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a  b  s  t  r  a  c  t

In  this  study,  nano-TiO2-supported  activated  carbon  (TiO2/AC)  was  developed  for  the  microwave  (MW)
degradation  of an  azo  dye,  methyl  orange  (MO),  selected  as  a model  contaminant  in aqueous  solution.
The  effects  of selected  process  parameters  such  as  supported  TiO2 content,  MW  irradiation  time,  initial
MO  concentration,  catalyst  dose,  and  solution  pH  on  the  degradation  were  assessed  in detail.  The  results
showed that  the  supported  TiO2 on  AC  could  be  excited  resulting  in the  production  of hydroxyl  radi-
cal  (•OH)  in  aqueous  solution  under  MW  irradiation,  which  significantly  enhanced  the  performance  of
eywords:
zo dye
ctivated carbon
egradation
icrowave

AC/MW process  for the  degradation  of  MO.  Also,  the  supported-TiO2/AC displayed  higher  catalytic  activ-
ity than  AC alone  under  MW  irradiation.  By  comparison,  the  supported-TiO2/AC/MW  process  exhibited
several  advantages,  including  high  degradation  rate, short  irradiation  time,  no  residual  intermediates
and  no  secondary  pollution.  Hence,  it shows  to be  a promising  technology  for  the  destruction  of organic
contaminants  in  dye  treatment  applications.
upported TiO2

. Introduction

Azo dyes have been long and widely employed for coloring
nd printing in many industrial applications [1,2]. Azo dyes with
ne or several azo bonds ( N N ) constitute the largest group of
yes and represent more than half of the global dye production
3]. However, in many developing countries, during the extensive
roduction and use of dyes, the concentrated dye wastewater is
rained into aquatic systems without being effectively treated [4,5].
hese effluents are highly variable in composition with relatively
ow BOD and high COD contents and also are typically character-
zed by strong color, recalcitrance, high salinity, high temperature
nd variable pH [6].  They have a severe impact on water and soil
ince they are extremely resistant to microbial degradation, and
hus can be unavoidably converted to toxic or even carcinogenic
ompounds [7–9].

Among the reported processes for the treatment of these azo dye

ontaminated wastes, coagulation–flocculation, membrane pro-
esses, and adsorption are unable to completely eliminate the dye
ollutants, but merely transfer dyes from one phase to another.
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∗∗ Co-Corresponding author. Tel.: +1 513 5560724; fax: +1 513 5564162.
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Thus, secondary pollution is easily caused [10]. In recent years,
several new technologies for oxidation of organic pollutants in
water have been reported. Among them, Fenton-like technologies
are suitable for the treatment of contaminants at high strength
waste, but incomplete degradation usually occurs. Photocatalytic
technology that is considered to be a popular remediation tech-
nology for the treatment of organic contaminants is only suitable
for transparent and low concentration solutions, and it usually
needs a significantly long irradiation time before it achieves com-
plete mineralization [11,12].  Also, several other AOPs can yield
by-products that are sometimes more poisonous than the dyes
themselves [13]. Therefore, it is necessary for scientists and engi-
neers to develop new technologies or improve old processes to treat
azo dye-contaminated wastewater before discharge.

Recently, there have been some reports on wastewater treat-
ment using microwave (MW)-assisted degradation technologies
[14,15]. Among them, a type of MW-enhanced photocatalytic tech-
nology using TiO2/activated carbon (AC) with an electrodeless
discharge lamp (EDL) that could be excited to generate ultravi-
olet (UV) light under MW irradiation has been reported by He
[16] and Liu [17]. The MW-enhanced photocatalytic degradation
was conducted in a MW-EDL system for the degradation of Rho-

damine B. However, the reaction apparatus was conducted using
UV light combined with MW.  Also, it took a longer time (more than
30 min), and thus higher consumption of MW energy, before com-
plete photocatalytic degradation was  achieved. In addition, another

dx.doi.org/10.1016/j.jhazmat.2012.01.021
http://www.sciencedirect.com/science/journal/03043894
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ype of photocatalytic technology on the degradation of methyl
range by using TiO2/AC composite as photocatalyst prepared by

 hydrothermal method was reported by Wang [18] and Liu [19].
n their studies, the degradation reaction was also conducted in a
ystem equipped with a UV lamp. Results show that the AC helps
he adsorption of contaminants on the surface of TiO2 or TiO2 com-
osite, in which MW is also used to assist in the photocatalytic
egradation.

In our previous work, the degradation kinetics of Congo red
r sodium dodecyl benzene sulfonate (SDBS) in aqueous solution
sing AC/MW was studied [20,21]. For this MW-induced degra-
ation technology, it was considered that under MW irradiation
ome “hot spots” may  be generated on the surface of AC due to
ts non-uniformity. The organic pollutants could be adsorbed and
hen degraded by these “hot spots”. However, this method had cer-
ain limitations when considering the treatment of organics at low
oncentration, residual pollutants, and reaction by-products. It was
ifficult for some of these pollutants to approach the “hot spots” in
queous solution, considering that such “hot spots” are believed to
ave very short lifetime. Furthermore, we investigated the MW-

nduced degradation of SDBS in aqueous solution in the presence
f AC mixed with TiO2 or ZnO [22]. The degradation kinetics was
etter, but there were some problems of separating and recycling
iO2 or ZnO and AC for reuse. In this current study, an alternative
mproved method concerning the use of nano-TiO2 supported on
he surface of AC in a MW system (TiO2/AC/MW) is proposed. It
as anticipated that the degradation kinetics as of such materi-

ls as well as the possibility for their recycling and reuse would
e enhanced. The supported TiO2 can absorb the heat energy of
hot spots” on the surface of AC under MW irradiation and could be
xcited to generate electron–hole pairs to form hydroxyl radicals
•OH) in aqueous solution, which can non-selectively attack organic
ontaminants [23]. Also, the catalytic activities of the supported-
iO2/AC and AC alone under MW irradiation were compared. The
esults showed that the supported-TiO2 significantly enhanced the
C/MW degradation kinetics and the supported-TiO2/AC displayed
etter catalytic activity under MW irradiation. By comparison,
he supported-TiO2/AC/MW process exhibited several advantages
nd characteristics such as high degradation rate, good extent of
egradation, applicability in a broad concentration range, and suit-
bility for non-transparent solutions. Here, methyl orange (MO)
as selected as a model compound because it is widely used in

extile industries, but not easily biodegraded (see Fig. S1).

. Materials and methods

.1. Preparation of supported-TiO2/AC

The granular activated carbon (Liaoning Medical Company,
hina) was made from coal and had ash content of 3–5%, particle
ize of 2–3 mm,  surface area of 1300 m2/g, and average pore diame-
er of 2–3 nm.  AC was firstly ground and sieved out using 100 mesh
ieve, and the powdery AC was obtained. As pretreatment, 10.0 g
C powder was weighted and added into 100 mL  deionized water,
nd then boiled at 100 ◦C for 30 min. After the suspension was
ooled to room temperature, the AC powder was  filtered out,
ried at 105 ◦C for 6.0 h and stored in a desiccator for use. For the
reparation of TiO2/AC, nano-TiO2 powder (anatase, Harbin Chem-

stry Reagent Company, China) and AC powder in a certain mass
atio (0–16% TiO2) were added into 100 mL  deionized water and

oiled at 100 ◦C for 30 min. Then the suspension was cooled to
oom temperature and the mixed powder was filtered out and cal-
ined in a muffle furnace (SX2-4-10, Great Wall Furnace Company,
hina) at temperature rise rate of 10 ◦C/min and then maintained at
aterials 209– 210 (2012) 271– 277

constant temperature at 300 ◦C for 60 min. After fully grinding, the
supported-TiO2/AC was obtained.

2.2. Characterization of supported-TiO2/AC

An X-ray diffraction (XRD, RINT 2500, XRD-RigakuU Corpo-
ration, Japan) analysis was performed using Ni-filtered Cu K�
radiation in the range of 2� from 10◦ to 70◦ to study the crys-
tal structure and crystallinity of the supported-TiO2 nanoparticles
on the surface of AC. The supported-TiO2/AC particle morphol-
ogy was characterized by a scanning electron microscope (SEM,
JSM-6301F, LEO Corporation, England) at an accelerating voltage of
20 kV. Fourier transform infrared (FT-IR) spectra analysis was  also
carried out using FT-IR spectrometer (Nicolet Avatar 330, Nicolet
Company, USA) to investigate the presence of the supported-TiO2
on AC.

2.3. Experiment of TiO2/AC/MW degradation

A 25 mL  MO solution (50 mg/L) with natural pH close to 6.0 and
20.0 mg  supported-TiO2/AC powder (0.8 g/L) were added into a self-
made glass reactor with a condenser. The system was installed in
a controllable MW oven (WD750B, Guangdong Galanz Company,
China) (see Fig. S2). The MW (750 W,  2450 MHz) was  utilized to irra-
diate this suspension and the UV–vis spectra of MO were obtained
using a UV–vis spectrophotometer (Cary 50, Varian Company, USA).
In order to compare the degradation effects, control experiments
of the MO solution treated by AC only or MW only were also con-
ducted. The maximum absorbance (at 466 nm) of 0–60 mg/L MO
solutions approximately abides the Lambert–Beer’s law. The for-
mula (% degradation = [(C0 − C)/C0] × 100) was used to determine
the % degradation of MO,  where C0 and C are the initial and instant
(at reaction time t) concentrations of MO solution, respectively.
Also, the effects of the mass ratio (0–10%) of TiO2 in the catalyst
mixture, MW irradiation time (0–5.0 min), initial MO concentration
(10–90 mg/L), TiO2/AC dose (0–2.0 g/L), and initial pH (2.0–10.0)
on the degradation kinetics were investigated. Duplicate exper-
iments were performed and the error was less than 2%. All the
conditions were kept throughout the experiments, if not mentioned
otherwise. All other reagents were of analytical grade and used as
received. MilliQ-grade water (18.2 M� cm)  was used throughout in
this work.

MO  samples were analyzed by high performance liquid chro-
matography (HPLC, Pro-210, Varian Company, USA) equipped with
a UV detector set at 254 nm under isocratic conditions: 80% (v/v) of
methanol in Milli-Q water with a flow rate of 1.0 mL/min. The col-
umn employed was a C18 reverse phase column (4.6 mm × 250 mm
i.d.) with an injection volume of 20 �L. Also, the total organic car-
bon (TOC) of the samples was  determined using a TOC analyzer
(Elementar Analysensysteme, GmbH Company, Germany) with an
IR detector. Oxygen carrier gas was kept at 0.95–1.00 bar. The
flow rate was 200 mL/min and the injection volume was  10 �L. To
determine the amount of nitrite/nitrate and sulfite/sulfate in the
treated samples of MO,  a Dionex ICS-90 Ion Chromatography (IC,
Dionex Company, USA) with a conductivity detector was utilized.
9.0 mmol/L NaCO3 was  used as the eluent phase. An AS9-HC column
(4.0 mm × 250 mm i.d.) was  the most suitable for this analysis. The
flow rate was 1.0 mL/min and the injection volume was  10 �L.

2.4. Determination of hydroxyl radical (•OH) in TiO2/AC/MW
system
A 25.00 mL  1,5-diphenyl carbazide (DPCI) aqueous solution and
100 mg  supported-TiO2/AC powder were added into a 250 mL  con-
ical flask. Another two shares with 100 mg  AC alone or TiO2 alone
instead of the supported-TiO2/AC were also used for comparison.
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Fig. 1. XRD patterns of TiO2/AC
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Fig. 2. FT-IR spectra of TiO2/AC and AC alone.

hen, the MW was utilized to irradiate these suspensions within
.0 min, respectively, using a controllable MW oven operating at
450 MHz  and 750 W.  After the suspension was  cooled to room
emperature, a 10.0 mL  solution was taken from each share solu-
ion and extracted with 10 mL  mixed solvent of benzene and carbon
etrachloride (volume ratio = 1:1). Afterwards, the UV–vis spectra of
he extracted solutions from water phase were measured at 563 nm
hat was the maximum absorption wavelength of 1,5-diphenyl car-
azone (DPCO) [24].

. Results and discussion

.1. XRD, FT-IR and SEM of TiO2/AC
Fig. 1 illustrates the XRD patterns of TiO2/AC, TiO2 and AC. The
haracteristic diffraction peaks at 2� = 25.4◦, 38.0◦, 48.0◦, 54.7◦ and
3.1◦ were all designated to anatase crystal phase TiO2 without any

Fig. 3. SEM images of TiO2/AC pow
, TiO2 alone and AC alone.

indication of other crystalline phases of TiO2, such as rutile, under
the analyzed conditions. Also, the main peaks attributed to AC
could be found. The average crystallite sizes of TiO2 in TiO2/AC and
TiO2 alone particles are about 10.88 nm and 16.11 nm, respectively,
according to the Scherrer equation: D = K�/(  ̌ × cos �) (where K is
the constant equal to 0.89, � is the X-ray wavelength equal to
0.154 nm,   ̌ is the full width at half maximum and � is the half
diffraction angle (� = 12.7◦)) [25]. It indicates a clear broader peak
belonging to the 1 0 1 plane for the TiO2 [26]. These results indicate
that the anatase TiO2 particles were well supported on the surface
of AC powder.

As shown in Fig. 2, AC mainly shows one absorption peak and
three absorption bands in the wavelength range from 4000 to
400 cm−1. The two  bands around 3410 and 1600 cm−1 are assigned
to the stretch and bend vibrations of O H, respectively, while the
peak at 1400 cm−1 and the third band around 1060 cm−1 belong
to the skeleton vibration [27]. However, comparing with the peaks
of only AC, TiO2/AC shows a different absorption band at around
600 cm−1. It is assigned to the stretch vibration of Ti O bond. Thus,
TiO2 particles are proved to be well-distributed on the surface of
AC powder.

The SEM technique was  used to verify the morphology and
chemical composition of the TiO2/AC powder. The SEM image of the
TiO2/AC in Fig. 3(a) shows the bulk form of the TiO2/AC with a size of
approximately 1.0–1.5 �m.  Furthermore, as shown in Fig. 3(b), the
morphology of TiO2/AC exhibited a less condensed phase, distinct
pore structure, and small TiO2 nanoparticles with a size of approx-
imately 50–150 nm uniformly distributed on the surface of AC. The
supported-TiO2 had not obvious influence on the morphology of
the AC [16,28].

3.2. UV–vis spectra of MO solutions during TiO2/AC/MW

treatment

In order to compare the degradation effect of MO at dif-
ferent conditions, experiments with 50 mg/L MO solution at a

der. (a) 10 �m and (b) 3 �m.
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Table 1
C/C0 of various absorption peaks of MO  from UV–vis spectra. (50 mg/L MO,  750 W,  2450 MHz, 3.0 min  MW,  0.8 g/L catalyst and pH = 6.0).

C/C0 Systems

MW alone TiO2/AC AC alone AC/MW TiO2/AC/MW

Peak A (466 nm)  0.985 0.609 0.582 0.213 0.116
Peak  B (270 nm)  0.993 0.648 0.629 0.265 0.189
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to 96.1% with increasing MW irradiation time (0.0–5.0 min) in
ig. 4. UV–vis spectra of MO solutions during degradation. (50 mg/L MO, 750 W,
450 MHz, 3.0 min  MW,  0.8 g/L catalyst and pH = 6.0).

ertain time were performed. MO solution mainly displays two
bsorption peaks located at 270 and 466 nm which belong to
he benzene ring and N N bond, respectively (see Fig. 4).
he absorption peak declines a little bit for MW alone system
ithout any catalyst, which indicates that MW alone has slow
egradation kinetics. In addition, 39.1% and 41.8% adsorption of
O was observed in the TiO2/AC and AC alone systems, respec-

ively. Moreover, when the AC/MW or TiO2/AC/MW system was
sed, the absorption peaks decreases significantly. It implies that
nhanced degradation of MO occurs in the presence of AC or
iO2/AC under MW irradiation [20]. It is because AC can strongly
bsorb MW energy and “hot spots” can form on its surface.
he organic pollutant, like MO,  around the “hot spots” can be
eadily oxidized or nearly burned. Particularly, the TiO2/AC/MW
ystem achieved 88.4% degradation within 3.0 min  of MW irra-
iation. It may  be inferred that the supported-TiO2 particles that
an achieve the heat energy of “hot spots” on AC under MW
rradiation. Then, some electrons may  transfer through thermal
xcitation and the electron–hole pairs may  form on the surface
f TiO2, which could help the oxidation of the MO  [23]. The fol-
owing systems are listed in order of decreasing degradation rates

f MO:  supported-TiO2/AC/MW > AC/MW > AC alone > supported-
iO2/AC > MW alone. Otherwise, the absorption peaks at 466 (A)
nd 270 nm (B) fall almost synchronously, which indicates that not

Fig. 6. Influence of MW irradiation time (a) and kinetics (b) on TiO2/AC/MW de
Fig. 5. Influence of TiO2 content on TiO2/AC/MW degradation. (50 mg/L MO,  750 W,
2450 MHz, 3.0 min  MW,  0.8 g/L catalyst and pH = 6.0).

only the azo bond but also the benzyl ring in MO molecule can be
destroyed mostly in the TiO2/AC/MW system (see Table 1).

3.3. Influence of TiO2 content on TiO2/AC/MW degradation

Fig. 5 shows that the extent of degradation increases with
increasing TiO2 added wt.% content from 0 to 10.0%, and then
drops to some extent at ratio 10.0–16.0% TiO2. This is because at
the lower proportion, the TiO2 can effectively obtain heat energy
from the “hot spots” on the surface of AC and be excited to form
electron–hole pairs, which would favor enhanced oxidation of MO.
But when much TiO2 is supported, the particles may cover the
activated sites of AC and disturb MW transmission, which can pre-
vent MO from approaching the activated sites. The optimal added
proportion was fixed at 10 wt.% throughout the remaining of the
study.

3.4. Influence of MW irradiation time on degradation in the
TiO2/AC/MW process

Fig. 6(a) shows that the decrease extent increases from 39.1%
TiO2/AC/MW system, while for AC/MW system, it increased from
41.8% to 88.3% under the same conditions. Also, the adsorption of
TiO2/AC (39.1%) was smaller than that of AC alone (41.8%). These

gradation. (50 mg/L MO,  750 W,  2450 MHz, 0.8 g/L catalyst and pH = 6.0).
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ig. 7. Influence of C0 on TiO2/AC/MW degradation. (0.8 g/L catalyst, 750 W,
450 MHz, 3.0 min  MW,  pH = 6.0).

esults indicate that the catalytic activity of TiO2/AC is higher than
hat of AC alone. This can be attributed to the heat energy obtained
y the TiO2 particles.

In order to determine the kinetics of degradation reactions, the
ata of −ln(C/C0) for first-order reaction and 1/Ct for second-order
eaction versus irradiation time (t) were all calculated and checked
or the two cases. Firstly, the adsorption results in the straight lines
o not pass through the origin in Fig. 6(b). Secondly, Fig. 6(b) shows

 good linear relationship between −ln(C/C0) and t for low concen-
ration (50 mg/L) of organic pollutants. It demonstrates that the
egradation rate appears to fit the pseudo-first order kinetics for
oncentrations between 10 and 50 (or 70) mg/L since the initial
ate increases proportionately with C0 (see Fig. 7). The rate con-
tants (k) are 0.534 and 0.316 min−1 for TiO2/AC/MW and AC/MW
ystems, respectively. Apparently, the more effective degradation
s achieved for TiO2/AC/MW system within the range of this con-
entration (10–50 mg/L). But the data at 70–90 mg/L are not fitted
ell using the pseudo first-order kinetic model since under these

onditions the dye is in excess and the reactions are limited by the
oncentration of •OH radicals.

Furthermore, the results show that the extent of mineraliza-
ion calculated from TOC values are 63.0% and 88.1% within 1.0 and
.0 min  MW irradiation, respectively, for the TiO2/AC/MW system.
his is consistent with the results based on UV–vis spectra for the
egradation of MO.  They both indicate that the MO  can be almost
ompletely mineralized in the TiO2/AC/MW treatment process.

.5. IC and HPLC of MO  solution during TiO2/AC/MW degradation

Since MO molecule contains nitrogen and sulfur atoms, the
O3

− and SO4
2− ions are expected to be among the degradation

yproducts. An obvious peak belonging to SO4
2− appears at reten-

ion time of 17.4 min  and another NO3
− peak does at 12.3 min

etention time (see Fig. S3(a)). It indicates that a number of SO4
2−

nd a small quantity of NO3
− ions are produced during MO  degra-

ation in the two systems. The area of these peaks became larger
nd larger with increasing irradiation time, which means that the

 S, C N and N N bonds of MO  have been rapidly broken even
ithin a short irradiation time.

Quantification of MO  using HPLC was determined considering
he absorbance at 254 nm (see Fig. S3(b)). The maximum absorp-
ion peak appeared at about 1.45 min  retention time. The area of
his peak became smaller and smaller with increasing irradiation
ime, which meant that the benzene ring of MO  molecule was

estroyed. Also, no intermediates were detected using the ana-

ytical methods employed in this work, since most probably the
ntermediates that were formed were also degraded rapidly and
ompletely. Therefore, both IC and HPLC analyses verified that all
Fig. 8. Influence of initial pH on TiO2/AC/MW degradation. (50 mg/L MO, 0.8 g/L
catalyst, 750 W,  2450 MHz  and 3.0 min  MW).

MO molecules could be rapidly degraded and almost mineralized
to simple inorganic ions within short treatment time using the
TiO2/AC/MW technology.

3.6. Influence of initial concentration (C0) on TiO2/AC/MW
degradation

Results on the comparison of degradation rates of MO after
3.0 min  of reaction time are shown in Fig. 7 for the two systems.
For the MO  solution at 10–70 mg/L in TiO2/AC/MW system, a degra-
dation rate of 2.5 × 10−4 to 13.9 × 10−4 mmol/min was observed,
while this represents a MO  complete degradation (below detec-
tion limit) to 77.8% degradation, respectively, within 3.0 min. Also,
the degradation rate increased with increasing C0 as expected
when other conditions are kept constant (10–70 mg/L). But this
did not happen at higher concentrations (70–90 mg/L) because the
solutions contain a larger number of organics molecules, limited
amount of catalysts, and the reactions are limited by the concen-
tration of •OH radicals. Hence, the extent of degradation for any
specific C0 for the TiO2/AC/MW system was again found to be
always higher than that for AC/MW system, which resulted from
the higher number of active sites on the surfaces of TiO2/AC com-
pared to AC alone under MW irradiation.

3.7. Influence of initial pH on TiO2/AC/MW degradation

The number of available adsorption sites on the catalyst is
affected by changes of solution pH. Also, pH changes can also alter
the overall charge of the contaminants and the catalyst, and con-
sequently the adsorption rate on the active sites of the catalyst
[29]. Fig. 8 shows the extent of degradation first decreases and
then increases. At pH = 8.0 (or pH = 6.0), the extent of degradation
becomes the lowest for TiO2/AC (or AC alone) system which reveals
this case is much susceptible to pH.

The isoelectric points (pHIEP) of AC and TiO2 particles were
determined to be about 6.0 [30]. When the pH value is lower than
pHIEP of AC and TiO2, TiO2 and AC particles possess positive charge
while a negative charge is expected at higher pH (pH > pHIEP). MO
with negative charge after ionization is strongly attracted to the
surface of the catalyst which can enhance degradation. Above pHIEP,
the surface of TiO2/AC is negatively charged. Thus, electrostatic
repulsion may  occur between MO  and the catalysts, resulting in
the decrease of the degradation efficiency. In addition, alkaline pH
conditions can help in the production of •OH radicals, which assists
in the degradation through •OH radical oxidation mechanism. All of

these can promote the degradation of MO and the reaction interme-
diates. Consequently, TiO2/AC exhibits higher catalytic activity in
acidic and alkaline solutions. Considering kinetics, the TiO2/AC/MW
catalytic system appears to be more preferable in the study.
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ig. 9. Influence of catalyst dose on TiO2/AC/MW degradation. (50 mg/L MO,  750 W,
450 MHz, 3.0 min  MW and pH = 6.0).

.8. Influence of catalyst dose on TiO2/AC/MW degradation

Considering the extent of degradation and economic removal of
ye pollutants, it is important to determine the optimum dose of
atalyst. Fig. 9 shows that in the low dose range (below 0.8 g/L) the
egradation extent increases rapidly with increasing catalyst dose,
hile at high dose (above 0.8 g/L), it does slowly. The degradation

eached 89.6% using 0.8 g/L TiO2/AC, while it was 78.7% for 1.2 g/L
C alone. The results also show that the extent of degradation

ncreases only slightly at catalyst dose higher than 1.2 g/L. Any-
ay, the degradation extent for TiO2/AC/MW system was higher at

ll catalyst doses reaching complete degradation at a catalyst dose
f 2.0 g/L. Here, 0.80 g/L was adopted throughout the remaining
xperiments.

.9. Generation of •OH radicals in TiO2/AC/MW system

The determination of •OH radicals was carried out through the
xidation of 1,5-diphenyl carbazide (DPCI) to 1,5-diphenyl car-
azone (DPCO) [31]. The DPCO can be extracted by the mixed
olvent of benzene and carbon tetrachloride and this extract liquor
isplays an obvious absorption peak located at 563 nm that belongs
o the N N bond of DPCO (see Fig. 10) [24]. In addition, the
bsorbance decreased after the addition of vitamin C (VC) which
cts as the •OH radical scavenger agent [32]. By comparison, the
bsorption peak at 563 nm in the TiO2/AC system decreased the

ost when VC was added, which suggests that the MW can directly

xcite the semiconductor TiO2 to carry out oxidation reaction with
igh efficiency. Therefore, it has been shown that nano-TiO2 can be

ig. 10. UV–vis spectra of DPCO extract liquors in the presence of TiO2/AC or AC
lone under MW irradiation. ([DPCI] = 2.5 × 10−3 mol/L, [VC] = 0.1 mol/L, TiO2/AC (or
C alone) = 0.4 g/L and 2.0 min  MW).
Fig. 11. Possible mechanism on catalytic reaction of TiO2/AC/MW degradation.

used to help produce •OH for enhancing AC/MW degradation rates
of recalcitrant organic contaminants and reaction intermediates
formed.

3.10. Possible mechanism on catalytic reaction of TiO2/AC/MW
degradation

Organic pollutants can be degraded in AC/MW system, a pro-
cess referred to as MW-induced oxidation [20,27]. AC particles can
strongly absorb MW energy and then generate many “hot spots” on
their surface [33]. The organic pollutants around the “hot spots” can
be decomposed in the presence of oxygen (O2) dissolved in water.
It is considered to be a process being similar to combustion oxida-
tion. In the present study, nano-TiO2 particles were supported on
the surface of AC further assisting AC/MW degradation (see Fig. 11).
The temperature of “hot spot” on the surface of AC under MW irra-
diation in water medium can achieve 1200 ◦C or more. It results
in significant increase in the number of activated sites and brings
many holes to produce hydroxyl radical (•OH) on the surface of
semiconductor catalyst in the solution. The supported-TiO2 is able
to absorb the heat energy of “hot spots” and can be excited to gen-
erate the electron–hole pairs that would react with O2 and H2O
to form •OH and superoxide radical anion (O2

•-). Finally, the O2
•-

can also yield •OH through a series of chemical reactions [13]. Thus,
the degradation rates can be increased. In brief, supported-TiO2/AC
can be adopted as a catalyst to help produce more activated sites on
the surface of AC and much •OH radicals in the solution under MW
irradiation, which is expected to increase the rates of degradation
of recalcitrant organic contaminants and reaction intermediates
formed.

4. Conclusions

The combination of supported nano-TiO2 on the surface of AC
and MW (TiO2/AC/MW) was  applied to enhance the MW-induced
degradation of azo dye in the aqueous solution. Methyl orange
(MO) was  selected as a model contaminant. It has been found the
supported-TiO2 on the surface of AC can be excited resulting in the
production of •OH in the aqueous solution under MW irradiation,
which significantly enhanced the performance of AC/MW process
for the degradation of MO.  Also, the TiO2/AC system displayed
higher catalytic activity than AC alone under MW irradiation.

Under the conditions applied of 50 mg/L and 25 mL  MO solution,
2.0 g/L catalyst dose, 750 W,  2450 MHz  MW,  and solution pH = 6.0,
complete degradation was obtained using the TiO2/AC/MW sys-

tem within 1.5 min  MW irradiation. Overall, the integrated
TiO2/AC/MW advanced oxidation technology exhibited several
advantages, including high degradation rate, short irradiation time,
no residual intermediates, and no secondary pollution. Therefore,
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