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a b s t r a c t
In the present study, we have investigated the photolysis of aliphatic and aromatic carboxylic 
organic acids (malic, oxalic, iminodiacetic, salicylic and benzoic) under both blacklight lamps and 
solar light. The ability of these acids to produce hydroxyl radicals under UVA radiation was also 
examined. Several experiments have been conducted to establish a relationship between the nature 
of the organic acid and the efficiency of the production of these radicals by the Fenton reaction. 
The results of this study suggest that the generation of hydrogen peroxide was influenced by the 
irradiation wavelength, the initial concentration of the carboxylic acid, the pH and the nature of 
the acid. Carbamazepine (CBZ) degradation induced by organic acids/UV system in aqueous solu-
tion was tested and confirmed that photocatalytic efficiency is optimal when oxalic acid is used. 
CBZ mineralization was followed by total organic carbon (TOC) analyzer, the mineralization effi-
ciency reaches 80% of TOC removal after 14 h of irradiation (CBZ/oxalate/UVA system). Upon solar 
irradiation, a complete CBZ disappearance takes place after 1 h in system oxalic acid/CBZ.

Keywords:  Carbamazepine; Carboxylic acids; Fe(III)-salicylic complex; Hydrogen peroxide; Hydroxyl 
radicals

1. Introduction

Carboxylic acids have received considerable attention as 
one of the organic compounds generally present in dissolved 
form in the natural environment [1,2]. They are also consid-
ered as the most dominant classes of organic compounds 
found in the atmosphere in a variety of phases. Carboxylic 
acids are found in relatively high amounts in all of the 
environmental compartments (atmosphere, aquatic media 
and soil) [3,4]. Measurements of carboxylic acid concentra-
tions in cloud waters have been performed in several stud-
ies [5–7]. They represent up to 10% of the dissolved organic 
carbon in clouds [7,8], and can significantly contribute to 
the acidity of atmospheric precipitations [6].

Water–soluble dicarboxylic acids may also be pro-
duced from photochemical and aqueous phase oxidation 

of biogenic unsaturated fatty acids and volatile organic 
compounds such as isoprene emitted from the ocean sur-
face [9,10]. These compounds are usually classified into two 
types of carboxylic acids: aromatic acids (A-Ar) and aliphatic 
acids (A-Ali). A-Ali is also divided into different classes: 
monoacids, diacids, polycarboxylic, and amino-polycar-
boxylic. They are also highly relevant pollutants because of 
their toxicity and low biodegradability [11].

Organic acids (R-CO2H) represent a class of compounds 
abundant in natural waters able to form complexes with a 
variety of transition metals (including Fe(III)) [12,13]. Oxalic 
and glyoxylic acid appears to have a free tropospheric air 
chemical source. The hydroxyl radical (HO•) is consid-
ered the main oxidative species present in the atmospheric 
aqueous phase. As a function of photochemical conditions, 
cloud chemistry models between 10–14 and 10–12 M evaluate 
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the maximal concentration (at noon) in natural water [14]. 
Silva et al. [15], Kuma et al. [16] reported that Fe(III) and citric 
acid or tartaric acid could form stable complexes. Moreover, 
these complexes have high photocatalytic activity [17,18].

Under light irradiation, photolysis of polycarboxylic 
acids leads to the formation of the oxidative species having 
an impact on the immediate environment. The literature 
indicates that the photolysis of polycarboxylic acids in the 
presence of dissolved oxygen could represent an import-
ant source of H2O2. The mechanism of the photolysis of 
organic was illustrated following sequences:

R O R O+ + → +•+ •−
2 2hν  (1)

R: polycarboxylic acid or amino-polycarboxylic acid [19].

H O HO� �� �� �2 2     k = 6.3 × 104 mol L–1 s–1 (2)

2HO H O O2 2 2 2
� � �     k = 8.3 × 105 mol L–1 s–1 (3)

H O HO2 2 2+ → •hν     (<300 nm) (4)

The photolysis of oxalic acid leads especially to the for-
mation in situ of hydroxyl radical (HO•) [20].

Literature reports that the presence of carboxylic acids 
such as oxalic, citric or tartaric acids with Fe(III) and UVA 
radiation improves the water elimination rates of organ-
ics such as dyes [21,22], herbicides [15,23], pharmaceuticals 
[24,25], and other hydrocarbons [26]. The reason for this 
is due to the formation of ferricarboxylate complexes that 
may be photolyzed to yield free radicals (4).

Fe OH Fe II HO H( ) + → ( ) + +
+ • +2

hν  (5) [27]

Fe(III)-photocatalysis under sunlight is low cost and 
has been employed for the treatment of organic pollutants 
since the 1990s. Many studies have recognized that the pho-
toexcitation of Fe(III)–carboxylate complexes in an aqueous 
medium induces the transfer of electrons from the ligand 
to the central metal ion (ligand to metal charge transfer, 
LMCT). This transfer results in a reduction of Fe3+ to Fe2+, 
formation of the hydroxyl radical (HO•), and oxidation of 
the ligand [28,29].

During the anterior work on the complexes, the tests 
were carried out on the acids of the corresponding com-
plexes and the results showed an activity of these acids 
[30,31]. The mechanism of carbamazepine degradation 
has been investigated by many authors in many oxidative 
treatment processes, they reported that in these processes 
there is a formation of hydroxyl radicals [32–35]. The deter-
mination of H2O2 and the disappearance of the acid will 
guide us in the understanding of the mechanism of the 
photolysis of these acids.

The present work, therefore, was to determine the for-
mation of HO• at different carboxylic acids, the fate of pol-
lutants in the aquatic environment in the presence of light 
and polycarboxylic acid for the photodegradation process 

of carbamazepine catalyzed by carboxylic acids and the 
reaction kinetics were investigated under irradiation with 
different light sources.

2. Experimental section

2.1. Reagents

DL-malic acid (99%) biochem, salicylic acid (98%), 
benzoic acid (100.2%), oxalic acid (≥99%), sulfuric acid (97%), 
benzene (99.7%), HClO4 (35.7%) and NaOH (98%) were sup-
plied by VWR Prolabo. Iminodiacetic acid (>98%) Alfa Aesar. 
TiCl4 (98%) was obtained from Flucka. Carbamazepine 
(CBZ) (99%) was purchased from the pharmaceutical 
industry. Using all products without purification because 
was the analytical grade. Using the ultrapure water sup-
plied by a Milli-Q device (Millipore, Bedford, MA, USA) 
with resistivity (R = 18 MΩ cm) for preparing the solutions. 
The solutions were dissolved in ultrapure water.

2.2. Irradiation device

The use of a device fitted with a Pyrex tube in the center 
of a stainless steel cylinder. The lamp as the light source is a 
medium pressure mercury vapor lamp (Philips HPW 125), 
the emission of which, filtered by a black globe, is mainly 
at 365 nm with irradiation intensity I = 1.97 mW cm–2. The 
infrared component of the lamp emission is fully absorbed 
by the water surrounding the reactor. The solutions were 
cooled by water circulation and kept under agitation during 
the experiment (Fig. 1).

The solutions were irradiated in a cylindrical quartz 
reactor, surrounded by three low-pressure mercury lamps 
with maximum emissions at 254 nm (Fig. 2).

The solutions were irradiated under natural sunlight in 
a cylindrical Pyrex reactor in Constantine (Algeria), latitude 
36°20′N, longitude 6°37′E. The radiometer type VLX 3W 
was used to measure light intensity equal to 2.56 mW cm−2.

2.3. Analysis of the reaction products

The spectrophotometer “Thermo Scientific” controlled 
by software “Thermo Insight” was used to record the 
absorbance spectra and quantify the concentration of H2O2 
formed. The complexometric method with titanium tetra-
chloride (TiCl4) was used to determine the amount of H2O2 
formed during the reaction. The molar absorption coefficient 
742 M–1 cm–1 was measured at 410 nm [36].

Hydroxylation of benzene (7 mM) by HO• to produce 
phenol, using to detect HO• generated in the irradiated 
carboxylic acids, with k(HO• + benzene) ≈ 7.8 109 L mol−1 s−1 [37].

The concentration of CBZ was analyzed by high- 
performance liquid chromatography, equipped with a photo-
diode-array detector (Shimadzu SPD-20A) and a SUPELCO 
HC-C18 column (5 µm, 250 mm × 4.6 mm). The mobile 
phase was constituted by a mixture of acetonitrile (50%) 
and water (50%) containing 0.1% acetic acid with a flow rate 
of 0.5 mL min–1. The detector wavelength was set at 286 nm.

Total organic carbon (TOC) analyzer (Teledyne Tekmar 
Torch TOC) was used to measure the mineralization degree 
for CBZ degradation.
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3. Results and discussion

3.1. Properties of the carboxylic acids

Many references have reported the physical and 
chemical properties of carboxylic acids (SA, BE, MA, OX, 
IDA); the basic properties of these carboxylic acids were 
reviewed. Table 1 lists the acid properties.

3.2. Stability of acids

In the dark and at room temperature, an aqueous solu-
tion containing carboxylic acids (SA, BE, MA, OX, IDA con-
centration) for one week shows that carboxylic acids are 
stable in an aqueous solution.

3.3. Photolysis of carboxylic acids

The concentration of carboxylic acids was kept con-
stant at 5 mM, their photolysis up to 365 nm, provides an 
exciting state acid that underwent a further decomposition 
with the formation of HO•, O2

•− and HO2
• as reported by 

Guo et al. [38]. We monitored these changes by spectrophoto-
metry and quantified species formation by chemical methods.

3.3.1. Photolysis at 365 nm

The evolution UV-visible absorption spectrum of sali-
cylic acid (SA) (5 mM) solution during irradiation at 365 nm 
is reported in Fig. 3a. No significant difference among the 
spectra at different times was observed. Indeed, a slight 
increase in absorbance in the 280–300 nm regions was 
reported in the insert (Fig. 3a). What’s more, the benzoic 
acid (BE) evolution spectrum during irradiation reported 
in (Fig. 3b) has the same shape. The UV-visible absorption 
spectrum of malic acid (MA) during irradiation reported 
in Fig. 3c shows different variations located at region 
210–240 nm. Indeed, their spectrum shows a very weak 
spectral evolution, namely a slight increase in absorbance 
(0.5) after 5 h. Moreover, three isosbestic points are pres-
ent and localized at (λ = 220 nm in t = 3h, λ = 226 nm in 
t = 6 h, λ = 229 nm in t = 7 h) point out the photolysis of 
the MA acid under irradiation at 365 nm. For the oxalic 
acid (OX), the UV-visible absorption spectrum during irra-
diation reported in Fig. 3d shows also a slight variation 
positioned at 225 nm. This reflects a transformation when 
organic acid was photolyzed at 365 nm. The UV-visible 
absorption spectrum of iminodiacetic acid (IDA) during 
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Fig. 1. (a) Monochromatic irradiation device at 365 nm and (b) emission spectrum of a lamp emitting at 365 nm.
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Fig. 2. (a) Monochromatic irradiation device at 254 nm and (b) emission spectrum of a lamp emitting at 254 nm.
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irradiation is reported in Fig. 3e, the evolution is also  
located at 225 nm.

The disappearance of all organic acids was followed 
and it turns out that oxalic acid has the greatest disappear-
ance (Fig. 4).

In order to elucidate the formation of H2O2, as shown 
in Eqs. (1) and (2), hydrogen peroxide was determined by 
the formation of a yellow complex with TiCl4. During irra-
diation of acid (5 mM) under UV light, the quantification 
of hydrogen peroxide generated illustrated in Fig. 5 gives 
evidence of a big correlation between photolysis of organic 
acids efficiency and the amount of H2O2 generated.

The oxalic acid that disappears the fastest, gives the larg-
est amount of H2O2. Table 2 illustrates this fate.

3.3.2. Effect of pH

The pH effect on the formation of H2O2 was also exam-
ined. A solution containing 5 mM of acids was adjusted by 
adding acid or base. The results reported in Table 3 illus-
trated this fact.

The percentage of the disappearance of the carbox-
ylic acids studied as a function of the pH is small; indeed, 
the disappearance there is a change of the spectrum and 
the appearance of the isosbestic points. On the other 
hand, the formation of H2O2 shows that at:

• SA acid (pH < 3), the H2SA species are the most pre-
dominant and at this range the amount of H2O2 gener-
ated is great with the acidity of the medium. However, 
at 3 < pH < 8. The HAS– species are the most predomi-
nant characterized by a large generation of H2O2.

• BE acid (pH < 4), the HBEaq species characterized by a 
large generation of H2O2 are the most predominant. 
At pH > 4, where the most dominant form BE–, no for-
mation of H2O2.

• MA acid (pH > 4) the H2MA and HMA– species charac-
terized by a large generation of H2O2 are the most pre-
dominant. However, at pH = 4.3, pH = 6.76, only HMA–, 
MA2– species are present respectively. The formation 
of H2O2 at these pH is outside the detection limits.

• IDA acid has different species at pH range (pH < 4), 
H3IDA/HIDA–/HIDA–2 species are the most predomi-
nant, and when pH > 4, the only HIDA–2 species which 
exists at this pH. Where the most dominant form of all 
this species formation is outside the detection limits.

• OX acid (pH = 2.35), the H2OX and HOX– species charac-
terized by a large generation of H2O2 are the most predom-
inant. However, when the pH = 3.15. The only occurring 
species is HOX–. At this pH, the formation is less import-
ant than that observed in the preceding case. At pH = 6.46, 
where the most dominant form is OX–2 formation of H2O2 
is outside the detection limits. For the other acids, the 
amount of H2O2 is ten times less than that of OX acid.

Fig. 6 presents the speciation of the carboxylic acids 
as a function of their concentration. From data shown in 
Table 3 and by examining the speciation of each acid and 
the evaluation of the absorbance in the UV-Visible range the 
following conclusions can be drawn:

• Aromatic acids (this is the case of salicylic and benzoic 
acids) that have HA– species characterized by a large 
generation of H2O2 are the most predominant.

Table 1
Spectroscopy data on acids: structure, wavelengths of maximum absorption, molar absorption coefficients, solubility and pKa

Name Structure λabs (nm) ε (M–1 cm–1) Solubility (g L–1) pKa

SA

OH
COOH 232

297
3,587 2.24 2.53

13.3

BE O

OH

272
229

9,267 2.9 4.9

MA

HO
OH

O

O

OH

– 125.4 558 3.2
5.3

OX
HO

OH

O

O

– 166.86 220 1.27
4.35

IDA O
N
HOH

O – 42.02 42 2.4
9.7

(–) UV-Visible spectra of MA, OX, IDA acids absorb from 200 to 300 nm. No bands were detected.
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• In case of oxalic acid, it is the quantum yield that deter-
mines its efficiency of H2O2 generation and is not directly 
related to the percentage of acid abatement, in fact, it 
depends on the reaction with O2 and the consequence 
of O2

•–,through reactions [20,39,40]:

C O CO CO2 4 2 2
�� ��� �  (6)

CO CO O2 2 2
�� ��� �  (7)

HO H O2 2
� � ��� �     pKa= 4.8 (8)
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Fig. 3. Spectral evolution of acid (5 mM) upon irradiation at 365 nm as a function of irradiation time. Insert: zoom of spectral evolu-
tion of acid SA, BE, MA, OX, and IDA at wavelength 297, 229, 225, 230 and 225 nm, respectively. (a) SA: pH = 2.7, (b) BE: pH = 3.2, 
(c) MA: pH = 3. 03, (d) OX: pH = 2.35 and (e) IDA: pH = 2.85.
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HO HO or O O H H O O2 2 2 2 2 2 22� � �� �� �� � �� � � �  (9)

3.3.3. Effect of acids concentration

Experiments were carried out to investigate the ini-
tial concentration value effect on the photogeneration of 
H2O2 in the solution containing acids. The results shown in 

Table 4 let us see that 5 mM seems to be the optimal initial 
concentration to produce a maximal amount of H2O2.

3.3.4. Effect of irradiation wavelength

The photolysis of carboxylic acids (5 mM) under irra-
diation 254 nm, 365 nm and solar light are studied in 
order to establish the relationship between the acid pho-
tolysis and the H2O2 formation. The results summarized in 
Table 5, no relation was noticed between the nature of the 
acid and the irradiation intensity.

3.3.5. Hydroxyl radical quantification

The concentration of the HO• radicals generated by the 
photolysis of the carboxylic acids (SA, BE, MA, OX, IDA) 
was determined during the reaction. As shown in Fig. 7, 
after 7h of irradiation, the concentration of HO• generated 
in the solution containing the OX acid was 103.9 µmol L–1 
at pH 2.35. These results indicated that under 365 nm irra-
diation, these acids were easily photolyzed and it provided 
the possibility for the formation of excited-state acids and 
further generated many kinds of radicals.

3.4. Phototransformation of carbamazepine induced by organic 
acids

To confirm the involvement of organic acid in the deg-
radation of carbamazepine (CBZ) in the homogeneous sys-
tem, the mixture (CBZ/OX; 0.01 mM/5 mM) was exposed 
to elimination using a UV lamp (365 nm). The follow-
ing of CBZ disappearance as is reported in Fig. 8 showed 
that over 76% of the CBZ was transformed after 7 h in the 
system CBZ/OX/UV, due to the rapid photochemical reac-
tions involving the OX/UV light system since the contri-
bution of CBZ photolysis was insignificant. Otherwise, no 

Fig. 4. Monitoring of disappearance of different acids upon irra-
diation at 365 nm as a function of irradiation time [acid] = 5 mM.

Fig. 5. Formation of H2O2 during the photolysis of different 
acids upon irradiation at 365 nm as a function of irradiation time 
[acid] = 5 mM.

Table 2
Abatement of carboxylic acids and H2O2 formation during their 
photolysis upon irradiation at 365 nm

Acids SA BE MA OX IDA

% abatement 10 6 2 14 4
[H2O2]max·10–5 (M) 1.32 3.36 2.08 22.3 Lower than the 

detection limit
Time (h) 5 7 6 5 6

Table 3
Abatement of acids and H2O2 formation during their photolysis 
as function of pH upon irradiation at 365 nm

Acids pH % abatement [H2O2]max·10–5 (M) Time/h

SA 2.7 10 1.32 5
1.7 2 1.69 1
7.3 15 3.2 7

BE 3.1 6 3.36 7
2.5 4 2.26 6
7.3 1 – 6

MA 3.03 2 2.08 6
4.3 4 – 6
6.76 1 – 6

OX 2.35 14 22.3 5
3.15 26 15 5
6.46 3 – 5

IDA 2.58 –* – 6
7.2 –* – 6

(–): Lower than the detection limit;
(–): Appearance of isosbestic points and spectrum change.
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interaction occurs between the components when this mix-
ture ages in dark. Moreover, the positive effect of the OX 
can be attributed to the formation of the hydrogen perox-
ide produced in-situ by the direct photolysis of OX, giv-
ing rise to the formation of hydroxyl radicals which react 
rapidly and non-selectively on most of the organic com-
pounds. Despite the low coefficient of absorption molar of 
H2O2 (ε254 nm = 18.6 M–1 cm–1) to the wavelengths greater than 
300 nm, the oxidation of CBZ has been observed in these  
conditions.

The concentration of H2O2 which can control HO• for-
mation by photolysis reactions of oxalic acid was monitored, 
and the results are given in Fig. 9. The photoproduction of 
H2O2 is in agreement with the photodegradation of CBZ in 
the different initial concentrations of OX, which proves that 
HO• produced from photocatalysis is the key to leading 
the degradation of CBZ. Similarly, two stages are observed 
by Seraghni et al. [20], at the initial stage where H2O2 was 
rapidly generated and the degradation of Cresol red (CR) 
was slow. However, at the later acceleration stage, when 
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Fig. 6. Speciation of the acids calculated by the Hyperquad Simulation and Speciation (HYSS2009) as a function of the concentration 
of the acid.
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the concentration of H2O2 kept constant in this system, CR 
began to degrade at a high speed.

The influence of carboxylic acid nature was also studied 
and confirmed that the OX acid was the best photoinducer 
is reported in Fig. 9.

3.5. Mineralization of CBZ/OX/UVA

The mineralization of OX/CBZ was monitored mea-
suring the total organic carbon (TOC), after 14 h of irradi-
ation ca. 80% of TOC removal was observed. Incomplete 
mineralization was attributed to refractory photoproducts 
that would need a more prolonged treatment or that have 
already reached their maximum degree of oxidation (Fig. 10).

3.6. Environmental significance

In order to verify the feasibility of this system in a natu-
ral environmental, the system (CBZ 0.01 mM/OX acid 5 mM) 
was also tested under typical environmental irradiation 
conditions to confirm the viability of the process, exposed 
in natural light during a sunny day at Constantine (Algeria, 
latitude 36°22′N, longitude 6°40′E).

By comparing the kinetics of CBZ disappearance at nat-
ural and artificial light (Fig. 11), it appears that the rate of 
degradation is faster upon solar irradiation because of the 
wide range of the solar spectrum (Fig. 12).

Table 4
Abatement of acids and H2O2 formation as function of different 
concentration of acids during their photolysis upon irradiation 
at 365 nm

Acids [acids] (M) [H2O2]max·10–5 (M) Time (h)

SA 5.10–3 1.32 5
10–3 1.29 6
5.10–4 – 5

BE 5.10–3 3.36 7
10–3 – 6
2.10–4 – 6

MA 5.10–3 2.08 6
10–3 1.88

OX 7.10–3 19.2 5
5.10–3 22.3 5
10–3 6.5 5

IDA 5.10–3 – 6

Table 5
Formation of H2O2 during the photolysis of OX at different light 
source

  Acids
Wavelength (nm)

SA BE MA OX IDA

254
[H2O2]max·10–5 (M) 17 6.46 9.05 15.7 17.6
Time (min) 5 6 6 4 1

365
[H2O2]max·10–5 (M) 1.32 2.2 2.08 22.3 –
Time (min) 5 6 6 5 6

Solar light
[H2O2 max·10–5 (M) 3.58 2.26 1.5 11.1 5.28
Time (h) 1 5 1 1/6 1

 
Fig. 7. Formation of •OH during the photolysis of different acids 
upon irradiation at 365 nm as a function of irradiation time, 
[acids] = 5 mM.

 
Fig. 8. Photodegradation of CBZ in the mixture CBZ-OX acid 
(0.01 mM and 5 mM) as a function of the irradiation time, 
λirr = 365 nm.

 
Fig. 9. Photodegradation of CBZ in the mixture CBZ-acids 
(0.01 mM and 5 mM) as a function of the irradiation time, 
λirr = 365 nm.
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In natural conditions, a fast reaction was observed and 
the pollutant take less than 60 min to be completely removed. 
The solar spectrum contains several wavelengths explains 
this fact.

4. Conclusion

The organic acids confirm their viability to produce 
hydrogen peroxide when are exposed to irradiation up to 
365 nm. This process was largely related to an organic acid 
structure where the oxalic acid used in this study was the 
most efficient. As H2O2 is generated by the reaction of O2

•– 
and HO2

•, their quantification was an important element in 
understanding the mechanism of action of these species. 
This process seems to be dependent significantly on vari-
ous factors including the initial pH value, the light source of 
irradiation and the acid concentration. The degradation effi-
ciency of CBZ in the presence of oxalic acid (OX) is highly 
improved compared to other acids. The best formation 
of H2O2 and HO• is in perfect correlation with this fact.
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