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Abstract .

Hydroxyl radical ("OH) is one of the most powerful
oxidative agents. A recent application of this radical is its use
in decontamination of polluted water by toxic organic
substances like pesticides. Chemically, this radical is
produced by the use of a mixture of (Fe**/H,0,), called
Fenton’s reagent. In this work hydroxyl radical formation
rates under different oxidation systems i.e,, Fe* /H,0,/UV-
Vis, Fe**/H,0,/UV-Vis, Fe?*/H,0/Dark, Fe**/H,0,/Dark,
Fe?*/UV-Vis, Fe™*/UV-Vis, Fe*/Dark, Fe**/Dark, H,0,/UV-Vis
and H;Q,/Dark were determined after addition of benzene
as a chemical probe to MilliQ water in a reaction cell. Phenol
produced by the reaction between OH and the benzene
added to the water sample was determined by HPLC as a
function of time to quantify the "OH formation rate in the
presence and absence of simulated sunlight. Degradation
and mineralization of diuron {1mg/L) in some of these
effective systems were evaluated as well. Results
demonstrated that Fe**/H,0,/UV-Vis (Photo-Fenton reaction)
is likely to be the most important source of *OH due to the
higher rate of *OH generation in this system (107.2 uM min’
) compared to 58.71 pM min? with Fe®*/H,0,/UV-Vis
(Photo-Fenton like reaction), and 6.73 pM min' with
Fe?*/H,0,/Dark (Fenton reaction). Consequently, photo-'
Fenton reaction was the most effective method for diuron
degradation, dechlorination and mineralization in water since
complete degradation, total conversion of the initial diuron
chloride content and 85% total organi¢c carbon (TOC)
mineralization were achieved after 180, 240 and 540 min of
irradiation time at pH 2.8, respectively.
Keywaords: Diuron, Fenton reaction, MilliQ water, hydroxyl
radical formation rate.

INTRODUCTION

Phenylurea derivatives are reported to be among the most widely used
herbicides in agriculture nowadays (Barbash ef a/, 2001). Accordingly, their residues
were shown prominently in surface or runoff waters (Mazellier et a/,, 2007). Diuron (3-
(3,4-dichlorophenyl)-1,1-dimethylurea) is one of the most popular substituted
phenylurea herbicides used to control a wide variety of annual and perennial broadleaf
and grassy weeds. It is used on many agricultural crops, but is more widely applied for
long-term pre-emergence weed control in non-crop areas (Tomlin, 2003), especially
along railway lines (Schweinsberg et a/, 1999). Diuron is used as algicide in paints
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and coatings as well {(Gerecke et a/, 2001). Its wide use leads to poliution of water by
soil leaching and agricultural runoffs. Because of its extremely slow breakdown in
water, diuron is highly persistent in the environment (Madhum and Freed, 1987). it
was considered as priority hazardous substance by the Water Framework Directive of
the European Commission, and included in Decision No. 2455/2001/EC of the
European Parliament and of the Council of 20 November 2001, in which a list of
priority substances in the field of water policy is established.

The negative impact of diuron on ecosystems and human health requires more
positive efforts for the development of efficient and environmentally friendly
technologies for water treatment. Advanced oxidation processes (AOPs), which are
based on /n situ generation of a powerful non-specific oxidizing agent, the hydroxyl
radical ("OH), provide a convenient method for the treatment of pesticide wastes
(Pignatello et a/, 2006). Oxidation methods like Fenton reaction, which generate
hydroxyl radicals, are promising methods for treating polluted water. The Fenton
system consists of a mixture of ferrous salt and hydrogen peroxide, namely Fenton's
reagent. If ferrous is replaced by ferric iron it is called Fenton-like reagent. It can be
described as the generation of "OH through cétalytic decomposition of hydrogen
peroxide by a transition metal such as ferrous iron, In spite of this, environmental
applications of this oxidation system are relatively recent because of its advantages in
comparison to other oxidation processes, like the fact that, hydrogen peroxide is
environmentally friendly, since it slowly decomposes into oxygen and water and it
considers as one of the cheapest oxidizers that are normally used in water treatment,
has high oxidizing power, easy to handle, water-soluble and does not produce toxic
by-products or color {Redriguez, 2003). Besides that, the abundance, lack of toxicity,
and ease of removal from water makes Fe* the most commonly used transition metal
for Fenton process applications (Safarzadeh-Amiri ef a/, 1996). Using solar energy as
a photon source, the system activity can be greatly increased (Lee and Yoon, 2004).
Hydroxyl radicals thus formed react with organic pollutants leading to their
mineralization into CO,, water and inorganic ions. They are effective in attacking a
wide range of organic compounds (Balci et &/, 2009).

Hydroxyl radical ("OH) plays an important role in the degradation of organic
compounds in water (Andreozzi ef al, 2003), due to its high reactivity with organic
compounds in the aqueous phase (Buxton ef a/, 1988). The non-selective nature of
hydroxyl radical mékes it useful for degradation of a broad range of pollutants feading
finally to the mineral end-products (Lindsey and Tarr, 2000). The effectiveness of "OH
in the degradation of organic compounds depends on its steady-state concentration
(Nakatani et a/, 2004). '
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Accordingly, the aim of the present study is to determine the formation rate of
*OH under different oxidation systems in order to understand its role in the
degradation of pollutants, and to compare the efficiency of different Fenton systems to
find the best removal performance for the degradation and mineralization of diurcn

from water.

MATERIALS AND METHODS

1. Chemicals

All chemicals and solvents used were of analytical reagent grade and were used
as received. Diuron 99% and hydrogen peroxide (30%) were obtained from Cica-
reagent, Kanto Chemical Co. Inc., Tokyo, Japan. Acetonitrile and benzene were
purchased from Nacalai Tesque Inc.,, Japan (HPLC grade, >99.5%). Commercial
phenol standard stock solution (100 mg L™! of phenol) was purchased from Sigma—
Aldrich Japan. Ferric chloride (FeCl; - 6H;0) (99%) was obtained from Katayama
Chemicals, Japan. Ferrous sulfate (FeSO, - 7H,0) (99%) was obtained from Nacalai
Tesque Inc., Japan. 2-nitrobenzaldehyde was purchased from Tokyo Kasei Kogyo, All
solutions were prepared with ultra-pure water (Milli-Q water, >18 MQ cm™, Millipore
Japan).
2, Determination of OH radical formation rate

Hydroxyl radical formation rates under different oxidation systems i.e.,
Fe?' fH,0./UV-Vis, Fe®'/H,0,/UV-Vis, Fe?*/H,0,/Dark, Fe**/H,0,/Dark, Fe®/UV-Vis,
Fe**/Uv-Vis, Fe?*/Dark, Fe**/Dark, H,0,/UV-Vis and H.O,/Dark were determined after
addition of benzene as a chemical probe to MilliQ water in a reaction cell. Phenol
produced by the reaction between "OH and the benzene added to the water sample
was determined by HPLC as a function of time to quantify the "OH formation rate in
the presence and absence of simulated sunlight. At the beginning of each experiment,
an aliquot of aqueous benzene stock solution (2 x 1072 M) was added to MilliQ water
giving a benzene concentration of 1.2 mM, The solution was then spiked with Fenton's
reagent (e.g., Fe** or Fe** and H,0,), agitated to mix the solution, transferred to a
quartz cell (60 ml) and irradiated using a solar simulator (Oriel, Model 81160-1000)
unit equipped with a 300 W Xenon lamp (ozone free, Oriel Model 81160) and special
glass filters restricting the transmission of wavelengths below 300 nm were used. This
Xenon lamp has been demonstrated to be egquivalent to natural sunlight for conducting
aqueous photolysis studies for certain pesticide compounds. The wavelength range
varies from 300 to 800 nm, which represents radiation very close to natural sunlight
(Durand ef a/, 1991),
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Due to the high concentration of Fe®* or Fe** (0.2 mM) and H,0, (20 mM)
under Fenton reaction conditions, diluted solution (100 times) was employed to
measure the "OH formation rates in MilliQ water. The initial pH of the diluted solution
was adjusted to 2.8 with hydrochloric acid in all experiments {(Huston and Pignatello,
1999). During the irradiation, the solution in the quartz cell (60 ml) was mixed well
with a stirring bar and the temperature was kept at 20 °C. Solutions were removed at

regular intervals from the irradiated samples for HPLC analysis. All the experimental
| conditions of the oxidation systems that carried out in the absence of simulated
sunlight were the same as in its presence.

The concentration of phenol, which was produced by the reaction of benzene
with "OH, was measured as a function of time under the conditions where a high
concentration of benzene is added to water sample. Determination of phenol was
performed using HPLC system {Faust and Allen, 1993), consisting of a PU-2089 plus
pump (Jasco, Japan), a Rheodyne injection valve (Cotati, CA, USA) with a 50 pL
sample loop. The column was an Ultron VX-ODS (Suplecosil LC-18, particle size 5 pm;
Supelco) 250 mm x 4.6 mm I1.D. A guard column (Suplecosil LC-18, 5 pm, 10 mm x
4.6 mm 1.D.) was fitted in the front of the analytical column. A mixture of acetonitrile
and MilliQ water (40/60, v/v) was used as a mobile phase at a flow rate of 1 ml min™".
The fluorescence detector (Shimadzu, RF-10Ay) was operated at 270 nm for
excitation and 298 nm for emission. Analytical signals were recorded by an integrator
(Shimadzu, CR-6A). The detection limit of phenol using this HPLC system was
2x10°M.

The "OH formation rate (Roy) was determined as follows:
Royhenol

Ron = -
‘ . thenol X' Fenzene,0H

Where Ronenal i the photoformation rate of phenol in water samples (M s7h),
Yoneno is the yield of phenol formed per benzene oxidized by "OH {mean + standard
deviation = 0.75 £ 0,07, Arakaki and Faust, 1998), and FAenzeneon i the fraction of
‘OH that reacts with benzene and it was assumed to be 1.00 in this study. It is worth
to note that actual Aenene.on May be a littie lower than 1.00 due to possible reactions
of ‘OH with other scavengers such as H;O, and Fe used for the Fenton reagents.
Moreover, the effect of other chemical species occurring in the experimental aguatic
systems for the Fenton reactions in the present study on "OH scavenging is very
limited compared with that of benzene and, for practical purposes, it can be assumed
that Aenzene,on = 1.00.

The irradiation light intensity for each day of photochemical experiment was

determined by using 2-nitrobenzaldehyde (2-NB) as a chemical actinometer (Kuhn- et
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al., 2004), using the same reaction cell which used for the determination of "OH. The
2-NB photolysis rate constant (J.ns) Was determined by HPLC with a UV detector set
at an absorbance wavelength of 260 nm. The column, mobile phase and flow rate
were the same as for the determination of "OH. The degradation rates of 2-NB (_b.ne)
obtained in the present study ranged from 0.0090 to 0.0093 s, In this study, the "OH
photoformation rates were normalized to Jbys = 0.0093 577, which was determined at
noon, under clear-sky conditions in Higashi-Hiroshima city (34°N) on 7’“_1 of October
(Takeda et a/, 2005). It must be recognized that the photochemical reaction depends
on both the light intensity and the wavelength of the light source. However, this
normalization using 2-NB photolysis rate constant enables a comparison to be made
between data, and a quantitative discussion on the contribution from each "OH source.
3. Degradation experiments

A solution containing the required amount of diuron {1mg/l) in MilliQ water was
carefully agitated. Then, freshly prepared ferrous sulfate (FeSQO,- 7H;0) at Fe
concentration of 0.2 mM was added, and H,0; at a final concentration of 20 mM was
finally added, to account the degradation of diuron with photo-Fenton reaction
(Fe™*/H,0,/UV-Vis). The pH of the reaction mixture was adjusted to 2.8 by adding a
dilute aqueous solution of hydrochloric acid. Another experiment was carried out using
ferric chloride (FeCl; - 6H,0) at the above-mentioned concentration of Fe and H,0; to
account for the degradation of diuron with photo-Fenton like reaction (Fe3+/HZO;jUV-
Vis). During the irradiation using a solar simulator, the solution in the quartz cell was
well mixed with a stirring bar and the temperature was kept at 20°C. In addition, to
account for any possible degradation of diuron under dark conditions, one experiment
was carried out in the absence of light, with Fenton reaction (Fe?*/H,0,). The solution
from the treated samples was removed at regular intervals and filtered through a
0.45pm Ekicrodisc syringe filter for HPLC analysis under the same conditions as
mentioned in "OH determination except using a UV-VIS detector (SPD-10A, Shimadzu)
at 254 nm wavelength, the retention time for diuron was 7.1 min. The detection limit
of diuron under these conditions was 3 pg L. Its calibration was calculated on the
basis of the peak areas obtained with standardized samples analysed under the same
HPLC conditions. These experiments were conducted in triplicates and the results
representing the mean values. The relative standard deviations ranged from 3 to 7%.
4. Mineralisation

The progress of mineralisation for an initial diuron concentration of 3 mgC I-1
MilliQ water was monitored by measuring the total organic carbon (TOC) in treated
solutions at regular intervals after filtration and acidification by hydrochloric acid (1%
HCl 2mM). TOC of the sample solution was measured with a Shimadzu TOC-VCSH
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analyzer according to the thermal catalytic oxidation principle. Platinum was used as
catalyst in order to carry out the combustion reaction at 680°C. The carrier gas was
oxygen with a flow rate of 150 ml min™!. The detection was carried out by using non-
dispersive infrared (NDIR) detector. Calibration of the analyzer was achieved with
potassium hydrogen phthalate standards.
5. Evolution of chloride jon

Chloride ion released into treated solutions during photo-Fenton reaction
experiment was determined using Dicnex DX-500 ion chromatography (IC) system
(Dicnex, Idstein, Germany), equipped with a gradient pump (GP-40) and a Dionex Ion
Pac AS1i (250x4 mm) anion exchange column for chromatographic separation
provided with a guard column AG11 (50x4 mm) and coupled with a conductivity
detector CD-20 to measure anions. Samples were introduced through an auto sampler
AS-3500 in a 100 ul injection loop fitted with Rheodyne injector in a 2 mi min™! of flow
rate. The Peaknet chromatography workstation was used for instrument control, data

collection and data processing.

RESULTS AND DISCUSSION

1. Hydroxyl radical formation rate

Data in Table {1) revealed that photo-Fenton reaction is likely to be the most
important source of "OH due to the higher rate of "OH generation in this system (107.2
uM min™) compared to 58.71 pM min™ with photo-Fenton like reaction, and 6.73 uM
min with Fenton reaction. In addition to the photo-Fenton reactions, iron photo-
assisted systems (Fe**/UV-Vis & Fe’*/UV-Vis) and the direct photolysis of hydrogen
peroxide (H,0,/UV-Vis) are important sources for "OH formation in water representing
31.30, 26.54 and 19.61 pM min’!, respectively.

Table 1. Calculated hydroxyl radical formation rates under different oxidation systems
in MilliQ water in the presence and absence of simulated sunlight.

Degradation system Generation rate of “OH (pM min}
Fa?*H,0:/UV-Vis 107.2 £ 4.2
Fe¥* /H,0,/UV-Vis 58.71 £ 2.1

Fe?*/H;0,/Dark 6.730 £ 0.5

B Fe**/H,0,/Dark 5233+ 0.3
Fe*/ UV-Vis 3130+ 2.8

~ Fe®/ Uv-vis 26.54 £ 1.9

Fe?*/ Dark 0.078+0.004

Fe’'/ Dark _ 0.045+0.002

H;0:/UV-Vis 1961 + 1.1

H;0,/Dark 5125 + 0.4
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The hydroxyl radicals are now generated by the Fenton's reagent, the initiation
step in this mechanism is the generation of "OH by the reaction of hydrogen peroxide
and ferrous iron (Fe**), according to Walling, (1975):

Fe** + H,0, —————» Fe** + "OH + OH~ (1)

Then, these hydroxyl radicals formed react rapidly and nonselectively with most
organic compounds bfy three types of reactions: additions on a double bond,
abstraction of a hydrogen atom or electron transfer (Buxton et af, 1988; Haag and
Yéo, 1992), and cause their chemical decomposition:

QOrganic combounds + *OH ———» Degradation products (2)

Furthermore, the Fe®* formed, which is present in the aqueous solution,
undergoes spontaneous hydrolysis with water to form Fe(OH)**, which considers as
one of the most photosensitive species, and such a complex is capable of producing
hydroxyl radicals directly through the photo-sensitization reaction (Benkelberg and

Warneck, 1995):

Fe(OH)?* Y ke 4 ooH (3)

Among the AOPs, the iron photo-assisted system has received special attention
as a potential water treatment process because it can provide an efficient and less
expensive treatment method in compariscn with photo-Fenton and H,Q,/UV processes
{Mazellier et al, 1997).

Thus, it can be concluded that the active “OH is generated through three
possible sources: the original Fe?* H,0, reaction (Eq.1), Fe** sensitization (Eq. 3), and
photolysis of hydrogen peroxide (Eqg. 4) (Benitez ef a/f, 2007).

H>0; ——hi——'— 2 "OH (4)
3.2. Diuron degradation )

As shown in Fig. 1, the degradation of diuron is faster with photo-Fenton
reaction than with photo-Fenton like reaction at equimolar iron concentration of 0.2
mM. The complete disappearance of diuron needs 180 and 240 min with photo-Fenton
reaction and photo-Fenton like reaction, respectively. On the other hand, under dark
conditions diuron decomposition was found to be markedly slower and does not go to
completion because in the dark, the reaction in (Eq.1) is retarded after complete
conversion of Fe?" to Fe®.

_ These findings suggest an increasing contribution of the photo-Fenton system
in diuron degradation due to an additional generation of.*OH. When ferrous salts are
used, the hydroxy'l radical is produced immediately by the rapid reaction between
ferrous ion and hydrogen peroxide (Eq. 1). With ferric salts, the hydroxyl radical ié
produced in a two-stage process with the slow reaction between ferric ion and
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hydrogen peroxide (Eq. 5) followed by the rapid reaction between the produced
ferrous ion and additional hydrogen peroxide (Kiwi et a/, 1993):

Fe* + H,0, ————= Fe?* + HO,” + H* (5)

Moreover, Fe’* has a lower activity than Fe?* and may complex with the
organic poliutants or their degradation products, producing weaker oxidants than "OH
{Sun and Pignatello, 1993). UV irradiation attacks and decomposes organic molecules
by hond cleavage, although it occurs usuaily at very slow rates (Yue, 1993).
Additionally, the presence of hydrogen peroxide increases substantially the rate of the
oxidation, due to the generation of hydroxyl radicals, 'which react with organic

compounds (Haag and Yao, 1992).

100 e e e

—e— Fenton reaction
. s Photo-Fenton reaction

—u— Photo-Fenton like reaction L

Pesticide remaining (%)
o
o

60 75 90 105 120 180 240 300 360
Reaction time (min)

Fig. 1. Effect of Fenton and photo-Fenton reactions on the degradation of diuron
{1mg/L) at pH 2.8. '

3. Total organic carbon mineralisation

As it can be seen from Fig. 2, a high mineralization of diuron (85%) was
reached by Fe?*/H,0,/UV-Vis system compared to (78%) by Fe**/H,0,/UV-Vis system
after 540 min of irradiation time, which could be explained by increasing the
production of hydroxyl radicals and therefore, the mineralization grade also increases.
However, Fenton reaction shows very poor mineralization rate (2%} after 540 min of
treatment. Consequently, illumination was necessary to reach high degrees of
mineralisation.

The complete mineralisation of diuron was not achieved after 540 min,
although diuron was completely degraded after 180 and 240 min in the treated
solution with photo-Fenton reaction and photo-Fenton like reaction, respectively. This
difference indicates that persistent intermediate products were produced during the
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vhoto-Fenton processes {Katsumata et af, 2005). It is likely that diuron, a phenylurea
herbicide, will generate urea as stable intermediate, This urea could account for the

remaining TOC. Urea is non-toxic and it can be easily metabolized by microorganisms

(Gernjak, 2006).

100

[o1]
o

——a— Fenton reaction

TOUTOC (%9
o
=]

40
‘ Photo-Fenton reaction

20 | —ir— Photo-Fenton like reaction -
0 180 - 360 540

Reaction time {min)

Fig. 2. Mineralisation of diuron herbicide (3mgC/L) by Fenton and photo-Fenton

reactions at pH 2.8,

4. Chloride ion evolution

The release of chloride ion from diuron degradation during photo-Fenton

reaction was investigated. The concentration of chloride ion quickly increased with

increasing the reaction time, suggesting a fast degradation and dechlorination (Fig. 3).

The total amount of chloride ion produced after 240 min of irradiation time was

reached the value of 8.58x10™°mol L™ (100% conversion of the initial diuron chioride
content). This means that the residual TOC after 540 min of irradiation time did not

correspond to any chlorinated compounds. These results are in agreement with those

obtained by Malato et af, (2003).
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Concentration /10° M

0 80 120 180 240

Reaction time (min)

Fig. 3. Time evolution of chioride ion concentration during treatment of diuron
(1mg/L) by photo-Fenton reaction at pH 2.8,

CONCLUSION

In this study, photo-Fenton system reveals increases in the decomposition,
dechlorination and mineralisation levels of the diuron herbicide, due to the additional
generation of hydroxyl radicals through several reactions. Major advantages of the
photo-Fenton system include its reagents which are environmentally friendly, and
usage of sunlight instead of artificial light would significantly fower the costs of the
process particularly in areas, where solar irradiation is highly available making this
process industrially applicable. On the other hand, a major disadvantage of this
process is the pH dependence since the optimum pH around 3, which is far from
neutral pH of natural waters.
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