obvious that the increase of the temperature causes an in-
crease to the reaction rate. The enhancement of the photoox-
idation is probably due to the increasing collision frequency
of molecules. Irradiation is believed to be the primary source
of e /h* pairs at ambient temperature because the band gap
is too high to overcome by thermal excitatipto].

K2S,0g traps the photogenerated electron, preventing the
recombination with the positive hole and at the same time
produces the sulfate radical, which is a very strong oxidizing
agent (reduction potential of 3O Eg=2.6 V).
Using small concentrations of peroxydisulfate (until
1 mM), asharp increase of the initial reaction rate is observed
for both catalysts. A further increase of the concentration of
the added oxidant, still gives a rise to the initial photodegra- 3.7. Mineralization studies
dation rate even at very high concentrations. Unlike hydro-
gen peroxide, high concentrations of peroxydisulfate are not A complete degradation of an organic molecule by pho-
detrimental to the reaction rate and no dependence is observetbcatalysis normally leads to the conversion of all its carbon
on the oxidant/contaminant molar raf8b]. atoms to gaseous GQand the heteroatoms into inorganic
Comparing the two oxidants, peroxydisulfate appears to anions that remain in the solution. In order to study the to-
be more effective than hydrogen peroxide since it is able to tal mineralization of dimethoate, two sets of determinations
achieve higher reaction rates, it does not act as a scavengewere carried out: (a) dissolved organic carbon (DOC) and (b)
at high concentrations while there is no dependence on theinorganic ions formation, as a function of irradiation time.
oxidant/contaminant molar ratio and it is effective on both In Fig. 9a and b DOC reduction and formation of ammo-
photocatalytic systems. nium, sulfate and phosphate ions release is presented for both
However, the ability of HO, and KyS,Og to enhance TiO2 and ZnO systems. In the illuminated Ti®Guspension
the photodegradation of dimethoate is not only due to the
entrapment of the photogenerated electrons but, also due to

their own ability to absorb light and act as sensitizers through *8]
the production of hydroxyl and sulfate radicals. Experiments 0.4 " TiO,
with UV light and the oxidants, without the catalyst, were -o.a; °©  ZnO

performed and showed that both oxidants are able to cause
photooxidation of the insecticide. fable 1the initial re-
action rates and the percentage of dimethoate degradation.«
after 10 min of treatment are presented. Consequently, the =
improvement of the photocatalytic degradation of dimethoate
by the addition of oxidants is not only due to prevention of the
recombination of the@h* pair but also due to the photolytic
activity of the oxidant. Blank experiments with the oxidants
without the catalyst or UV light showed a negligible degra-
dation of the insecticide. | — e A
2.9 3.0 3.1 3.2 3.3 3.4 3.5

3.6. Effect of temperature T *10%(K™)

Fig. 8. Effect of temperature on photocatalytic degradation of dimethoate
In order to evaluate the effect of temperature on the degra- (10mgL-Y) in the presence of (a) 100mgL TiO, and (b) 500mg £

dation rate of dimethoate experiments at different tempera- zno.
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Fig. 9. Dimethoate /DOC reduction and $0/PQ,3~/NH,*/release as a function of irradiation time, dimethoate = 25 mg (a) TiO,=100mg L, pH=6.5
and (b) ZnO=500mgt?!, pH=7.4.

complete disappearance of the insecticide occurs after 2 h oftion state of nitrogef42]. In our case no nitrate ions release
irradiation while DOC, by thistime is only 20% reduced indi- was observed.
cating the formation of intermediates. After 6 h of treatment  In Fig. 11the effect of peroxydisulfate on the mineraliza-
DOC reaches a 40% reduction which implies that titanium tion of dimethoate under illuminated Ti&nd ZnO suspen-
dioxide is not able to degrade the arisen by-products thus re-sions, is presented. Sulfate ions release was not possible to
quiring longer irradiation times or higher quantities. Release be measured since high concentrations of sulfate ions are al-
of sulfate and phosphate ions proceeds rather simultaneouslyeady present in the solution because of peroxydisulfate ions.
in the first 2 h but then sulfates maintain the high rate and Itis obvious that the addition of peroxydisulfate enhances the
reach their maximum after 6 h while phosphate ions releasemineralization of dimethoate and in the case of Zi€om-
proceeds slower and finally they reach the 90% of the ex- plete disappearance is achieved in less than 60 min and DOC
pected amount. No ammonium ions are observed implying is 98% reduced after 4 h of illumination. Both phosphate and
the formation of nitrogen containing intermediates. ammonium ions reach the expected amount in the first 2h
In the ZnO system the overall process follows a slower (100% and 120%, respectively).
rate Fig. %). Complete disappearance of dimethoate is  In the ZnO system the effect of peroxydisulfate is even
achieved after 5 h of illumination while a negligible reduc- more impressive since complete disappearance of the insec-
tion of DOC is observed (only 5% after 6 h). Moreover, only ticide is observed in 45min. DOC is 95% reduced by the
sulfate ions are released which they reach the 50% of thefirst 3 h of treatment. Both phosphate and ammonium ions
expected amount. According to previous studies attack of reach the expected amount in less than 2 h. Sing€dy)»
the P=S bond by OHradicals occurs firstly, in the case of
phosphorothioates leading to formation of oxon derivatives

[41] which, in our case, appear to be persistent under the — = dimethoate
illumination of ZnO suspensions. Moreover it is likely to 12 4 —e—DOC
have a release of phosphate ions but not be able to mea- —A—POS
sure as they may be trapped by ions of zinc (from disso- o4 | YN "
lution of ZnO) to form Zr(POy)2 which is insoluble in --~.\ —° S0 / —
water. 0.8 -

In Fig. 10 mineralization under the Tig&>-HO2 system % %
is depicted. Comparing to the Ti&ystem we obtain better QE 0.6 ~ / \
results since higher degradation rates and mineralization per- ©
centage are achieved. Complete disappearance of dimethoate 0.4 ‘ \ /
is observed in the first 60 min and DOC is 90% reduced after .
6 h of illumination. Release of sulfate and phosphate ions is 029/ % —
also faster, in the first hours of irradiation, reaching the max- 1/ v *
imum of the expected amount after 6 and 4 h, respectively. In 0.0 T

0 50 100 150 200 250 300 350 400

this system, ammonium ions release is also observed, reach-
ing almost the 50% of expected amount. According to previ-
ous studies nitrogen containing compounds give rise to both

9 9 P 9 Fig. 10. Dimethoate/DOC reduction and $0/POs3~/NH,* release as

ammonium and nitrate atoms. The NHNO?’_ ratio depends a function of irradiation time in the presence of Fi©100 mgL-! and
on the irradiation time, the pH of the solution and the oxida- H,0,=3.1mgL! (pHo = 6, dimethoate = 25 mgtl).

time (min)
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Fig. 11. Dimethoate/DOC reduction and POINH,™ ions release as a function of irradiation time in the presence of (a)JKD0 mg L1, K»S,0g =3.1mM
and (b) ZnO=100mgt?, K»S,08=3.1mM (pH, = 6, dimethoate = 25 mgt?).

is soluble in acids, it cannot be formed under illuminated observed, achieving complete detoxification of the solution
peroxydisulfate because of the production g8@y. Perox- in 3 h. On the contrary, in the TiE3K,S,Og system, toxicity
ydisulfate appears to promote degradation of dimethoate foris not directly depended on mineralization. Although almost
both systems (Ti@and ZnO) and almost complete mineral- complete mineralization is achieved in 4 h, toxicity is only
ization is achieved in short time. slightly reduced from 69% to 58%. This slight reduction of
toxicity cannot be attributed to the presence of unconsumed
peroxydisulfate since toxicity measurements of a blank solu-
tion of peroxydisulfate with concentration of 3.1 mM (as high
The photocatalytic treatment of dimethoate solutions with as the initial concentration Ofﬁos) showed no |nh|b|t|on.
effect. Moreover, blank experiments showed that sulfate ions

titanium dioxide or zinc oxide in combination with oxidants hich duced f th i O- duri
appeared to be quite effective on the degradation and miner-V"'/ch aré produced from the consumption @303 during

alization of the insecticide. However, when complete miner- tge photocatlalytlc O)Sdat'o% exr:j'b't ﬁlso a nonftoxm ef(ffCt'l
alization is not achieved it is possible that the final products ¢ onseque_nt Y |t<k:)arl;| eatt[]' ute t(f)theac_téon_o peroxg/ Isul-
could be more toxic than the parent compounds. For this rea- ate, causing probably, a change of the oxidation mechanism.

son, toxicity measurements during and at the end oftreatmem:cD ifferent by—ﬁrodlucts mhay be produhcetlj and dsynerg|st|cfefr;
are indispensable. In our study, toxicity measurements of the ects may take place that prevent the large decrease of the

treated solutions were carried out in order to give a more toxicity of the treated solution.
complete evaluation of the efficiency of the technologies that
have been used. The toxicity of the samples collected from
different stages of the treatment was measured using the Mi- 1.
crotox test. The results obtained after 15 min exposure of the i \
bacteria to the samples are presentellitp 12 804 | |

3.8. Toxicity measurements

100~

It is obvious that variation in toxicity during treatment is 704N, —
depended on the method that it is used. For the; B(s- 60 a .
tem the toxicity appears a slight increase in the first 2 h of 2 g5]%8
irradiation but finally drops from 69% to 59%. According to 2
Fig. 9, 2h are required in order to achieve complete disap- < “°] —=—TiO,
pearance of dimethoate. Consequently the compounds that 20+ —o—Ti0,-H,0,
are produced firstly, during dimethoate oxidation (probably 20 —*—TiO, K,S,0,

the oxon derivatives), are more toxic than the parent com- 10

pound. After the first 2 h, as mineralization proceeds, toxicity 0 o

is also reducing. R . ' IR
For the TiQ—H»0O, system, since more intense oxidative

conditions are present in the illuminated solution, we observe

aslight re_d“‘?“on m_the tOXIC_Ity until the first 60m|n of treat- Fig. 12. Toxicity evolution as a function of irradiation time in the

ment, which is the time required for complete disappearancepresence of Ti@=100mgL?L, TiO,=100mgL t+H,0;=3.12mM,

of dimethoateig. 10, while afterwards a sharp decrease is TiO,=100mgL ! +K,S,05=3.1 mM.

o
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100 ide was able to achieve complete detoxification of the treated
— solution since the addition of peroxydisulfate changes the

i / oxidation mechanism and leads to a small decrease of the

toxicity. The dissolution of zinc, in the systems with zinc ox-
A ide, did not permit to draw conclusions about the toxicity of
. 601 —=—7n0 the intermediate and final products and also raise questions
2 | Tk, 5.0, regarding its use as a photocatalyst Although degradation
E and mineralization of dimethoate was achieved, ZnO can-
“5 / not be considered as a good catalyst since dissolution and
photodissolution of zinc takes place in such extend and ZnO
. 4 concentration does not stay intact at the end of the treatment
. mo . - " increasing the toxicity of the solution.
o e —

0 50 100 150 200 250 300 350 400

illumination time (min) Acknowledgement
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