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Microwave photocatalytic degradation of Rhodamine B using TiO2 supported
on activated carbon: Mechanism implication
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Abstract
The photocatalytic degradation of Rhodamine B (RhB) was carried out using TiO2 supported on activated carbon (TiO2 -AC) under
microwave irradiation. Composite catalyst TiO2 -AC was prepared and characterized using X-ray diffraction (XRD), transmission
electron microscopy (TEM) and Brunauer-Emmett-Teller (BET). In the process of microwave-enhanced photocatalysis (MPC), RhB
(30 mg/L) was almost completely decoloured in 10 min, and the mineralization efficiency was 96.0% in 20 min. The reaction rate
constant of RhB in MPC using TiO2 -AC by pseudo first-order reaction kinetics was 4.16 times of that using Degussa P25. Additionally,
according to gas chromatography/mass spectrometry (GC/MS) and liquid chromatography/mass spectrometry (LC/MS) identification,
the major intermediates of RhB in MPC included two kinds of N-de-ethylation intermediates (N,N-diethyl-N’-ethyl-rhodamine (DER)),
oxalic acid, malonic acid, succinic acid, and phthalic acid, maleic acid, 3-nitrobenzoic acid, and so on. The degradation of RhB in MPC
was mainly attributed to the destruction of the conjugated structure, and then the intermediates transformed to acid molecules which
were mineralized to water and carbon dioxide.
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1 Materials and methods
1.1 Materials
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The target dye Rhodamine B (RhB, laser-grade) was
obtained from Acros Chemical Company, USA. Tetrabutylorthotitanate (CP), absolute ethanol (AR) and tetrabutylammonium hydroxide ((TBA)OH, AR, 10% in water)
were produced in Nanjing Chemical Company, China. The
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Microwave (MW) has been widely applied in food
sterilization, organic syntheses, analyses and extraction,
and environmental waste treatment, etc. In microwaveenhanced photocatalytic technology (Horikoshi et al.,
2003), it not only can excite the electrodeless discharge
mercury lamp (EDML) to generate ultraviolet (UV) radiation which can excite TiO2 for photocatalysis, but also can
significantly improve the photocatalytic activity of TiO2
for removing pollutants. In the recent years, microwaveenhanced photocatalysis using EDML was considered as
an efficiently advanced coupling technology, which has
been used to treat organic wastewater (Zhang et al., 2007;
Gao et al., 2007).
Rhodamine B (RhB) is an important representative of
xanthene dyes, and it is usually used as dye laser material
because of its good stability. In recent years, there are
many research works (Chen et al., 2004; Lei et al., 2005;
Hu et al., 2006) focusing on the degradation mechanism
of RhB, most of them concerned the mechanism under
visible illumination, and N-de-ethylation of RhB was
the main degradation mechanism. In microwave-enhanced
photocatalytic system, it is also significant to investigate

the degradation mechanism of RhB because of the unique
characteristics of the system, especially, the rapid degradation characteristics. As far as we know, the research under
this system is uncommon, and Horikoshi et al. (2003) have
reported N-de-ethylation process of RhB in the presence of
Degussa P25, nevertheless, the degradation mechanism after the N-de-ethylation process, such as benzene removal,
opening-ring has not been investigated in detail.
Accordingly, the present study focuses on: (1) investigating the degradation of RhB by microwave-enhanced
photocatalysis using TiO2 supported on activated carbon
(TiO2 -AC); (2) identifying the degradation intermediates
with the integrated assistance of gas chromatography/mass
spectrometry (GC/MS) and liquid chromatography/mass
spectrometry (LC/MS); and (3) proposing the possible
photocatalytic degradation pathways of RhB.
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high purity pulverous activated carbon (coconut shell, 20–
200 nm, < 1% ash) was provided by the Nanjing Forestry
and Chemistry Research Institute, China. Milli-Q water
was used throughout this study.
1.2 Preparation of the composite catalyst TiO2 -AC
TiO2 -AC was prepared by dip-coating method according to the method described by Liu et al. (2007). The color
of the composite catalyst was white grey, and the mass
percentage of activated carbon was about 7%.
1.3 Photocatalytic experiment
The microwave-enhanced photocatalytic experiments
were conducted in a MW-EDML system, as referred to
our previous study (Hong et al., 2006). The EDML lamp
had prominent emission bands at 254, 297, 313, 365, 405,
436, 546, 577, and 579 nm. Four processes were conducted during the degradation experiments. For the process
of microwave alone (MW), only 50 mL RhB was put
into the reactor vessel. In microwave-assisted photolytic
process (MDP), 50 mL RhB solution (C0 30 mg/L, pH
7.45) and two EDML lamps were put into the reactor
vessel. In MW-enhanced photocatalysis process (MPC), 50
mL RhB solution, two EDML lamps and 0.075 g TiO2 AC/Degussa P25 were added to the reactor vessel. The
degradation of RhB using activated carbon (0.005 g) under
MW irradiation was designed as a controlled trial. Samples
were drawn at regular interval after the reaction and were
immediately centrifuged at 10000 r/min to remove catalyst
particles for analysis.
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sample (2.0 µL) was automatically injected into GC with
DB-5 column (fused-silica capillary column, 30 m × 0.25
mm i.d., 0.25 µm film thickness with a 5% equivalent
polysilphenylene-siloxane) using splitless mode. The MS
was operated with 70 eV electron impact (EI) mode and
positive ion mode.

2 Results and discussion
2.1 XRD, SEM, and BET analysis
XRD profile of the TiO2 -AC showed that the crystal
phase of films deposited on the surface of activated carbon
was anatase, and the average crystalline size calculated
using the diffraction peaks (101) from Scherer’s formula
(Liu et al., 2007) was around 5 nm (Fig. 1). In addition,
the SEM image (Fig. 2) of the catalysts indicated that
the activated carbon was completely encapsulated in TiO2
nanoparticle, which was different from our previous study
(Liu et al., 2007), in which laden TiO2 was only about
10% (m/m). Furthermore, the BET surface area of TiO2 -AC
and TiO2 was 138.10 and 103.55 m2 /g, respectively, which
illustrated that the BET surface area of TiO2 -AC had been
enlarged after supported on activated carbon.
2.2 Degradation of RhB in MPC, MDP and MW
Prior to experiment, 0.075 g catalyst TiO2 -AC was
placed into 50 mL RhB solution (30 mg/L) at room

1.4 Analytical methods

XRD pattern of TiO2 -AC and TiO2 .

Fig. 2

SEM image (×500) of TiO2 -AC.
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Fig. 1
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The solution pH was measured with pH meter (PHS-2C,
Shanghai Cany Precision Instrument Company, China).
The determination of RhB concentration was performed
by HPLC (Agilent 1200, USA) using a C18 column (150
mm × 4.6 mm i.d., 5 µm, Agilent, USA). The HPLC
evaluation was carried out using an ammonium phosphate
buffer solution (0.1%, V/V) and methanol as the eluent
(60%–90% methanol over 15 min) with a flow rate of 1
mL/min and a diode array detector (detection wavelength
550 nm).
The intermediates were detected by LC/MS (Thermo,
USA) equipped with an elaectrospray ionization (ESI)
positive ion mode. The samples were chromatographically
separated using a Beta Basic-18 column (150 × 2.1 mm,
Thermo, USA) at a flow rate of 1.0 mL/min, and the mobile
phase was methanol-water (60:40, V/V). The identification
of intermediates was also conducted by a Thermo Finnigan
Trace Gas Chromatography interfaced with a Polaris Q
Ion Trap Mass Spectrometer (GC/MS, Thermo Finnigen,
USA). The pre-treatment process was as follows: 25 mL
filtered solution (adjusted pH to 2.0 with 10% HCl) was
extracted with 25 mL dichloromethane for three times,
and the extracted solution was dehydrated using anhydrous
sodium sulphate. Afterward, the dehydrated solution was
concentrated to 1 mL. Before injection, trimethylsilylation was carried out at 50°C for 30 min using 0.5 mL
bis(trimethylsilyl)trifluoroacetamide (BSTFA). The final
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Therefore, the microwave-enhanced photodegradation
of RhB with TiO2 -AC was much faster than photocatalytic
degradation methods. The possible reasons ascribed to
the rapid degradation efficiency of MW-EDML system
were as follows: (1) the surface of TiO2 became more
hydrophobic under microwave irradiation (Horikoshi et
al., 2002), which can increase the opportunity of RhB to
contact to the TiO2 surface; (2) additional defect sites on
TiO2 were generated (Horikoshi et al., 2002), which can
increase the transition probability of e− /h+ and decrease
the e− /h+ recombination on TiO2 surface; (3) there was a
strong interaction (synergy effect) between TiO2 and AC
which was ascribed to an extended adsorption of RhB
on AC followed by a transfer to titania where it was
photocatalytically degraded (Matos et al., 1998); (4) in
the solution, temperatures of water and AC increased at
different rates under MW irradiation due to the internal
heating by MW energy, which could cause locally higher
temperature in some micro-surfaces of the AC particles
than water bulk (Bo et al., 2006).
During the degradation of RhB on TiO2 -AC, organic
acids with small molecules and CO2 could be produced,
which could decrease pH of reaction solution. In MPC, pH
decreased from 7.45 to 6.52 in 20 min.
2.3 Identification of the intermediates and final products
Analysis of the reaction intermediates and final products
may reveal some details of the reaction process. Intermediates of RhB in 0.5, 1.0, 2.0 min in MPC were identified by
LC/MS and GC/MS. The results (0.5 min) are illustrated in
Fig. 4 and Table 1, and the results of 1.0 and 2.0 min were
similar to them in 0.5 min.
Corresponding to the LC/MS identification, no obvious N-de-ethylation intermediates was observed in MPC
but for a little portion of N,N-diethyl-N’-ethyl-rhodamine
(DER) corresponding to ESI SIM ms [414.90–415.90],
which resulted from losing one ethyl group from the
xanthene ring in the parent RhB structure. This proved
that N-de-ethylation of RhB did take place in the present
system, but it was far from being the dominant process
as what was observed by Chen et al. (2004). In addition,
it is noted that N-de-ethylation intermediates DER have
two isomers, corresponding to 6.36 min and 8.65 min in
LC/MS spectrum, which is reported firstly as far as we
Table 1

Retention time (min)

Identified intermediate

90
104
118
167
148
116
148
146
166
166
154

6.737
7.106
9.720
9.812
9.862
10.024
10.544
11.454
12.915
13.686
14.480

Oxalic acid
Malonic acid
Succinic acid
3-Nitrobenzoic acid
Phthalic anhydride
Maleic acid
2-Hydroxypentanedioic acid
Adipic acid
Phthalic acid
Terephthalic acid
2,5-Dihydroxybenzoic acid
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Fig. 3 Kinetics of degradation of RhB (30 mg/L, pH 7.45) in different
processes: C0 and C were the concentration of RhB determined before
and after irradiation. MW: microwave alone, k = 0.003 min−1 ; MDP:
microwave-assisted photolytic process, k = 0.006 min−1 ; MW, AC:
microwave and activated carbon, k = 0.015 min−1 ; MPC: microwaveenhanced photocatalytic process, k = 0.057 min−1 (P25), k = 0.237 min−1
(TiO2 -AC).

Main products of the photocatalytic degradation of RhB
detected by GC/MS

.a

temperature (20°C). The suspensions were magnetically
stirred in the dark for 40 min to ensure that a suitable
adsorption/desorption equilibrium of the dye on the surface
of TiO2 -AC had been established. The results showed that
the maximum adsorption of RhB on TiO2 -AC, Degussa
P25, and AC was 9.46, 6.98, and 18.41 mg/L, respectively.
The degradation of RhB in aqueous solution in
microwave-enhanced photocatalytic process (MPC, catalyst is TiO2 -AC or Degussa P25) and microwave-assisted
photolytic process (MDP) was studied and the results are
presented in Fig. 3. The degradation efficiency of RhB
under MW alone, and using AC under MW irradiation
were designed as controlled trials.
RhB was stable in aqueous solutions under microwave
irradiation, since the energy of microwave radiation (E
is in the range of 0.4–40 kJ/mol, varied from 1 to
100 GHz) is insufficient to disrupt bonds of common
organic molecules. In addition, even though the emission
spectrum of EDMLs had a part of energy in UV region, the
degradation efficiency of RhB (30 mg/L) was only 8.0%
in 10 min in MDP (Fig. 3). Therefore, the degradation of
RhB in the MW alone and microwave-assisted photolytic
process could be negligible. Furthermore, the degradation
efficiency of RhB using AC under MW irradiation was
only 16.7% since it was not aerated in our MW-EDML
system. By contrast, the presence of TiO2 -AC resulted in
the improvement of the decomposition of RhB. In MPC,
the degradation efficiency of RhB (30 mg/L) was 93.1% in
10 min, and the apparent rate constant was 0.237 min−1 by
pseudo first-order reaction kinetics. The removal of TOC
followed closely with the removal of color, and the removal
efficiency was 96.0% in 20 min. Sayilkan et al. (2007)
investigated the photodegradation of RhB using SiO2 /TiO2
and found that the reaction rate constant of RhB was only
0.133 min−1 . By contrast, Degussa P25 was chosen as
catalyst, and the apparent rate constant was only 0.057
min−1 . The reaction rate constant of RhB in MPC (TiO2 AC) was 1.78 and 4.16 times of the others using SiO2 /TiO2
and Degussa P25, respectively.
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know.
To obtain more detail information about small molecular
intermediates, the degradation products were analyzed
further by a GC/MS. As shown in Table 1, final products
mainly are organic acids, such as oxalic acid, malonic
acid, succinic acid, and phthalic acid, maleic acid, 3nitrobenzoic acid, etc., which were most likely the small
molecule intermediates resulting from the cleavage of
the xanthene ring in RhB. Phthalic anhydride detected at
a retention time 9.862 min was probably formed from
condensation of phthalic acid in the photocatalytic process,
which was inconsistent with the conclusion of Lei et al.
(2005), in which phthalic anhydride was thought as the
product of phthalic acid during the sample preparation at
50°C, however, in our experiment the sample preparation
process was under room temperature (20°C).
2.4 Proposed reaction pathways

Photocatalytic degradation pathway of RhB by TiO2 -AC in MW-EDML system.
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Fig. 5
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Fig. 4 Main products of the photocatalytic degradation of RhB detected
by LC/MS.

Corresponding to the LC/MS and GC/MS identification,
the possible photocatalytic degradation pathway of RhB in
MPC was proposed (Fig. 5).
It is well-known that the RhB degradation occurs via two
competitive processes (Li et al., 2007). One is stepwise
N-de-ethylation, and the other is the destruction of the
conjugated structure. In MW-EDML system, only a little
portion of DER can be identified, and no other N-deethylated intermediates were observed in MPC process. In
addition, according to the investigation on photolysis of
RhB in MDP, DER could also be monitored. Moreover,
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The TEM image and BET analysis indicated that TiO2
nanoparticle had immerged in the pore of activated carbon.
In the process of microwave-enhanced photocatalysis, RhB
(30 mg/L) was almost completely degraded in 10 min
(comparably, only 8% in photolysis), and the mineralization efficiency was 96.0% in 20 min. The reaction rate
constant of RhB using TiO2 -AC by pseudo first-order
reaction kinetics was 4.16 times of that using Degussa P25. Additionally, the major intermediates of RhB
were identified by GC/MS and LC/MS, which included
two N-de-ethylation intermediates (N,N-diethyl-N’-ethylrhodamine, DER), oxalic acid, malonic acid, succinic
acid, and phthalic acid, maleic acid, 3-nitrobenzoic acid,
etc. The degradation of RhB was mainly attributed to
the destruction of the conjugated structure, and then the
intermediates transformed to acid molecules which were
mineralized to water and carbon dioxide in the end.
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no hypsochromic shifts of the absorption maximum (550
nm) of UV could be found. Furthermore, these GC/MS
results also provided solid evidence for the cleavage of
the conjugated xanthene of RhB and the N-de-ethylated
intermediates in MPC. Therefore, we inferred that N-deethylation and destruction of the conjugated structure of
RhB took place in the present system, yet the destruction
of the conjugated structure was the main pathway.
After the conjugated structure of RhB was destructed, two other processes, opening-ring and mineralization
were following, and some organic acidic molecules were
produced, which were mineralized to water and carbon
dioxide in the end.
In sum, the photocatalytic degradation pathway of
RhB in MW-EDML system was mainly attributed to
the destruction of the conjugated structure, which was
significantly different from other photocatalysis (Chen
et al., 2004) in which neither cleavage of the xanthene
ring nor mineralization of the substrate was observed.
In addition, Horikoshi et al. (2003) had investigated Nde-ethylation process of RhB in the presence of TiO2
(Degussa P25) under microwave irradiation, in which
the degradation intermediates of RhB, especially benzene
removal, opening-ring products, have not been investigated. Thus, the photocatalytic degradation pathway of
RhB under microwave irradiation was investigated in detail
firstly.
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