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bstract

Photolytic degradation of acid orange 7 (AO7) under microwave irradiation was investigated in which a novel microwave electrodeless lamp
MWL) was employed as light source. The novel MWL brings a new way to study the simultaneous effect of both UV–vis light and microwave
rradiation on degradation of dye pollutants. Color, TOC, pH and inorganic ions concentrations with reaction time were monitored to evaluate
he ability of MWL to degrade AO7. It was found that the coupled UV–vis/microwave irradiation led to excellent performance on decolorization
nd mineralization. AO7 solution could be completely decolorized at 80 min and mineralized at 150 min. Inorganic ions produced in the solution
roved that AO7 was completely destroyed. The mechanism of MWL photolytic degradation of AO7 was investigated by examining the presence
nd role of some important oxidative species, such as superoxide (O •−), hydroxyl radical (HO•), H O and O , using appropriate quenchers. The
2 2 2 3

esults showed that a large amount of H2O2 and O3 could be generated in AO7 solution by MWL irradiation and the degradation of AO7 was
ainly achieved by the attack of HO• radicals resulted from photolysis of H2O2 and O3. Direct oxidation of AO7 by O3 and O2

•− also played a
ew roles in degradation of AO7.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Microwave is widely used domestically and industrially due
o its heating effects on polar substances [1]. Other potential
pplications of microwave have been recognized and have been
pplied to a number of useful processes, such as organic and
norganic syntheses, polymerization, analyses and extraction,
ood sterilization, etc. [2–4]. Recently, microwave irradiation
as been used to assist photochemical reactions for the degrada-
ion of organic pollutants [1,3–11]. Horikoshi et al. [3] proved
hat the integrated microwave/photocatalysis method was supe-
ior in the degradation of dye Rhodamine-B to TiO2 photocat-
lytic degradative method alone. About 20% more OH• radicals
ere found to be generated by photocatalysis with microwave

rradiation than photocatalysis alone. Han et al. [5] showed

hat microwave irradiation could also considerably enhance the
xidative degradation of phenol in the H2O2/UV reacting system
ven under a suppression of the thermal effect.

∗ Corresponding author. Tel.: +86 10 62849145; fax: +86 10 62923541.
E-mail address: xiwangzhang@126.com (X. Zhang).
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species; Mechanism

Although microwave effectively accelerated photocatalytic
r photochemical reaction as shown above, it is inconvenient
or conventional electrode lamps to combine with microwave
n photochemical reactions because their metal electrodes are
asily damaged under microwave irradiation. The problem will
e solved if microwave electrodeless lamp (MWL) substitutes
he conventional lamp as light source because MWL has no
lectrodes. MWL comprises an envelope or bulb containing
plasma-forming medium. When it is placed in a microwave

nergy field the gases within the envelope will ionize, a low-
ressure plasma discharge forms, heating and beating the enve-
ope, vaporizing materials within the envelope to emit light.

WL brings a convenient way to study the synergetic effect
f UV–vis irradiation and microwave irradiation on photo-
hemical reactions. Comparative experiments in photoinitiated
adical addition of tetrahydrofuran to perfluorohexylethene reac-
ion showed that MWL provided a high yield of product in
horter reaction time [4]. Klán [12–14] also confirmed that MWL

as feasible in light-induced photofragmentation reaction of
alerophenone. More efficient photodegradation of Rhodamine-
and 2,4-dichlorophenoxyacetic acid were found in microwave

ssisted photocatalytic degradation with MWL (a double quartz

mailto:xiwangzhang@126.com
dx.doi.org/10.1016/j.jphotochem.2006.03.021
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ylindrical plasma photoreactor) as light source [6–8,10]. As
llustrated above, MWL will be a prospective tool for microwave
hotochemistry including photodegradation of contaminants.

Dye pollutants, which are toxic to aquatic biota, can lead
o aesthetic problem and eutrophication [15,16]. Most of the
yes are resistant to light. Even though under strong UV irradia-
ion, what was found was slow decolorization or mineralization
ate [17–21]. However, our researches [22,23] showed that the
ast color removal of azo dyes Reactive Brilliant Red X-3B and
cid orange 7 (AO7) under MWL irradiation were achieved.
his indicated that the coupled UV–vis/microwave irradiation

rom MWL could accelerate the degradation of organic pol-
utants. However, the mechanism of photolytic degradation of
rganic pollutants under MWL irradiation has not been inves-
igated in detail so far. In order to understand the synergetic
ffect of microwave irradiation and UV–vis irradiation further
nvestigation was necessary.

In this study, AO7 was used as a typical organic pollutant
o obtain detailed information of photolytic degradation of dye
nder MWL irradiation. The ability of MWL to degrade dye
as evaluated by monitoring color, TOC, pH and some final

norganic products in solution. The degradation mechanism was
lso investigated by monitoring the formation and role of some
xidative species, such as H2O2, O2

•− and OH• radicals.

. Experimental

.1. Materials and analysis

The azo dye acid orange 7 was obtained from Beijing
uanwu Chemistry Co., and used without further purification.
he initial concentration of AO7 was 30 mg/L (86 �mol/L).

sopropanol (i-PrOH) and 1,4-benzoquinone (BQ), which were
nalytical grade, were purchased from Beijing Chemicals Co,
n which BQ was purified by sublimation before used. Catalase
1870 units/mg) from bovine liver was purchased from Sigma
o.

The UV–vis spectra of the samples were recorded from 200 to
50 nm using a U-3010 UV–vis spectrophotometer (Hitachi Co.,
apan). The concentration of the dye was determined by measur-
ng the absorbance at a fixed wavelength (485 nm) according to
he calibration curve established. Total organic carbon (TOC)
n solution was measured by a Phoenix 8000 TOC analyzer
Tekmar-Dohrmann Co., USA). Determination of the concen-
rations of NO2

−, NO3
− and SO4

2− ions in solution was accom-
lished by ion chromatography on a model 4500i (Dionex Corp.)
he concentration of NH4

+ ions in solution was measured by
esslerization method. The pH of solution was measured by a
odel 828 pH meter (Orion Co.). The concentration of ozone

n solution was measured by indigo colorimetric method. The
oncentration of hydrogen peroxide in solution formed during
eaction was determined by a colorimetric method [24].

The formation of oxidative species, such as O2
•−, H2O2 and
H• radicals, and their role in dye degradation process were
nvestigated by means of appropriate quenchers of these species.
omparisons were made between the original decolorization
urves of AO7 solution in MWL and those obtained after addi-
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ion of quenchers in the initial solution, under otherwise identical
onditions. BQ, i-PrOH and catalase were used as the quenchers
f O2

•−, OH• and H2O2, respectively. The dosages of BQ, i-
rOH and catalase were 0.01 mol/L, 0.01 mol/L and 500 mg/L
ith referring to other research, respectively [24–26].

.2. Degradation procedures

The microwave source was a domestic microwave oven
Haier. Co. Ltd.; power, 700 W; frequency, 2.45 GHz). A cylin-
rical glass reactor (D: 10 cm; H: 15 cm) was employed all
hrough the experiments. Air (0.15 m3/h) was bubbled through
sintered glass filter fixed at the bottom of the reactor in order

o mix the solution. The reactor was placed inside of the erect
icrowave oven as illustrated in Fig. 1. Solution temperature
as kept at 38 ± 1 ◦C by means of circulating solution to a

ooler with a peristaltic pump. The whole system was filled with
50 mL AO7 solution, among which 125 mL was in the circula-
ion pipe and 625 mL was in the reactor. MWL, which was made
f quartz and filled with mercury and argon, was designed as U-
haped. The UV–vis spectra emitted by the MWL are depicted
n Fig. 2. The MWL floated on the solution and about 60% was
mmerged in solution.

.3. Estimation of the power of the MWL

The power of the MWL could not be measured directly just
s conventional lamp. MWL emits UV–vis light by absorbing
icrowave energy. So, the power of MWL equals to the power

f microwave absorbed by it. In this experiment, the power
f microwave absorbed by the MWL could be measured by
onitoring the temperature of solution and reactor. Microwave

rradiation can linearly raise the temperature of the solution and
eactor in the initial stage of reaction if the solution is not cooled
y circulation. The temperature of the reactor is equal to the tem-
erature of the solution in the reactor. Slope obtained from the
traight lines can estimate the microwave power absorbed into
he solution and reactor by a means of the following equation
5].

= (cwmw + crmr)
�T

t
(1)

here P is the power of microwave absorbed by solution and
eactor (W), mw and mr masses of water and reactor (water:
50 g, reactor: 680 g), cw and cr the heat capacity of water and
eactor (water: 4.184 J/g ◦C, reactor: 0.796 J/g ◦C), �T the tem-
erature rise (◦C) and t is the irradiation time (s). When the MWL
s inside of the microwave oven and not immerged in water, the
ower (P1) absorbed by water and reactor would be lower than
he power (P2) without the MWL in the microwave oven due
o MWL absorbing partial microwave energy. P1 and P2 were
11.9 and 440.0 W in this system, respectively. It could be cal-

ulated that the power of MWL was 28.1 W. During reaction, the
ower of the MWL was less than 28.1 W because the power of
icrowave absorbed by the MWL was reduced because it was

artially immerged in solution.
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Fig. 1. Experimental setup for MWL
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and the �-hydrogen of the corresponding azo-linkage, respec-
tively [24]. The bands in the ultraviolet region, located at 310
and 228 nm, correspond to the naphthalene and benzene rings
of AO7, respectively [24,27,28].
Fig. 2. Emission spectra of MWL.

. Results and discussion

.1. UV–vis spectral changes of AO7 solution with
rradiation time

Fig. 3 shows typical UV–vis spectra obtained during MWL
hotolytic degradation of aqueous solutions of AO7. The spec-

rum obtained prior to MWL irradiation is characterized by
wo bands in the visible region, corresponding to the hydra-
one form (485 nm) and azo form (430 nm) of the dye. These
orms originate from intermolecular hydrogen bonding tau-

F
a

photolytic degradation of AO7.

omeric interactions between the oxygen of the naphthyl group
ig. 3. UV–vis spectral changes of AO7 in solution under MWL irradiation as
function of time of irradiation.
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was very slow and less than 17% TOC was removed. It could be
found from Fig. 4 that the color removal (485 nm) almost reached
100% at this stage. However, at the second stage (60–150 min)
when the solution was completely discolored, the TOC removal
ig. 4. Normalized absorbance of the main UV–vis bands of AO7 in solution
s functions of time of irradiation.

It is observed that MWL has good performance on decoloriza-
ion of AO7 from Fig. 3. MWL irradiation caused the absorption
ands of the dye in the visible region to decrease with time and
nally to disappear at 80 min, resulting in complete decoloriza-

ion of the solution, which indicates the destruction of its chro-
ophoric structure in the vicinity of the azo-linkage. This was

ccompanied by the decrease of the intensities of the bands in
he ultraviolet region, located at 228 and 310 nm, as Fig. 4 illus-
rated. The UV–vis spectra of AO7 solution almost disappeared
ompletely after 150 min. This indicates that the destruction of
he naphthalene and benzene rings were achieved although it
as slower than destruction of azo-linkage. No new absorp-

ion bands appeared either in the visible or in the ultraviolet
pectral region. The relevant first-order kinetics of the transfor-
ation of AO7 at the three spectral wavelengths, 485, 310 and

28 nm, are 7.46 × 10−2, 2.35 × 10−2 and 2.42 × 10−2 min−1,
espectively. These data show that the cleavage of azo-linkage
s about three-folds faster than these of benzoic and naphthalene
ings.

.2. Temporal change of pH

Fig. 5 shows temporal change of pH during MWL degra-
ation in aqueous solutions of AO7. MWL irradiation caused
ignificant decrease of pH in the period of the initial 100 min,
rom pH 6.15 at t = 0 to ca. pH 4.12 at t = 100 min. As
as been shown in other study [24], the drop of pH with
ime was associated with the formation of acid products by
he destruction of dye. However, further illuminating on the
leached solution caused an increase of pH up to 5.95 at
he end of the experiment. This indicates that acid products

ere further degraded to small molecule substance, ultimately

o CO2. The pH of solution almost reached the initial value
efore illustration, which also indicates that the pH change
f solution was resulted only from the formation of acid
roducts.

F
t

ig. 5. Change of pH of the solution under MWL irradiation with time of irra-
iation.

.3. Temporal change of total organic carbon

Total organic carbon value is the total concentration of organ-
cs in solution and the change of TOC mirrors the degree of

ineralization as a function of irradiation time. Results of TOC
easurements obtained during MWL irradiation treatment of

queous solution of AO7 are presented in Fig. 6. It was observed
hat MWL irradiation had a good performance on mineralization.
OC was completely removed after 150 min irradiation. Obvi-
usly, the mineralization was divided into two stages as shown
n Fig. 6. At the first stage (initial 60 min), the removal of TOC
ig. 6. Change of TOC of the solution under MWL irradiation as function of
ime of irradiation.



30 X. Zhang et al. / Journal of Photochemistry and Photobiology A: Chemistry 184 (2006) 26–33

F
o

a
a
d
s
d

3

i
a
t
r
a
p
g

w
w
p
f
a
t
a
t
N
t
o
w
b
t

p
t
e
d
a
e

F
(

b
t
d

3

r
1
S
s
t
c
p
s
t
d
H

q
o
n
w
l
p
o

ig. 7. Concentrations of inorganic ions in solution plotted as functions of time
f irradiation.

ccelerated remarkably. This phenomenon could be explained
s following. At the first stage, most AO7 molecules were only
estroyed to small intermediate substances. Subsequently at the
econd stage these small intermediate substances were further
estroyed to CO2 resulting in faster rate of TOC removal.

.4. Formation of mineralization products

The evolution of inorganic ions in solution with time is shown
n Fig. 7, where the concentrations of SO4

2−, NH4
+ and NO3

−
re plotted as functions of irradiation time. It was observed that
he concentration of sulfate ions increased continuously and
eached 83 �mol/L after 150 min irradiation. This quantity was
lmost the same as the expected (86 �mol/L) assuming com-
lete mineralization of the dye, which indicates that all sulfonate
roups were transformed to SO4

2− under MWL irradiation.
As also observed in Fig. 7, a significant amount of NH4

+ ions
ere produced from the initial stage. The formation of NH4

+

as slow in the initial 60 min. When the solution was com-
letely discolored after 60 min, the formation of NH4

+ became
ast to some extent. NO3

− ions became detectable in solution
fter 80 min irradiation. Nitrate ion might be formed by oxida-
ion of nitrite ion which, in turn, was formed by oxidation of
mmonium ion [24,29]. In this experiment, NO2

− was unde-
ectable in the solution during reaction and the concentration of
O3

− was 20 times lower than that of NH4
+. This indicates that

he formation of NO3
− from NH4

+ was very slow. At the end
f the experiment, the sum of NH4

+ and NO3
− ions in solution

as five times less than that expected from stoichiometry. It may
e possible to assume that N2 and/or NH3 were produced and
ransferred into the gas phase.

Based on the results of above, it can be concluded that MWL
hotolytic degradation of dye can obtain complete decoloriza-
ion and mineralization, which is deferent from conventional

lectrode lamp photolytic degradation. The photolytic degra-
ation of dyes under UV–vis light irradiation alone can also
chieve complete decolorization, but it is hardly to obtain min-
ralization [17–21]. Evidently, the difference of mineralization

i
a
w
t

ig. 8. Variation of normalized dye concentration (a) and H2O2 concentration
b) in solution in the presence of different quenchers.

etween MWL and conventional electrode lamp is caused by
he synergetic effect of UV–vis irradiation and microwave irra-
iation provided by MWL.

.5. Formation of oxidative intermediate species

i-PrOH is more easily oxidized by HO• radicals. The
ate constant of reaction between HO• radical and i-PrOH is
.9 × 109 M−1 s−1, a rate of almost the diffusion limit [25].
o it is usually used as diagnostic tool of HO• radical. Fig. 8a
hows the inhibitive effect of 0.01 mol/L i-PrOH on decoloriza-
ion of the dye solution, under otherwise identical experimental
onditions. It was observed that in the presence of i-PrOH,
hotobleaching of AO7 was suppressed. The apparent rate con-
tant (k) of pseudo-first-order reaction decreased from 0.0746
o 0.0069 min−1. The 90.8% decrease of k indicates that 90.8%
ecolorization of AO7 under MWL irradiation was achieved by
O•.
The hydrogen peroxide generated in AO7 solution without

uencher under MWL irradiation is shown in Fig. 8b. It was
bserved that H2O2 was formed in the solution from the begin-
ing of experiment and its concentration increased continuously
ith time. H2O2 acts as a precursor of many reactive species in

ight-driven reactions [30]. The role of H2O2 in dye degradation
rocess has been investigated by means of catalase, a quencher
f H2O2 [31,32]. A comparison was made between the orig-

nal decolorization curves of AO7 solution and that obtained
fter addition of catalase (500 mg/L) in the initial solution. It
as observed that decolorization rate decreased markedly and

he k was 0.0104 min−1, which decreased 86.1%. This indi-
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completely achieved by generating HO• to oxidize AO7 because
its direct oxidation was negligible as discussed above. That is,
the contribution of HO• resulted from H2O2 equaled that of
H2O2 and was also 86.1%. It was presumed that other precur-
X. Zhang et al. / Journal of Photochemistry a

ated that H2O2 played an important role in MWL photolytic
egradation of AO7. The decolorization of AO7 by the direct
xidation by H2O2 was negligible due to low reaction rate [20].
vidently, other pathways rather than direct reaction with AO7
ere involved for the degradation of AO7 by H2O2. As dis-

ussed above, HO• was the main oxidative species leading to
ecolorization of AO7. Therefore, it was concluded that H2O2
ook part in decolorization of AO7 by generation of HO• as its
recursor according to the following reaction [33,34]:

2O2 + hν → 2HO• (2)

Fig. 8 shows that the effect of addition of 0.01 mol/l BQ on
he decolorization of dye solution and H2O2 generation. It was
bserved that in the presence of BQ, which is a O2

•− quencher,
oth photobleching of AO7 and formation of H2O2 were sup-
ressed. The k was only 0.0046 min−1, which decreased by
3.8%. The amount of H2O2 in AO7 solution was largely less
han that in the absence of BQ. This indicated that the superoxide
adical was an important intermediate, which generated H2O2
nd ultimately generated HO•. Cooper et al. [35] also proved that
ydrogen peroxide appears to result from the disproportionation
f O2

•−.

2
•− + H+ → HO2

• (3)

O2
• + O2

•− + H+ → H2O2 + O2 (4)

O2
• + e− + H+ → H2O2 (5)

The formation of H2O2 in pure water under MWL irradiation
as different from that in AO7 solution as shown in Fig. 8b. The

oncentration of H2O2 in pure water reached the maximal value
0.029 mmol/L) at 10 min and subsequently decreased slightly.
owever, 4.5 times higher concentration of H2O2 was observed

n AO7 solution under MWL irradiation at 80 min with under
therwise identical conditions, reaching 0.13 mmol/L. It can be
oncluded that most H2O2 formed in AO7 solution under MWL
rradiation were related to AO7. O2

•−, the precursor of H2O2,
ould be formed by the reduction of oxygen in solution where the
ight-absorbing substances (dissolved organic matter (DOM))
ither generate free electrons by photoionization or reduce oxy-
en by energy transfer from the exited state [35,36].

OM + hν → DOM∗ (6)

OM∗ → DOM•+ + e− (7)

OM•+ + e− → DOM•+ + eaq
− (8)

OM∗ + hν → DOM•+ + eaq
− (9)

aq
− + O2 → O2

•− (10)

It was proved that the dye molecules could be excited by visi-
le light photons to produce singlet and/or triplet states [24,37].
herefore, H2O2 could be generated by AO7 absorbing light
ccording to the series of reactions as shown above. It was found

hat H2O2 did not disappear immediately when the solution was
ecolorized completely at 80 min. The concentration of H2O2
ecreased gradually after 80 min and was close to the value
n pure water when TOC was removed completely at 150 min

F
i
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not shown). This implied that the intermediate products dur-
ng degradation of AO7 also had the ability to generate H2O2
s light-absorbing substances. It was consistent with what was
ound by Cooper et al. [35] that many DOM in surface water
nd ground water could be exited by light to produce H2O2. The
arger amount of H2O2 generated in the presence of isopropyl
lcohol was also attributed to more DOM in the solution after
ddition of isopropyl alcohol.

As shown above, the k (0.0069 min−1) in the presence of
O• quencher, i-PrOH, was lower than that (0.0104 min−1) in

he presence of H2O2 quencher, catalase, indicating that there
as other precursors of HO• besides H2O2. It was doubtless

hat ozone was generated in the solution under MWL irradiation
ecause odor of ozone was smelled during reaction. Ozone could
e generated according the following reaction [36]:

2 + hν (< 242 nm) → 2O (11)

+ O2 → O3 (12)

The concentration of ozone in solution after 30 min MWL
rradiation was measured by indigo colorimetric method. Its
oncentration was 0.12 �mol/L. HO• could be generated by the
ecomposition of ozone in solution by Eqs. (13) and (14) [38].

3 + hν (< 310 nm) → O• + O2 (13)

• + H2O → 2HO• (14)

According to (the) discussion above, the main pathway of
xidative species under MWL irradiation could be summarized
s shown in Fig. 9.

The first-order apparent rate constants (k) of the decoloriza-
ion in the presence of these quenchers are listed in Table 1.
he contribution of HO•, H2O2 and O2

•− to the decolorization
f AO7 was 90.8, 86.1 and 93.8% according to their decrease
ercentages of k, respectively. The contribution of H2O2 was
ig. 9. Reaction pathways of oxidative species in AO7 solution under MWL
rradiation.
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Table 1
The first-order apparent rate constants (k) of the decolorization in the presence
of I-PrOH, catalase and BQ

Quenchers Blank i-PrOH Catalase BQ
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[
[

[
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[
[
[

[

[

[

[
[

[

[

[

[
[

[

[

[

(min−1) 0.0746 0.0069 0.0109 0.0046
ecrease percentage of k – 90.8% 86.1% 93.8%

ors of HO• were negligible besides H2O2 and O3. Therefore, It
ould be calculated that the contribution of HO• resulted from
3 was 4.7% by subtracting the contribution of HO• resulted

rom H2O2 from the total contribution of HO•. The contribution
f H2O2 to the formation of HO• was 18 times higher than that of
3. However, the concentration of H2O2 was approximately 500

imes higher than the concentration of O3 at 30 min. Formation
nd decomposition of H2O2 and O3 were simultaneous during
eaction [31]. The reason why lower concentration of ozone was
bserved was that the decomposition rate of ozone was much
igher than that of H2O2, approaching its formation rate. The
olar extinction coefficient of ozone at 254 nm is 3300 M−1 s−1,

ompared with 19.6 M−1 s−1 of H2O2 [5].
The contribution (93.8%) of O2

•− to decolorization was
igher than that (86.1%) of H2O2, which indicated that 7.7%
ecolorization of AO7 was resulted from the effect of O2

•− by
ther pathways rather than by forming H2O2. Although O2

•−
nd its hydroperoxyl radical (HO2

•−) are generally considered
s a weak oxidant, they might react with AO7 directly. Ryu
nd Choi [39] also recently confirmed that O2

•− was mainly
esponsible for the oxidation of As by photocatalysis. The k in
he presence of O2

•− quencher was only 6.2% of the k in the
bsence. The oxidative species in solution in the presence of
2
•− quencher were mainly O3 and HO• from the decomposi-

ion of O3. That is, 6.2% decolorization of AO7 was achieved by
3 and HO• from the decomposition of O3. The contribution of
3 to the decolorization of AO7 by direct oxidation was 1.5%
ecause the contribution of HO• from the decomposition of O3
as 4.7% as discussed above.

. Conclusion

MWL had excellent performance on decolorazition and min-
ralization of AO7. Complete decolorization and mineralization
ere achieved at 80 and 150 min, respectively. Sulfonate groups
ere completely transformed into SO4

2− and azo-linkages were
ransformed into N2, NH3, NH4

+ and NO3
−. The better perfor-

ance on mineralization of AO7 solution under MWL irradia-
ion than that under conventional electrode lamp irradiation was
aused by the synergic effect of UV–vis light and microwave. A
arge mount of H2O2 and O3 could be generated in AO7 solu-
ion under MWL irradiation. These H2O2 and O3 could produce
ots of HO• radicals by decomposition under light irradiation to
egrade AO7 dyes effectively.
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