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Photo-Fenton degradation of dye in methanolic solution
under both UV and visible irradiation
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Abstract

The photodegradation of methyl orange was examined in methanolic solution under both UV and visible irradiations in the presence
of ferric ions and H2O2. The spin-trapping EPR technique was utilized to reveal the photo-Fenton reaction mechanism in the methanolic
solution. It was found that different radicals were generated under UV and visible light irradiations. Possible mechanism of the photo-Fenton
reaction in methanolic solution under both UV and visible light irradiations was proposed on the basis of experimental results. The
intermediates produced during the photo-Fenton reaction were detected by IR and GC–MS spectra. © 2001 Published by Elsevier Science
B.V.
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1. Introduction

Early studies have shown that the Fenton reaction is ef-
ficient in the degradation of organic compounds [1–4]. The
active species can be generated by the inter-reaction of hy-
drogen peroxide with ferrous and ferric ions as shown below
in [5,6]:

Fe2+ + H2O2 + H+ → Fe3+ + •OH + H2O

k1 = 58 mol−1 dm3 s−1 (1)

Fe3+ + H2O2 → Fe2+ + •OOH+ H+

k2 = 0.02 mol−1 dm3 s−1 (2)

Since the reaction rate constant of reaction (2) is much
lower than that of reaction (1), the transformation between
the ferric ions and the ferrous ions, and the production of
active species (hydroxyl radicals and superoxide radicals)
are clogged greatly by the reaction (2). It was found that UV
illumination of Fe2+/H2O2 or Fe3+/H2O2 system increased
significantly the Fenton degradation rate of many organic
substances such as chlorophenoxy herbicides [7], quinine
[8], xylidine [9], phenols [10], and anisole [11]. The effect
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of UV light is attributed to the direct•OH radical formation
and regeneration of Fe2+ from photolysis of the complex
[Fe(OH)]2+ in solution as following mechanism [12–14]:

[Fe(OH)]2+ hv→•OH + Fe2+ (3)

It is known that only about 3–5% of solar irradiance reach-
ing the surface of the earth is UV light, while artificial UV
light sources typically consume large quantities of electri-
cal power, and what is more, they are expensive and often
unstable. In the recent years, studies [13,15,16] have been
reported on the photo-Fenton degradation of dyes pollutants
under visible light irradiation in which visible light was also
found accelerate apparently the reaction since it could be
absorbed by the dye in solution. The brief mechanism of
the photo-Fenton reaction under visible irradiation is shown
below:

dye
hv→dye∗ (visible light) (4)

dye∗ + Fe3+ → dye+• + Fe2+ (5)

and reaction (1)

Fe2+ + H2O2 + H+ → Fe3+ + •OH + H2O

Different from the effect of UV light, that of visible light
is attributed to the regenerated of Fe2+ and the generation
of dye+•, as it has been found that dye+• could hy-
drolyze or react with some oxidizer such as the dissolved
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oxygen molecules in solution [18,24,25]. In order to ex-
plain the interaction among three components of the vis-
ible light-assisted photo-Fenton reaction, several models
[13,15,16] have been established. Some researchers ex-
plained that the intermolecular electron transfer between the
excited dye and the ferric ions regenerates the ferrous ions
which accelerates the reaction [13,15] as shown in Eq. (5);
some researchers explained that the intramolecular electron
transfer of the dye complex with the ferric ions contributes
a main effect [16], since the electron transfer takes place
more efficiently in the inner of the complex

(Fe3+-dye
hv→Fe3+-dye∗ → dye+ + Fe2+)

Dye pollutants from the textile and photographic industry are
a principal source of environmental contamination. There is
above 16× 109 m3 of dye-containing wastewater per year
drains into environment water in China, the studies on the
visible light-assisted photo-Fenton degradation of dyes are
much more significant to us.

Although the Fenton reaction has been known for more
than a century, the detailed reaction mechanisms are still
intense and controversial discussion. Researchers [5–8,27]
had thought that the reaction of Fe2+ with H2O2 lead to di-
rect formation of a•OH radical. However, this mechanism
was questioned from the thermodynamic calculations and it
was also found that the intermediates generated during the
Fenton reaction were different from those generated during
the H2O2 photolysis reaction with some special organic
compounds [19]. An intra-complex two electron-transfer re-
action was suggested and a Fe(IV ) intermediate complex was
confirmed during the Fenton reaction in aqueous system.

In this work, methanol was selected as solvent, which
is different from water and is proved to be an effective

scavenger of the hydroxyl radical [7,17,20,21], to study the
reaction process of the photo-Fenton degradation of methyl
orange under both UV and visible light. The spin-trapping
EPR technique was used to obtain some important informa-
tion of the inter action among the ferrous (ferric) ions, H2O2,
and dye in methanolic solution for a better understanding of
the mechanism of photo-Fenton reaction. It is also expected
to provide an alternative method to remove directly colored
organic compounds from organic solvents. Some of the in-

Fig. 1. UV–VIS absorption spectra of (a) methyl orange (—) and (b)
Fe3+ (- - -) in methanolic solution.

termediates produced during the photo-Fenton reaction were
also detected by IR and GC–MS spectra.

2. Experimental section

2.1. Materials

Methyl orange, sulforhodamine B (SRB), FeCl3·6H2O,
H2O2, methanol were of laboratory reagent grade and used
without further purification. The UV–VIS spectra of methyl
orange, FeCl3, in methanolic solution are displayed in Fig. 1.
UV–VIS spectra detection showed that Fe2+ in methanolic
solution had no notable absorbency from 200 to 700 nm.

2.2. Photoreactor and irradiation devices

A 500 W halogen lamp (Institute of Electric Light Source
of Beijing) as a visible light source was positioned inside
a cylindrical Pyrex vessel surrounded by a circulating wa-
ter jacket (Pyrex) to cool the lamp. A round light filter
(d = 4.5 cm) was placed outside the Pyrex jacket to cut off
completely light below 450 nm to guarantee irradiation with
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visible light. A 100 W Hg lamp (TOSHIBA Lighting and
Technology Corporation of Japan) was used as a UV light
source. The irradiation of the solutions was carried out in
cylindrical Pyrex flasks (volume 60 ml) using 50 ml of so-
lution which was freshly prepared and air-saturated in each
case.

2.3. Analyses

At given irradiation time intervals, the samples (3.5 cm3)
were taken out, and immediately analyzed to avoid further
reactions by recording variations at the maximum absorption
band in UV–VIS spectra of methyl orange using a Lambda
Bio 20 spectrophotometer (Perkin-Elmer Co.). Fluorescence
spectra were run on a F-4500 fluorescence spectrometer
equipped with a computer for data treatment. The Brucker
Model EPR 300E spectrometer equipped with an irradiation
light source of Quanta-Ray Nd:YAG laser system (λ = 532
or 355 nm) was used for measurements of EPR signals. Set-
ting: center field= 3486.70 G; sweep width= 100.0 G;
microwave frequency= 9.82 GHz; power= 5.05 mW. To
minimize measurement errors, the same quartz capillary tube
was used throughout the EPR measurements. Samples for in-
frared spectra (FTS 165) were prepared by removing the sol-
vent from the degraded solution under the reduced pressures
and mixing the residue directly with the dried KBr. Sam-
ples for gas chromatography–mass spectroscopy (GC–MS;
Trio-2000, column BPX70, size 30 m× 0.25 mm) experi-
ments were prepared in a manner except that the residue was
dissolved in methanol or ethanol.

3. Results and discussion

3.1. Photodegradation results

All reactions were carried out in 1× 10−3 mol l−1 HCl
methanolic solution as we found that the concentration of
H+ deeply affected the Fenton or photo-Fenton reaction in
methanolic solution. The temporal concentration changes
taking place during the photo-Fenton degradation of methyl
orange under the visible light irradiation in the methanolic
solution together with those in the control reactions are dis-
played in Fig. 2. Methyl orange was scarcely decomposed
in a H2O2 homogeneous solution (curve a) or a Fe3+ ho-
mogeneous solution (curve b) under visible light irradiation
within 40 min. Here, 60% methyl orange was disappeared
when both Fe3+ and H2O2 were present after 40 min reac-
tion in the dark (curve c), while almost all of the methyl
orange was decomposed under the otherwise identical con-
ditions as those of curve c but illuminated by visible light
for about 20 min (curve d). An obvious and interesting
phenomenon was found here that Fenton reaction could de-
compose effectively dyes in methanolic solution and visible
light accelerated greatly the Fenton degradation of methyl

Fig. 2. Degradation of methyl orange (2×10−5 mol l−1) under various con-
ditions; (a) in Fe3+ (2×10−5 mol l−1) solution under visible light irradia-
tion; (b) in H2O2 (1×10−4 mol l−1) solution under visible light irradiation;
(c) in the presence of Fe3+ (2×10−5 mol l−1) and H2O2 (1×10−4 mol l−1)
in the dark; (d) in the presence of Fe3+ (2 × 10−5 mol l−1) and H2O2

(1 × 10−4 mol l−1) under visible light irradiation.

orange; furthermore, the visible light-assisted photo-Fenton
reaction in the methanolic solution fits well with a first-order
kinetic reaction after a short induction period at the begin-
ning. Similar experiments were also carried out under UV
irradiation, it was found that illumination by UV light could
also accelerate greatly the Fenton reaction of methyl or-
ange in methanolic solution. In previous studies [17,20,21],
methanol was proved to be an effective scavenger of the
hydroxyl radical which mainly causes the decomposition of
organic compounds in aqueous solution and hence methanol
was often utilized to stop the some reaction by competing
with organic compounds for the oxidizer such as•OH. It
is interesting that the Fenton (photo-Fenton) reaction was
not stopped in methanolic solution. The solvent, methanol,
seemed to be a transmitter of•OH radicals which kept on
the Fenton reaction. The active species based on methanol
replace the•OH radical to work as oxidizer to attack the
methyl orange (see EPR results below).

3.2. EPR results and photo-Fenton mechanism in
methanolic solution

The spin-trapping EPR technique was used to study
the reaction mechanism in the methanolic solution. The
spin-trapping EPR spectra of UY assisted photo-Fenton re-
action in methanolic solution under the various conditions
are displayed in Fig. 3. Three groups of characteristic peaks
were observed during the reaction process: two groups of
sextet peaks and a group of triple peaks (Fig. 3B). The two
groups of sextet peaks were confirmed [20,21] as the char-
acteristic peaks of DMPO-•OCH3 (αN = 13.6, 21.7 signed
with (4)) and DMPO-•CH2OH (αN = 15.2, 21.1 signed
with (s)), respectively. The triple peaks have also been
reported in other systems [22] and were left unknown. For
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Fig. 3. DMPO spin-trapping EPR spectra under UV irradiation: (A)
Fe3+/H2O2/methyl orange system in the dark; (B) Fe3+/H2O2/methyl
orange system under UV irradiation, reaction time of the spectra from
under to above: 0, 1, 2, 3, 4 min; the solutions (0.3 cm−3): 2×10−4 mol l−1

methyl orange, 2×10−4 mol l−1 Fe3+, 0.1 mol l−1 H2O2, and 0.16 mol l−1

DMPO; irradiation light source: laserλ = 355 nm.

the control experiment, Fe3+/H2O2/dye system in the dark,
the peaks and their intensity had not any change in evidence
throughout the whole process (Fig. 3A). It was confirmed
[20] that Fe3+ can complex with DMPO which causes an
attack of nucleophilic species, such as methanol. A more
detailed mechanism of the interaction between DMPO,
Fe3+ and CH3OH is shown in Eq. (6). The sextet peaks ob-
served in Fig. 3A were the EPR signals of DMPO-•OCH3
(signed with (4)).

(6)

Different from the control experiments, the DMPO-trapping
EPR spectra of the Fe3+/H2O2/dye system under UV irra-
diation had an obvious change in a short time (Fig. 3B).
A new group of sextet peaks attributed to the signal of
DMPO-•CH2OH (signed with (s)) were produced imme-
diately upon UV irradiation which gave an evidence of the
production of•CH2OH. A longer time of irradiation led to
the appearance of a new group of triple peaks which had
a escalating intensity. The triple peaks (signed with), al-

Fig. 4. DMPO spin-trapping EPR spectra under visible irradiation: (A)
Fe3+/H2O2 system under visible light irradiation; (B) Fe3+/H2O2/methyl
orange system in the dark; (C) Fe3+/H2O2/methyl orange system under
visible light irradiation, reaction time of the spectra from under to above:
0, 1, 2, 3, 4 min; the solutions (0.3 cm−3): 2 × 10−4 mol l−1 methyl
orange, 2×10−4 mol l−1 Fe3+, 0.1 mol l−1 H2O2, and 0.16 mol l−1 DMPO;
irradiation light source: laserλ = 532 mm.

though were left unknown, were contributed to some species
after the destruction of DMPO. It was proved that the illu-
mination by UV light increased significantly the generation
of active radicals and hence enhanced the Fenton reaction

in methanolic solution which was well fit to the results of
dye degradation hereinbefore.

Fig. 4 displayed the spin-trapping EPR spectra of visible
light-assisted photo-Fenton reaction of methyl orange in
methanolic solution under various conditions. The results
observed here had some differences from those under UV
irradiation. In the absence of dye, the EPR spectra of the
Fe3+/H2O2 system under visible irradiation had no obvious
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changes before and after visible light irradiation (Fig. 4A)
which means that the generation of radicals in Fe3+/H2O2
system cannot get a perceptible enhancement by visible
light irradiation. Similarly, the intensity of the sextet peaks
(DMPO-•OCH3) in Fe3+/H2O2/dye system also did not
change throughout the whole process in the dark reaction
(Fig. 4B). Illumination by visible light enhanced greatly the
intensity of the sextet peaks in the Fe3+/H2O2/dye methano-
lic system; and a longer time of illumination also resulted in
generation of a new group of triple peaks (Fig. 4C) which
was caused by the destruction of DMPO. These results
supply a proof that the illumination by visible light accel-
erates effectively the generation of active species and hence
accelerates the Fenton reaction in the methanolic solution
in and only in the presence of dyes which have the ability
to absorb the visible light.

Since azo-dyes such as methyl orange scarcely emit flu-
orescence, SRB was chosen to reveal the interaction be-
tween dye and Fe3+ ions in methanolic solution. It was
found that Fe3+ ions effectively quenched the fluorescence
of SRB which confirmed that dye can transfer electron to
Fe3+ ions in methanolic solution. It has been confirmed [26]
that azo-dyes can interact with Fe3+ in solution and excited
azo-dyes can transfer electrons to Fe3+. Addition of H2O2
to this solution strongly enhances the fluorescence quench-
ing of SRB by Fe3+. It maybe attribute to the complex of
H2O2 to Fe3+ ions in methanolic solution which influences
the interaction between the dye and Fe3+ ions.

The data above showed that the detailed mechanisms of
the photo-Fenton reactions are different not only in the ex-
citation processes at the beginning but also in the active
species which promote the photo-Fenton reaction under vis-
ible light2 irradiation and UV irradiation in methanolic so-
lution. On the basis of the above experimental results, a brief
mechanism of the photo-Fenton is listed below, in which
the generation of FeIV is involved. The oxoiron(IV), which
formed through the complex of the ferrous ions and oxidizer,
would react with the targets to generate ferric ions and ac-
tive radicals as confirmed in some otherwise similar systems
[19,23–25]. It is also found that the chelator deeply affect the
reaction rate of the Fenton or photo-Fenton reaction [26]3 .

Fenton reaction (in the dark):

Fe2+ + nCH3OH → [FeII (CH3OH)n]2+ (7)

Fe3+ + nCH3OH → [FeIII (CH3OH)n]3+ (8)

[FeII (CH3OH)n]2+ + H2O2

→ [(H2O2)FeII (CH3OH)n−1]2+ + CH3OH (1a)

2 Note that reactions (4a) and (4b) most likely proceed within a Fe3+-dye
complex.

3 It was found that chelator such as fluoride, oxalate, propandioic acid
and salicylate greatly altered the reaction rate of Fenton or photo-Fenton
reaction by adding a little amount of them to the reaction system in our
current study.

[(H2O2)FeII (CH3OH)n−1]2+

→ [(OH)2FeIV (CH3OH)n−1]2+ (1b)

[(OH)2FeIV (CH3OH)n−1]2+ + CH3OH

→ [FeIII (OH)(CH3OH)n−1]2+ + H2O + CH3O• (1c)

[FeIII (OH)(CH3OH)n−1]2+ + CH3OH

→ [FeIII (CH3OH)n]3+ + OH− (1d)

[FeIII (CH3OH)n]3+ + H2O2

→ [(H2O2)FeIII (CH3OH)n−1]3+ + CH3OH (2a)

[(H2O2)FeIII (CH3OH)n−1]3+

→ [(HO2)FeIII (CH3OH)n−1]2+ + H+ (2b)

[(HO2)FeIII (CH3OH)n−1]2+ + CH3OH

→ [FeII (CH3OH)n]2+ + •OOH (2c)

Under UV irradiation

[FeIII (CH3OH)n]3+
hν→[FeII (CH3OH)n−1]2+ + •CH2OH + H+ (3a)

Under visible light irradiation

Dye
hν→Dye∗

Dye∗ + [FeIII (CH3OH)n]3+

→ Dye+• + [FeII (CH3OH)n]2+ (4a)

Dye∗ + [(H2O2)FeIII (CH3OH)n−1]3+

→ Dye+• + [(H2O2)FeII (CH3OH)n−1]2+ (4b)

In fact, under the conditions of Fenton reaction (dark
reaction), there are CH3O• radical and•OOH radical gen-
erated through the reaction among Fe3+/Fe2+, H2O2 and
solvent. The reaction between DMPO and Fe3+ would also
take place (Eq. (6)) which produce DMPO-•OCH3 in the
methanolic solution. It can be concluded that there would be
DMPO-•OCH3 and DMPO-•OOH generated from the above
mechanism. But unfortunately, the signals of DMPO-•OOH
(αN = 15.2; αH = 21.1) are just covered by those of
DMPO-•OCH3 in EPR spectra. There are only the signals
of DMPO-•OCH3 could be clearly observed in Fig. 3A. Il-
lumination by UV light led to generation of a large number
of •CH2OH radicals. Considering that DMPO can be de-
stroyed under UV irradiation, the signals of DMPO-•OCH3
would be lower and the signals of DMPO-•CH2OH and
some species from the destruction of DMPO would appear
and becomes stronger. All of them fit well to those displayed
in Fig. 3B. The signals of DMPO-•OCH3 could be seen in
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Fig. 4A owing to the same reason in Fig. 3A. In the ab-
sence of methyl orange, irradiation by the visible light with
wavelengths above 450 nm in our experiments of visible
light-assisted photo-Fenton reaction or by the laser of wave-
length at 532 nm used in EPR measurement, would also
not change the EPR signals as shown in Fig. 4B, since no
photons could be absorbed by the components in the system
throughout the whole process. It is known [26] that azo-dyes
can interact with Fe3+ in solution and excited azo-dyes can
transfer electrons to Fe3+. In the presence of methyl orange
and under the illumination by visible light, the generation
of •OCH3 radicals would be greatly increased which can
be deduced from the above mechanism. On the other hand,
the active species generated during the visible light-assisted
photo-Fenton reaction appear to attack the DMPO molecule
and led to the appearance of an triple peaks.

3.3. Formation of intermediates

The visible light assisted photo-Fenton degradation of
methyl orange in the methanolic solution was monitored
by IR spectroscopic methods (Fig. 5) to investigate the
intermediates produced during the dye decomposition pro-
cess. The sample for IR spectra measurement was prepared
from the reaction solution in which about 20% of UV–VIS
absorbency of methyl orange remained. Most of the bands
of the characteristic IR absorption of the methyl orange
(curve a) decreased with increasing the irradiation time. The
absorption peaks at wavenumber of 1366 and 1447 cm−1

which are the signals of methyl group almost disappeared;
the absorption peak of C–N bond of aromatic tertiary
amine (Ar–N(CH3)2) at 1316 cm−1 also almost decreased
to zero; what is more, the absorption peaks of C–H bonds of
di-substituted benzene at 818 and 845 cm−1 changed their
position to 833 cm−1; the characteristic absorption peak
of phenyl at 1520 cm−1 disappeared. On the other hand,
the peaks of sulfonic group at 1200, 1042 and 698 cm−1

decreased slowly comparing to other peaks (curve b) since
organic sulfonic group and inorganic sulfate salts have sim-
ilar absorption in IR spectra; some new IR bands appeared

Fig. 5. IR spectra of methyl orange: (a) methyl orange; (b) intermediate
of visible light-assisted photo-Fenton degradated methyl orange.

and increased with an increase in the irradiation time: the
absorption at 1270 cm−1 is attributed to C–N bonds of aro-
matic monoamines (Ar–NH2), the absorption at 1550 cm−1

is attributed to the N=O bonds of nitroso-groups, the ab-
sorption at 1700 cm−1 is attributed to the C=O groups.
Since the wavenumber of the C=O groups formed is lower
than that of normal C=O compounds, a strong absorption
at this position means that there are some amido- or con-
jugated aldo-ketone- or carboxylic intermediates generated
during the photo-Fenton reaction (also see the results of
GC–MS experiments below). The messages gotten from the
IR spectra give an evidence that the degradation of methyl
orange was not only a destruction of the azo bond, which
has been already known from UV–VIS spectra above, but
also a destruction of the aromatic rings of methyl orange.
Furthermore, some kinds of the C=O contained and aro-
matic monoamine intermediates were generated during the
reaction.

Formation of intermediates in the degradation process
was further confirmed by GC–MS technique. The sample
for GC–MS measurement was prepared from the reaction
solution in which methyl orange had been entirely decol-
ored from the UV–VIS spectra measurement. The results
of GC–MS measurements are displayed in Fig. 6. The gas
chromatogram of the intermediates, formed in the visible
light-assisted photo-Fenton degradation of methyl orange
in the methanolic solution, gave out five peaks (Fig. 6A), in
which three of them have been identified by MS analysis as
dimethyl oxalate (Fig. 6B, CH3OCOCOOCH3), dimethyl
2-butenediate (Fig. 6C, CH3OCOCH=CHCOOCH3), and
4-dimethylamino aniline (Fig. 6D, (CH3)2NC6H4NH2).
Some of them, dimethyl oxalate and dimethyl 2-butenediate,
contain C=O group and had a strong IR peak around
1700 cm−1. The intermediates were detected again under
the otherwise identical conditions except that ethanol re-
placed methanol as the solvent to prepare the GC–MS
samples. Diethyl oxalate and diethyl 2-butenediate were
detected out at this time in which methyl group was sub-
stituted with ethyl group when ethanol was used as the
solvent instead of methanol. Since methanol (or ethanol)
prefers to react with carboxyl group to produce ester at
a higher temperature which appears during the gas chro-
matography measurement, it is deduced that oxalic acid
and 2-butenedioic acid formed actually as the intermediates
in the visible light assisted photo-Fenton reaction, which
meant the entire destruction of the methyl orange.

Combining the analyses of the IR with the GC–MS
spectroscopy, it was indicated that the photo-Fenton degra-
dation of methyl orange under visible light irradiation
proceeded with the cleavage of the azo-bond, generating
4-dimethylamino aniline, and then underwent a further
opening of the phenyl-rings to form small molecular com-
pounds such as oxalic acid and 2-butenedioic acid (see
Scheme 1).

In conclusions, Fenton and photo-Fenton degradation
of dyes can proceed in methanolic solution. In the pre-
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Fig. 6. GC–MS spectra of intermediates of visible light-assisted photo-Fenton degradation of methyl orange: (A) GC spectrum; (B), (C), (D) MS spectra
of various components of intermediates.

sence of methyl orange, visible light irradiation strongly
accelerates the Fenton reaction. CH3O• radical was de-
tected during both the visible light-assisted and UV-assisted
photo-Fenton reaction, while•CH2OH radical was detected
during UV-assisted photo-Fenton reaction. Those two radi-
cals were expected to initiate the photo-Fenton reaction

Scheme 1. Possible mechanism of photo-Fenton degradation of methyl
orange in the methanolic solution under visible light irradiation.

in methanolic solution. The photo-Fenton degradation of
methyl orange under visible irradiation led to formation of
some fragments of the benzene ring such as oxalic acid and
2-butenedioic acid.
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