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abstract
The oxidation of phthalic anhydride, a chemical widely used as plasticizer, was studied in aque-
ous medium of pH 3 by the photochemical advanced oxidation process “photo-Fenton” using UV 
irradiation. This process generates, in a catalytic way, the hydroxyl radicals, a powerful oxidant 
species, for the oxidation of organic pollutants. The kinetics of the oxidative degradation of phthalic 
anhydride and that of the solution mineralization was investigated through the effect of some 
operating parameters such as the ratio R = [H2O2]/[Fe3+] and the initial catalyst concentration. The 
values of R = 40 and Fe3+ ion (catalyst) concentration of 0.1 mM were found as optimum operating 
parameters. Mineralization of phthalic anhydride aqueous solution under the optimal conditions 
was followed by the total organic carbon (TOC) analysis and a high mineralization degree of 98.7% 
was determined for a treatment time of 2 h.

Keywords: Phthalic anhydride; Hydroxyl radicals; Advanced oxidation process; Photo-Fenton; 
Mineralization

1. Introduction

The increase in industrial and agricultural activities 
in developing countries requires the use of increasingly 
high varieties and quantities of synthetic chemicals, such 
as pesticides, insecticides, dyes and chemical additives. 
These chemicals are considered toxic when present 
in the aquatic environment, whether adsorbed on the 
sediments or retained in living organisms, even at low 
concentrations because of their negative impact on hu-
man health or on the aquatic ecosystem as a whole. 
Phthalates, which are esters of 1,2-dicarboxylic benzene 

acids and a linear alcohol more or less branched, belong 
to this type of pollutants and are considered as emergent 
contaminants. They are essentially used as plasticizers 
to increase the flexibility and durability of polyvinyl 
chloride [1]. Slightly associated to the polymer matrix, 
phthalates can migrate from various articles made from 
PVC [2]. In addition, several industrial plants produce 
large amounts of wastewater containing high concen-
tration of phthalates causing a negative impact on the 
aquatic environment. Due to their large scale industrial 
production and wide domestic utilization, they are ubiq-
uitous in the environment [3,4]. Because of their very 
large production amounts and use, and their toxicity, 
it seems very important to develop processes able to * Corresponding author.
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eliminate these pollutants from contaminated water. The 
most commonly used method for removal of phthalates 
from wastewater is the biological treatment, based on the 
metabolic degradation of phthalates by micro-organisms 
under aerobic [5] or anaerobic [6] conditions. However, 
several studies reported that phthalates acid esters with 
long alkyl-chains are poorly degraded [7] and some of 
them are considered recalcitrant to biological treatment 
[8]. On the other hand, the advanced oxidation processes 
(AOPs) are considered as promising environmentally 
friendly technologies for the treatment of wastewaters 
containing low contents of persistent organic pollutants 
(POPs) [9–16]. AOPs include a large variety of chemical, 
photochemical, photocatalytic and direct and indirect 
electrochemical methods characterized by the in situ 
generation of hydroxyl radical (●OH) which is the second 
most strong oxidizing species known after fluorine. This 
radical has a very high oxidation power (E0(●OH/H2O) = 
2.80 V vs. SHE) and thus is able to non-selectively react 
with POPs to yield dehydrogenated or hydroxylated 
derivatives that can in turn undergo reactions with ●OH 
until overall mineralization, i.e., total conversion into 
CO2 and H2O.

The Fenton process is recognized as one of the most 
powerful advanced oxidation technologies available and 
can be used to destroy a variety of recalcitrant organic 
pollutants. Hydroxyl radicals are produced from Fenton’s 
reagent, a mixture of H2O2 and ferrous ions:

2+ 3+
2 2Fe H O Fe OH + OH• −+ → +  (1)

The treatment of polluted effluents by this system 
require the use of important amount of Fenton’s reagent 
(mixture Fe(II) + H2O2) and produce Fe(OH)3 sludge. 
The process can be catalysed in excess of H2O2 [Reac-
tions (2),(3)] but this catalysis is very slow and may not 
prevent the accumulation of Fe(III) and consequently the 
formation of the process sludge. 

3+ 2+ +
2 2 2Fe H O Fe HO H•+ → + +  (2)

3+ 2+ +
2 2Fe HO Fe O H•+ → + +  (3)

Another drawback of this system is the involvement of 
the following waste reaction [Reaction (4)] in the presence 
of high Fe(II) concentrations which reduces the process 
efficiency.

2+ 3+ 9 1 1Fe OH Fe HO 7.5 10  M sk• − − −+ → + = ×  (4)

Reaction (4) may adversely affect the efficiency of 
the classical Fenton process in particular with high fer-
rous ion concentrations. To eliminate some drawbacks 
of this process and enhance its efficiency dark Fenton 
process, the so-called photo-Fenton process, which con-
sist in photocatalysis of the Fenton’s reaction, has been 
developed. The photoreduction of Fe(OH)2+, which is 
the predominating Fe(III) species at pH 3.0, according 

to Reaction (5) leads to the continuous regeneration of 
Fe2+ thus catalyzing Fenton’s [Reaction (1)] [17] on the 
one hand and produces additional hydroxyl radicals 
[18–20] on the other: 

2+ 2+Fe(OH) Fe OHh •+ ν→ +  (5)

Unlike the dark Fenton process, the photo-Fenton 
process use a catalytical amount of an iron salt and can 
be conducted using Fe(II) or Fe(III) species as catalyst. In 
fact, the combination of Fe3+ in the presence of the excess 
of H2O2 (Fenton-like process) leads to in situ generation 
of Fe2+ through Reaction (2) [21–23], which reconstitutes 
the Fenton’s reagent (with the excess of H2O2).

In addition, the UV light irradiation of the solution 
can induce the photodegradation of some oxidation by-
products and enhance the mineralization efficiency by 
breakdown of the complexes of carboxylic acids with 
Fe(III) which are recalcitrant to AOPs. This is the case 
of the photodecarboxylation of Fe(III) carboxylate spe-
cies according to Reaction (6). This reaction promoting 
Fe2+ regeneration, contributes also to the catalysis of the 
Fenton’s reaction:

2+ 2+
2Fe(OOCR) Fe CO Rh •+ ν→ + +  (6)

For example, oxalic acid forms complexes such as 
Fe(C2O4)+, Fe(C2O4)2

– and Fe(C2O4)–
33 that absorb photons in 

the range 250–580 nm and whose photodecarboxylation 
follows Reaction (7) by passing through an excitation state 
undergoing a ligand–metal charge transfer:

( ) ( )3 2 2+ 2
2 4 2 4 22Fe(C O ) 2Fe 2 1 C O 2COn

n h n− −+ ν→ + − +  (7)

The UV irradiation of the solution can also produce 
hydroxyl from photolysis of H2O2 present in the medium 
by its homolytic breaking [24]:

2 2H O 2 OHh •+ ν→  (8)

Thus in the photo-Fenton process the chemical and 
photochemical reactions [Reactions (1), (5) and (8) respec-
tively] contribute to the formation of a high amount of 
hydroxyl radicals and thus enhance the degradation rate 
of organic pollutants. Therefore, the photo-Fenton process 
is regarded as an effective approach for the degradation 
of recalcitrant organic pollutants [24].

The application of the photo-Fenton process to the 
oxidation of the phthalic anhydride has been reported in 
this work. We aimed to determine the influence of some 
experimental parameters governing the oxidation. There-
after, the mineralization of a synthetic phthalic anhydride 
solution was achieved under the optimal conditions.

2. Materials and methods

2.1. Chemicals

Phthalic anhydride (purity 97%) and H2O2 (30% w/w) 
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were obtained from Fluka. Concentrated H2SO4 (96%) 
used to adjust solution pH to 3 and Iron (III) sulphate pen-
tahydrate (analytical grade) used as Fe3+ (catalyst) source 
were obtained from Acros. Solutions were prepared with 
ultra-pure water obtained from a Millipore Milli-Q system 
with resistivity > 18 MW cm at room temperature.

2.2. Photochemical cell and analytic apparatus

The mineralization process of phthalate solutions by 
photo-Fenton process (Fe3+/H2O2/UV) was performed in 
a Pyrex batch annular photoreactor (described in [21]) of 
1.3 L equipped with a low pressure mercury vapour lamp 
(Heraeus NNI-Noblelight 40/20) operating near room 
temperature. The UV-lamp nominal power was 12 W 
(rated power being 40 W) and the photon flow entering 
the reactor was 11.2×10–6 Einstein s–1. It was protected 
from the solution by a quartz tube placed in axial position. 
The photoreactor comprises a double wall for circulating 
cooling water. The solution was circulated through the 
reactor by a membrane pump (KNF Neuberger with a 
flow of 3 L min–1) in order of its homogenization. The 
adequate amounts of H2O2 and Fe3+ were introduced 
into the photoreactor just before turning the UV lamp. 
The reactor was covered by an aluminium film before 
switching on the lamp to avoid the UV radiation, on the 
one hand, and avoid any reaction involving sunlight, on 
the other hand.

The mineralization efficiency of treated solutions was 
monitored by the abatement of the total organic carbon 
(TOC) using a Shimadzu VCSH TOC analyser. Samples 
were withdrawn from the treated solution at different 
treatment times before analysis. Reproducible TOC values 
with ±2% accuracy were found using the non-purgeable 
organic carbon method.

The decay kinetics of phtalic anhydride concentra-
tion was followed by reversed-phase HPLC using a 
Merck Lachrom liquid chromatograph equipped with a 
L-7100 pump, fitted with a Purospher RP-18 5 µm, 25 cm 
× 4.6 mm (i.d.) column at 35°C using a methanol–water 
mixture as mobile phase at 0.8 mL s–1. 

The identification and quantification of oxalic acid 
was carried out by ion-exclusion HPLC chromatography 
using the same HPLC system fitted with a Supelcogel H 
9 µm, 25 cm × 4.6 mm (i.d.) column at room tempera-
ture, selecting UV detector at l = 220 nm. A 0.1% H3PO4 
solution at a flow rate of 0.5 mL min–1 was used as the 
mobile phase.

3. Results and discussion

3.1. Influence of the ratio R = [H2O2]/[Fe3+] on the mineraliza-
tion efficiency

A blank experiment aiming to assess the contribution 
of direct photolysis of phtalic anhydride was carried out 
in the absence of H2O2 and Fe3+. This experiment showed 

that UV photons have a very slow and then negligible 
action on the phtalic anhydride degradation. Thus the 
effect of ratio R was studied by photo-Fenton treatment. 
Fig. 1 shows the evolution of the solution TOC during the 
mineralization of aqueous solution of phthalic anhydride 
(C0 = 0.2 mM) in function of the irradiation time for dif-
ferent values of the ratio R in the range 10–60 at a fixed 
Fe3+ initial concentration of 0.1 mM. Results obtained 
show that the solution TOC decay kinetics increases by 
increasing the R value. The mineralization degree (in 
terms of TOC abatement) of phthalic anhydride solution 
increases quickly in the range of R from 10 to 40 from 77% 
to 91% after 1 h of treatment. A TOC removal efficiency of 
98.7% indicating an almost complete mineralization of the 
solution was obtained for the ratio R = 40 after 6 h of treat-
ment. This very high mineralization efficiency compared 
to the classical Fenton process (data not showed) can be 
explained thanks to the generation of a great amount 
of hydroxyl radicals according to Reactions (1), (5) and 
(8) during the photo-Fenton process. Reaction (6) which 
favours the mineralization of short chain carboxylic acids 
by photochemical breaking of their complexes with Fe(III) 
contributes also significantly to the enhancement of the 
mineralization efficiency .

The R values up to 40 lead to a weakening in mineral-
ization kinetics because H2O2 behaves as hydroxyl radical 
scavenger following Reactions (9), (10) at high concentra-
tions [24–26] and thus constitute a limiting factor of the 
mineralization degree. 

2 2 2 2H O OH HO H O• •+ → +  (9)

2 2 2HO OH H O + O• •+ →  (10)

This experimental result was also confirmed by deter-
mination of apparent rate constant between phtalic anhy-
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Fig. 1. Effect of the ratio R = [H2O2]/[Fe3+] on the TOC removal 
kinetics of phthalic anhydride aqueous solution during photo-
Fenton treatment. R: 10 (◊); 20 (Δ); 40 () and 60 (●). Experi-
mental conditions: [phthalic anhydride]0 = 0.2 mM, [Fe3+] = 
0.1 mM, pH = 3, V = 1.3 L.
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dride and hydroxyl radicals. Indeed the kinetic decay of 
phtalic anhydride concentration in function of irradiation 
time is indicating the oxidation of phtalic anhydride by 
hydroxyl radical can be described by pseudo-first order 
reaction kinetics (assuming a quasi-stationary state for 
hydroxyl radical concentration). Corresponding appar-
ent rate constants (kapp) were than determined from linear 
regression of the pseudo first order kinetic model [ln (C0/
Ct) = f(t)] fitting enough well (R2 > 0.983). Fig. 2 shows 
the evolution of kapp as a function of R and shows that it 
gradually increases in the range of 10 > R > 40, optimum 
kinetics being attained at R = 40.

Consequently R = 40 was chosen as optimal value for 
Fe(III) initial concentration of 0.2 mM in photo-Fenton 
treatment of phtalic anhydride aqueous solutions.

3.2. Influence of Fe3+ initial concentration

The concentration of Fe3+ (as catalyst) constitutes 
another important parameter of the photo-Fenton pro-
cess. To determine the effect of Fe3+ concentration on the 
oxidative degradation of phthalic anhydride, several 
experiments were carried out in acidic solutions of pH 3 
at constant concentration of phthalic anhydride (C0 = 
0.2 mM) and at room temperature, varying Fe3+ initial 
concentration in the range 0.0–0.2 mM (Fig. 3) at an op-
timal R value obtained above. It can be seen from Fig. 3 
that the use of hydrogen peroxide alone is also able to 
conduct the overall mineralization of phthalic anhydride 
solution due to the very effective H2O2 photolysis quan-
tum yield at 253.7 nm from Reaction (8). However this 
system requires a long irradiation time because of the 
low absorption coefficient and consequently the slow 
mineralization kinetics resulting from the photolysis of 
H2O2 [Reaction (8)]. 

0.5

0.7

0.9

10 20 30 40 50 60
 R = [H2O2]/[Fe3+]

ka
pp

 (m
in

-1
)

Fig. 2. Evolution of the apparent rate constant (kapp) for the 
oxidation of the phthalic anhydride in function of R during 
photo-Fenton treatment. Experimental conditions: [phthalic 
anhydride]0 = 0.2 mM, [Fe3+] = 0.1 mM, pH = 3.

On the other hand, the phthalic anhydride removal 
rate (in terms of TOC abatement) increases with the in-
crease of catalyst concentration. Indeed, it passes from 
21 to 91% after 1 h of treatment corresponding to the in-
crease of ferric ions concentration from 0.0 to 0.1 mM and 
leading to overall mineralization at 2 h of treatment. This 
great oxidation power of the photo-Fenton process can be 
accounted for by the high amount of ·OH simultaneously 
generated from Reactions (1), (3) and (8).

Further increase up to 0.1 mM in Fe3+ concentration 
leads to a decrease of the mineralization efficiency due to 
enhancement of the wasting parasitic Reaction (4) which 
becomes competitive for hydroxyl radicals thus lead-
ing to the weakness of the oxidation reaction of phtalic 
anhydride. An excess of iron ions may be detrimental to 
the overall reaction since the oversupplied Fe3+ yields Fe2+ 
according to Reaction (2) maximizing the percentage of 
scavenged hydroxyl radicals through Reaction (4) [27] 
with k = 3 × 108 M–1 s–1 [23]. This condition can also cause 
the recombination of hydroxyl radicals [28].

Consequently, the value of 0.1 mM has been selected as 
optimal catalyst concentration for following experiments.

3.3. Mineralization of phthalic anhydride under optimum 
conditions

The mineralization of phthalic anhydride aqueous 
solution with hydroxyl radicals generated by the photo-
Fenton process was studied under optimal conditions 
determined above, i.e. R ([H2O2]/[Fe3+]) = 40 and [Fe3+] 
= 0.1 mM. Fig. 4 shows the evolution of solution TOC 
during the treatment. Mineralization kinetics is very 
fast at the beginning of the process with an exponential 
decrease of the solution TOC. TOC abatement efficiency 
was 50, 80 and 92% for 15, 30 and 60 min respectively. 
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Fig. 3. Effect of the catalyst (Fe3+) concentration on the TOC 
removal (as a mineralization parameter) of phthalic anhydride 
aqueous solution as a function of treatment time during photo-
Fenton treatment. [Fe3+]: 0 (); 0.05 (); 0.1 (□) and 0.2 (Δ). 
Experimental conditions: [phthalic anhydride]0 = 0.2 mM, R = 
40, pH = 3, V = 1.3 L.
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The overall mineralization (98.7% TOC abatement) was 
reached after only 2 h of photo-Fenton treatment. This 
result highlights the great mineralization ability of the 
photo-Fenton process. The great mineralization power 
of this process can be explained by the simultaneous 
production of hydroxyl radicals pointed out above, but 
also by the role of photodecarboxylation Reactions (6) 
and (7) which facilitate the mineralization of aliphatic 
carboxylic acids by promoting the breakdown of its stable 
complexes with Fe(III).

 
3.4. Influence of UV irradiation on the mineralization efficiency

It is well known that the AOPs generate short-chain 
carboxylic acids which have poor reaction rates with 
hydroxyl radicals [9,17,20,28–30]. In the case of the pres-
ence of Fe3+ mineralization becomes more difficult due to 
the formation of stable Fe(III)–carboxylic acid complexes. 
This is particularly the case of oxalic acid which persists 
for longer time of treatment. Flox et al. [29,30] reported 
that UV irradiation of the solution enhances the miner-
alization efficiency according to Reactions (6) and (7) 
through breaking of these complexes by photoreduction 
of Fe(III). 

To assess the effect of UV irradiation on the miner-
alization of phtalic anhydride solution we carried out 
the dark Fenton treatment under the same experimental 
conditions in order to follow the formation and evolution 
of oxalic acid which is the most commonly formed car-
boxylic acid during AOPs treatment. The results depicted 
in Fig. 5 show that oxalic acid is hardly oxidized in the 
dark Fenton process and accumulated in the solution. Its 
concentration reached 0.23 mM at 6 h of treatment. On the 
other hand, under the same experimental conditions but 
with UV irradiation (photo-Fenton) oxalic acid concen-
tration remained very poor and disappeared completely 
after a treatment time of 2 h. This very fast oxalic acid in 

Fig. 4. TOC abatement evolution during the mineralization of 
phthalic anhydride aqueous solution by photo-Fenton process 
under optimum conditions. [phthalic anhydride]0 = 0.2 mM, 
R = 40, [Fe3+] = 0.1 mM, pH = 3, V = 1.3 L.
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the presence of UV light irradiation highlights the en-
hancement of the mineralization leading to a TOC decay 
of 98.7% and can be accounted for by the involvement of 
photodecarboxylation Reactions (6) and (7). 

4. Conclusion

The photo-Fenton process was used to produce hy-
droxyl radicals in order to oxidize phtalic anhydride in 
aqueous medium until its mineralization. The effect of 
ratio R = [H2O2]/[Fe3+] and the catalyst concentration on 
the mineralization efficiency were studied and the opti-
mal conditions of ratio R = 40 and [Fe3+] = 0.1 mM were 
found for phtalic anhydride mineralization. The overall 
mineralization (98.7% TOC removal) of 0.2 mM phthalic 
anhydride aqueous solution was obtained after only 
2 h of photo-Fenton treatment under optimal operating 
conditions. The positive effect of UV light irradiation on 
the enhancement of the mineralization effectiveness was 
also demonstrated.
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