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HIGHLIGHTS

GRAPHIC ABSTRACT

* The adsorption behavior of DB BN on micro-
wave catalyst MgFe,04-SiC was investigated
and the effects of concentration, temperature and
pH on the adsorption process were discussed in
this study.

*The microwave-induced catalytic degradation
rate of DB BN decreased even more than ten
percent after the adsorption equilibrium were
attained.

* The degradation intermediate products of DB BN
were identified and analyzed by GC-MS and LC-
MS.

*The proposed degradation pathways of direct
black BN (DB BN) were described by combining
with the microwave-induced catalytic reaction
mechanism of MgFe,04-SiC.
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ABSTRACT

The novel microwave catalyst MgFe,0,4-SiC was synthesized via sol-gel method, to remove azo dye
Direct Black BN (DB BN) through adsorption and microwave-induced catalytic reaction. Microwave-
induced catalytic degradation of DB BN, including adsorption behavior and its influencing factors of
DB BN on MgFe,0,4-SiC were investigated. According to the obtained results, it indicated that the
pseudo-second-order kinetics model was suitable for the adsorption of DB BN onto MgFe,04-SiC.
Besides, the consequence of adsorption isotherm depicted that the adsorption of DB BN was in
accordance with the Langmuir isotherm, which verified that the singer layer adsorption of MgFe,O4-
SiC was dominant than the multi-layer one. The excellent adsorption capacities of MgFe,0,4-SiC were
kept in the range of initial pH from 3 to 7. In addition, it could be concluded that the degradation rate of
DB BN decreased over ten percent after the adsorption equilibrium had been attained, and the results
from the result of comparative experiments manifested that the adsorption process was not conducive
to the process of microwave-induced catalytic degradation. The degradation intermediates and
products of DB BN were identified and determined by GC-MS and LC-MS. Furthermore, combined
with the catalytic mechanism of MgFe,0,4-SiC, the proposed degradation pathways of DB BN were
the involution of microwave-induced - OH and holes in this catalytic system the breakage of azo bond,
hydroxyl substitution, hydroxyl addition, nitration reaction, deamination reaction, desorbate reaction,
dehydroxy group and ring-opening reaction.

© Higher Education Press and Springer-Verlag GmbH Germany 2017
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In recent years, with the rapid development of the dye
manufacturing industry, part of the dye wastewater has
been discharged into the water during the production
process [1,2], which has caused influence on the water
quality and biological living environment. Besides, the dye
and its degradation intermediate products with toxicity,
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carcinogenicity and mutagenicity can also affect people's
normal life. Therefore, the removal of dye pollutants in
water has been attracted more and more attention.

Azo dyes have been widely used due to its mature
production process with low and stable cost [3], in the area
of printing and dyeing, paper, leather, cosmetics, medicine,
food and other industries [4,5]. However, azo dyes are
resistant to decompose under aerobic conditions and can be
long-term stable in the environment [6]. Although they can
be reduced by microorganisms to produce aromatic amines
and other intermediates under anaerobic conditions, it is
difficult for these substances to be decomposed and
mineralized in water. The harmfulness and toxicity of
these pollutants can also cause great effect on aquatic
animals, plants and human health [7].

Nowadays, there are many studies about the treatment
methods of dye wastewater, which can be mainly divided
into physical method, chemical method, biological method
or the optimal combination between them. Among them,
researches focuses on the adsorption technology for the
treatment of wastewater [8,9]. As is known to all, activated
carbon (AC) is the most widely used solid adsorbent in
industrial application, because of its high treatment cost
and easier loss in treatment process, and the main problem
is the regeneration which is the key to suppress the
widespread employment of AC. It is well documented that
Advanced Oxidation Technology (AOP) can solve these
problems mentioned above [10,11], it has been utilized in
the treatment of azo dyes wastewater for which the
pollutants can be degraded by its non-selective and
oxidative reactive groups (such as hydroxyl radicals
(-OR)) in the system. In addition, AOP can help the dye
quickly decomposed through oxidation. Ultimately, the
dye molecules can be mineralized without secondary
pollution. As one of the most important technique of
AOPs, microwave-induced catalysis is considered to be an
very effective technique for the treatment of refractory
wastewater, for promoting the progress of the reaction and
saving energy [12]. At present, most of the existing studies
have shown that photocatalysis can treat contaminants in
water effectively [13—15], but high concentrations of dye
wastewater can affect the transmission of UV-visible light,
which will prevent the light from reaching to the surface of
the catalyst, making the application of the photocatalytic
technology restrictedly. Notably, the microwave-induced
catalytic technology, which is a new decomposed technol-
ogy based on the microwave “sensitizer” instead of the
photocatalyst, is considered to be an effective method for
the treatment of dye wastes [16,17]. At the same time, a
large amount of researches have been reported that
microwave-induced catalysis is an efficient technology in
the wastewater treatment [18—21]. Therefore, it is of great
theoretical and practical value to study the mechanism of
microwave action and the effect of microwave induced
catalytic oxidation on the removal of azo dyes. It is helpful

that the mechanism elucidates the role of microwave
induced catalytic technology in practical engineering
applications. Under microwave condition, the catalyst, as
a dielectric material, strongly absorbs microwave energy
and transferring the absorbed energy will transfer to the
surface of catalyst resulting in rapidly heating up its
surface. Hot spots will also be generated during this
process. In addition, the hot spot increases with the
enhancement of microwave absorption capacity [22,23].
During the process of microwave irradiation, it is
important that electron hole pairs formed inside the
material react with the oxygen and water in the system to
produce active radical species such as - OH for accelerating
the removal of pollutants.

The role of catalyst or carriers is significant during the
microwave-induced catalytic reaction. The common mate-
rials that absorb microwave are ferrite, macromolecules,
carbon materials, conductive fibers, etc. Among these
materials, the ferrite has been favored by researchers
because of its high resistivity and catalytic performance.
Besides, different types of ferrite materials have different
microwave absorption properties, among which the most
studies of spinel ferrite. To consider the excellent
microwave absorption capacity of spinel-type ferrite, a
large number of studies have shown that ferrite can be
suitable for microwave-induced catalytic reaction [24,25].
This type of ferrite is composed with the composite metal
oxide which Fe,O; and other iron or rare earth oxides are
the main component. In this study, MgFe,O4 was selected
as the representative of the spinel-type ferrite which its
own constituent elements of the composition of the salts
and ions are less toxic on the environment. Zhang et al. had
studied that magnesium ferrite was used in the microwave
catalysis with better application, in which the removal of
acid magenta was up to 99.8% under the microwave
irradiation for 1.5 min [26]. For the choice of carrier
material, Carbon material gets the favor of many
researchers as a common carrier, for its larger diameter
resulting in loading material increasedly. As a kind of
microwave absorbing material with strong electrical loss,
SiC is one of the frequently-used carrier with good
performance for its relatively stable chemical properties,
thermal conductivity, porosity and good adsorption
capacity. When SiC is used as carrier, the as-prepared
composite catalyst has strong interfacial polarization, thus
increasing its dielectric constant, which enhances the
microwave absorption performance of the catalyst. There-
fore, the idea is the ferrite loaded onto the surface of SiC,
then obtained supported ferrite will enhance the capacity of
microwave absorption, thereby improving its microwave-
induced catalytic performance [27,28].

In this study, magnesium ferrite (MgFe,O,4) loaded with
silicon carbide (SiC) was selected as the microwave-
induced catalyst, and its high microwave-induced catalytic
activity efficiency was used to adsorb and degrade direct
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black BN (DB BN). Besides, the influence factors during
the adsorption process were investigated during the
adsorption process. In the condition of degradation of
DB BN, the effect of adsorption to the microwave-induced
catalytic activity had also been investigated. Furthermore,
the degradation intermediate products of DB BN were
determined and analyzed by a gas chromatography-mass
spectrometer (GC-MS) and liquid chromatograph-high-
resolution mass spectrometer (LC-HRMS), the degrada-
tion pathway within the microwave-induced catalytic
system was also proposed here. Based on the obtained
results from these experiments, the degradation mechan-
ism of DB BN via microwave-induced catalytic was
proposed, which can provide a theoretical basis for further
study of the reaction mechanism of microwave-induced
catalytic system and give reference value for the waste-
water treatment.

2 Materials and methods

2.1 Reagents and materials

Silicon carbide (SiC) was purchased from Yuda Silicon
Carbide Co., Ltd. (Jiangsu, China). Direct black BN (DB
BN) was obtained from Hop Love Chemical Industry
Development Co., Ltd. (Shanghai, China). While Ferric
nitrate (Fe(NOj3);-9H,0, analytical reagent (AR), 99.9
wt.% purity) was bought from Sinopharm Group Chemical
Reagent Co., Ltd., magnesium nitrate (Mg(NO3),-6H;0,
AR, purity 99.9 wt.%) and citric acid (AR, purity 99.9 wt.
%) were purchased from Nanjing Chemical Reagent Co.,
Ltd. and used without further purification. The commercial
activated carbon F300D (commercial-AC) was obtained
from Calgon Carbon Co., Ltd. (Tianjin, China).

2.2 Preparation of microwave catalyst MgFe,0,4-SiC

In this experiment, MgFe,04-SiC was prepared by sol-gel
method. The detail preparation process was described as
follows [29]: Fe(NO3); - 9H,0 and Mg(NO,), - 6H,O
(molar ratio of 1:2) were both dissolved in 100 ml
deionized water and stirred sufficiently at 60°C under a
water bath condition. When adding a certain amount of
citric acid (molar ratio of metal ions to citric acid was 1:4),
the temperature was raised to 80°C. After the reaction was
continued for 2 h, SiC (the loaded amount of 50%) with a
diameter of 40-50 pum was added to the system, keeping
constantly stirring until the sol was formed. Then the
agitation speed was reduced for the formation of gel.
Hereafter, the obtained mixture material was dried at 120°
C for 10 h. Finally, in order to obtaining SiC-supported
magnesium ferrite (MgFe,04-SiC), the dried sample was
calcined at 800°C for 2 h in N, atmosphere.

2.3 Specific experimental steps

2.3.1 Adsorption test

The adsorption behavior of the as-prepared catalyst and the
effect of various factors on the adsorption of DB BN were
evaluated by batch adsorption experiments. The solution
containing the targeted pollutant was placed in a conical
flask, and a certain amount of microwave catalyst
MgFe,04-SiC (1.5 g/L) was added. Covering and sealing
with aluminum foil in order to eliminate the effect of
photodegradation. The adsorption experiment was carried
out in an air bath thermostat (Putian, THZ-82, China). The
setting of influencing factors was set according to their
natural concentration range. For DB BN, the initial pH was
about 6.86 and the pH of the solution was adjusted with
dilute hydrochloric acid (1 M) and sodium hydroxide (0.5
M). During the course of the experiment, 3ml of the sample
was taken out at given time intervals. After centrifugation,
the concentration of the supernatant was measured by UV-
vis spectra. The absorption amount of catalyst at
equilibrium was calculated by the following equation:

g ==, n
m
where Cy and Ce are the initial and equilibrium
concentrations (mg/L) of the solution, V is the volume of
the solution (L), m is the mass of the catalyst (g).
The adsorption kinetics parameters were obtained by
fitting the pseudo-first-order kinetics and pseudo-second-
order kinetics. The model equation is as follows:

In(g.—q;) = In q.—kyt, ()
t 1 t
% kgt q.

where ¢, and g, correspond to the adsorption capacity (mg/
g) at equilibrium and the certain time, respectively. While
k, is the pseudo-first-order kinetic constant (min™), &, is
the pseudo-second-order kinetic constant (g/mg/min).
The adsorption isotherm was used to study the
adsorption mechanism of the catalyst during the process
of adsorption by using the Langmuir and Freundlich
models which the model equation are as follows:
T @)
qe dm KLqmce

ge = KpCL", (5)

where K; (L/mg) and ¢, (mg/g) are constants of the
Langmuir Model and the maximum adsorption capacity of
the adsorbent. Where K, ((mg/g) (L/mg)"") and n are
Freundlich constants representing the adsorption capacity
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of the adsorbent and the adsorption affinity of the
adsorbate.

232
ments

Microwave-induced catalytic degradation experi-

In this experiment, the microwave-induced catalytic
degradation of DB BN was executed in a microwave
oven (Huiyan, MGOSS, China) at the microwave fre-
quency of 2.45 GHz and power of 800 W. In the batch
experiment, 100 mL of the DB BN solution and 0.15 g of
the MgFe,04-SiC were added to a 250 mL flat-bottomed
flask, reacted under microwave action at different reaction
times. After centrifugation, the concentration of the
solution was measured. The microwave-induced catalytic
degradation efficiency was calculated by the formula:

Removal(%) = (1-C,/Cy) x 100%, (6)

where C, is the initial concentration of DB BN, and C; is
the instant concentration at the time of reaction t.

2.4  Analytical methods

2.4.1 Analysis of GC-MS

The products with small molecules in the degradation
process of DB BN were determined by the GC-MS
equipped with a TG-5SILMS column (30 m x 0.25 mm X
0.25 xm). The reaction solution (20 mL) was centrifuged
and filtered through a 0.22 pum film, and then extracted
three times with 15 mL of dichloromethane. After
dehydrated with anhydrous sodium sulfate, the obtained
organic phase was dried under flowing nitrogen. Subse-
quently, the sample with TMS derivatization was carried
out at 50°C for 1 h with adding 0.2 mL of bis
(trimethylsily) trifluoroacetamide (BSTFA). The particular
temperature program of the GC-MS was shown as follows:
the initial temperature of GC was 40°C for 10 min, and
then raised to 100°C at a rate of 12°C/min, following that
the temperature raised to 200°C at a rate of 5°C/min,
finally the temperature attained to 280°C at 20°C/min and
held for 5 min. The carrier gas with high purity helium at
the flow rate of 1.0 mL/min was used. EI source was
utilized and the election energy was 70 eV, the temperature
of ion source was set to 280°C. The tested compounds
could be analyzed according to the NIST library.

2.4.2  Analysis of LC-MS

The degradation intermediate products of DB BN were
determine and analyzed by the LC-HRMS equipped with
Agilent Plus C18 column (3.5 pm, 2.1 mm x 100 mm).
Before analysis, the samples treated by the solid phase
extraction and rotary evaporation. The mobile phase was a

2% formic acid solution (A) and methanol (B). The
detailed gradient was set as follows: t=0min, A : B=9:1
(VIV),t=5min, A : B=1: I(V/V); t=15min, A : B=
9 : 1(V/V). The duration of the whole process lasted for
25 min. The mass range was set from 100 to 1000 with the
utilization of ESI source, and the injection amount was
10 pL.

3 Results and discussion
3.1 Adsorption kinetics

Figure 1 describes the adsorption kinetics of DB BN on
MgFe,04-SiC and commercial-AC, where Fig. 1(a) shows
the adsorption kinetics with different initial concentrations
of DB BN, and Fig. 1(b) depicts the similar adsorption
kinetics under different temperatures. In Fig. 1(a), the
adsorption capacity of MgFe,04-SiC increased rapidly
with extension of the adsorption time: it has been clearly
seen that the adsorption rate was very fast within 40 min,
but when the adsorption time was more than 40 min, the
adsorption rate decreased obviously; After the adsorption
reaction was carried out for 120 min, the adsorption
equilibrium was achieved. Generally, when the adsorption
had just begun, more adsorption sites were on the surface
of MgFe,0,4-SiC, and the concentration of DB BN was
relatively high, these situations were conducive to the
occurrence of adsorption; and as the adsorption time went
on, effective adsorption sites decreased which caused the
adsorption rate reduced; gradually, the dynamic adsorption
equilibrium had been achieved. Thus, it could be
concluded that the adsorption amount of DB BN on
MgFe,04-SiC was influenced by the concentration of the
solution. Besides, the compared experiment had been
executed, which showed that the as-prepared MgFe,O,4-
SiC has better adsorption behavior than the commercial-
AC. The same phenomenon was also found evidently in
Fig. 1(b). Temperature was an important factor affecting
the activity of adsorbent in the adsorption process. As
shown in Fig. 1(b), the adsorption capacity of the
microwave catalyst MgFe,04-SiC enhanced slightly
with the increase of temperature, indicating that the effect
of temperature on the adsorption of the catalyst is less and
it was not the decisive factor affecting the adsorption
behavior. It was obviously concluded that the concentra-
tion and temperature have effect on the adsorption kinetics
process and the adsorption capacity. The results are shown
in Table 1 using the pseudo-first-order kinetics and
the pseudo-second-order kinetics models. It can be
investigated from the table that the absorption process of
DB BN on MgFe,04-SiC were more fit with pseudo-
second-order kinetics equation which can be utilized to
estimate the adsorption amount of adsorbent under
different conditions.
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Fig. 1 (a) The adsorption kinetics of MgFe,04-SiC and commercial-AC with different initial concentrations of DB BN (adsorbent dosage =
1.5 g/L, T=298K) and (b) the adsorption kinetics of microwave catalyst MgFe,O,4-SiC under different temperatures of the system

Table 1 Parameters of adsorption kinetic models of DB BN onto MgFe,04-SiC samples

Adsorption condition Pseudo-first-order equation

Pseudo-second-order equation

ky (min ") q. (mg/g) R k5 (g/mg/min) q. (mg/g) R

Initial concentration (mg/L)

10 0.14948 4.03663 0.9035 0.002295012 426157 0.8822
20 0.10038 12.2962 0.9643 0.037969 13.5094 0.9870
40 0.08822 14.08029 0.9120 0.051627 15.41989 0.9628
60 0.06549 18.173 0.9802 0.077939 20.1889 0.9644
80 0.05067 25.67526 0.9662 0.16686361 29.07415 0.9941
Temperature (K)

288 0.10873 7.1567 0.9677 82.38985 7.81218 0.9841
298 0.06472 7.06067 0.8961 46.23871 7.83924 0.9523
308 0.09652 8.67823 0.9539 129.86861 9.51966 0.9837

3.2 Effect of pH on the adsorption capacity of MgFe,Oy4-
SiC

This study was not only discussing the effect of concentra-
tion and temperature on the adsorption activity of MgFe,Oy4-
SiC, but also taking pH as an influence factor of adsorption
process into consideration [30]. It is well documented that
pH is an important factor affecting the surface charge of the
adsorbent, and it also has a certain influence on the
ionization degree of the dye ion itself [31]. In addition, the
competition of the active site of the adsorbent between
hydrogen ions and adsorbed ions is also directly related to
pH [32,33]. Figure 2(a) depicts the adsorption kinetics of
MgFe,04-SiC with different initial pH of DB BN, which
shows from the figure that the adsorption process of DB BN
on MgFe,0,4-SiC were also fit with pseudo-second-order
kinetics equation with different pH. As can be seen from

Fig. 2(b), the acidic conditions favored the adsorption of DB
BN. It is well-known that when the pH of the solution is
below the isoelectric point of the catalyst, the surface of the
catalyst is positively charged. Since the isoelectric point of
MgFe,04-SiC was located near the pH value of 3.6 [29],
and for the anionic dyes with pH <3, the surface of
MgFe,04-SiC was positively charge. Thus, the dye
molecules were more easily adsorbed on the surface of the
material by improving electrostatic gravity, enhancing the
removal efficiency of DB BN at this pH range. However,
with the alkaline of the solution increased, the material
appeared slight negative charge and mildly excluded
pollutants via the electrostatic repulsion. Besides, Gao et
al. [29] also revealed that MgFe,O,4-SiC has the same good
adsorption performance as its microwave-induced catalytic
one over a wide pH range, so the initial pH of the degraded
solution was not regulated.
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Fig. 2 (a) The adsorption kinetics of microwave catalyst MgFe,04-SiC under different initial pH of DB BN; (b) Effect of pH on the
adsorption capacity of microwave catalyst MgFe,04-SiC for the removal of DB BN

3.3  Determination of adsorption thermodynamic para-
meters

The adsorption isotherms were fit with using the Langmuir
and Freundlich models and the related parameters are
shown in Fig. 3. On the one hand, based on the linear
regression coefficient values (R? is greater than 0.99), it
could be observed that the Langmuir adsorption model of
DB BN onto the surface of MgFe,0,4-SiC gave a better
fitting than the Freundlich one. On the other hand, the
obtained results from the Langmuir model indicated that
the adsorption of single layer was more dominant than that
of multi-layer in the adsorption process.

3.4 Microwave-induced catalytic degradation of DB BN

To study the microwave-induced catalytic activity of
MgFe,04-SiC, the degradation of DB BN with different
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concentrations were studied. As can be depicted in Fig. 4,
it indicated that different concentrations of DB BN had a
certain degree of degradation within 5 min. Previous
studies have shown that DB BN can hardly be degraded
under the microwave irradiation alone [29], manifesting
that the interaction between the microwave and the catalyst
produced a high effect on the degradation of DB BN. On
the basis of the results, the DB BN removal efficiency
decreased with the increase of initial concentration under
microwave-induced catalytic degradation, which was
attributed to the restricted active groups. When the specific
amount of catalyst was used in the experiment, the number
of active groups produced in the reaction system was also
tangible. At the lower concentration, the ratio of active
groups to DB BN was larger, increasing the chance of DB
BN contact with active groups, thus enhancing the
catalytic activity. However, when the concentration of
target pollutant increased, the decomposition of the
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Adsorption isotherms of DB BN onto microwave catalyst MgFe,0,4-SiC fitting with (a) Langmuir model; (b) Freundlich model
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Fig. 4 Microwave-induced catalytic degradation of DB BN with
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intermediate products could also increase. These inter-
mediates also reacted with free radicals and consumed a lot
of free radicals, thus for the decrease of the degradation
efficiency of DB BN. In addition, the further exploration
about the degradation efficiency on the different kinds of
azo dyes in the same the microwave-induced catalytic
system had also been investigated (Fig. 5). As can be seen
from Fig. 5, three azo dyes were obviously microwave-
induced catalytic degraded within 5 min with the presence
of MgFe,0,4-SiC. The existing studies also manifested that
the microwave-induced catalytic system has excellent
degradation on reactive red X-3B and active yellow 2 [29].
Therefore, this microwave-induced catalytic system has a
wide range of applicability to the removal of dye
molecules, and it is expected to be applied to the treatment
of dye wastewater.
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Fig. 5 The degradation of different kinds of azo dyes with
MgFe,04-SiC under the same microwave-induced catalytic
degradation system

3.5  Effect of adsorption on microwave-induced catalytic
system

To further investigate the effect of the adsorption behavior
of MgFe,0,4-SiC on microwave-induced catalytic degra-
dation process, two situations of the degradation of DB BN
with different concentrations under the same microwave-
induced catalytic system had been compared: one was
microwave-induced catalytic degradation (Fig. 6(a)) with-
out pre-adsorption, and the other was the same degradation
after the adsorption equilibrium achieved (Fig. 6(b)). In
Fig. 6(b), while five different concentrations of DB BN
were tested (20 mg/L, 40 mg/L, 60 mg/L, 80 mg/L, and
120 mg/L) and the microwave-induced catalytic degrada-
tion efficiencies were 95%, 88%, 69%, 74% and 68%, the
low concentration of DB BN can be completely degraded
by the direct microwave-induced catalytic system during
the certain time (Fig. 6(a)). In addition, it could be
concluded that the degradation rate of DB BN decreased
over ten percent after the adsorption equilibrium had been
attained. The consequences showed that the direct
microwave-induced catalytic degradation system is more
favorable for the removal of pollutants. Similar phenom-
enon happened on the degradation of DB BN on the
commercial-AC, there also was the inhibiting effect on the
microwave-induced catalytic degradation after the adsorp-
tion equilibrium attained. It depicted that the commercial-
AC has microwave-induced catalytic activity on the
degradation of DB BN which could be attributed to the
efficient microwave absorption ability [32,34,35], but it
has been faced the poor application especially on the
continuous-mode wastewater treatment process for the
nonselective adsorption, slow adsorption kinetics and
difficult regeneration [23], which the using of MgFe,04-
SiC could make up for these defects [29]. This may be due
to the fact that the catalyst surface adsorbed too much
pollutant molecules after the adsorption equilibrium has
been reached, which affected the formation of hot spots on
the surface of catalyst under microwave irradiation, thus
the desorption rate exceeded the formation rate of hot spots
to degrade the DB BN, resulting in the suppression of the
microwave-induced catalytic degradation process.

3.6 Analysis of degradation products and pathway of DB
BN

Under the microwave irradiation, SiC which is known as
the typical dielectric can strongly absorb microwave
energies. Subsequently, these energies could be quickly
transferred to the MgFe,O, particles causing the tempera-
ture increase of the catalyst surface. In consequence, lots of
hot spots were generated on its surface company with the
temperature increasing, and the electron hole pairs of
MgFe,04-SiC were segregated. Hence, the generated
electrons and holes can react with O, and H,O in this
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Fig. 6 The pure microwave-induced catalytic degradation of MgFe,0,4-SiC and commercial-AC of DB BN (a) without adsorption and

(b) after the finished adsorption equilibrium

system to form active species (such as -OH), which and LC-MS analysis (Table 2), as shown in Fig. 7.

participated in the degradation of DB BN.

Compared with the naphthalene and the benzene ring, the

The microwave-induced catalytic degradation pathway  azo bond (-N = N-) and its adjacent carbon atom in the DB
of'the DB BN can be deduced from the analysis of GC-MS BN molecule were first broken for the required lower

Table 2 Degraded compounds identified by GC-MS and LC-MS

Compounds Retention time (min) Chemical structure Molecular formula m/z
1 7.41 /\T)\’/ CsH,50 130.23
OH
2 9.36 / C;H30,N 143.21
o
3 10.47 CeH 6Ny 116.23
P N
NH, OH
4 13.22 /\/WA/}\ CiiHay 156.36
5 15.66 ‘/< CiHio 211.41
6 11.11

C1,HoN 169.15
NH,
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(Continued)
Compounds Retention time (min) Chemical structure Molecular formula m/z
7 11.84 OH Ci,H NO3 217.10
HO
OH
HO
8 12.27 HO,S OH C10HoNO4S 271.11
l[Oj ' '
OH NH,
9 12.85 C16H14N30 262.23
N
=
N OH
NH,
10 13.05 NH, O CgHgN,O,4 196.18
H,N
OH
OH
11 14.31 CgHgN,OgS 292.26
HO,S
OH
NH, O
12 15.43 . . C3H4N4O, 318.30
ONO!
13 15.48 . . CgH14N,O 274.27
14 16.04 CeH4N,O4 168.07
()2N NO,
15 16.70 I ! : SO;H C10HgN,,0O5S 297.21
16 17.88 : //N—COOII C,HgN,O, 150.02
N
17 19.13 C16H 3N30, 279.15
Nx
N OH

OH  NH,
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Fig. 7 Possible degradation pathways of DB BN in microwave-induced catalytic system
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energy under the action of -OH, and then two monoazo
compounds were formed. Wherein the azo bond of one
compound was attached to the biphenyl which was
substituted with amino groups, and that of the other
compound was attached to the naphthalene ring with
multiple functional groups. The former carried on a series
of hydroxyl substitution reactions in the presence of -OH
in the system, wherein the compound 17 was a product
formed by the desorbate reaction, the compound 9 was
then obtained in the dehydroxy group reaction and the
compound 16 was the substance formed by the removal of
the benzene ring from the compound 9. Obviously, the
molecular weight of the products produced throughout the
reaction was gradually decreasing. In addition to the
degradation pathway described above, on the one hand, the
compound linked to the naphthalene ring generated 3,4-
dinitronaphthalene-2-sulfonic acid (compound 15) by a
series of azo bond breakage, disulfonic acid groups,
dehydroxy groups and nitration reactions. On the other
hand, based on the breakage of the azo bond, the
compound could be degraded by the deionisation and
hydroxyl substitution reaction to generate the compound 8.
Besides, 3,4-diaminobenzene-1,2-dicarboxylic acid (com-
pound 10) and 3,4-diamino-6-hydroxy-5-benzenesulfono-
1,2-dicarboxylic acid (compound 11) obtained under the
occurrence of hydroxyl addition, ring-opening reactions
and desorbate reaction. Another compound underwent a
series of decomposition under the action of hydroxyl
groups. Other compound, which was attached to the
naphthalene ring with multiple functional groups, under-
went a series of decomposition under the presence of - OH.
It was degraded by deamination and nitration reaction to
generate the compound 12, and then the compound 13
could be formed by the denitrification and hydroxyl
substitution reaction. Subsequently, the azo bond broke,
and the resulting 4-aminobiphenyl (compound 6) was
further reacted with -OH to form the compound 7 which
contains three hydroxyl groups and was easily replaced by
methyl to produce some small molecules. In addition to the
degradation pathway described above, the azo bonds in the
compound 12 were broken and P-dinitrobenzene (com-
pound 14) was obtained by deamination and nitration
reactions. These products underwent ring-opening reac-
tions and were progressively decomposed to produce small
molecular substances such as 3,4-dimethyl-2-hexanol
(compound 1), (2S)-1,1-dimethylpyrrolidine- 2-formic
acid (compound 2), 1-ethyl-1-isobutylhydrazine (com-
pound 3) and 2,5-dimethylnonane (compound 4) which
were measured by GC-MS. From the above series of
reactions, it can be seen that with the presence of - OH, the
macromolecules of DB BN gradually underwent the
breakage of azo bond, hydroxyl substitution reaction,
hydroxyl addition reaction, nitration reaction, deamination
reaction, desorbate reaction, dehydroxy group reaction and
ring-opening reaction, and the DB BN molecule was
gradually broken down into some small molecules and

finally mineralized to CO,, H,O and other innocuous
molecules with low molecular mass.

4 Conclusions

In this study, the adsorption and microwave-induced
catalytic degradation behaviors of DB BN onto
MgFe,04-SiC were investigated. The results showed that
the catalyst MgFe,04-SiC has excellent adsorption effect
at initial pH range from 3 to 7. Besides, the adsorption
isotherm was in line with Langmuir model, which showed
that this was the single layer adsorption process and
conformed to the pseudo-second-order dynamics model.
Furthermore, two situations of the degradation of DB BN
with different concentrations under the same microwave-
induced catalytic system had been compared: one was
microwave-induced degradation without pre-adsorption
equilibrium, and the other was the same degradation after
the adsorption equilibrium had been achieved, which
indicated that the degradation rate of DB BN decreased
over ten percent after the adsorption equilibrium had been
attained, and the results from the result of comparative
experiments manifested that the adsorption process was
not conducive to the process of microwave-induced
catalytic degradation. In addition, the microwave-induced
catalytic system had good degradation effect on different
kinds of azo dyes, and the degradation products of DB BN
had been analyzed by GC-MS and LC-MS. Combined
with the catalytic mechanism of MgFe,04-SiC, the
breakage of azo bond, hydroxyl substitution, hydroxyl
addition, nitration reaction, deamination reaction, deso-
rbate reaction, dehydroxy group reaction and ring-opening
reaction were described to be the degradation pathway of
DB BN in this microwave-induced catalytic system.
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