JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

HVINO3 10N

LS

=70 S
ELSEVIER Journal of Molecular Catalysis A: Chemical 144 (1999) 77-84

www.elsevier.com/locate,/ molcata

Photo-Fenton degradation of a dye under visible light
irradiation
Kaiqun Wu ?, Yinde Xie 3, Jincai Zhao #*, Hisao Hidaka

# Ingtitute of Photographic Chemistry, Chinese Academy of Sciences, Beijing 100101, China
® Frontier Research Center for the Earth Environment Protection, Meisei University, 2-1-1 Hodokubo, Hino, Tokyo 191, Japan

Received 25 June 1998; accepted 13 October 1998

Abstract

The photodegradation of Malachite Green (MG) under visible light irradiation (A > 470 nm) in the presence of
Fe** /H,0, or Fe?* /H,0, was studied in comparison with the dark reaction. It was found that visible light irradiation can
accelerate significantly the rate of MG degradation, comparing to that in the dark. This provides possibly another approach
to the treatment of dye-polluted waters using visible light or sunlight. Evidence for enhancement of - OH radical generation
by visible light irradiation was obtained using DMPO spin-trapping EPR spectroscopy. A probable degradation mechanism
of MG by Fe** /H,0, under visible irradiation is discussed, which involves an electron transfer from the excited dye by
visible light into Fe** in the initial photo-Fenton degradation. Conversion of Fe** to Fe?* was detected in the degradation
process of MG. The results of the total organic carbon (TOC) reduction in the photodegradation of MG under visible light
irradiation supported the proposed mechanism by comparing to those in the degradation of sodium dodecylbenzenesulfonate
(DBS). The photodegradation of MG in a Fe** /C,02~ /H,0, system irradiated by UV or visible light and reacted in the
dark provided another proof of the proposed mechanism. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction Fe**+H,0, > Fe*"+ - OOH + H*
It has been known that - OH can be gener- k,=0.02mol ~*dm3®s~* (2)
ated by inter-reaction of hydrogen peroxide with
Fe?* and Fe’* sdlts as shown in Egs. (1)—(3) Fe’*+ - OOH — Fe** + O, + H* (3)
[1-3]:
Fe?*+H,0,+H = Fe**+ - OH + H,0 Hydroxyl radicals can oxidize amost all the
s 1 organic substances and mineralize them to car-
ky=58mol~"dm”s (1) pon dioxide and water owing to their high oxi-
dation potential (E° = +2.80 V) [4]. Thus, Fen-
ton treatment has attracted much interest for the
destruction of toxic organic compounds in
* Corresponding author. Fax: +86-10-6202-9375; E-mail: wastewater [5—7]. In recent years, many studies
jezhao@ipc.ac.cn have shown that the oxidizing power of the
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Fenton-type systems can be enhanced greatly
under UV light irradiation [3,8—15]. Herbicides
2, 4-dichlorophenoxyacetic acid (2,4-D) [9,10],
2,4,5-trichlorophenoxyacetic acid (2,4,5-T) [9],
nitrobenzene [14], anisole [14], phenols [15],
substituted phenols [15] and many other aro-
matic compounds are degraded much more
rapidly under the UV illumination of the
Fe?* /H,0, or Fe** /H,0, systems than in the
dark reactions. Some of them are completely
mineralized to CO, and HCI [9,10].

The photo-Fenton degradation mechanism
under UV irradiation has been studied relatively
clear by severa researchers [3,9,10,12-14]. In
these papers, the effect of UV light is attributed
to the direct - OH radical formation and regen-
eration of Fe?* from the photolysis of the com-
plex Fe(OH)?* in solution as follows [12,16]:

Fe'"'(OH)*" + ho — - OH + Fe?* (4)

This reaction will occur when no complexing
ligands are present and the pH is about 3. The
- OH quantum vyield is 0.14 a 313 nm and
0.017 at 360 nm [13]. Visible light irradiation
cannot accelerate this reaction. But, to our
knowledge, few studies have been reported on
the photo-Fenton degradation of organic pollu-
tants under visible light irradiation since most
toxic organic pollutants examined cannot absorb
visible light. Dye pollutants from the textile and
photographic industries are a principal source of
environmental contamination [17]. In China,
above 1.6 X 10° m? of dye-containing wastewa-
ter per year drains into environmental water
system without treatment. We have reported the
photocatalytic degradation of MG in the pres-
ence of TiO, semiconductor particles under vis-
ible light irradiation [18], in which the addition
of Fe** and H,O, increased greatly the pho-
todegradation rate of MG. This work examined
the photo-Fenton reactions of MG under irradia-
tion by visible light. It was found that the
Fenton degradation of dyes which can absorb
strongly visible light could be accelerated greatly
by visible irradiation. This provides possibly
another good approach to the treatment of dye-

polluted waters using visible light or sunlight
because the remaining iron ions can be elimi-
nated easily from the degraded solution by a
simple coagulation method. The photo-Fenton
degradation mechanism of dyes under visible
light irradiation is discussed in comparison with
that in the dark. The degradation of MG in a
Fe** /C,02 /H,0, system was also examined
to reveal some details of interaction of MG with
Fe3*. DMPO spin-trapping EPR measurements
evidenced an increase in the - OH radical gen-
eration upon visible light irradiation. TOC
changes in the degradation process of MG under
visible light irradiation and in the dark were
a so observed compared to those in the degrada-
tion of DBS which cannot absorb visible light
under otherwise identical conditions.

2. Experimental
2.1. Materials

Malachite Green (MG), sodium dodecyl-
benzenesulfonate (DBS), hydrogen peroxide,
sodium oxalate, FeSO,-7H,O0 and FeCl;-
7H,0O were of laboratory reagent grade and
used without further purification. Deionized and
doubly distilled water was used throughout this

study.

C.

JOR GV
(CH3).N ; (CH3 ),

Malachite green ( MG )

2.2. Photoreactor, light source and irradiation
procedures

A 500-W halogen lamp (Institute of Electric
Light Source of Beijing) as avisible light source
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was positioned within a cylindrical Pyrex ves-
sel. A Pyrex jacket with water circulation was
used to cool the lamp. A light filter to cut
completely light below 470 nm was placed out-
side the Pyrex jacket to guarantee irradiation
with visible light. Solutions for irradiation were
freshly prepared from air-saturated stock solu-
tions of FeCl, (10 mmol dm~3) at pH 1.9 and
MG (1 mmol dm~2) at pH 4.8 and adjusted to
the desired pH with HCI and NaOH solutions.
A 100-W Hg lamp (Toshiba Lighting and Tech-
nology of Japan) was used as an UV light
source.

2.3. Analytical methods

At given irradiation time intervals, the sam-
ples (3 cm™3) were taken out and then analyzed
by observation of variations in UV-VIS spectra
of MG a 617 nm where MG has a strong
absorbency with Shimadzu-1600A  spectro-
photometer. The Brucker Model EPR 300E
spectrometer equipped with an irradiation light
source (A = 532 nm) of a Quanty-Ray Nd:YAG
laser system was used for measurements of EPR
signals, setting: center field = 3486.70 G; sweep
width = 100.0 G; microwave frequency = 9.82
GHz, power = 5.05 mW. Tota organic carbon
(TOC) was andyzed in a TOC analyzer
(Shimadzu 5000). The Fe?* ions formed in the
Fenton and photo-Fenton degradation of dye in
Fe** /H,0, system was determined with 1,10-
phenanthroline according to Ref. [19], the
Fe(l1)-phenanthroline complex was assessed
spectrophotochemically at A, =510 nm (&=
1.2 X 10* mol~* dm® cm™?'). The color inter-
ference of MG during this determination is neg-
ligible because the absorption of both MG and
the degraded intermediate products is approxi-
mately zero at A = 510 nm. All samples were
immediately analyzed to avoid further reactions.

3. Reaults and discussion

It was found that the optimal concentrations
of ferric chloride and H,0O, for the MG degra-

dation were 0.4 mmol dm~2 of Fe** and 0.44
mol dm~3 of H,0, when the MG concentration
was 0.2 mmol dm~3. These concentrations of
Fe** and H,0, were subsequently used in all
the later degradation reactions except mentioned
elsewhere.

Fig. 1 shows the degradation of MG in the
presence of Fe** and/or H,0, under visible
light irradiation or in the dark detected by the
changes in MG concentrations and TOC values.
MG was scarcely decomposed over severa
hours of irradiation (curve & in the H,O, ho-
mogeneous solution and only to a small degree
in Fe3* homogeneous solution (curve b) after
180 min of photolysis. About 80% MG was
disappeared when both Fe** and H,0, were
present after reaction for 140 min in the dark
(curve c). However, MG was degraded com-
pletely under the otherwise identical conditions
as ¢ but illuminated by visible light for 60 min
(curve d). In the dark, ca. 6% TOC remova was
observed in the first 90 min and then there was
a comparatively rapid decrease in TOC to ca
50% TOC removal in the subsequent 40 min
(curve e). While ca. 68% TOC removal oc-
curred in the first 90 min and 100% TOC was
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Fig. 1. Degradation of MG (0.2 mmol dm~2) under different
conditions and the changes of TOC during the degradation pro-
cess. (@) in H,0, (0.44 mol dm~2) solution under visible light
irradiation, (b) in Fe** (0.4 mmol dm~3) solution under visible
light irradiation, (c) in the presence of Fe** (0.4 mmol dm~2)
and H,0, (0.44 mol dm~3) in the dark, (d) in the presence of
Fe** (0.4 mmol dm~23) and H,0, (0.44 mol dm~2) under visible
light irradiation, (e) the same as ¢ and (f) the same as d.
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removed after 160 min of visible light irradia-
tion (curve f). We can see directly from these
results that visible light irradiation accelerates
greatly the degradation of MG. A probable
photo-Fenton degradation mechanism under vis-
ible light irradiation is suggested as follows:

MG + hv — MG*(visiblelight) (5)
MG* + Fe** > MG + Fe?* (6)
Fe**+H,0,+H" > Fe**+ - OH+ H,0
(1)
MG*+ - OH — degraded or mineralized
products (7)

The degradation of dyes under visible light
irradiation involves dye excitation (Eq. (5)) and
electron transfer from excited dye molecules
into Fe** ions which are reduced to Fe** ions
(Eq. (6)). Then the generated Fe** ion reacts
with H,0, as Eq. (1) to form - OH radicals
which can mineralize the organic compounds.
Here, the first two steps (Egs. (5) and (6)) are
theinitial processinduced by visible light. There
must be a substance that can absorb the visible
light then the above overall process can pro-
ceed. Thus we selected DBS with little ab-
sorbency at wavelengths above 300 nm to carry
out its degradation experiment in the presence
of Fe**/H,0, in the dark and under visible
light irradiation. The degradation of DBS was
detected by the changes in TOC and amost the
same TOC reduction was observed both in the
dark and under visible light irradiation during
the same reaction times. This result indicates
that visible light irradiation cannot accelerate
the Feton degradation of the substrates that do
not absorb the visible light since reactions of
Egs. (5) and (6) cannot occur.

The spin-trapping EPR technique has proven
to be useful in detecting radical species and
hence to examine the photo-induced electron
transfer [20,21] and the photocatalytic reaction
pathways [22,23]. Fig. 2 describes the DMPO
spin-trapping EPR spectra under various condi-
tions. The four characteristic peaks of DMPO-
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Fig. 2. DMPO spin-trapping EPR spectra under various condi-
tions. (A) Fe** /H,0, system under visible irradiation, (B) MG—
Fe3* /H,0, in the dark, and (C) MG-Fe** /H,0, under visible
irradiation, reaction time (a) 0 min, (b) 2 min, (c) 4 min, (d) 6 min
and (e) 8 min; the volume of dispersions: 0.3 cm~3, 0.2 mmol
dm~3 MG, 0.4 mmol dm~2 Fe**, 0.44 mol dm~2® H,0, and

0.16 mol dm~—2 DMPO; irradiation light source: laser A =532
nm.

OH adducts with intensity ratio of 1:2:2:1 were
observed in al the three cases. For the
Fe** /H,0, system, the intensity of the four
characteristic peaks did not change before and
after visible irradiation (Fig. 2A), that is, the
generation of - OH radicalsin Fe** /H,0, sys
tem cannot be enhanced by visible light irradia-
tion. Similarly, the intensity of the four charac-
teristic peaks in the MG-Fe®** /H,0, system
also did not change with increasing the reaction
time in the dark reaction (Fig. 2B), while the
signals of DMPO-OH adducts became stronger
apparently upon irradiation by visible light and
remained unchanged after visible irradiation for
4 min (Fig. 2C). These results supply a proof
for the proposed mechanism that visible light
irradiation can enhance the generation of - OH
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radicals and hence accelerate the Fenton degra-
dation of MG.

Fig. 3 shows the pH effect on the MG degra-
dation under visible irradiation in the
FeCl;/H,0, system. The optimal pH was found
to be 2.9 which is similar to that reported in the
past papers [6—15]. For example, the most effec-
tive pH for the degradation of chlorophenoxy
herbicides under UV irradiation was 2.7-2.8
[10] and the optimal value was pH 2.8 in the
oxidation of 4-phenylazoaniline or Disperse
Yellow 13 in the dark* by Fenton’s reagent. So,
it seems that the optimal pH value is determined
by the nature of Fe?*/H,0, or Fe**/H,0,
system itself, independent of organic com-
pounds and the light sources used. Faust and
Hoigne [12] have reported that the hydrolytic
speciation of Fe** is dependent on the pH value
and that Fe(OH)?" is predominant at somewhat
acidic pH vaues (pH = 2.5-5). Sylva [24] has
reported that the precipitation of Fe3* to Fe,O,
-nH,0 occurs a pH > 3. In our experimental
conditions, the formation of precipitation in the
solution was observed at pH > 3.5 which made
the photodegradation of MG very slow.

At a constant total concentration of [Fe?"]
and [Fe**], the initial rate of MG degradation
within 20 min of visible irradiation was en-
hanced drastically with increasing the Fe** pro-
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Fig. 3. Effect of pH on the photodegradation of MG (0.2 mmol
dm~3%) under visible light irradiation by Fe** (0.4 mmol
dm~3)/H,0, (0.44 mol dm~3), inset shows the relationship
between the initial rate (20 min) and the pH value.
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Fig. 4. Degradation rate of MG at various ratios of
[Fe?™ 1/([Fe3* ]+[Fe*" ) (total concentration: 0.4 mmol dm~3)
in addition of H,0, (0.44 mol dm~2) under visible light irradia-
tion.

portion as shown in Fig. 4. That is, substitution
of Fe** with Fe?* promotes the photodegrada-
tion of MG. Because there seems to be an
induction period in Fe**/H,0, system as
shown in Egs. (2) and (3), where k, is much
sower than k, [2]. In other words, Fe3* ions
must react with H,O, to yield Fe** first, then
the produced Fe** ions react with H,O, to
form - OH radicals which are the useful oxi-
dant to decompose the organic compounds. The
photodegradation of MG in Fe?* /H,0, system
was about 4 times faster than that in Fe** /H,,0,
system from the results of Fig. 4.

The conversion rate and the amounts of Fe?*
ions formed determine the degradation rate of
MG. Visble light irradiation enhances greatly
the oxidizing power of the Fenton-type systems
since light irradiation accelerates the conversion
of Fe** ionsto Fe?" ions. In order to elucidate
the generation of Fe** in the degradation pro-
cess of dye in the Fe** /H,0, system under
visible light irradiation and to see whether there
is difference in the formation of Fe** among
the dark reaction, UV light irradiation and visi-
ble light irradiation, the reaction process of a
solutions containing 0.2 mmol dm~3 MG, 0.4
mmol dm~3 FeCl,, 1.2 mmol dm 3 1,10-
phenanthroline and 0.44 mol dm~2 H,0, at pH
2.9 was detected under the above three condi-
tions. The results are presented in Fig. 5. It do
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Fig. 5. Conversion of Fe** to Fe?™ during the degradation
process of MG (0.2 mmol dm~2) in Fe** (0.4 mmol dm~3)/
H,0, (0.44 mol dm~3) system under different conditions.

prove that the conversion of Fe*' to Fe?*
occurs in these process. The maximum concen-
tration of Fe** formed was 0.22, 0.17 and 0.12
mmol dm~2 under UV irradiation, visible light
irradiation and in dark reaction, respectively.
The time to reach the maxima concentration
was 4 min, 8 min and 12 min, respectively. The
conversion rate of Fe** to Fe?* and the maxi-
mum concentration of Fe*" formed under UV
light irradiation was higher than those in the
dark reaction through Eq. (4). Although the
reaction of Eq. (4) cannot occur under visible
light irradiation, it should be noted that the
maximum amount of Fe?" formed and the rate
of Fe** conversion to Fe?* under visible light
irradiation were still higher than those in the
dark reaction. It must have another path to
accelerate the conversion of Fe3* to Fe?*. Ac-
cording to our proposed mechanism, MG has a
high absorbency at visible light ranges, so MG
can absorb visible light and can be excited to
singlet or triplet state. The excited dye injects
an electron into Fe** to yield Fe?* and there-
fore both the maximum Fe?* concentration and
the rate of Fe* conversion to Fe** were greater
than those in the dark reaction. The electron
injection from excited dye into Fe3* is possible
from the viewpoint of their oxidation potentials
(Fe3+/Fe2+ 0.77 V, MG*/MG* "~ = —1.08

V [25]). The conversion of Fe*" to Fe?** aso

occurred at a relatively sow rate in the dark
owing to the slow reactions of Egs. (2) and (3).
Fig. 6 presents the changes in fluorescence
emission spectra of a solution containing 0.5
mmol dm~3* MG, 1 mmol dm~2 FeCl, and 0.44
mol dm~2 H,0, a pH 2.9 irradiated by visible
light at different times. No fluorescence was
observed before irradiation (curve a) since MG
is not a fluorescent reagent. A weak fluores-
cence signal with two peaks at 475 and 520 nm
was detected after irradiation for 10 min (curve
b) and became stronger with the irradiation time
until 30 min (curves ¢ and d). After 30 min, the
fluorescence intensity of these two peaks de-
creased with further irradiation (curve ). While
another fluorescence signal with two peaks at
450 and 500 nm was observed after 50 min of
photolysis (curve f) and decreased slowly with
further irradiation (curves g and h). Finaly, it
disappeared amost after 200 min of photolysis
(curve i). These results indicate that there were
at least two intermediates with fluorescence
generated during the photodegradation of MG
under visible light irradiation although we can-
not give their exact molecular structures. Fur-
ther experiments are needed to supply more
detailed information about the intermediates.

1.2

Fluorescence Intensity (a.u.)

450 500 550 600 650
Wavelength (nm)

Fig. 6. Changes in fluorescence emission spectra of a solution
containing 0.5 mmol dm~3 MG, 1 mmol dm~3 Fe®* and 0.44
mol dm~3 H,0, a pH 2.9 under visble light irradiation and
irradiated for (&) 0 min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 40
min, (f) 60 min, (g) 80 min and (i) 200 min.
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In order to testify further the proposed mech-
anism, we added C,02" at different concentra-
tions to the reaction system to make the ratio of
C,07 /Fe** be 1, 2, 3, 5 and 100 and let it
react in the dark, under UV irradiation and
visible irradiation, respectively. For al the cases,
the addition of sodium oxalate inhibited the
degradation of MG to some extent in compari-
son with that in the C,02 -free system. The
degradation rate of MG decreased with an in-
crease in the oxalic ion concentration under
visible light irradiation (Fig. 7A), while the
degradation of MG was inhibited amost in the
dark when the concentration of oxalic ion in-
creased to a certain value (5 mmol dm~2) (Fig.
7B). Otherwise, the degradation rate of MG was
very fast and amost the same even in the
presence of C,02 at higher C,02™ /Fe*" ra-
tios (i.e.,, 3, 5 and 100) under UV light irradia-
tion (Fig. 7C). As Zuo and Hoigne reported
[13], in the presence of oxaate, and pH ranges
from 3 to 5, Fe(lll)-oxalate complexes are the
predominant dissolved species as follows:

Fe*+ C,02 — Fe(C,0,) " (8)
Fe(CZO4)+ + CZOf - Fe(C204)2_ (9)
Fe(C,0,), +C,02” - Fe(C,0,);  (10)

and dight Fe** will exist with increasing the
C,0Z~ concentration. The complexion by ox-
aate not only increases the quantum yield for
the photoreduction of Fe(lll) from 0.14 to 1.2 at
313 nm but also extends the absorption band
into the visible region to some extent and in-
creases the absorption coefficient. Under UV
light irradiation, Fe(lll) would be reduced ac-
cording to the following overall reaction (Eq.
(11)) instead of Eq. (4).

3-2n)
Z[Fe(C204)n] m
- 2Fe®* +(2n—1)C,02" +2CO,  (11)

the resulting Fe** would react with H,O, to
form - OH radicals. Thus, the degradation of
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Fig. 7. Degradation of MG (0.4 mmol dm~3) at pH 2.9 in (A)
Fe* (1 mmol dm~2)/C,02~ (0-100 mmol dm~23)/H,0, (0.44
mol dm~2) under visible light irradiation, the C,02~ concentra-
tion: (& 100 mmol dm~2, (b) 5 mmol dm~3, (¢) 3 mmol dm~3,
(d) 2 mmol dm~2, (&) 1 mmol dm~2, (f) 0.5 mmol dm~2 and (g)
0. (B) Fe** (1 mmol dm~2)/C,02~ (0-15 mol dm~2)/H,0,
(0.44 mol dm~3) in the dark, C,02~ concentration: (&) 15 mmol
dm~3, ()10 mmol dm~3, (¢) 5 mmol dm~3, (d) 3 mmol dm~3,
(e 2 mmol dm~2, (f) 1 mmol and (g) 0. (C) Fe** (1 mmol
dm~2)/C,02~ (0-100 mmol dm~2%)/H,0, (0.44 mol dm~3)
under UV light irradiation, the C,0;~ concentration: (a) 100
mmol dm~3, (b) 5 mmol dm~2, (¢c) 3 mmol dm~3, (d) 2 mmol
dm~3, (&) 1 mmol dm~2, (f) 0.5 mmol dm~2 and (g) 0.
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MG was amost at the same rate when the
concentration of C,07  reached at a certain
value, 3 mmol dm~2 in our case (Fig. 7C). In
the dark, MG cannot absorb light to exited state
and free Fe3* ions are also too few to proceed
the reactions 2 and 3, therefore, the degradation
of MG is retarded with increasing the concentra
tion of oxalic ions (Fig. 7B). According to the
proposed degradation mechanism, MG absorbs
visible light to the exited state and then injects
an electron to Fe** yielding Fe**. Since the
free Fe** ions become fewer with an increase
in the concentration of C,0Z7”, reaction 6 is
inhibited. The total rate of MG degradation is
the rate in the dark plus the photo-promoted
rate. The dark reaction rate decreases greatly by
addition of oxalic ions and only a very small
photoreaction of Fe'"'(C,0,)3~2" is possible un-
der visible light irradiation (A > 470 nm) owing
to the weak absorption in this region as shown
by a absorption threshold of 450 nm in the
absorption spectra of the Fe**/C,02" solu-
tion, therefore, the observed MG degradation
rate under visible irradiation decreased obvi-
ously with increasing the concentration of
C,03 (Fig. 7A).

4. Conclusion

The degradation of MG in Fe**/H,0, or
Fe?* /H,0, system can be accelerated signifi-
cantly under visible light irradiation. Dye is
excited by visible light, then injects electron to
the empty orbit of Fe** yielding Fe** which
enhances the generation of - OH radicals as
demonstrated by DMPO spin-trapping EPR
spectra. The degradation behaviors of MG in
the dark, under UV irradiation and under visible
irradiation in addition of C,07  at various
concentrations to the Fe** /H,0, system sup-
port the proposed mechanism. This provides
possibly another approach to the treatment of
waste water containing dyes using visible light
or sunlight.
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