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Abstract: The photocatalytic elimination of the herbicide mesotrione from the
commercial formulation Callisto® in environmental and synthetic waters by
means of heterogeneous advanced oxidation processes was investigated. The
activities of the commercial photocatalyst TiO, Degussa P25 (TiO,) and ZnO
in the degradation of mesotrione under UVA and simulated sunlight in doubly
distilled, ground and in river water was compared. Environmental waters as the
matrix significantly lowered the removal rate (by about 4 and 1.5 times for
TiO, and ZnO, respectively) under UVA irradiation. Besides, the organic
additives from Callisto® also reduced the degradation rate of mesotrione. The
effects of inorganic anions (CI-, SO42- and HCOj5") and humic acid (HA), which
were identified as major species in ground and river water, was evaluated. It
was found that Cl~ (pH =4 and =8) and HCO;  (pH =8) using TiO, mainly
accelerated the degradation rate of mesotrione, while SO, had the opposite
effect at pH =4 and did not affect the degradation rate at pH =8. Furthermore,
HA mainly did not significantly affect the degradation rate of mesotrione at pH
~4 and =~8. Moreover, almost all anions, and HA slightly inhibited the degrad-
ation rate of mesotrione in synthetic water using ZnO.

Keywords: herbicide; TiO, Degussa P25; ZnO; photocatalytic degradation;
matrix effect.

INTRODUCTION

Herbicides are not only used in large amounts in agriculture, but also in
urban and domestic applications, and represent potential pollutants that require
further investigation. Mesotrione 2-[(4-methylsulfonyl)-2-nitrobenzoyl]cyclo-
hexane-1,3-dione is a selective pre- and post-emergence herbicide, which con-
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trols the growth of most broadleaf and some weed grass in maize crops. It was
developed by Syngenta Agro and marketed under the commercial name Cal-
listo®.! Safety data are available for Callisto? and describe two alcohol additives
in the formulation, i.e., poly(oxy-1,2-ethanediyl), alpha-isodecyl-omegahydroxy-
and octan-1-ol, present respectively at 20-30 and 5—10 mass%.

Advanced oxidation techniques, including heterogeneous TiO»-based photo-
catalysis, have proved to be efficient methods for the degradation of herbicides.3
Heterogeneous photocatalysis is based on the production of highly reactive oxid-
izing agents, such as hydroxyl radicals ("OH). However, real water effluents usu-
ally contain a large number of substances, both inorganic and organic species that
could affect the photocatalytic efficiency. In this sense, some studies suggested
that inorganic ions and dissolved organic matter (DOM), commonly present in
environmental water, may play an inhibition role on the photoefficiency in dif-
ferent ways: acting as competitive scavengers of “OH/h* or by competitive ads-
orption of other substrates onto the catalyst surface or by pH modifications.4
Therefore, characterization of the TiO, photocatalytic oxidation of organics
under experimental conditions that include realistic water compositions needs to
be prioritized for the rational evaluation of the activity of TiO,-based photocat-
alysis as a viable tertiary treatment option. Since ZnO has nearly the same band
gap energy (3.2 eV) as TiO», its photocatalytic capacity is anticipated to be sim-
ilar to that of TiO;. However, ZnO nanoparticles may be able to absorb incident
UVA irradiation more efficiently than TiO, and consequently have more active
electronic transitions on its surface, resulting in a better photocatalytic activity.d
Accordingly, ZnO is a potential substitute for TiO,.6

The objective of this study was to investigate the matrix effect of environ-
mental waters (ground and river waters) on the photocatalytic removal of meso-
trione, the active ingredient of Callisto®, by means of heterogeneous photocat-
alysis. The effects of the most abundant ions (Cl™, SOi_ and HCO3 ) and
humic acid (HA), as a surrogate for DOM, as well as the initial pH value of the
reaction mixture were studied. An attempt was also made to investigate the inf-
luence of organic additives from Callisto® on the degradation rate of mesotrione.
For this purpose, the activities of commercial catalysts, TiO, Degussa P25 and
ZnO, under UVA irradiation and simulated sunlight were compared. Both photo-
catalysts have proven to be efficient in the degradation of mesotrione in doubly
distilled water (DDW).”

EXPERIMENTAL

Chemicals, solutions, water samples and catalysts

All chemicals were of reagent grade and were used without further purification. Com-
mercial formulation Callisto® 480-SC (90 % purity), containing 480+24 g dm™3 of mesotrione
shown in Fig. 1, was supplied by Syngenta; 85 % H;PO,4 was obtained from Lachema (Nera-
tovice, Czech Republic); NaCl, NaHCO; and NaOH were from ZorkaPharm (Sabac, Serbia);
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REMOVAL OF MESOTRIONE FROM ENVIRONMENTAL WATERS 345

60 % HCIlO,4 from Kemika (Zagreb, Croatia); Na,SO, from MP Hemija (Belgrade, Serbia);
99.8 % acetonitrile (ACN) from Sigma—Aldrich and technical humic acid, was the product of
Fluka. All solutions were made using DDW. The initial pH of the reaction mixture was
adjusted using a dilute aqueous solution of HCIO4 or NaOH. TiO, Degussa P25 (75 % anatase
and 25 % rutile form, 50 m? g'!, particle size of about 20 nm, non-porous, according to the
producer’s specification, hereafter TiO,) and 99.96 % ZnO, Kemika were used as
photocatalysts.

o o NO,

o SO.CH; .
Fig. 1. Structure of the mesotrione molecule.

Physicochemical characteristics samples of ground water (Strand, Novi Sad, Serbia) and
river water, collected from Tisza (Szeged, Hungary) along with that of DDW are given in
Table I.

TABLE 1. The physicochemical characteristics of the analyzed water types; the concentrations
are given in mg dm

Water type
Parameter - -
DDW Ground water Tisza River
pH 6.50 7.20 7.75
Conductivity at 25 °C, uS cm'’! 2.9 1206 570
TOC?, mg dm™ 1.04 2.92 4.71
c(HCO5") 8.07 768 249
c(fluoride) <DLb <DLP 0.31
c(chloride) 0.07 57.76 33.52
c(bromide) <DLb <DLP 0.06
c(nitrate) 0.09 <DLPb 1.94
c(nitrite) <DLb <DLP <DLb
c(sulphate) <DLb 131.64 63.17
c(lithium) <DLb <DLP <DLb
c(phosphate) <DLb <DLP 4.54
c(potassium) 0.03 341 5.39
c(sodium) 0.001 74.05 39.68
c(magnesium) 0.007 55.12 17.64
c(calcium) 0.03 115.7 64.5
c(ammonium) <DLb <DLP 0.10

ATOC: total organic carbon; PDL: detection limit

Photodegradation procedure

The photocatalytic degradation was realised in a cell using high-pressure mercury and
halogen lamps, the characteristics of which were previously described in detail.”:8

The experiments were performed using 20 cm3 of a 0.05 mmol dm™ solution of meso-
trione, as the active ingredient in Callisto®, containing 40 mg of catalyst (except for the study
of direct photolysis). Experimental procedure of the degradation of TiO,, i.e., ZnO, suspen-
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sion was described in a previous paper.” All experiments were performed at the natural pH
(=4 for TiO, and =8 for ZnO), except when studying the influence of the pH. In addition, in
the experiments when HCO;~ was added to the reaction mixture, the pH was adjusted to
between 7 and 8, because of the instability of this ion at acid pH values, and to inhibit the
appearance of carbonate ions above pH 8.3.°
Analytical procedure

Kinetics of the mesotrione photodegradation was monitored with UFLC Shimadzu
Nexera™ with PDA detector at 225 nm (the wavelength of the maximum absorption of
mesotrione).® TOC and pH measurements were performed in the conventional manner.3

RESULTS AND DISCUSSION

Effect of water type

The removal of mesotrione from different water types (DDW, ground and
river) using two commercial catalysts and UVA or simulated sunlight irradiation
was studied (Fig. 2). In DDW, the concentration of mesotrione decreased about
95 % within 20 min using both of catalysts under UVA irradiation. Besides, by
comparing the efficiency of TiO, and ZnO, it could be noticed that the degrad-
ation rates of mesotrione were very similar (Fig. 2a). Namely, many authors in
their studies of the removal of organics using different photocatalysts found that
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ZnO is a potential substitute for TiO; because of its similar or higher acti-
vities.6-7-10.11 For simulation of sunlight irradiation, the degradation of meso-
trione from Callisto® was performed using a halogen lamp, which, except the
visible light irradiation, contains a smaller part of UVA irradiation. In this case,
the concentration of mesotrione decreased by about 45 % using ZnO within 30
min of irradiation. On the contrary, practically no degradation was observed
using TiO,, as well as in the absence of catalysts for the same time of irradiation
under simulated sunlight (Fig. 2a). This is understandable bearing in mind that
the biggest advantage of ZnO in comparison with TiO; is that it absorbs over a
larger fraction of the UV spectrum and the corresponding threshold of ZnO is
425 nm. 12

Since Callisto® contains two alcohol additives, poly(oxy-1,2-ethanediyl),
alpha-isodecyl-omegahydroxy- and octan-1-ol, an investigation was performed to
clarify the effect of these species on the kinetics of mesotrione photodegradation.
Namely, the degradation rate of mesotrione in Callisto® (Fig. 2a) was lower com-
pared to the degradation rate of the mesotrione standard” using TiO, and ZnO
under UVA and simulated sunlight irradiation. This difference could be attri-
buted to the competitive reactions of the organic additives from Callisto® with
oxidizing reagents, as a unique competitor, which results in a loss of the effi-
ciency of the process. Namely, this formulated compound contains important
amounts of the mentioned organic excipients, which are responsible for an
important proportion of the organic matter and could interfere in the photo-oxi-
dative process.!3 These results are in agreement with those obtained in study of
the photocatalytic degradation of sulcotrione as standard and as the active ing-
redient in Tangenta®.8

Bearing in mind that the presence of inorganic ions in the water matrix has
been shown to greatly influence the removal efficiency of target pollutants,? after
investigations of mesotrione removal from Callisto® in DDW, its stability in
ground, as well as in the river water was performed with/without catalyst and
under UV A/simulated sunlight irradiation (Fig. 2b and c). Based on the kinetic
curves In ¢ (substrate concentration) vs. ¢, the values of the pseudo-first order rate
constant, k', can be calculated. It was found that the UV A/catalyst treatment was
less efficient for the removal of mesotrione for both type of environmental water
compared to DDW by about 4, and 1.5 times using TiO; and ZnO, respectively.
Furthermore, the efficiency of mesotrione degradation in environmental waters
using ZnO was about 2.7 times higher than using TiO,. Moreover, practically no
degradation was observed under simulated sunlight using TiO;, as well as in the
absence of both of catalysts for the same time of irradiation. However, the con-
centration of mesotrione decreased by about 40 % (for ground water) and 50 %
(for river water), similar to in DDW, within 30 min of irradiation using ZnO
under simulated sunlight (Fig. 2). Since the type of water did not significantly
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affect the degradation efficiency of mesotrione under simulated sunlight, pro-
bably because of the lower degradation rate, all subsequent experiments were
performed under UVA irradiation.

Effect of species in the solution matrix on mesotrione removal efficiency using TiO»

An investigation of the effects of anions on the photodegradation perform-
ance is inevitable as these species are often associated with the complex matrices
of ground and river waters or might evolve during the progress of the photo-
catalytic reaction. In this section, the effect of three inorganic anions (Cl—, SOy
and HCOj3 ), which were identified as major anions in ground and river water,
were investigated during the photocatalytic oxidation of mesotrione from Cal-
listo® using TiO, and UVA irradiation. In addition, it is expected that DOM in
water could affect the decomposition rate of pollutants by a catalyst/UVA pro-
cess. As with pollutants, organic compounds may react directly with *OH or
absorb UV light. Organic compounds may also react with organic radical inter-
mediates formed during the treatment, thus decreasing the decomposition rate of
the target pollutants.14

In order to investigate the effects of the mentioned inorganic anions and HA
on the efficiency of mesotrione photodegradation, a series of experiments were
conducted using TiO; under UVA irradiation at the natural and at pH =8.
Namely, all the mentioned species were added in the initial suspension of Cal-
listo® and catalyst at concentrations relevant to ground, i.e., river water (Table I).
In addition, the initial pH of the reaction mixture was adjusted to the pH of
environmental waters after addition of the catalyst.

Effect of chloride. The effect of CI~ on the photodegradation of mesotrione
under UVA light irradiation was investigated by adding NaCl to the reaction
mixture. It is interesting to note that CI~ (1.6 mmol dm3, the concentration rel-
evant to ground water) led to an obvious enhancement of the mesotrione rem-
oval at pH =4 (Fig. 3a). The obtained results are in agreement with literature data
that in the lower concentration range of CI~ (0—50 mmol dm3), the degradation
rate of the substrate increased.!> This phenomenon was attributed to a surface
chain-transfer mechanism involving chlorine radicals.!5 Namely, at pH =4, the
TiO, surface is positively charged and mesotrione is in the anionic form. How-
ever, competition of CI~ with herbicide molecules for the limited active sites on
TiO, was not significantly expressed because of the very low concentration of
chloride ions (1.6 mmol dm=3). Besides, the formed chloride radical with a high
potential 2.47 V is capable of oxidizing organic compounds effectively.l0
Accordingly, the accumulation of CI~ on the TiO; surface promoted removal of
mesotrione by Cl radical-initiated reactions. This result is in agreement with
those obtained in the photocatalytic oxidation of Acid Orange 7.!5 The pro-
motion effect of CI~ in this case declined with increasing addition of ions (50—
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REMOVAL OF MESOTRIONE FROM ENVIRONMENTAL WATERS 349

—200 mmol dm-3), and a higher content of chloride ion (>200 mmol dm=3) was
found to reduce the dye bleaching rate. On the contrary, at pH =8 the degradation
rate of mesotrione was not affected (Fig. 4a). Namely, the point of zero charge
(pPHpzc) of TiO; is about 6,17 and hence, the surface of the catalyst would be
negatively charged at pH 8 and Cl~ could not be adsorbed on the surface of the
catalyst.
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Fig. 3. Effect of different inorganic anions and HA in concentrations relevant to a) ground and
b) river water on mesotrione (¢ = 0.05 mmol dm) removal by TiO, (2.0 mg cm™) under

UVA irradiation.

—O—CI' ) —O—CI'
—— 8042- L0 i SO42'
—%—HCO, —%—HCO;

R —O—HA 0.8 —O—HA

¥ —X—DDW o —X—DDW
—%—<DDW + anions + HA 3%~ DDW + anions + HA
% ground-water _ 0.6

—&river water

: 3 <
5
O\ N

\%\ 04
. \g\% ésx
\O\% " \@§§
0042 ; ; — L ; ; ; i
0 5 10 15 20 0 5 10 15 20
t/ min t/ min

Fig. 4. Effect of different inorganic anions and HA in concentrations relevant to a) ground and
b) river water on mesotrione (¢, = 0.05 mmol dm) removal by TiO, (2.0 mg cm™) under
UVA irradiation, at pH from 7 to 8.

Furthermore, the presence of CI~ (0.94 mmol dm=3, a concentration relevant
to river water) at pH =4 showed slightly enhancement of the removal of meso-
trione (Fig. 3b). The same was observed at pH =7 (Fig. 4b), probably because at
this pH value, the TiO; surface is weakly negative compared to the case at pH =8
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(Fig. 4a) and CI~ accumulation on the TiO; surface was possible to a small
extent.

Effect of sulphate. Single addition of SO42~ (1.4 and 0.66 mmol dm3, con-
centrations relevant to ground and river water, respectively) inhibited the deg-
radation rate of mesotrione (Fig. 3a and b). It was reported that SO42~ can adhere
to the surface of TiO; via van der Waals forces and hydrogen bonds, and may
displace some surface hydroxyl groups of TiO; via the ligand exchange mech-
anism.!® According to the literature, the effect of decreasmg the decomposition
rate of the substrate in the presence of ions such as SO4 is due to the fact that
they act as scavengers of *OH.!? It is well known that the reaction of the photo-
catalytic degradation of mesotrione proceeds mainly via OH radicals, and to a
smaller extent via holes.” Besides, since SO%_ is doubly charged, it may display
a higher adsorption ability on the surface of TiO, than HCOj5, CI~ and other
singly charged anions.29 However, when the initial pH was set to ~8 a value
corresponding to the ground water, after the addition of catalyst and SO4 , there
was a no reduction in the rate of degradation (Fig. 4a and b) because the pH
affects the surface charge of the catalyst and particle size diameter of the
aggregates.”! Namely, as was mentioned earlier, the pHp,. of TiO; is about 617
and the surface of the catalyst would be negatively charged at pH 8 and SO4
could not be adsorbed on the catalyst surface. Besides, at acidic pH, the ads-
orption of mesotrione on the TiO; surface and photon absorption would be red-
uced due to the agglomeration tendency of Ti0;.22

Effect of bicarbonate. Bicarbonate is one of the most abundant anions
present in environmental waters. The effect of HCO3 (12.6 and 4.1 mmol dm3,
concentrations relevant to the investigated ground and river water, respectively)
on the photocatalytic degradation of mesotrione was investigated by adjusting the
solution pH to between 7 and 8. An enhancing effect on the removal of meso-
trione using TiO, in DDW was found (Fig. 4a and b). Although both HCO3~ and
CO32~ are commonly used as scavengers to test whether the *OH radical part-
icipates in a reaction solution23 (reactions 1 and 2), it was also reported that,
under certain concentrations, bicarbonate or carbonate may enhance the rates of
pollutant degradation. Namely, in environmental waters (pH 6.5-8.5), HCO5 are
present in higher amounts than CO32~ (pK, HCO3 /CO3Z is 10.2), and their
concentration rarely exceeds 0.05 mol dm=3. At this concentration, there is no
noticeable effect of HCO3 on degradation.24 Additionally, adding 3 mmol dm—3
bicarbonate to the suspension in the case of quinmerac2> and 5 mmol dm=3 to the
solution in the case of Methylene Blue2® would greatly improve the degradation
efficiency of the mentioned organics:

HCO3 +°OH — CO3*~ +Hy0 (1)
CO32-+'OH — CO3z*~ + OH~ )
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Effect of humic acid. Humic substances are the major part of natural DOM
and may accounts for up to 90 % of the total TOC content.2” The effect of HA
(9.0 mg dm3, which corresponds to a TOC value of 2.9 mg dm=3, a concentra-
tion relevant to ground water) on the photocatalysis of mesotrione was inves-
tigated using TiO; (Figs. 3a and 4a). At pH =4 and =8, the addition of HA
slightly affected the degradation rate of mesotrione. Namely, Wang et al.?8
investigated the effect of the concentration of HA in the range from 0-20 mg
dm3. In their case, the photodegradation was impeded with increasing HA con-
centration in the range 5-20 mg dm 3. Despotovi¢ et al.25 also examined the
effect of the concentration of HA in DDW in the range from 5 to 40 mg dm3.
They found that, in the mentioned concentration range, increasing the HA con-
centration was accompanied by a decrease in the degradation rate of quinmerac.

The effect of HA (13.5 mg dm3, which corresponds to a TOC value of 4.5
mg dm3, concentration relevant to river water) on photocatalysis of mesotrione
was also investigated using TiO; (Figs. 3b and 4b). The addition of HA at pH =4
influenced a decrease in the degradation rate of mesotrione. On the contrary, at
pH =8, the presence of HA did not affect the degradation rate of mesotrione. This
is in agreement with literature findings, stating that at pH ~4 and in the presence
of HA, the zeta potential of TiO, nanoparticles (NPs) is close to zero, and they
reach an aggregation maximum. When the pH is greater than the pHpc, the zeta
potential of TiOy NPs is high (=40 mV), and it barely changes with increasing
HA concentration. Thus, TiO, NPs are notably stable, and their size does not
grow at pH 8.29

Effect of typical natural water constituents in synthetic and environmental waters

To obtain further insight into the effect of constituents in water on photo-
catalytic degradation of mesotrione, ground and river water were employed in the
photocatalysis to compare the results with those obtained using DDW. Namely,
ground and river water were spiked with mesotrione and after the addition of
TiO», irradiated as described earlier. In addition, the compositions of the environ-
mental waters were simulated by the simultaneous addition of all the mentioned
anions and HA, and by adjusting the initial pH in DDW (DDW-+anions+HA, Fig.
4). The degradation rate in both of cases was lower than the degradation rate in
DDW, but still higher than the degradation rate of mesotrione in environmental
waters (Fig. 4a and b), probably because of some at this moment unexplored
factors. Although single added anions and HA in DDW enhanced or did not
affect the degradation rate of mesotrione, the simultaneous addition of all species
decreased the degradation rate, probably due to increased adsorption of anions on
the surface of TiO,, which reduces the available catalytically active sites. In
addition, catalyst deactivation found in environmental waters could be attributed
to the combined effect of the presence of all species.
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Effect of solution matrix species on mesotrione removal efficiency using ZnO

Ground and river waters were also spiked with mesotrione and subsequently
ZnO was added. In both cases, the degradation rate was lower than in DDW (Fig.
5). In an attempt to clarify the role played by different ions (Cl-, SO%_ and
HCO3 ), and HA, each of them has been separately investigated by adding at a
concentration relevant to ground or river water. The obtained results indicated
that the presence of the mentioned species mainly slightly inhibited the reaction
and practically had no significant effect on the degradation rate of mesotrione.
This could be explained by the fact that the ZnO surface is positively charged at
pH 7.0 (pHpze of ZnO is ~9.330) and anions (CI~, SO%_ and HCOj3 ) were
adsorbed onto the catalyst surface. Meanwhile, the ZnO surface charge becomes
less positive (the positive site on the surface of ZnO), leading to decreased ads-
orption of mesotrione (which is present in the anionic form) onto ZnO. Fur-
thermore, the adding of HA in these cases also did not significantly affect the
degradation rate of mesotrione, as already mentioned, probably because of the
relatively low concentration of HA.

—Oo—cr —o—Cr
1.0- N . N
—+—S0, —+—80,
—#—HCO, —#—HCO;
0.8 —O—HA —O—HA
—X— DDW —x— DDW
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o~
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3 ‘ :
0.2 \ \W \
a i1 b
0.0 T T T T 0.0 T T : .
0 5 10 15 20 0 5 10 15 20
¢/ min t/ min

Fig. 5. Effect of separately and simultaneously addition of different inorganic anions and HA
in concentrations relevant to a) ground and b) river water on mesotrione (cy = 0.05 mmol dm)
removal by ZnO (2.0 mg cm™) under UVA irradiation, at pH from 7 to 8.

Furthermore, the composition of environmental waters was simulated by
adding all the mentioned anions, HA and by adjusting the initial pH in DDW
after addition of ZnO (DDW-+anions+HA, Fig. 5). The degradation rate in both
of cases was lower than the degradation rate in DDW and very similar to the
degradation rate in the case of ground, i.e., river water.

CONCLUSIONS

The present study aimed at investigating the matrix effect of ground and
river water on the photocatalytic removal of mesotrione, active ingredient of
Callisto®, by means of heterogeneous photocatalysis. The obtained results
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showed that efficiency for the degradation of mesotrione under UVA irradiation
is higher with ZnO than with TiO; in ground and river water, while in DDW, the
degradation efficiency was very similar. Moreover, practically no degradation
was observed under simulated sunlight using TiO;, as well as in the absence of
both catalysts for the same time of irradiation. However, the concentration of
mesotrione decreased by about 40, and 50 % using ZnO and simulated sunlight in
the case of ground and river water, respectively. Besides, ground and river water
as the matrix lowered significantly the removal rate (by about 4, and 1.5 times for
TiO; and ZnO, respectively) during the photocatalytic oxidation of mesotrione
under UVA irradiation. Inorganic anions and HA showed a significant water—
matrix effect at acidic pH values compared to neutral/basic conditions, mainly
due to the presence of anions adsorbed onto the TiO, surface. Using TiO,, CI~
(pH =4 and =8) and HCO3 (pH =8) accelerated the degradation rate of meso-
trione, while SOy displayed a suppression effect on the degradation reaction at
pH =4 but did not affect the degradation rate at pH =8. Moreover, HA mainly did
not affect the degradation rate of mesotrione at pH ~4 and ~8. However, using
ZnO, almost all anions, as well as HA slightly suppressed the degradation rate of
mesotrione in synthetic waters. Finally, when anions and HA (at concentrations
relevant to ground and river water) were simultaneously added to the reaction
suspensions, the degradation rate of mesotrione was lower than in DDW, but still
higher than the degradation rate in environmental waters using TiO,, and very
similar using ZnO. It was also found that the presence of organic additives from
Callisto® inhibited the photodecomposition of mesotrione.
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U3BOJ
YTHIAJ HEOPTAHCKHUX AHJOHA U OPTAHCKHUX CYTICTAHIHY HA YKJIAILAILE
ME30TPUOHA (CALLISTO®) U3 TPUPOJHUX BOOA

JAHHUEJIA B. IIOJUR MEPKYJIOB, MAPHMHA J. IASAPEBUR, BECHA H. JECIIOTOBUR, HEMAA JI. BAHHWR,
HUHAJI. PMHYYP, CHEXXAHA I1. MAJIETUR u BUJbAHA ®. ABPAMOBUR

Yuusepsuiuewi y Hosom Cagy, ITpupogno—maitiemamiuuky paxyniieid, JJedapiuman 3a xemujy, ouoxemujy u
3awimuiny swusoine cpegune, Tpi [1. Odpagosuha 3, 21000 Hosu Cag

HcnuraHa je edukacHOCT (OTOKATAIUTHUUKOr YKIamama Xepduluga Me30TpHUOHA U3
xomepuujanne dopmynanuje Callisto® y mpupomHEM M CHHTETHYKMM BOama NPHMEHOM
xeTeporeHe (poToKkaTaaK3e Kao BHUIIET IMpoleca OKCUaaudje. YrnopeheHa je akTUBHOCT koMep-
uyjanHux dorokatanusaropa TiO, Degussa P25 (TiOy) u ZnO y ciydajy pasrpafite Me3o-
TpuoHa npuMeHoM UVA M CUMyIMpaHOI CyHUYEBOI 3pau€ma y ABalyT NEeCTHI0BAaHOj BOAH,
NOA3EMHOj U PEYHOj BOAW. MaTpHKC NPUPOJHHMX BOJA j€ 3HAUajHO YTHLA0 Ha CMameme
Op3uHe yKxiamama Me30TpHoHa (oxo 4 u 1,5 nmyta 3a TiO, 1 ZnO) nox UVA 3pauemem. ITopen
TOra, opraHcke cyncranne mpucyTHe y Callisto® Takohe yTuuy Ha cmameme OpsuHE pas-
rpajie Me3oTpuoHa. McruTaH je u yTuuaj HeopraHckux anjona (Cl,, S04 u HCO3) u xy-
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MUHCKe KHCeHHE KOjH Cy UIEeHTH(UKOBAHHU Kao [JIaBHe CYICTaHLe MPUCYTHE Y MOA3eMHOj H
peuHoj Bogu. Habheno je na Cl” (pH ~4 u =8) u HCO3 (pH =8) y npucycrsy TiO, yriaBHOM
moBofie 1o nosehama SpsuHe pasrpajme ME3OTPHOHA, 0K joun SO4%” uMajy cynpoTan edekar
npu pH ~4, nok npu pH =8 He yTHuy Ha Op3uHy pasrpangwe. MehyTUM, XyMHUHCKA KHCEIHHA
YIJIaBHOM He yTHYe 3HAaYajHO Ha OP3MHY yKiIawmawa Me3oTpuoHa npu pH =4 u =8. Ilopex Tora,
BehMHA UCNUTHBAHUX aHjOHA, KAa0 U XyMHMHCKA KHUCEJIHHA Y Majoj MEPU YTUUYYy Ha CMamemnhe
Op3uHe pasrpafkbe Me30TPHOHA Y CHHTETHYKOj BOOH Y pUcycTBy ZnO.

10.

11.

12.
13.

14.

15.
16.
17.
18.
19.

20.
21.

22.

23

(TTpumiseHo 26. aBrycra, peBuaupano 4. nenembpa, npuxsaheno 5. nenemdpa 2016)

REFERENCES
P. Joly, F. Bonnemoy, J. C. Charvy, J. Bohatier, C. Mallet, Chemosphere 93 (2013) 2444

. http://www.syngenta-crop.co.uk (August 20, 2016)
. B. Abramovié, D. Soji¢, TiO,-Assisted Photocatalytic Degradation of Herbicides in

Aqueous Solution: A Review, in Desalination: Methods, Costs and Technology, 1. A.
Urbonieng, Ed., Nova Science Publishers, New York, 2010, chap. 3, p. 117

. S. Ahmed, M. G. Rasul, W. N. Martens, R. Brown, M. A. Hashib, Desalination 261

(2010) 3

N. L. Finéur, J. B. Krstié, F. S. Sibul, D. V. Soji¢, V. N. Despotovi¢, N. D. Bani¢, J. R.
Agbaba, B. F. Abramovié¢, Chem. Eng. J. 307 (2017) 1105

B. Dindar, S. Igli, J. Photochem. Photobiol., A: Chem. 140 (2001) 263

D. V. Sojic’, D. Z. Or¢i¢, D. D. Cetojevié-Simin, V. N. Despotovi¢, B. F. Abramovi¢, J.
Mol. Catal., A: Chem. 392 (2014) 67

. D. V. §ojié, D. Z. Or¢i¢, D. D. Cetojevié-Simin, N. D. Banié, B. F. Abramovic¢,

Chemosphere, C 138 (2015) 988

W. K. Dodds, M. R. Whiles, Eds., Freshwater Ecology: Concepts & Environmental
Applications of Limnology, 2" ed., Academic Press, Burlington, MA, 2010, p. 324

A. K. Gouvéa, S. Wypuch, S. G. Moraes, N. Duran, N. Nagata, P. Peralta-Zamora,
Chemosphere 40 (2000) 433

T. B. Iveti¢, M. R. Dimitrievska, N. L. Fincur, Lj. R. Pacanin, I. O. Guth, B. F.
Abramovicé, S. R. Luki¢-Petrovié, Ceram. Int. 40 (2014) 1545

M. A. Behnajady, N. Modirshahla, R. Hamzavi, J. Hazard. Mater. 133 (2006) 226

A. Garcia-Ripoll, A. Arques, R. Vicente, A. Domenech, A. M. Amat, J. Sol. Energy Eng.
130 (2008) 041011

A. Afzal, P. Drzewicz, J. W. Martin, M. Gamal EI-Din, Sci. Total Environ. 426 (2012)
387

R. Yuan, S. N. Ramjaun, Z. Wang, J. Liu, Chem. Eng. J. 192 (2012) 171

P. Wardman, J. Phys. Chem. Ref. Data 18 (1989) 1637

M. Kosmulski, Adv. Colloid Interface Sci. 99 (2002) 255

A.-G. Rincon, C. Pulgarin, Appl. Catal., B: Environ. 51 (2004) 283

K. Wang, J. Zhang, L. Lou, S. Yang, Y. Chen, J. Photochem. Photobiol., A: Chem. 165
(2004) 201

X.-H. Xia, J.-1. Xu, Y. Yun, J. Environ. Sci. 14 (2002) 188

H. K. Singh, M. M. Haque, M. Muneer, D. W. Bahnemann, J. Mol. Catal., A: Chem. 264
(2007) 66

M. H. Habibi, A. Hassanzadeh, S. Mahdavi, J. Photochem. Photobiol., A: Chem. 172
(2005) 89

C. Wu, K. G. Linden, Water Res. 44 (2010) 3585

Available on line at www.shd.org.rs/JSCS/

(CC) 2017 SCS.



24

25.

26.
27.
28.
29.
30.

REMOVAL OF MESOTRIONE FROM ENVIRONMENTAL WATERS 3 5 5

. A. Lair, C. Ferronato, J.-M. Chovelon, J.-M. Herrmann, J. Photochem. Photobiol., A:
Chem. 193 (2008) 193

V. N. Despotovi¢, B. F. Abramovi¢, D. V. Sojié, S. J. Kler, M. B. Dalmacija, L. J.
Bjelica, D. Z. Or¢i¢, Water Air Soil Pollut. 223 (2012) 3009

L. Zhou, W. Song, Z. Chen, G. Yin, Environ. Sci. Technol. 47 (2013) 3833

N. Corin, P. Backlund, M. Kulovaara, Chemosphere 33 (1996) 245

C. Wang, L. Zhu, M. Wei, P. Chen, G. Shan, Water Res. 46 (2012) 845

M. Zhu, H. Wang, A. A. Keller, T. Wang, F. Li, Sci. Total Environ. 487 (2014) 375

R. Comparelli, E. Fanizza, M. L. Curri, P. D. Cozzoli, G. Mascolo, A. Agostiano, Appl.
Catal., B: Environ. 60 (2005) 1.

Available on line at www.shd.org.rs/JSCS/

(CC) 2017 SCS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




