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Abstract 

The photocatalytic degradation of isoproturon, a persistent toxic herbicide, was investigated in the presence 

ofnatural iron oxide, oxalic acid and under UV irradiation. The influence of relevant parameters as the pH, 

iron oxide and oxalic acid concentration has been studied.Results show that the system natural iron oxide and 

oxalic acid effectively allows degradation of isoproturon, whereas the presence of t-butyl alcohol adversely 

affects the phototransformation of the target pollutant, thus indicating an OH radical initiated degradation 

mechanism. The degradation mechanism of isoproturon was investigated by means of GC-MS analysis. Both 

oxidation of the terminal N-(CH3)2and isopropyl groups are the initial processes leading to the N-

monodemethylated (NHCH3), N-formyl (N(CH3)CHO), and CHCH3OH as the main intermediates. The 

substitution of isopropyl group by OH is also observed as a side process. 

 

Keywords: Isoproturon, Iron oxide,photocatalysis, oxalic acid, GC-MS 

 

1.Introduction 

 

Isoproturon (IP), 3-(4-isopropylphenyl)-1,1-dimethylurea, is a systemic non-biodegradableherbicide acting as 

a photosynthesis inhibitor, intensively used in agriculture for controlling annual grasses and broad-leaved 

weeds in cereals. Found both in surface and groundwater, IP is toxic and carcinogenic and it has 
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beenincluded in the European “black list” of hazardous compounds[1, 2].The structure of Isoproturon is 

showed in Scheme 1. 

HC NH C

O

N
CH3

CH3
CH3

CH3

 

Scheme1. Structure of isoproturon 

Therefore, it is important to understand the fate of this herbicide in the environment in order to assess its 

environmental impact.Several authors have investigated the photodegradationofisoproturon in aqueous 

solution[3-6].In recent decades, different strategies have been developed for removal of pollutants from water 

and a great deal of interest has been devoted to photocatalytic degradation of isoproturon by semiconductor 

compounds[7-15]. Photocatalytic treatmentofisoproturonover TiO2/Al-MCM-41 and TiO2/HY composite 

systemsusing solar light is reported to be very efficient in the destruction of the herbicide[7, 8]. 

Iron oxides are minerals naturally occurring in rocks, soils, hot brines, marine environments and also 

synthesized in various organisms[16].Among them hematite (α-Fe2O3)is one of the most promising 

materialsfor photocatalytic applications due toits widespread availability and high visible light absorbance 

(band gap 2.2 eV) [17], thus resulting economically advantageous for environmental remediation[18-22]. 

It is well known that ligands containing carboxylic groups (RCO2
-
) such us oxalic acid form complexes with 

Fe(III) which, under irradiation of suitable wavelength, undergo photo-induced ligand to metal charge 

transfer (LMCT) according to the following Equation 1[23]. 

[����������	
�]

� + hν →	 Fe
� +	R• 			+ 	CO
										�1�				 

This reaction results in the reduction of Fe(III) and the oxidation of the ligand with evolution of CO2[24]. 

In the presence of dissolved oxygen, hydrogen peroxide (H2O2) is formed from the photodegradation of 

organic carboxylic acid. The Fe(II) and H2O2 thus produced, may react via the so-called Fenton reaction to 

produce hydroxyl radicals HO•, which eventually degrade the organic pollutants present in the system 

[25].Although the presence of oxalic acid poses criticisms due to the introduction of additional organic matter 

to the system, adding oxalic acid is preferred with respect to hydrogen peroxide for large scale water 

treatment. Indeed, problems arising from handling and storage of this highly oxidizing compound and the 

consequent safety issues, strongly limit its real industrial application. Recently, natural organic matter 

(NOM) have been proposed as substitutes of oxalic acid due to their ability to create complexes with iron 

ions present in solution and to undergo excitation under visible light irradiation [26, 27]. 
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Its use is justified by taking into account that oxalic acid is a natural compound produced by plants and that it 

allows degradation of organic pollutants without adding H2O2 to the system, thus implying cheaper and safer 

environmental actions. 

The aim of this work was to obtain kinetic data on the photocatalytic degradation of IP in the presence of 

natural iron oxide and to identify the intermediates produced during its degradation. The effect of different 

parameters like pH, presence of t-butanol, and amount of iron oxides and oxalic acid on the photocatalytic 

activity has been evaluated. 

 

2. Experimental part 

2.1.Chemicals 

Solutions were prepared starting from deionized water obtained by means of a Millipore device (Milli-Q). 

IPanalytical grade (>99.9% pure) was purchased from Riedel-de Haën, HClO4 (70%)from Merck and Oxalic 

acid (99.5%) from Prolabo. The pH of solutions was measured using an Orion pH-meter with a combined 

electrode. HPLC grade acetonitrile was purchased from Carlo Erba. Chemicals were used without further 

purifications.The used NIO used in this study was collected from iron deposits located in North-East Algeria. 

This catalyst have been fully characterized in the relevant literature [20,21], is mostly composed of hematite, 

its specific surface area is 79.015 m
2
g

-1
, and the total pore volume is 0.0892 cm

3
g

-1
. 

 

2.2. Photochemicalreactor 

The runs were carried out in a 50 mL Pyrex glass reactor, cylindrical in shape (2 cm i.d.). The reacting 

mixture was perfectly mixed by means of a magnetic stirrer. Irradiation was externally performed with a 

HPW black light 125 W Philips lamp with a maximum emission at 365 nm. Temperature was kept constant 

(at ca. 25 °C) by using tap-water circulating through a thimble around the reactor. The initial IP concentration 

and the natural iron oxide load were 0.1 mM and 1 g L
-1

, respectively. Samples (1 mL) were taken at regular 

intervals during irradiation and filtered through 0.45 µm syringe filters (Millipore). 

 

2.3.Analyses 

IP concentration during the runs was determined by using a Shimadzu HPLC equipped with an UVdetector 

set at 240 nm and a C18reverse phase column Supelcosil
TM

 LC-18 (250×4.6mm). The mobile phase was a 

mixture acetonitrile/water (1:1 v/v) circulating at a flow rate of 1 mLmin
-1

. 
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After irradiation,the reacting suspension was acidified with HCl (pH ≤ 2), extracted with diethyl ether, 

concentrated under highly pure nitrogen and finally dried with anhydrous Na2SO4. This residue was analyzed 

by means of a QP2010 Shimadzu GC-MS instrument equipped with a capillary Varian WCOT fused silica 

column CP-SE30 (25 m x 0.25 mmx 0.25 µm), a trace GC 2010 gas chromatograph and a GCQ plus ion trap 

mass spectrometer. Identification of the transformation products was carried out under the following 

chromatographic conditions: the injector temperature was 250 °C (1µL manual split injection); the oven 

temperature was kept at 70°C for 4 min, then increased at 7°C min
-1

until 280°C and was finally maintained 

for 5 min; Helium was used as the carrier gas at 0.76 mL min
-1

. The MS operated in electron ionization mode 

with a potential of 70 eV. 

 

3. Results and Discussion 

3.1. Photodegradation of isoproturon under different reaction conditions 

The characterization of natural iron oxide (NIO) used in this study has beenelsewhere reported[20, 21]. Prior 

to irradiation, suspensions were stirred in the dark during 1 hour to establish adsorption/desorption 

equilibrium. IP concentration decreased of 0.15% in the dark showing negligible adsorption on the surface of 

iron oxide.UV light irradiation of homogeneous IP solutions, in the absence of iron oxide and oxalic acid, did 

not produce IP degradation. In the presence of iron oxide but without oxalic acid, only 4% of the initial IP 

was degraded after 60min irradiation. In the presence of 1.0mM oxalic acid and 1 g L
-1

iron oxide under UV 

irradiation (Fig.1) the IP removal significantly increased reaching 77% after 120 min. These results show the 

synergistic effect produced in the presence of both iron oxide and oxalic acid. The degradation of IP in the 

iron oxide-oxalic acid system can be described by a first-order kinetic which may be expressed by the 

following Equation 2. 

ln(C/C0) = -kt                     (2) 

Where C and C0represent the IP concentrations at irradiation time t and t=0, respectively, and k is the 

apparent first order rate constant of the degradation reaction. The value of the apparent rate constant obtained 

by linear fit is k =1.2 x 10
-2

 min
-1 

(R
2
 = 0.94). 
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Fig.1.Photocatalytic degradation of IP (initial concentration: 0.1 mM) in the presence of NIO (1 g/L) with 

(red circles) and without (black squares) oxalic acid (1mM) under UV light irradiation. 

 

3.1.1. Effect of iron oxide concentration 

The influence of the amount of NIO in the system was studied by using 0.5, 1 and 2 g L
-1

of iron oxide, being 

the same the concentration of oxalic acid (1.0 mM) and IP (0.1 mM). Results are shown in Figure 2. The 

highest reaction rate was obtained in the presence of 1g L
-1

 NIO so that further experiments were carried out 

in these conditions. Indeed, the reaction rate increases with increasing NIO concentration until the UV light 

penetration through the suspension becomes the limiting step inducing a decrease of the photocatalytic 

activity [9, 20]. 
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Fig. 2. Influence of different amounts of NIO (0.5 g L
-1

 black squares, 1 g L
-1

 red circles, 2 g L
-1

 blue 

triangles) on the IP degradation in the presence of 0.1 mM IP and 1.0 mM oxalic acid under UV light 

irradiation.  

 

3.1.2. Effect of Oxalic Acid Concentration 

The dosage of oxalic acid is one of the most important parameters to be considered to determine the optimum 

operative conditions in this kind of systems. Indeed, it is significant to determine the optimum dosage in 

order to minimize costs and sludge formation, by maximizing at the same time the photodegradation 

performances.Fig.3 shows the dependence of IP photodegradation on the initial concentration of oxalic acid 

ranging from 0 to 10 mM.Fig. 4 reports the apparent first order rate constants obtained for tests carried out at 

different oxalic acid concentrations. Theamount of oxalic acid concentration affording the highest 

isoproturon degradation rate, in the presence of 1 g L
-1

 of NIO, was 0.1 mM.Insufficient or overdosing oxalic 

acid resulted in poor photodegradation efficiencies. The role of oxalic acid in enhancing the photocatalytic 

degradation rate in the presence of iron oxide particles has been deeply studied in literature[28, 29]. Oxalic 

acid is first adsorbed on the surface of iron oxide to form iron oxide-oxalate complexes as [≡FeIII
(C2O4)n]

3−2n 

(Eq. 3). These species are photoactive so that, under irradiation of suitable wavelength, electron transfer 

processes may give rise to a series of radicals including oxalate radical (C2O4)
•−

, carbon-centered radical 

(CO2)
•−

 and superoxide ion radical (O2
•−

) (Eqs. 4-7).  These highly oxidizing species initiate the 

photodegradation process. Furthermore, superoxide radical anions are able to reduce Fe
3+

 to Fe
2+

ions. In 
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acidic solution these latter react with O2
•−

 to form H2O2 and Fe
3+

 as described by Eq. 9.The amount of H2O2 

generated was estimated to be ca.  2·10
-4

  M in the presence of 1 mM oxalic acid, by means of a colorimetric 

method reported in the relevant literature [30]. This value is in agreement with that reported by[21] for the 

degradation of 1-naphtol. Finally, Fenton (Eq. 10) and photo-Fenton processes (Eq. 11) may simultaneously 

occur thus increasing the degradation rate by means of hydroxyl radicals thereby generated.
 

Iron	oxide + nH
C
O!			 →≡ Fe[C
O!�#	]
�
#$%�$																																																								(3) 

≡ Fe[C
O!�#	]
�
#$%�$ + 	hν		 → ����
	!�	



$/≡ ����
	!�	


$ +	�
		!

.$ 
(4) 

��((([C
O!�#	]
%$
#	 + 	hν → 	��(([C
O!��#$)�	]

!$
#	 + �
		!
.$																																	(5) 

�
		!
.$ → 	�	
 +	�	


.$																																																							(6) 

�	

.$ 	+ 		
	 →		�	
		 +		


.$																																																																(7) 

	

.$ 	+ 	��%� 			→ 	��
�		 +			
																																																									(8) 

	

.$ 	+ *+���
� →		��%� 	+ 	+
		
																															(9) 

 

��
� 	+ 	+
		
 			→ 	 ��
%� +	OH$ +	HO.																														(10) 

Fe
3+

 + H2O + hv → Fe
2+

 + OH· + H
+                                  

(11) 

 

On the other hand, an excessive oxalicacid concentration showed a negativeeffect on the photodegradation of 

IP. This maybedue to the competitivereaction of oxalate ionswithhydroxylradicals (Eq.12)which become 

relevant at higher oxalic acid concentrations [31]. 

OH + HC2O4                 CO2 + O2
 + H2O                  (12) 
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Fig. 3.Influence of oxalic acid concentration on the photocatalytic degradation 

ofisoproturon ([IP] = 0.1mM, [NIO] = 1g L-1) 
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Fig. 4.Dependence of the first-order rate constant (k) of IP photodegradation on the initial concentration of 

oxalic acid.R
2
 is the correlation coefficient of fitting. 

 

3.1.3. Effect of t-butanol additions 

T-Butyl alcohol (t-BuOH) was added to the reaction system as its OH scavenging ability is well established 

in literature [20]. The effect of thescavenger on the photocatalytic degradation of isoproturon is shown in 

Fig.5. It is evident that the addition of t-BuOHalmost completely stopsthe photocatalytic degradation of 

IP.This result suggests that hydroxyl radicals generated through the Fenton processes are the main oxidizing 

agents for the degradation of isoproturon. 
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Fig.5. Influence of t-BuOHon the UV light induced photodegradation of IP (0.1 mM) in the presence of NIO 

(1g L
-1

) and oxalic acid 1mM. Black squares and red circlesindicate the normalized isoproturon concentration 

in the presence and in the absence of 2% t-BuOH, respectively. 

 

3.1.4. Effect of pH  

 

The effect of pH is of paramount importance for Fenton and Photo-Fenton like processes[25, 32]. A set of 

experimental runs was carried out in the presence of IP (C=0.1 mM), NIO (1 g L
-1

) and oxalic acid (1 mM) 

and by adjusting the initial pH of the suspension by means of HClO4. Fig. 6 shows the photodegradation of 

IP at pH 2, 3, 4 and 5 being the same the other experimental conditions. Fitting the experimental data by 

means of the above mentionedfirst order model, allowed to retrieve the pseudofirst order rate constants k 

associated to each pH value (see Table 1). Results show that the IP photodegradation rate increased going 

from pH 2 to 3 and then decreased at higher pH values. This is in agreement with the pH dependence of the 

photodegradation of oxalate ions in similar systems according to the relevant literature [32]. 

Indeed, the main species present in the system at pH 3 are [Fe
III

(C2O4)2]
-
 and [Fe

III
(C2O4)3]

3-
, which possess  

high photoactivity[25].In our study, the  [Fe
III

(C2O4)2]
-
 and [Fe

III
(C2O4)3]

3-
species might exist in a higher 

concentration in the solution and on thesurface [≡Fe
III

(C2O4)2]
-
 and [≡Fe

III
(C2O4)3]

3-
. On the other hand, the 
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Fe
III

–oxalate species mainly present at pH 4 or 5 is [≡Fe
III

(C2O4)]
+
 andFe

III
(C2O4)]

+
, which is 

lessphotoactive[33]. 

0 20 40 60 80 100 120 140 160 180

 

 

 Irradiation time (min)

C
/C

0

0.4

0.2

0.6

1.0

0.8

 pH = 2

 pH = 3

 pH = 4

 pH = 5

 

Fig.6. Photodegradation runs of IP (C0 = 0.1 mM) in the presence of NIO (1 g L-1)and 

oxalic acid (1 mM), under UV irradiation at different initial pH values. 

 

Table 1:The pseudo first-order kinetic constant (k), correlation coefficient (R
2
) and removal percentage for 

photodegradation of IP (0.1mM) with NIO (1g L-1) and oxalic acid (1 mM)at different pH values after 1h 

irradiation. 

pH k x 10
-2

 

min
-1

 

R
2
 Removal 

percentage after 1h 

2 1.24 0.99 53 

3 1.30 0.91 66 

4 0.17 0.96 18 

5 0.10 0.87 10 
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3.2. Identification of some reaction intermediates 

The plausible mechanism of the photocatalytic degradation of IP was studied by performing the reaction 

under the aforementioned optimum experimental conditions (concentration of IP and oxalic acid 0.1 mM and 

1 mM, respectively, amount of natural iron oxide 1g L
-1

, 1h irradiation) and by extracting the products as 

described in the experimental part. Among the several by-products detected by means of HPLC analysis, six 

could be identified by using GC–MS. Some of the identified compounds have been also previously reported 

as intermediates of different oxidation processes of IP [11, 34].The IUPAC names, structures, retention 

times, the m/z ratios,and the relative amountof the main fragments are listed in Table 2.  

 

Table 2: GC-MS retention times (Rt; min), structure, relative amount, and spectral characteristics of IP major 

photoproducts 

NO. Name 

Herbicide-photoproducts 

structure Mol. 

wt. 

Rt 

(min) 

m/z ratios of 

main mass (MS) 

fragments 

Relative 

amount 

(%) 

P1 4-isopropylphenylisocyanate 
N C O

3HC

3HC

 

161  9.0 161,146, 128, 

118, 41 

1.20 

P2 1-formyl-3-(4-

isopropylphenyl)-1-

methylurea 

NH C

O

N
CH3

CHOCH3

3HC

 

220 14.7 220, 205, 189, 

177, 145 

12.81 

P3 1-formyl-1-methyl-3-(4-

vinylphenyl)urea NH C

O

N
CH

C
H

H2C

O

H

 

204 21.1 204, 188, 158, 

132, 105 

1.14 

P4 1-formyl-1-methyl-3-(4-(1-

oxopropan-2-en-2-

yl)phenyl)urea 

NH C

O

N
CH

C
OHC

H2C

O

H

 

232 21.4 230, 215, 185, 

132,  55 

3.52 

P5 3-(4-(1-

hydroxyethyl)phenyl)-1,1-

dimethylurea 

NH C

O

N
CH3

CH3
HO

3HC

 

208 23.6 207, 149, 123, 

71, 44 

3.92 

P6 1-(4-hydroxyphenyl)-3-

methylurea HO NH C

O

N
CH3

H  

166 28.6 167, 149, 108, 

57 

54.18 
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The degradation of IP mainly proceeds through oxidation or through elimination of the side chains groups. 4-

isopropylphenylisocyanate (P1) may be obtained through theelimination of the terminal amine group –

N(CH3)2 followed by the loss of an H atom to yield the isocyanate. This intermediate has been identified 

during the photodegradation of the herbicide monuron by means of advanced oxidation process and in the 

presence of nitrate ions[35, 36]. The intermediates P2 and P4 may be obtained by oxidation of urea chain and 

also isopropyl group for P2. These products have been identified in the degradation of the herbicide 

diuron[37].P3 was obtained firstly by the attack of OH radicals on the dimethylamine group, this assignment 

could also be confirmed by the fragment at 188 which can be ascribed to the loss to oxygen atom and 

secondly by loss of the -CH3 in the isopropyl group. Compounds P5 may be obtained through OH radical 

attack of the isopropyl group and P6of the aromatic ring after elimination of the isopropyl group, 

respectively.On the basis of the above reported results the following IP degradation mechanism can be 

hypothesized (Scheme 2).  

Degradation 
N-terminus

Hydroxylation

Oxydation

CH NH C

O

N
CH3

CH3

H3C

CH3

NH C

O

N
CH3

CH3
HO

3HC

HO NH C

O

N
CH3

H

N C O

3HC

3HC

IP

NH C

O

N
CH3

C
H

H2C

O

H

NH C

O

N
CH3

C
OHC

H2C

O

H

P1

P3

P4

P5

P6NH C

O

N
CH3

CHOCH3

3HC
P2

 

Scheme2.Proposed photodegradation pathway of isoproturon. 

 

4. Conclusions 

The photodegradation of isoproturon has been successfully carried out in the presence of natural iron 

oxide, oxalic acid and under UV light irradiation. The best oxalic acid concentration was 0.1 mM in the 

presence of 1 g L-1 of natural iron oxide. The highest degradation rate was obtained at pH 3. The degradation 

of isoproturon can be described by a pseudo-first-order kinetics. Experiments in the presence of t-butyl 

alcohol suggest that the photodegradation of isoproturon in the present experimental conditions proceed 
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through OH radicals’ oxidation. Mass spectrometry analysis allowed identifying six of the reaction 

intermediates. These results suggest that natural iron oxide can be used as an inexpensive and efficient 

photocatalyst for water and environmental detoxification. 
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