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Abstract

The photocatalytic degradation of imazaquin, a herbicide of the imidazolinone class, in an aqueous suspensions of titanium dioxide as
catalyst was investigated. A pseudo-first-order kinetic model was used to describe the results. The effect of sonication time, catalyst loading,
initial concentration of imazaquin, hydrogen peroxide and pH, temperature and radiation source were examined. The disappearance of
imazaquin and the increase of nitrate ion content as a function of irradiation time were analyzed by HPLC. The ammonium ion formation
was determined spectrophotometrically at 694 nm. A lower solution pH in the 3-11 range was found to be favorable to degradation. The
addition of HO, up to 10-3 mol |- enhanced the degradation rate and decreased it at higher concentrations. The photocatalytic effect was
more efficient in a suspension containing 2.04TiO» with 1 h sonication in the dark rather than with 20 min sonication before irradiation.

Solar radiation decomposed the herbicide faster than an artificial source. The activation energy was estimated through the variation of
temperature in the range 20-40.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction oxidation and reduction reactions on the Fi€urface. The
positive hole can oxidize the organic molecules sorbed on
Industrial, agricultural, and urban development has causedthe surface either directly or indirectly, through the forma-
great damage to human health and to biodiversity due totion of *OH radicals. On the other hand, the photogenerated
the high pollution rates, especially involving water. Since electron can produce radical species such as peroxg(O
drinking water is becoming increasingly scarce, investiga- and hydroperoxyl (H@~). These radicals and hydrogen per-
tions concerning the decontamination of these environmentsoxide oxidize the substrate, producing an intermediate com-
have grown substantially, because several pollutants such agound that, through subsequent oxidation, reaches mineral-
surfactantg1], herbicideq2,3], dyes[4,5], polychlorinated ization[17]. This means that the increase of these species in
biphenyls[6,7] have been degraded by advanced oxidative the reaction medium is a path leading to the improvement of
processes. Therefore, Ti(photocatalysis has been widely the mineralization level. Thus, several researchers have stud-
established as an alternative physical-chemical process foried the effect of other oxidants such ag®3 [3,18], Fe**
environmental remediation in the last two deca@3]. The [19] and SOg?~ [20,21] on the semiconductor surface.
use of low energy UV light and semiconductor photocata-  In this paper, we report the results of the photocatalytic
lysts such as the anatase form of 3j@ suspensiofil0-12] degradation of imazaquinRQ-2-(4-isopropyl-4-methyl-5-
or immobilized[13-16] can degrade and even mineralize 0xo0-2-imidazolin-2-yl)quinoline-3-carboxylic acidFig. 1)
these herbicides. by TiO; in aqueous suspension. The effects of initial con-
The photochemical process begins when the; éxticle centration and pH on the degradation rate were investigated
absorbs light at a wavelength smaller than 400 nm and thebecause the contaminant concentration and the pH are rele-
valence band electron jumps through the bandgap to the convant parameters in wastewater treatment. The effect of TiO
duction band, leaving a positive hole behind, generating an amount, of hydrogen peroxide addition, of radiation source
electron-hole (e—h™) pair. These pairs are able to initiate and of temperature were also examined for enhancement of
imazaquin degradation and mineralization.
* Corresponding author. Fax:55-43-3371-4286. Imazaquin is a herbicide used for pre- or post-emergence
E-mail addresskeiko@uel.br (K. Takashima). control of the broadleaf weeds and grasses in soybeans
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OH surrounded by a recirculating water-jacket and positioned
| inside the chamber described above. During irradiation,
o= =z X the temperature was maintained constant in the range of
H [ +0.1°C.
N X v Z
O=/ ,I\l N 2.3. Analytical determination
ch OCHs Changes in imazaquin concentration as a function of ir-
HaC” radiation time were monitored by HPLC with a diode array
CHa at 210 nm (Shimadzu LC-10AD with UV detector, Supelco,

Waters Spherisorb-ODS2 pre-column and C18 column,
5wm porosity, 46 mm x 50 mm and 46 mm x 150 mm,
respectively). A 30:70 mixture of acetonitrile—phosphate

tillage applied to plant foliage. It is vulnerable to foliar p er (vIv) at pH 4 was used as eluant, with an injection
washoff and herbicide washed off from foliage could pro- ;i me of 20ul, a flow rate of 0.8 mImin at 35°C and a

mqte surfacg water run off due to shorter contact time with retention time of 4.5min. Ng" formation was monitored
soil for sorption[22]. by ion chromatography (Sycam 3110 with a Sycam1100

conductivity detector, an AG11 Dionex lonpac pre-column,
4mm x 50mm, and an AS11 Dionex lonpac column,

Fig. 1. The chemical structure of imazaquin.

2. Experimental procedure 4mm x 250mm, 5um porosity). NaOH (1D x 1073
_ mol~1) was used as eluant and.0& 10-3mol =1 H,SOy
2.1. Materials as suppressor with a flow of 1 mlmih at 35°C giving a re-

. ) ) tention time of 3.1 min. The ammonium ion was determined
Imazaquin (G7H1703N3, 98%) was kindly supplied by spectrophotometrically at 694nm by the modified Berth-
Mil énia Agroindustria (Londrina, Parand, Brazil). Titanium g|ot method23]. The calibration curves were prepared for
dioxide (P-25, 80% anatase, 20% rutile, specific surface of 5 concentration range a®.0-100 x 10~®moll~1. This
50n*g-') was a gift from Degussa and was used as the procedure was repeated whenever this ion was determined.
photocatalyst without further purification. Hydrogen perox- The validation method was based on the absorption spectra
ide (30%, P.A.) was purchased from Nuclear. Acetonitrile of the blue compound recorded at pH 3.0, 7.0, and 11.0

was chromatographic grade and purchased from Mallinck- from 350 to 800 nm, whose maximum absorption occurred
rodt. All other chemicals were analytical grade and em- petween 690 and 700 nm.

ployed without previous purification. The water used in all
the experiments was purified with a Milli-Q-Plus system.
3. Results and discussion
2.2. Photodegradation
3.1. Kinetics of imazaquin degradation

llluminations were carried out in three cylindrical 70 ml ) ) . o
borosilicate glass reactors (ID 5.0 cm) with aqueous suspen- 1 he disappearance of Imazaquin from an initial concen-
sions containing the desired amounts of Fiénd imaza-  tration of 500 x 10-°mol I~ is shown inFig. 2 under
quin under ambient conditions. A stock aqueous solution different conditions. The degradation fitted well the expo-
of imazaquin (50 x 10-®moll-1) was prepared by dis- nential decz_iy_ curve, foIIOW|_ng a flrst_-order behav_lor. 'I_'h_ere
solving the herbicide in an ultrasonic bath. The natural pH Was @ negligible effect on imazaquin when the irradiation
for imazaquin is about 4.7. Three reactors, each containing®ccurred in the absence of TZ’OJS'”% a 125W mercury
100 mg TiQ in 50ml (2.0 g ) of herbicide solution were  lamp without a bulb§ = 0.503 x 10~ m'nil)-_ However,
kept inside an ultrasonic bath for 1 h in the dark to achieve a the rate constant was doubled when solar radiation was used
complete adsorption prior to irradiation. These reactors were (K=1.1x 1072 ”;'”_l)- 'l” the presence of hydrogen perox-
placed on a magnetic stirring plate with the suspension sur-1d€, 10 x 10; molI~*, the rate constant was enhanced
face at a fixed distance of 15 cm from a 125 W mercury lamp [0 144 x 10-2min~*. In the presence 2°f Ti9(2.0g),
without a bulb. This radiation source was attached vertically the rate constant increased 94 x 10~ min~* when the
to the internal top of a wood box (50 cm50 cmx 50 cm). ar't|f|C|aI radlatllorj source was used and to&@710-2 min—!
Two fans were positioned on the lateral walls at different With solar radiation.
heights in order to minimize the heat effect generated by the
lamp. During irradiation, the temperature variedb§.0°C. 3.2. Effect of sonication time

When irradiation was performed with temperature con-
trol, we used a cylindrical 70 ml borosilicate glass vessel Experiments were undertaken to investigate the effect
containing 50 ml imazaquin solution in a Ti®uspension,  of sonication time in the dark on the degradation of
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Fig. 2. Disappearance of imazaquin under some experimental condiflpartficial photolysis; @) solar photolysis; &) photolysis with 1x10~2 mol I=%
H,0,; (V); TiO, photocatalysis with solar irradiation®) TiO, photocatalysis by irradiation with a 125W Hg lamp without a bulb.

50.0 x 10~® mol =1 imazaquin before irradiation. Different
amounts of TiQ were used in the range 2.0-12.04.
Fig. 3 shows that the adsorption on the piGurface was

up to 2h. This behavior suggests that the adsorption rate
was much faster at the beginning because the number of
available sites was much greater. With the adsorption of

rapidly enhanced in the first 20 min, and then more slowly the substrate molecules on the %iGurface, the rate was
until reaching a maximum with 1 h sonication, that is, a de- reduced until adsorption—desorption equilibrium was estab-
crease of 9.2% in the chromatogram area of the imazaquinlished. The smaller areas obtained at 90 min and 2 h indicate
peak. After this time, the adsorption decreased gradually that the desorption rate was greater than the adsorption rate.
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Fig. 3. Imazaquin molecule adsorption (8& 10~ moll~1) onto the TiG particle (2.0 gt?) as a function of the sonication time of the suspension (50 ml).
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Fig. 4. Effect of TiQ amount on the degradation rate constant aP5010-¢ moll~1 imazaquin at ) 20 min and @) 1 h sonication.

3.3. Effect of TiQ amount low rates, as shown iffable 1 This behavior reveals that
imazaquin adsorption on the sites of the Ti6urface is

Two series of experiments were carried out varying the faster with increasing catalyst concentration, until reaching

TiO, amount from 2.0 to 12.0gF with 20min and 1h  saturation at 12.0g. This means that up to 8.0g! the

sonication, respectively=g. 4). According toTable 1 the available sites promptly absorb the bandgap energy respon-

longer the sonication time as a function of Bi@mount the  sible for the beginning of the redox reaction, suggesting that

higher the degradation rate constant and ammonium and ni-imazaquin is immediately fragmented. The higher concen-

trate ion formation Kig. 4). However, we did not observe trations of ammonium and nitrate ions obtained after 4 h irra-

the same quantity of Ti@for the most efficient degradation  diation indicate that N@~ oxidation and NH* reduction do

and mineralization. Thus, the fastest degradation occurrednot occur concomitantly to photocatalytic degradation, since

when 8.0g1! TiO; was used, whereas the total concen- the total degradation of imazaquin takes place within 90 min.

tration of mineralized ions was higher for 2.0¢1TiO,

both after 1h and after 20 min of sonication. In the for- 3.4. Effect of initial imazaquin concentration

mer case, the rate increased rapidly with increasing cata-

lyst concentration up to 4.0gt and more slowly when The effect of initial imazaquin concentration was investi-

the concentration was increased from 4.0 to 8:0'g hnd gated over the range of®x 1076 to 1000 x 10~ mol I-1.

decreased at 12.0g4. The rate constants for irradiation The rate constants obtained in a suspension containing

with 20 min sonication presented the same trend with very 2.0g ! of TiO» decreased significantly with the increase

Table 1
Effect of sonication time and Ti©concentration on the degradation rate constant, and mineralized ion concentration after 4 h irfadiation

[TiO2] (g17Y) 20min 1h
k (1072min~1) [NH4*] (10~®moll=Y) [NO3~] (10~ %moll~1) Kk (102min~1) [NH4*] (10~%moll~1) [NO3~] (10~8moll-1)

1.0 1.90 11.46 11.42 2.38 22.91 10.50
15 2.18 20.94 14.41 4.25 28.54 12.17
2.0 2.20 18.79 17.71 4.96 26.68 19.20
4.0 2.26 7.47 10.89 8.47 23.56 12.02
8.0 2.99 23.09 7.68 8.67 3.27 8.77
12.0 1.16 18.03 5.54 6.67 2.63 12.68

aThe experiments were not carried out under these conditions.
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Fig. 5. Degradation rate constant as a function of initial imazaquin concentration in aquegususi@nsion (2.0 gH).

in initial concentration, as shown iRig. 5. A much faster Different charge densities may be generated in the
degradation rate at lower imazaquin concentrations mayimazaquin molecule depending on the type of interaction
be justified by the fact that the high number of available with the titanium dioxide surface, accelerating or retard-
TiO2 molecules is able to adsorb most of the molecules ing the degradation. In the present study, the degradation
in suspension. On the other hand, the process is invertedrate decreased with the increase in pH from 3 to 11. The
at higher substrate concentrations, since a large number ofimazaquin Ky of 5.11 at 25C was calculated from the
substrate molecules compete for the adsorption sites withHenderson—Hasselbach equatjidi]. The pH of zero point
some intermediates such as carboxylic acids, aldehydespf charge (pHpc) of TiO, (P-25) is equal to 6.828]. This

and aromatic$24]. As a consequence, there is a decrease means that the Ti@surface is positively charged when the
in the rate constant because the number of available activepH is lower than this value, as shown in the equilibrium
sites is diminished for redox reactid25,26] Although among the species on the TiGurface]6]:

higher concentrations of ammonium (31 10-%mol~1)
and nitrate (3® x 10-¥moll~1) ions were obtained for
25.0 x 10-%moll~1, the formation of both occurred at ran-
dom, complicating the interpretation. All the other irradia- Then, at pH 3.0 £pKy), interaction between TiOy and
tion procedures were carried out using®@ 10~°mol I~ imazaquin would occur through one or more atoms with
imazaquin. At this concentration, the rate constant showedigher negative charge densities, defined by Miillike®]

a proportional increase up to about 30 min irradiation and ca|cylated with the PC Spartan-Pro geometry optimization
remained constant within the experimental error after about program by AM1 method, and presentedFiiy. 6. The ad-

—Ht —Ht
TV —OoH* =TIV —oH=TiV -0~
+H* +H+

90 min, characterizing a change in the reaction order.

3.5. Effect of pH

In this study, the initial pH was maintained at 3.0,

sorption to the positive charges on the %i€urface occurs

Table 2
Rate constant and ammonium ion concentration at different pH values
produced in the final period of 4h irradiatibn

7.0, or 11.0 in a suspension of 2.0gl TiO, and pH k(1072min~Y)  typ (min) T [NH4*]
50.0 x 10~%moll~1 imazaquin. During irradiation, the pH (10-°mol ™)
varied within the range 3-3.6, 7-6.7, and 11-11.1. When Natural ~ 4.94 10.70 0.9965  26.68
irradiation was performed with no pH control, that is, at 3.0 5.22 13.27 0.9951  29.68
the initial natural pH of 4.7, the variation was more notice- /- 4.36 15.89 09819  23.63

11.0 3.61 19.20 0.9674  19.54

able (£1.0). Table 2shows that degradation occurred more
rapidly at pH 3.0.

a50.0 x 10~8moll~1 imazaquin in 2.0gt! TiO,.
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Table 3
,' N /’k Effect of hydrogen peroxide concentration on the imazaquin degradation
i H/ rate constant in the presence or absence of, TiBe experiments were
N not carried out under these conditions)
0157 - o [TiO2] (gI™Y)  [H202] 10 2moll~Y)  k(102min~1) r
N o Wt 0302 29 2
0094 4 - - - 0.503 0.9922
‘\ s Y N - 1.0 1.44 0.9964
1' j/ -0.329 2.0 - 4.94 0.9965
i i | ’ 2.0 0.010 7.42 0.9915
. N 2.0 0.10 8.54 0.9899
\*f \(’ =t O 2.0 1.0 4.27 0.9843
' L -0.364 2.0 5.0 2.71 0.9568
(o]
-0.309

3.6. Effect of HO, addition
Fig. 6. Charge densities on some atoms in neutral imazaquin.

The results of irradiation of suspensions formed by)50
10-®mol1~1 imazaquin and Ti@ 2.0g ! at different hy-
drogen peroxide concentrations are presentedaiple 3
When irradiation was applied only in the presence oObl
the herbicide did not degrade satisfactorily, whereas in the
presence of the semiconductor the rate increased signifi-
cantly. On the other hand, the mixture of Bi@nd 10x10~4
and 10 x 10~3mol -1 hydrogen peroxide increased by 5-
and 6-fold, respectively, the degradation rate with respect to
H>0O, as opposed to a 1.5- and 1.7-fold increase in degra-
dation in the presence of Tigalone. The rate increase with
the addition of HO, at concentrations lower thanQlx
10-3moll~1 may be attributed to the enhancement of the
initial concentration of hydroxyl radical82,33] produced
by direct photolysis of HO> (1) and by reaction with per-
oxyl ion, &*~ (2). In addition, HO» can capture one elec-
tron of the conduction band and produce the hydroxyl rad-
ical, hindering the process of electron—hole recombination
and increasing the rate of the photocatalytic process (3), as
shown inScheme 1 [34]

In the presence of.@ x 102 and 50 x 10 2mol -1
hydrogen peroxide, it may be suggested that the hydroper-
oxyl radical (HG*) produced by the reaction betweep®j
and the OHM radical (4), as well as the neutral species gen-
erated between two radicals, HOand *OH (5), as pre-
sented irScheme 2 [35,36)ill contribute to the decrease in
degradation rate. Similar behaviors were obtained for some

in the region with higher charge densities produced by the
lone pairs, localized on the oxygen atoms of the carboxylic
(—0.309 and-0.364), on the carbonyH0.302) and on the
position-1 nitrogen of the imidazole-0.329) groups. So,
the contribution of partial charges localized on the position-3
nitrogen of the imidazole-{0.157) and quinoline-{0.094)
groups would be smaller on the degradation rate.
Therefore, at pH 7 (>pH) TiOH and TiO~ species are
present on the Ti@ surface, indicating that the herbicide
suffers dissociation at pH 7.0, yielding the carboxylate ion.
This hinders the interaction and consequently, the imaza-
quin adsorption on the TiDsurface. At pH 11, repulsion
is much more marked if we consider that both species are
negatively charged, thus preventing interaction and delay-
ing degradation. This may be verified by the charge den-
sities calculated for ionized imazaquin on the nitrogen of
the imidazole £0.190 and-0.331) and quinoline-{0.125)
groups, as well as on the oxygens of the carbox0.568
and—0.518) and carbonyH0.341) groups shown iRig. 7,
which are more negative compared to those of pH 3.0. Pho-
tocatalytic oxidation, which follows a similar behavior, was
carried out using substrates suchamethylbenzoic acid
[30], trichlopyr [2], and polychlorinated bipheny[81].

N H,0, + hv. — 2°OH M
-0.190
fr o Hx0, + 0" — OH + *OH + O, )
/1\ -0.341
N (H2O2)ass + € —OH + °OH 3)
-0.331
Scheme 1. Formation of hydroxyl radicals from®p.
o
\'}. -0.568 H20; + *OH — H0 + HO; (4)
o)
-0.518 HO;* + *OH —» H0 + O (5)

Fig. 7. Charge densities on some atoms in ionized imazaquin. Scheme 2. Consumption of hydroxyl radicals in excess.
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contaminants such as organic phosphorus pesti¢Rigs Table 4

trichloroethylene[38] and 4-chlorobenzoic aci®9]. Effect of temperature on the degradation rate constant with closed and
opened reactofs

3.7. Effect of radiation source Reactor Temperaturé €) k 1072 min" '
Closed 20 1.60 0.9957

The suspension of 2.0g} TiO; in 50.0 x 10~%mol -2 g:g:g gg ;'gg g'gggg

imazaquin was submitted to the artificial and solar radiation ¢joseq 35 279 09876

sources in order to determine the extent of light absorption ciosed 40 2.94 0.9945

by titanium dioxide. When the mercury lamp powers were Closed No control 2.07 0.9939

changed from 125 to 250 W, without bulbs in both cases, ©pened 30 3.03 0.9931

there was an increase of 16%, that is, fror8x 102 Opened No control 4.94 0.9965

to 5.74 x 10~2min—1. The mineralization of ammonium 250,0 x 10~ molI-* imazaquin in 2.0g1! TiO,.

and nitrate ions also suffered a small variation in concen-

tration from NH;* 23.8 x 108 mol =1 and NQ~ 12.8 x Os + e — O ®)

10~ moll~1 for the 125 W lamp to 283 x 108 mol =1 and

7.3x10-%mol -1 for 250 W, respectively. This is attributed 20, + H,0 — HO; + O, +OH @

to the UV radiation intensity used to determine the amount

of photons absorbed by the catalyst. Previous investigations Scheme 3. Oxygen cycle in the reaction medium.

have shown that the relationship between degradation rate
and intensity would be of half order, that is, directly propor-
tional to the square root of the intensity. This dependence of
the reaction rate may arise from enhanced bandgap reco
bination at higher light intensities, where the surface-boun
hydroxy radical would be the principal hole trap and the pri-
mary initiator of oxidation of electron-donating substrates
when the intensity is increased by about-250~3 W cm—2

[40].

The effect of solar irradiation was investigated by con-
trolling the sonication effect and the thermal degradation.
After 1h in an ultrasonic bath, the imazaquin concentration
decreased by about 9.2%. On the other hand, there was a
increase of approximately 2@ over 4 h of sun exposure
with the reactor covered with three layers of aluminum foil,
and a decrease of about 10% in imazaquin concentration.
Imazaquin proved to be highly sensitive to sunlight since
the relationship between the rate constakig{/kart.) was
2.18 in the absence of TigGand was enhanced to 5.61 in the
presence of TiQin the final 4 h of irradiation. Solar radia-
tion has been used in the photocatalytic degradation of sev-
eral organic substances such as diEs42], phenols[16]
and others.

30°C (229 x 10-2min~1) and at room temperature with a
m_variation from 28 to 30C (2.07 x 10 2min~1) are com-
q patible, since in the latter case the rate constant is smaller
than at a temperature fixed at 30. When the irradiation
was conducted in three reactors without external water
circulation, indicated inTable 4 as opened, the resultant
rate constant was of.@4 x 10-2min—1 for a variation of
27-33°C. The highest degradation rate was obtained when
the samples were collected from an open reactor, and this
may be attributed to the air oxygen entering the reactor,
in addition to a wider range of temperature variation. The
r2)xygen would be promptly dissolved in water and adsorbed
on the TiQ surface in order to be reduced by the conduc-
tion band electron, producing the peroxyl radicak®O
(6). It is usually accepted that, in addition to the hydroxyl
radical, the peroxyl radical is a primary oxidant species in
the oxidation cycles of the photocatalytic degradation, as
shown inScheme 3The peroxyl ion may also interact with
water molecules to give continuity to the cycle (ZY].

4, Conclusion

3.8. Effect of temperature Imazaquin was totally degraded in an aqueous >TiO
suspension after 1h sonication in the dark following a
The effect of temperature was studied in the range pseudo-first-order kinetic behavior, even though with a
20-40°C with temperatures kept constant@.3°C). The variation of £3.0°C. The addition of HO> in the range
rate constants increased with increasing temperature, asl.0x 104 to 1.0x 10~3mol |~ to the suspension increased
shown inTable 4 By plotting the natural logarithm of the  the rate constant, but at higher concentrations there was a
rate constant as a function of reciprocal absolute temper-decrease. The most favorable pH for this degradation was
ature, a linear behavior was obtainéd = 0.9881) with pH 3. The degradation rate and mineralized ion concentra-
a deviation at 40C. This may indicate that there was a tions under solar irradiation were higher in comparison with
decrease in the adsorption of imazaquin molecules on theatrtificial irradiation. The use of powerful radiation sources
TiO, surface at this temperature. The activation energy is not necessary since the rate constants are not directly
(Ea) was relatively low and was estimated at 24.8 kJhol proportional to the increase in lamp power. The tempera-
The degradation rate constants between a closed reactor ature variation in the range 20-4Q showed that the rate
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constants follow the Arrhenius equation with relatively low
activation energy.
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