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Abstract The degradation of methyl orange (MO) in
aqueous solution by microwave irradiation in the pres-
ence of granular-active carbon (GAC) was investigated.
It was found that a synergistic rather than an additive
effect of microwave irradiation and GAC contributes to
the high-degradation efficiency. The ultraviolet and vis-
ible spectrum (UV–vis), infrared spectroscopy (IR), and
scanning electron microscopy (SEM) measurements
were conducted to trace the MO degradation process.
It was demonstrated that the decrease in performance of
GAC after repetitive use is largely attributed to the
adsorption of some intermediate products on the surface
of GAC. The regeneration of the spent GAC under
microwave radiation was also investigated. The results
show that the activity of spent GAC can be effectively
recovered by microwave radiation and 74.1 % of its
initial activity remains after six reaction cycles.
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1 Introduction

Azo dyes are the largest class of dyes commercially used
in textile industry and have become one of the most

widespread pollutants in the effluents (Türgay et al.
2011). It has been reported that some of these dyes are
toxic, mutagenic, and carcinogenic compounds, which
show resistance to biological and even chemical degra-
dation, making them hazardous for the environment
even at low concentration. Much effort has been devot-
ed to finding effective and economical routes suitable
for the removal of such a large number of pollutants
derived from the textile effluents. As a result, a wide
variety of advanced oxidation processes such as Fenton
(Rodríguez et al. 2010), photo-Fenton (Macías-Sánchez
et al. 2011), ozonation (Koch et al. 2002), and
photocatalysis (Dong et al. 2012; Ahmed et al. 2011)
have been investigated to treat the wastewater contain-
ing diverse synthetic dyes. Although these advanced
oxidation processes have been proved to exhibit good
performance for treatment of the dye-related chemicals,
the complexity, high chemical consumption, and rela-
tively high costs constitute major barriers for their large-
scale applications.

Microwave irradiation can produce efficient internal
heating by direct coupling ofmicrowave energywith the
molecules of solvents, reagents, or catalysts presented in
the reaction mixture, making it an interesting alternative
heating method in chemistry and industry. During the
past decade, microwave has been experimentally tested
to treat wastewater containing various organic pollutants
either alone or coupled with different advanced oxida-
tion processes (Remya and Lin 2011). Under microwave
irradiation, the polar molecule dissolved in solution
will rotate rapidly to bring about thermal effect; and
consequently, selective heating, which could act only
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to the desired points, is feasible by means of microwave
irradiation (Bosske et al. 1992). Additionally, micro-
wave irradiation can change the thermodynamics func-
tion, weaken the chemical bond intensities of various
molecules, and reduce the activation energy of reaction
system (Quan et al. 2004).

Granular-active carbon (GAC) has high porosities, from
macro to microporous structures, render them the most
efficient adsorbents to trap dyes and other organic com-
pounds (Pelekani and Snoeyink 2000; Wang et al. 2005).
Being an excellent microwave absorber, GAC has recently
been used as a catalyst for microwave-assisted degradation
of wastewater. It has been demonstrated that the combina-
tion of microwave irradiation with activated carbon is
highly effective for the degradation of phenolic compound
(Polaert et al. 2005; Bo et al. 2006) and azo dyestuff-congo
red in aqueous solution (Zhang et al. 2007). However, the
stability and reusability of GAC during this combined
process will need to be considered in order to determine
its practicability for the treatment of the high volumes of
wastewater. As was noticed in previous works (Cordero
et al. 2008; Santos et al. 2005), some changes in the
physicochemical properties of activated carbon have taken
place during the wet oxidation process, which subsequent-
ly influenced the catalytic behavior of activated carbon. It
was found that activated carbon exposed to oxygen can
react and cause carbon loss during catalytic wet air oxida-
tion process (Stüber et al. 2005). To date, few reports have
been published concerning the cycling stability of GAC
during the microwave-assisted degradation process.

In this work, methyl orange (MO) was selected as a
model azo dye to examine the performance of GAC for
organic pollutant degradation under microwave irradia-
tion. The performance of repetitive use and regeneration
of GAC will be investigated and analyzed.

2 Experimental

2.1 Chemicals

Commercial GAC (analytical grade, 1,055 m2/g of BET
area) was purchased from Shenyang Chemical Co.,
China. Methyl orange (4-[4-(dimethylamino)
phenylazo] benzenesulfonic acid) was purchased from
Regent Chemicals. Sodium hydroxide was purchased
from Tanjin Bodi Chemical Reagent. Sulfuric acid was
purchased from Yantai Sanhe Chemical Reagent. All
chemicals mentioned above are of analytical grade.

2.2 Instruments

All ultraviolet and visible spectrum (UV–vis) absorption
spectra were carried out using a spectrophotometer
(UV752, Shanghai Yoke Instrument. Co., Ltd, China).
Fourier transform infrared (FTIR) spectroscopy was
carried out using a spectrometer (Tensor 27, Bruker,
Germany). The morphology of the GAC was studied
by scanning electron microscopy (SEM) (JSM 6700 F,
JEOL, Japan) operating at 8 kV.

2.3 Degradation of Methyl Orange

The microwave-assisted degradation experiment was
carried out in a modified microwave apparatus
(MM721AC8-PW, Meide household electrical appli-
ances group Co., Ltd., China) with a frequency of
2,450 MHz and a maximum output power of 700 W.
All the experiments were conducted in batch mode. In a
typical reaction, 50-mLMO aqueous solution (20mg/L)
and GAC were placed in a quartz beaker, which was
then put into the microwave oven and subjected to
microwave irradiation at varied power levels for
8 min. The pH of the reaction mixture was adjusted by
adding 0.1-M HCl or 0.1-M NaOH solutions.

2.4 Analysis

After degradation experiment, the treated solution was
filtered to remove the GAC. The MO concentration (C)
in solution can be determined by measuring the absor-
bance (A) at 462 nm using a TU 1810 spectrophotom-
eter. A calibration curve was obtained by using the
standard MO solutions with known concentrations
(A=0.0024+0.07458C, R=0.99991). The calibration
curve of standard MO solutions was used to estimate
the percentage of degradation=[(C0−C)/C0]×100 %,
where C0 and C are the initial and instant (at reaction
time t) concentrations of MO, respectively.

3 Results and Discussion

3.1 Comparison of MO Degradation Efficiencies
in Different Treatment Processes

To investigate the effects of microwave irradiation and
GAC on the MO degradation efficiency, several contras-
tive experiments were carried out at the same reaction

1983, Page 2 of 7 Water Air Soil Pollut (2014) 225:1983



time of 8 min. Table 1 shows the MO degradation effi-
ciency in these different treatment processes. It was found
that negligible degradation efficiency was obtained when
the MO aqueous solution was exposed to microwave
irradiation, indicating that the energy of microwave at a
frequency of 2.45 GHz is not enough to destroy any
bonds of MO. A degradation efficiency of 14.7 % was
gained after addition of GAC to theMO aqueous solution
at ambient temperature as a result of adsorption of MO
molecules on the surface of GAC. In the presence of
GAC, the degradation efficiency of MO increased to
54.8 % by heating the system with electric jacket main-
tained at 90 °C, which is possibly ascribed to the speed-
ing adsorption of MOmolecules under high temperature.
However, the microwave irradiation can induce much
higher degradation efficiency than conventional heating.
At microwave power of 539 W, this combined process
can produce as high as 98.3 % degradation efficiency,
suggesting a synergistic effect of microwave irradiation
and GAC on the degradation of MO. It has been sug-
gested that “hot spots” can form on the surface of GAC
under microwave irradiation and thus promote the oxi-
dation of organic pollutants (Zhang et al. 2007).

3.2 UV–vis Spectra of MO Solution

Figure 1 displays the UV–vis absorption spectra of the
original and treated MO solutions (20 mg/L). As shown
in Fig. 1a, the original MO aqueous solution gives two
absorption peaks at 460 and 290 nm corresponding to
azo band (−N=N−) and benzene rings in MOmolecule,
respectively. After degradation for 8 min, the peak at
460 nm almost totally disappeared, indicating the cleav-
age of azo band. The intensity of the peak centered at
290 nm significantly reduced but did not disappear,
implying the benzene ring was hard to be destroyed. It
was noted that a new band centered at 335 nm appeared.

Some authors have proposed that five main possible
degradation products containing benzene rings formed
during photocatalytic degradation of MO (Fan et al.
2012). Therefore, the new band, centered at 335 nm,
demonstrates the formation of benzene-containing inter-
mediate products during the degradation process.

3.3 FT-IR Analysis of GAC

Infrared spectroscopy can provide information on the
chemical structure of the adsorbent and/or catalyst ma-
terials. To track the degradation behaviors ofMO, the IR
spectra of the original GAC and spent GAC were re-
corded (Fig. 2). The characteristic bands are observed
within two ranges: 1,640–1,340 and 1,300–1,000 cm−1.

Table 1 The degradation efficiency ofMO over various treatment
processes

No. Heating
method

Amount of
GAC
(g)

Microwave
power
(W)

Degradation
efficiency
(%)

1 Microwave 0 539 3.1

2 No 0.4 0 14.7

3 Heating
jacket

0.4 0 54.8

4 Microwave 0.4 539 98.3
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Fig. 1 UV–vis absorption spectra of MO solution. a before deg-
radation; b after degradation.
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Fig. 2 FTIR spectra of GAC before and after different treatments:
a original sample; b after adsorption in MO aqueous solution; c
after microwave degradation reaction; d after regeneration with
microwave irradiation
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The former indicates the presence of C–O- and N–O-
containing structures. The peak centered at 1,553 cm−1

may be ascribed to highly conjugated C=O stretching,
C–O stretching in carboxylic groups, and carboxylate
moieties (El-Hendawy 2003). The broad band between
1,300 and 900 cm−1 in all the samples has a maximum at
1,100 cm−1, which can be assigned to C–O stretching
and O–H bending modes of alcoholic, phenolic, and
carboxylic groups (Lua and Guo 2001; Pradhan and
Sandlea 1999). Shoulder bands at lower wavenumbers
(790, 660 cm−1) may be related to out-of-plane bending
modes. After MO adsorption, a strong absorption band
was observed at around 3,400 cm−1 and this is assigned
to carboxylic group O–H stretching (Fig. 2b). It was
reported that the FTIR spectra of control MO display
stretching vibrations of S=O at 624 and 1,202 cm−1,
stretching vibration of C=C bond at 1,121 cm−1 and N=
N stretching of azo group at 1,607 cm−1 (Goel et al.
2012). However, no characteristic peaks of MO were
found in the IR spectrum of GAC experienced adsorp-
tion in MO solution possibly due to its concentration
being too low to be detected using FTIR. The appear-
ance of several new peaks centered at 1,387; 1,464;
1,735; 2,920; and 2,851 cm−1 after microwave degrada-
tion test indicates the generation of intermediates (see
Fig. 2c). The peak appearing at 1,735 cm−1 is due to
asymmetric stretching of N–H bond, while the peak
appearing at 1,387 cm−1 is ascribed to N–O stretching
vibration and N–H bending vibration (Liu and Sun
2007). Combined with FTIR measurement results, it is
reasonable to speculate that various intermediate prod-
ucts can generate during the MO degradation process.

3.4 Repetitive Uses of GAC for Microwave
Degradation of MO

To study the performance of GAC during long-term use,
the effect of repetitive use onMOdegradation efficiency
was investigated under the optimal conditions. The
spent AC was collected after the degradation test and
utilized for the next reaction cycle under the same ex-
perimental conditions. It can be found from Fig. 3 that
the performance of GAC decreases remarkably after
several cycles of reaction and only 62.7 % of its initial
activity was obtained after four cycles. Decreased adsorp-
tion capacities of GAC after repetitive uses have been
reported in previous studies (Jou and Wu 2008). It is
generally suggested that an adverse impact on the po-
rous structure due to long-term exposure of GAC under

microwave radiation and incomplete removal of the
oxidation products contribute to the loss of adsorption
capacities of GAC (Ania et al. 2004; Liu et al. 2007).

Figure 4 presents the surface morphology of GAC
before and after MO degradation test. Compared with
the original GAC (Fig. 4a, c), it could be seen that some
adsorbate (mostly the intermediates) remained on the
surface of spent GAC, leading to significant decrease in
the number of pores (Fig. 4b, d). Obviously, the adsorp-
tion of residual intermediate products on the surface of
GAC after degradation reaction will occupy some active
sites and prevent the adsorption of MO in the next
degradation test cycle, thus resulting in decreased
activity.

3.5 Effect of Regeneration on the Performance of Spent
GAC

To improve the repetitive performance of GAC, a re-
generation procedure was adopted before the successive
degradation reactions. In recent years, microwaves have
been applied successfully for the regeneration of GAC
(Yuen and Hameed 2009). However, the most re-
searches are focused on the effect of microwave regen-
eration on the adsorption performance of exhausted
GAC. Here, we investigate the influence of microwave
regeneration on the performance of GAC for MO deg-
radation. After each test cycle, the spent GAC was
regenerated by immersing it in water and subsequently
exposing to microwave irradiation at a power of 385 W
for 2 min. It was noted that the performance of GAC can
be effectively recovered through microwave regenera-
tion treatment. As noted from Fig. 5, the MO degrada-
tion efficiency remains 72.9 % after six reaction cycles,
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Fig. 3 Performance of GAC in repetitive reaction cycles
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corresponding to 74.1 % of its initial activity, this is
higher than that exhibited by unregenerated GAC after
two cycles. As shown in Fig. 2d, the IR characteristic
peaks of intermediates disappear after regeneration by
subjecting the spent GAC to microwave irradiation. It
has been confirmed that the combination of microwave
with GAC can generate hot-spot (high temperature) on
the surface of GAC (Horikoshi et al. 2011; Remya and
Lin 2011). Therefore, the higher degradation efficiency
of organic pollutants during combined microwave and
GAC process is due to high-temperature oxidation. Of
course, the contribution of adsorption to the removal
of MO cannot be excluded. Obviously, the residual

intermediate species on the surface of GAC would be
mostly oxidized by ambient oxygen at high temperature
during microwave regeneration process. It was found
that a considerable decrease in the specific surface area
and specific pore volume occurred for the regenerated
GAC samples due to the adverse impact of microwave
radiation on the porous structure (Liu et al. 2012). In
addition, the GAC can also become damaged to some
extent during microwave degradation reaction. As a
consequence, the decrease in performance of GAC for
microwave degradation of MO is inevitable.

4 Conclusions

The high-efficient degradation of MO in aqueous solu-
tion was realized by microwave irradiation in the pres-
ence of GAC. After degradation, the azo linkage was
almost totally cleaved but benzene group could only be
partly decomposed, leading to the formation of some
benzene-containing products. The adsorption of residual
intermediate products on the surface of GAC after deg-
radation reaction can occupy some active sites and
prevent the adsorption of MO in the subsequent test
cycle, thus resulting in the decreased repetitive perfor-
mance. Using microwave radiation regeneration meth-
od, the activity of spent GAC can be effectively recov-
ered, making it suitable to successive use. However, the
deterioration in the repetitive performance of GAC is

(a) (b)

(c) (d)

Fig. 4 SEM images of activated
carbons a before and b after
microwave treatment of MO
under the reaction conditions. c
and d are high-magnification
images of a and b, respectively
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inevitable due to the structure damages undermicrowave
irradiation during reaction and regeneration processes.
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