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Abstract

The photodegradation of linuron, which is one of phenylurea herbicides, was carried out in the presence of Fenton reagent. The degradation
rate was strongly influenced by the pH and initial concentrations.@,+and Fe(ll). An initial linuron concentration of 10 mgt was
completely degraded after 20 min under the optimum conditions. The decrease of TOC as a result of mineralization of linuron was observed
during the photo-Fenton process. The degree of linuron mineralization was about 90% under UV irradiation after 25 h. The formations of
chloride, nitrate and ammonium ions as end-products were observed during the photocatalytic system. The decomposition of linuron gave
eight kinds of intermediate products. The degradation mechanism of linuron was proposed on the base of the evidence of the identified
intermediates. Based on these results, the photo-Fenton reaction could be a useful technology for the treatment of wastewater containing
linuron.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Half-life in soil ranges from 38 to 67 days for linur{®y.
Therefore, this compound has been found as contaminants
Herbicides represent the largest group of chemicals usedin surface and ground watef§] and microbial degradation
as plant protection agents. One class of herbicides widelyis considered to be the primary mechanism for their dissi-
used in pre- and post-emergencies is represented by the subpation from soil. Many bacteridl’] and fungal isolatef3]
stituted phenylureas. that are able to (partially) break down phenylureas have been
The phenylureas are persistent herbicides. At high ratesreported. In general, biological methods commonly require
of application they are useful as total weed Kkillers, but at long time for the wastewater containing linuron at high con-
low rates many can be used for selective weed control in centration. Therefore, the rapid and simple wastewater treat-
a wide range of crops. Linuron, 3-[3,4-(dichlorophenyl)-1- ment of linuron is now required urgently.
methoxy-1-methylurea], one of the most important commer- A few of treatment techniques for wastewater which con-
cial ureas, has good contact activity and it may kill emergent tains linuron has been reported by using/l®0- [9], di-
weed seedlinggl]. In addition, linuron is a weak competi- rect photolysig10] and Fentorj11] procedures. Recent re-
tive androgen receptor antagonist in vitro, induces a positive ports indicate that a combination 068, and UV irradiation
response in the immature and adult rat Hershberger assay andith Fe(ll), so-called the photo-Fenton process, can signif-
suppresses androgen-dependent gene exprd&sidh icantly enhance decomposition of many refractory organic
compounds. Until now, the photo-Fenton process has been
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[18], dibutyl-phthalat¢19], PCB<20] and bisphenol A21]. Reactor M
The acceleration for decomposition of organic compounds ‘

is believed to be in order to photolysis of iron aquacom- !uminant Ouartz window

plex, Fe(H0)s(OH)?* (represented hereafter by Fe(GH) \ L] -
to provide a new importance source of Otddicals[22,23] \ ﬂ

Further, the photolysis of Fe(OH)regenerates Fe(ll) (Egs.

(1) and (2)), which means that the photo-Fenton reaction
would need low Fe(ll) concentration compared with the Fen- @

ton process.

Thermometer

Fet + H,0, — Fe(OHPH + OH® (1) — 0

Fe(OHY" + hv— Fet + OH® ) @
Sample
Furthermore, the Fe(OB) can absorb light at wave- /

lengths up to ca. 410 nm, while Ti(hotocatalysis can use / \

photon with wavelength close to 380 nf24]. Therefore, Water bath Stirrer Stirrer bar

the photo-Fenton process can be expected to be an efficient

method for wastewater treatment and promotes the rate of Fig. 1. Schematic illustration of the photochemical reactor.
degradation of various organic pollutants.

In the present study, we have investigated the degradationwas adjusted with k50, and/or NaOH solution. The initial
and mineralization of linuron in water using photo-Fenton concentration of linuron in all experiments was 10 mgL
process. The many factors, such as pH value and initial con-(4.0x 10-°mol L™1). In majority of the experiments, tem-
centrations of Fe(ll) and $D», affected on the degradation perature was kept at 261 °C with a water bath. The sample
were evaluated. The progress of mineralization of linuron was solution was illuminated with a Xe lamp (990 W, Ushio Elec-
monitored by total organic carbon (TOC) content and ionic tronics Co.). The beam was parallel and the length between
chromatography. Furthermore, the photoproducts of linuron lamp and the reactor wall was 10 cm. The lamp was warmed
during this photocatalytic process have been identified by gasup for 10 min to reach constant output. In this case, the short
chromatography—mass spectrometry (GC-MS). The degra-UV radiation (. <300 nm) was filtered out by the vessel wall.
dation pathway was proposed on the basis of intermediatesThe intensity of the light was measured by a UV radio meter
formed. (UVR-400, luchi Co.) with a sensor of 320-410 nm wave-

length. The radio meter was set up at the same position as the
reactor. The degradation reaction was quenched by adding

2. Experimental 1 mL of methanol for HPLC and of POy for TOC anal-
yses. These experiments were conducted in triplicates and
2.1. Reagents the results showed at the mean values. The relative standard

deviations were range of 5-12%.

Linuron was purchased from Wako Pure Chemical In-
dustries (Osaka, Japan) and was used as received (HPLQ.3. Analyses
grade >99.0%). Analytical grade hydrogen peroxide solution
(30%, w/w) and ferrous sulfate heptahydrate (Fe38,0) After illumination, the sample solution was filtered
were purchased from Wako Pure Chemical Industries (Os-through a 0.4f%m-membrane filter. The decrease of UV ab-
aka, Japan) and Nacalai Tesque (Kyoto, Japan), respectivelysorption was monitored with an UVIDEC-610 double-beam
and were used as received. All other chemicals and solventsspectrometer (JASCO Co., Tokyo, Japan). The progressinthe
were of the purest grade commercially available and were degradation of linuron was followed with a HPLC (JASCO
used without further purification. All aqueous solutions were Co., Tokyo, Japan) equipped with a JASCO UVIDEC-100-VI
prepared with ultrapure water obtained from an ultrapure wa- UV detector and a CHROMSPHER 5POLY C18 REPEAL
ter system (Advantec MFS Inc., Tokyo, Japan) resulting in a (150 mm lengthx 4.5 mm i.d., VARIAN, USA). The elution

resistivity >18 M2 cm. was monitored at 250 nm. The mobile phase was a mixture of
acetonitrile and water (3/7, v/v) and was pumped at a flow rate
2.2. Photodegradation procedure of 1.0mL min 1. Concentration of Fe(Il) consumed during

the photocatalytic process was determined by the phenanthro-
Photodegradation was conducted in a Pyrex glass cell ofline (phen) method. The absorbance of Fe(Il)-phen complex
30mL capacity as illustrated iRig. 1 The reaction mix-  was taken at 510 nnz£10nm=1.118x 10* Lmol~Lcm™1).
ture inside the cell, consisting of 20 mL of linuron solution The progress of mineralization of linuron was monitored
and the precise amount of Fenton reagent, was continuouslyby measuring the TOC. TOC of the sample solution was mea-
stirred with a magnetic bar. The pH of the sample solution sured with a Shimadzu TOC analyzer (TOG)\based on
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CO, quantification by non-dispersive infrared analysis after 100
high-temperature catalytic combustion.

The progress of ammonium ion formation was obtained by
ionic chromatography using a Shimadzu LC-10AT VP pump 80
equipped with a Shimadzu COD-6A conductivity detector
and a Shodex cationic column (IC YK-421). Similarly, the
formations of chloride and nitrate ions were also analyzed by
ionic chromatography using a Hitachi L-6000 pump equipped
with a Hitachi L-3270 conductivity detector and a Hitachi
anionic column (#2710-SK-IC).

The intermediate products during photodegradation of lin-
uron were extracted by the solid phase extraction (C18 disk,
3M Empore). A mixture of dichloromethane and ethyl acetate 20
(1/1, viv) was used to elute the intermediate products. This so-
lution was concentrated under nitrogen flow for the analysis
of the by-products. A GC-MS (Shimadzu GC-MS 5050A) 0 i T ’ T ¥ T
was used for separation and detection of the intermediate
products. The GC was equipped with a HP-5 capillary column
(30mx 0.25mm i.d.) in helium carrier gas (1.5mL ITTIh) Fig. 2. Effect of pH on the degradation of linuron by use of the photo-Fenton
and with splitless injection system. The GC oven temperature process ([HO2]o =4 x 10~*mol L=%; [Fe(Il)]o =4 x 10-% mol L~%; irradi-
was programmed to hold 5€ for initial 3min, to increase  ation time =5min; light intensity = 2.0 mW crrf).
from50to 250°C atarate of 5C min~—1 and to hold at 250C
for 5min. The injector and interface temperatures were kept the range 280-370 nf@26]. However, the optimal pH in this
at 250°C. Mass spectra were obtained by the electron-impact process was obtained as 4.0. A similar result has been ob-
(El) mode at 70 eV using the full scan mode. tained in the case of bisphenol A as previously repdi2édl

Fukushima et a[17,27]reported that the degradation of pen-
tachlorophenol (PCP) and aniline was enhanced at pH 5 by

60

Degradation / %

40 1

3. Results and discussion the presence of humic acid (HA) in the photo-Fenton system
because the complexation of Fe(lll) with HA contributed to
3.1. Effect of variables on the degradation of linuron the stabilization of iron species. In the present study, linuron

or its intermediate products might react with iron species fol-

The time courses of the UV absorption spectra of lin- lowed by the formation of iron complexes and these could
uron solution in the photocatalytic degradation by the assistthe catalytic cycles of iron in the photo-Fenton system.
photo-Fenton reaction were observed in the range of Therefore, the degradation efficiency of linuron may be the
0-60min. The experimental conditions were: [Fe(lB] highest at pH 4.
1.0x 10 °mol L1, [H202]0=1.0x 10*molL~%, pH 3.0 Effect of temperature on the degradation of linuron by the
and light intensity =2.0 mW cn? Other conditions were  photo-Fenton system was examined in the range of 10540
described in Sectio2. The UV spectrum of linuron so-  Although the degradation efficiency of linuron gradually in-
lution before illumination presented one absorption maxi- creased as the temperature increased, the appreciable change
mum at 250 nm. The disappearance of 250 nm absorptionwas not observed in the temperature range. This effect is due
band was observed with increasing reaction time. Conse-to an increase in the rate constant of the degradation reaction.
quently, it was confirmed that Fenton reagent was effective The thermal enhancement of the degradation rate can be ex-
photocatalyst for the decomposition of linuron under UV plained by the increase of Fe(OH)concentration and the
illumination. temperature dependence of quantum yield of photochemical

Effect of pH on the degradation of linuron by use of the reduction of Fe(lll) considering the activation enefgg].
photo-Fenton process was investigated over the pH rangeAll subsequent experiments were performed at@5con-
of 2.0-5.0 because much precipitation of Fe(@bbserved sidering practical application and the operating cost for the
during the process above pH 5.0. These results are showrdegradation system.
in Fig. 2 The degradation percentage of linuron rapidly in- Influence of light intensity on the photocatalytic de-
creased with increasing pH value up to 4.0, decreasing at pHcomposition of linuron was carried out in the range of
above 4.0. Therefore, the photo-Fenton reaction is strongly 0-2.5 mW cnt2. The degradation rate of linuron rapidly in-
affected by pH of the solution. Generally, the optimal pH creased with increasing light intensity up to 1.5 mWam
of the photo-Fenton reaction is around25] because the  and then the rate gradually increased. The degradation per-
main species at pH 2-3, Fe(O¥ijH,0)s, is the one with centages of linuron were 83, 88 and 90% when the light in-
the largest light absorption coefficient and quantum yield for tensities were 1.5, 2.0 and 2.5 mW cfarespectively. There
OH° radical production, along with Fe(ll) regeneration, in was little effect of light intensity on the degradation of lin-
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Fig. 3. Degradation of linuron by use of the photo-Fenton process at the
different initial concentrations of iron(11)®) 4 x 106 M, (a) 1 x 10°° M,
(W) 2x 1075 M, (4) 4x 1075M ([H202]0=4 x 10~* M; pH 4.0; light in-
tensity = 2.0 mW cm?).

Fig. 4. Time course of Fe(Il) concentration changes during the photo-Fenton
process ([Fe(I)j=4 x 1075 M; [H202]0 =4 x 10~ M; pH 4.0; light inten-
sity =2.0mW cnt?).

uron between 2.0 and 2.5 mW crh Therefore, all subse- Fig. 6shows a comparison of the degradation of linuron in
quent degradation of linuron was carried out under light in- P0th the dark and light. Only 3.7% of linuron was degraded
tensity of 2.0 mw crm2. in the absence of Fe(ll) and;®, for the case of light con-

To obtain the optimal initial Fe(ll) concentration, the dition. The Fe(ll)/RO, system in the dark (Fenton reaction)
investigation was carried out in the range 0k4076 to was also evaluated for the degradation of linuron. For this
4x105molL~! at pH 4 ([HOs]o=4x 104 molL1). case, although more than 75% of linuron was degraded after

These results are shown Fig. 3 As it can be seen from 20 min at pH 4.0, it could not achieve the complete degra-
Fig. 3 the degradation rate of linuron increased with in- dation within 60 min (ca. 90% degradation). These results
creasing initial Fe(ll) concentration. Complete degradation indicate that the photo-Fentpn re;actlon is useful for the treat-
of linuron under these conditions was reached at Fe(Il) con- Ment of wastewater containing linuron.
centration of above 2 10~°>mol L~1 within 60 min, while
low concentration of Fe(ll) did not allow for complete degra-
dation in photo-Fenton process. When Fe(ll) concentration
was selected as»10-°>mol L1, linuron was completely
degraded after 20 min. At the same time, the concentration
of Fe(ll) (4x 10~°molL~1) consumed during the process
was measured using phenanthroline metheid.(4). Con-
centration of Fe(ll) decreased until 1x0L0°molL™1, a
plateau value reached after about 60 min of irradiation while
the degradation of linuron and its photoproducts keeps going
on. This plateau can be assigned to a photostationary equi-
librium between Fe(ll) and Fe(lll) that regenerates the ab-
sorbing specief22,23] Accordingly, the formation of OM
radicals can continue allowing the complete mineralization
of linuron.

Fig. 5 shows the effect of initial O, concentration on

Degradation / %

the degradation of linuron with the use of photo-Fenton 0 — 11—

process. As expected, the degradation rate of linuron in- 0 10 20 30 40 50 60
creased with increasing the concentration ofO4 added. Reaction time / min

This can be explained by the effect of the additionally pro- Fia. 5. Dearadation of I b  the ohoto-Fent i
duced OHM radicals. When concentration of,B, was be- 19 5. Jegradation ol inuron by Use o1 ie pho‘o-renton process atthe

4 1 . . different initial concentrations of $0,: (@) 4x 10°°M, (a) 1 x 1074 M,
low 2 x 10~" mol L™, linuron did not achieve the complete  my2x 104 M, (#) 4 x 104 M ([Fe(ll)]o=4 x 10-5M; pH 4.0; light in-

degradation within 60 min. tensity = 2.0 mW cm?).
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Fig. 6. Degradation characteristics of linuron under dark and light Fig. 7. Time evolution of TOC during irradiation of linuron
conditions @) light, Fe(ll)/HOz; (A) dark, Fe(ll)/HO;; (M) light (Fe(N]o=4x 1075M; [H202]0=4x10°*M; pH 4.0; light inten-
([Fe(ID]o=4x105M; [H20:]0=4x10*M; pH 4.0; light inten- sity=2.0mwWcnr2).

sity=2.0mW cn12).

of the linuron chloride content). This means that the residual

3.2. Mineralization TOC after 25 h of irradiation time did not correspond to any
chlorinated compounds.

When the total mineralization of linuron proceeds stoi- The formations of ammonium and nitrate ions during the
chiometrically using oxygen as oxidizing agent, the mineral- photo-Fenton process as a function of reaction time are pre-
ization reaction can be estimated as follows: sented inFig. 9. The nitrogen content of diuron having a

similar structure to linuron was converted to ammonium and
2CoH10C12N202 + 250, nitrate ions, which has already been described by other au-

— 4HNOs; +4HCI + 18CQ + 6H20 thors[31]. Thisinformation suggested that this photocatalytic

It should be remarked that nitrogen released has been meagegradatmn of linuron would also yield these ions as break-

S X : .—down products. Both ammonium and nitrate ions were de-
sured as a combination of ammonia and nitrate, but ammonia,

can be oxidized to nitrate after long irradiation tifae,30] tected in different relative concentrations. Only 35% of the
The progress of the mineralization of the linuron solution
was monitored by measuring the TOC. As showifrig. 7,
the complete mineralization of linuron was not achieved after
20 min, although linuron was not present in the solution after
the irradiation time. This difference indicates that intermedi-
ate products were produced during the photo-Fenton process.
The generated photoproducts are attacked in their turn by hy-
droxyl radicals which are formed in a continuous manner via
a homogeneous photocatalytic process involving Fe(lll, 1)
[22,23] TOC rapidly decreased with increasing the reaction
time up to 5h and then decreased gradually. TOC remained
about 0.4 mg ! (90% mineralization) after 25 h of irradi-
ation time. This result indicates the formation of persistent
intermediate compounds, which are difficult to be degraded
by this photocatalytic system.
The formation of chloride ion from linuron degradation 0 — T T T 0
was investigated. The concentration of chloride ion quickly © 03 Reacti10n fime /h15 2
increased with increasing the reaction time, suggesting a
very fast degradatlpn/d_echlorlnatlon stageg( ). The t_O-_ Fig. 8. Time evolution of chloride ion concentration during irradiation of
tal amount of chloride ion produced after 2 h of irradiation |inyron ([Fe(in)o =4 x 10-5M: [H202]0 =4 x 10~ M; pH 4.0; light inten-
time was approximately 8 10-° mol L~ (100% conversion  sity=2.0mw cnr2).

Concentration / 10° M
Yield / %
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4 50 Table 1
Photoproducts obtained by degradation of linuron
Productno.  Retention Molecular weight  Photoproduct
time (min)  (M/2)
= cl
e
Z " 1 14.4 187 C|4©—N_c_o
o ~
.E % Cl
c >
3 2 17.2 204 c NH
c NHz
Q
o o
cl
/N _\n
3 28.9 230 HoX__ N,O—
d N
T T y T y cl
0 5 10 15 20 25 I\
Reaction time / h 4 29.1 230 HO< NH o o—
— N
\

Q.

Fig. 9. Time evolution of ammonium and nitrate ions concentrations dur-
ing irradiation of linuron. @) ammonium ion; &) nitrate ion; @) to- )
tal N ([Fe(I)]o=4 x 107> M; [H205]0 =4 x 10~ M; pH 4.0; light inten- Linuron ~ 30.0 248

@]
Q

z

I

ki

sity =2.0mW cnr?). d N

Cl. oH
I . . . \
initial N was detected as ammonium and nitrate ions after 5 32.0 264 cl /7\ NH  o—
25 h of irradiation time. Therefore, a part of nitrogen atoms I\
from linuron could be mineralized by this photocatalytic sys- Cl\ o

tem. This incomplete nitrogen mass balance has frequently ¢ 329 264 o
been observed in a similar procé88—34]and indicates that

other nitrogen-containing compounds must be present in the
solution or evaporated during the process. The possible ex-

X
/Z\?

o
o
[
/
O. z
zZz
I
%

istence of alkyl nitrogen, cianno derivativig5], carbamic 7 332 218

acids and amines could explain the residual TOC, but the d

analytical procedures applied to the samples have not been d on

able to detect them. Other authors described3%] and/or 8 33.6 264 o o—
hydroxylaming37] evolving from nitrogen-containing com- — 4\
pounds degraded by photocatalysis.

3.3. Identification of photoproducts and degradation degradation products still possibly would exist in the photo-
mechanism Fenton system but were not detected because of their low

concentration, extraction efficiency and limited sensitivity in
The photoproducts formed in this photocatalytic degra- GC-MS.

dation of linuron in the agueous solution for 5 min were in- Based on the intermediate products listedale 1and
vestigated by GC-MS analysis. Eight products were identi- the results obtained by other researcli@r$0,34] the possi-
fied by the molecular ion and mass fragment ions and alsoble degradation pathway for linuron is propose&aheme 1
through comparison with NIST library data. The structures The first step was initiated by the attack on the aromatic ring
of the main photoproducts are representedable 1 The by OH* radicals without dechlorination or alkyl chains. The
similarities of these compounds to the NIST library data next step involved a series of oxidation processes that elimi-
were more than 85%. By mass spectrum confirmation and nated alkyl groups and chlorine atoms. The last step involved
the authentic standard comparison, linuron, the parent com-oxidative opening of the aromatic ring, leading to small or-
pound, was found in the chromatogram. By interpreting the ganic ions and inorganic species. This proposed degradation
mass spectrum, the product nos. 3 and 4 were formed frompathway was consistent with previous w¢8¢—40] In any
linuron due to the replacement of hydroxyl group to one case, aniline and 3,4-dichloroaniline, two typical degrada-
chlorine atom. Similarly, the product nos. 5, 6 and 8 were tion products which have been proposed as the main pheny-
found to be the products in which hydroxyl group added lurea chemical degradation intermediafé$,42] were not
to the benzene ring of linuron. The product nos. 1, 2 and detected, possibly because they were easily degraded by the
7 were identified as the compounds which were eliminated OH® radicals, as demonstrated previoyglg] and could not
the alkyl groups. In addition to these eight compounds, other be found in a sufficient concentration to be detected.
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Scheme 1. Proposed degradation mechanism of linuron by use of the photo-Fenton process.
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