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This study reports the synthesis of a SiC-MCM41 composite catalyst by a microwave-assisted hydrothermal

process and the composite catalyst had the characteristics of MCM41 and SiC, and the surface of SiC grew

evenly with a layer of MCM41 after characterization of the catalysts by various means (X-ray diffraction,

Brunauer–Emmett–Teller, scanning electron microscopy). The catalyst was applied in the pyrolysis of

waste oil to investigate how it influences the bio-oil component proportion compared with no catalyst,

only SiC, only MCM41 catalysis and the catalytic effect was also investigated at different temperatures and

different catalyst to feed ratios. In a downdraft system with a pyrolysis temperature of 550 �C, a catalyst to

feed ratio of 1 : 2, and a catalytic temperature of 400 �C, 32.43% C5–C12 hydrocarbons and 41.10% mono-

aromatics were obtained. The composite catalyst combined the catalytic effect of SiC and MCM41 because

it increased the amount of C5–C12 hydrocarbons and decreased the amount of oxygen-containing

compounds in bio-oil. After repeated uses, the composite catalyst still retained the catalytic properties.
1. Introduction

Owing to the potential problems of waste oil treatment, such as
hazards to the human health and the environment, research on
the conversion of waste oil into biodiesel has developed rapidly
in recent years.1 As environmental awareness increases and
petroleum reserves decrease, biodiesel as an alternative
resource to alleviate the problem of resource shortage has
promising prospects.2 Waste oil can be exploited for making
diesel fuel and be used as a possible candidate for the precursor
of biodiesel.3,4

Methods like pyrolysis, gasication, hydrocracking reactions
and catalytic cracking can convert vegetable oil into biofuels.5 In
recent years, fast pyrolysis has been combined with microwave
irradiation which could reduce the energy usage, heat loss and
the production cost.6–9 Also, microwave pyrolysis could avoid
the undesired second cracking during the long reaction time in
conventional pyrolysis.10 However, the limited use of the
microwave pyrolysis of biomass is owing to the liquid product's
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low quality such as low heating value, high acidity, thermal
instability.11 When microwave pyrolysis combines with catalyst,
the additional upgrading process can overcome these problems.
At the same time, different catalyst presence different selectivity
which can varies the composition of the product.5 Scientic
literatures have been reported that the mesoporous molecular
sieves (MCM41) possess a large surface areas and uniform
hexagonal channel arrangement which can provide more
accessible reaction sites in contrast with microporous molec-
ular zeolites (HZSM-5).12,13 Researchers found that the MCM41
which is the mesoporous catalyst with relatively large pores and
mild acidity can crack the large oxygenated compounds into
small molecules.14,15

In this study, a composite catalyst of the MCM41 coating on
the SiC foam ceramics (SiC) is developed to applied in the
microwave-assisted pyrolysis. Owing to silicon carbide's stable
tetrahedral structure constructed by carbon and silicon atom, it
is not easy to load metal active components, the development of
serving silicon carbide as catalyst and catalyst support was
limited. Aer studying the zeolite membrane's characteristic
and new processes of preparing porous SiC, an attractive
method was put forward – forming the mesoporous molecular
sieve on the surface of the porous SiC support – this composite
catalyst contains both the catalysis, adsorption, selection of 1
the molecular sieve and the chemical stability, good thermal
conductivity, high mechanical strength of the silicon
carbide.16–18 In our previous study, the SiC performed the
function of promoting the yield of aromatics in bio-oil.19 Both
RSC Adv., 2019, 9, 19729–19739 | 19729
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SiC and MCM41 decreased the yield of the pyrolysis oil and
increased the gas product.20 Combining these two kinds of
catalysts, how the composite catalyst will affect the product
distribution and the composition of liquid product is worth to
investigate.

The objectives of this paper were to synthesis the SiC-
MCM41 composite catalyst and investigate the effect of the
catalyst on the product distribution and the composition of
liquid product during the microwave pyrolysis. The composite
catalyst SiC-MCM41 was characterized by X-ray diffraction
(XRD), Brunauer–Emmett–Teller (BET), scanning electron
microscopy (SEM) technologies. The inuence of the type of
catalyst, the catalytic temperature and the ratio of catalyst to
feed on the mass yield and the characteristics of pyrolysis oil
were investigated. The chromatography-mass spectrometry (GC-
MS) and Fourier-transform infrared (FTIR) spectroscopy were
used to determine the chemical composition and the functional
group changes of the pyrolysis oil. The variation of the yield and
the chemical composition of the pyrolysis oil would be
compared to exam the stability of the catalyst aer repeated use.

2. Material and methods
2.1. Material

The Sapium sebiferum kernel oil, which was used as the raw
material of the pyrolysis, was obtained from Jiujiang, Jiangxi in
China. The elemental composition of the Sapium sebiferum
kernel oil was determined as follows: 43.02% C, 5.34% H,
2.56% N, and 44.83% O. The fatty acids composition of the
material is listed in Table 1. The SiC foam ceramics were
purchased from Yi Fang Co., Ltd (Laiwu, China). The foam
ceramics were cut into small pieces of an average size (10 mm �
10 mm � 10 mm) in order to t into the quartz catalytic reactor.
They are used as base material for the composite catalyst. The
microwave absorbent silicon carbide particles with a diameter of
5 mm were purchased from the Yike Co., Ltd (Shenzhen, China).

2.2. Catalyst

2.2.1 Catalyst preparation. The MCM41 was coated on the
surface of silicon carbide by microwave hydrothermal synthesis.
The synthesis of composite catalysis combines the synthesis steps
of Men et al.21 and microwave conditions of Krittanun et al.22

First, the SiC foam ceramics was calcined in the muffle
furnace in 550 �C calcination for 4 h to form a densied
membrane on the surface.

According to the mole ratio of 1 tetraethylorthosilicate (TEOS,
28%, Damao Chemical reagent plant)/0.2 hexadecyl trimethyl
Table 1 Relative proportion (area%) of the main components in the
tallow kernel oil

Name
Molecular
formula Area%

Linoleic C18H32O2 34.26
Oleic C18H34O2 25.25
Palmitic C16H32O2 23.91
Linolenic C18H30O2 16.67

19730 | RSC Adv., 2019, 9, 19729–19739
ammoniumbromide (CTMAB, 99%, Aladdin)/160 deionizedwater,
a precursor gel was prepared. The above mentioned amount of
hexadecyl trimethyl ammonium bromide is dissolved in water,
then the tetraethylorthosilicate solution slowly drip into the hex-
adecyl trimethyl ammoniumbromide in aqueous solution, stirring
for 5 minutes to mixing well. Using sodium hydroxide solution
(0.5 mol L�1) to adjust pH to 10, stirring until white precipitation
appeared, the crystallization period took about 15 min.

The calcined SiC foam ceramics and precursor gels are
mixed at 1 : 1 by mass fraction, the mixture was transferred into
the Teon reaction kettle and closed, the Microwave MDS-6G
(SINEO) reactor rst heated with a heating rate of 5 �C min�1

and then kept the temperature of 100 �C for 90 minutes. The
microwave synthesizer has a frequency of 2450 MHz and an
output power of 1800 W.

Aer the synthesis reaction, the composite catalysts were
cooled at room temperature, ltered, washed to neutral with
distilled water, and placed in the oven in 120 �C for 12 h to dry
volatile matter. Aer drying, unburned samples was calcined in
the muffle furnace 550 �C for 6 h. During calcinations, meso-
porous material undergoes further condensation, CTAB and
polymer are removed. The same procedure was applied to
synthesis MCM41 except the addition of SiC to investigate the
catalysis of the MCM41. In order to distinguish between
composite catalysts and physically mixed catalysts, SiC-MCM41 is
used to represent composite catalysts and SiC/MCM41 is used to
represent physically mixed catalysts. The loading rate determined
themixing weight ofMCM41 and SiC for physical mixed catalysts.

2.2.2 Catalyst characterization. The load rate of the
MCM41 zeolites on the surface of SiC foam ceramics is quality
difference before and aer loading MCM41 on silicon carbide
divided by silicon carbide.

XRD measurements were performed by a multi-function X-
ray diffractometer (BEDE/D1) in the range of 2q from 1� to 80�

with a scanning step of 5� min�1 which was used to measure the
characteristic peaks of different catalysts and physical phase
retrieval of composite catalyst. The BET were acquired using
BK132F to obtain the specic surface area, pore volume and
pore diameter of different catalysts. The SEM images were
collected on JSM-6701F (JEOL) and the microstructure like
morphology and the surface structure of the SiC and the
composite catalyst can be observed. Due to the unconductivity
of silicon carbide, the catalyst was pretreated with gold coating.
For the better observing of the surface morphology of catalysts,
we chose the magnication factor of 35, 500, 5000, 10 000.
2.3. Experiment procedure

The microwave-assisted pyrolysis was carried on a microwave
oven (MAX, CEM Corporation) with a frequency of 2450 MHz and
power input of 600W. Fig. 1 shows the external catalytic pyrolysis
system. The experimental device is the same as the one in the
paper we published recently.19 The heated part is made of quartz
material, which can resist the high temperature that pyrolysis
required. For each run, approximately 500 g silicon carbide
particles were used as the microwave absorbent to achieve rapid
heating. Before reaction, the system was replenished with
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic diagram of external catalytic pyrolysis. The system is composed of: (1) nitrogen gas; (2) feed inlet; (3) microwave device; (4)
quartz reactor; (5) microwave absorbent (SiC) bed; (6) electric heating jacket; (7) quartz connector; (8) U-type glass connection pipe; (9)
condensate bottle; (10) tap water of 2 �C; (11) condenser-west tube; (12) passing into water.
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nitrogen gas at a ow rate of 0.8 l min�1 for 5 min to maintain
a stable reaction atmosphere. The oil (10 g Chinese Sapium
sebiferum kernel oil) with a feed rate of 1 ml min�1 was dripped
into the downdra system when the SiC bed and the external
heating sleeve both reached the set temperature. The cracking
reaction lasted 30 minutes, during the process, the microwave
oven was turned on and off to keep a relatively stable temperature
(vary at around�5 �C). When the pyrolysis nished, the nitrogen
gas was passed through again with the same ow rate to expel the
remaining gas in the quartz bottle. In order to ensure the accu-
racy of the experiment, each experiment would be repeated three
times. The condensable component (bio-oil) was collected in the
U-type vessel which was in 0 �C ice bath. The quantity of solid
residues (char) was the weight change of the downdra quartz
bottle before and aer the reaction, it wasmeasured by electronic
scale. The weight of coke was obtained by analytical balance
according to the weight difference between the fresh and used
catalyst. The yields of aforementioned three components were
calculated based on their actual weight, and the gas yield was
calculated by mass balance.
2.4. Characterization of bio-oil

The chemical composition of the bio-oil was determined by GC-
MS (Agilent 7890-5975C) technologies. The model of the column,
the temperature programming and other conguration settings
of the procedure was the same as the report we published.23 The
changes in the functional groups of bio-oil under different
conditions were characterized by the FTIR. The FTIR spectra were
performed by Nicolet iS5 with a scanning frequency of 32 scans
and wave number range of 400–4000 cm�1.
3. Results and discussion
3.1. Catalyst characterization

Aer microwave assisted hydrothermal synthesis, a white
powder coating can be seen on the surface of SiC foam ceramics
and the nal loading of the MCM41 zeolites was 21.4 wt%.
This journal is © The Royal Society of Chemistry 2019
XRD patterns of three different catalysts were shown in
Fig. 2. From the picture, when 2q is larger than 10�, almost no
peaks were observed in MCM41, however, there are more than
four diffraction peaks (1.92�, 3.78�, 4.17�, 5.97�, 6.42�) in the
small angle area, which are agree with the characteristic of
MCM41.24,25 The XRD pattern of the SiC exhibits the charac-
teristic peaks at 35.6�, 60.0� and 71.7� which were also found in
SiC-MCM41. Also, the peaks (4.17�, 5.97�, 6.42�) were found in
the small angle area of the SiC-MCM41 which indicates the
composite catalyst compounded well.

SEM shows the surface morphology of the SiC and the
composite catalyst. From the Fig. 3 and 4, it can be observed
that the surface of silicon carbide appeared regular pattern at
10 000 times magnication while the surface of the composite
catalyst was covered with massive MCM41. As the magnication
decreased, the surface of silicon carbide gradually became
smooth which was different with the composite catalyst. The
composite catalyst can clearly observe the massive MCM41 at
the 35 times magnication.

Table 2 shows the specic surface area, pore volume and
pore diameter of different catalysts obtained by BET experi-
ment. From the table, we can conclude that the pore diameter of
MCM41 (3.777 nm) meets the mesoporous material standard
that its pore diameter was between 2 and 50 nm. The pore
volume of the composite catalyst was similar to that of MCM41,
both of which were around 0.2 cm3 g�1 while the pore diameter
was closer to the SiC (34.452). The specic surface area of
MCM41, SiC and SiC-MCM41 were 290.760, 2.250 and 17.623,
respectively. These results showed that the composite catalyst
was well developed and contained the properties of two
catalysts.
3.2. Analysis of pyrolysis product yield

To compare different catalysts' product selection, three kinds of
catalyst were performed in the downdra reaction system. The
catalytic temperature was held at 400 �C for both kinds of
catalyst while the pyrolysis temperature was 550 �C to ensure
the full cracking of Sapium sebiferum kernel oil and the catalyst
RSC Adv., 2019, 9, 19729–19739 | 19731
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Fig. 2 XRD patterns of three different catalysts.
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to feedstock ratio was 2 : 1. The effects of using different cata-
lysts on product yield were presented in Fig. 5(a). As shown in
Fig. 5(a), the addition of catalyst in the pyrolysis period
decreased the bio-oil production and increased the gas
production at a variable extent. Yu et al.25 has demonstrated that
the mesoporous materials could promote the formation of gas
and decreased the yield of liquid and char. Compared with no-
catalyst, the production of bio-oil decreased from 79.31% to
Fig. 3 SEM micrographs of SiC.

19732 | RSC Adv., 2019, 9, 19729–19739
63.99% while the production of gas increased from 17.13% to
30.44%, and the production of coke and tar increased slightly.
The SiC catalyst and composite catalyst also showed similar
catalytic results, but the catalytic decomposition was not as
obvious as MCM41. This phenomenon appeared mainly due to
more condensable oil vapors were converted into non-
condensable gases under the catalysis of MCM41, more active
substances were changed into hydrocarbons and carbon oxides
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 SEM micrographs of regenerated SiC-MCM41 foam composite.
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which matches with the ndings before.26,27 The yield of bio-oil,
char, coke, gas under the catalysis of SiC were 71.5%, 3.71%,
0.76% and 24.03% respectively. In addition, Yu et al. have
illuminated that the SiC catalysis could change the product
composition by secondary cleavage in external heating jacket.19

Compared with non-catalyzed production of bio-oil, the bio-oil
yield of SiC-MCM41 catalyzed decreased by 4.52% and the gas
yield increased by 3.31%. Notably, there was no synergistic
effect on the product yield under the catalysis of composite
catalyst. However, the high yield of bio-oil under composite
catalysis is satisfactory. The yield of bio-oil, char, coke, gas
under the catalysis of SiC/MCM41 were 73.4%, 3.71%, 0.87%
and 21.6% respectively. The product distribution of the mixed
catalysts was quiet similar to that of SiC-MCM41.

To explore the effect of catalytic temperature on the SiC-
MCM41 composite catalyst's effect, the catalyst to feedstock
ratio was set as 2 : 1. Product distribution under different
catalytic temperature (300 �C, 350 �C, 400 �C, 450 �C, and 500
�C) is illustrated in Fig. 5(b). The bio-oil production uctuates
between 70 and 80%, which is similar to the result of Xu et al.28

With the further increasing of the catalytic temperature, the bio-
Table 2 Physical parameters of the three catalysts by BET

Catalysts
Specic surface
area (m2 g�1)

Pore volume
(cm3 g�1)

Pore diameter
(nm)

MCM41 290.760 0.241 3.777
SiC 2.250 0.028 34.089
SiC-MCM41 17.623 0.206 34.452

This journal is © The Royal Society of Chemistry 2019
oil yield decreased from 76.28% to 69.25% and the gas yield
increased from 17.52% to 25.98%. This phenomenon appeared
because the increasing of the secondary cracking which facili-
tate the conversion from pyrolysis oil into incoagulable gas.29

The coke reduced from 2.27% to 1.18%. According to the report
of Duan et al.,30 higher catalytic temperatures promote the
decomposition of the long chain hydrocarbons and phenolic
compounds, thus the number of the large molecules decreased
and the light compound formed. In addition, the yield of char
uctuated but remained relatively stable. This result is consis-
tent with the study reported by Fan et al.31 It explained the
phenomenon that the char yield mainly was affected by the
pyrolysis temperature but not catalytic temperature.

Effects of various catalyst to feed ratios (2 : 1, 3 : 2, 1 : 1, 2 : 3,
1 : 2) on the product distribution were investigated. Catalytic
temperatures were kept at 400 �C. It can be observed that the
char yield rst gradually increased and reached its maximum
5.41% at the ratio of 1 : 1, because the pyrolysis vapors passed
through the pores of catalyst particles and the carbonization
reactions taken place.32 By further observation, the bio-oil yield
reduced (from 74.79% to 61.15%) and the gas yield increased
(from 19.44% to 32.208%) with the increasing of the catalyst
ratio, this phenomenon occurred because more catalyst aided
the bio-oil cracking into gaseous compounds thus caused vari-
ation trend.30 During the ex situ pyrolysis process, a small
amount of the coke (3.51–0.96%) was obtained. With the
decreasing of the catalyst to feedstock ratio, formation of the
coke was hindered, because higher catalyst to feedstock ratio
provided more locations for pyrolysis vapors to deposit on the
catalyst.33
RSC Adv., 2019, 9, 19729–19739 | 19733
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Fig. 5 (a) Product yields under different catalysis; (b) product yields
with SiC-MCM41 under different catalytic temperature (c) product
yields with SiC-MCM41 under different catalyst to feedstock ratio.
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3.3. Analysis of bio-oil characteristics

Generally, the liquid product obtained from pyrolysis contains
mainly aliphatic hydrocarbons, aromatics and oxygen-
containing substances. The aliphatic hydrocarbons are classi-
ed into gasoline fraction (C5–C12 hydrocarbons) and diesel
fraction (C12+ hydrocarbons) while mono-aromatics and poly-
aromatics consist of aromatic hydrocarbons. Fig. 6(a) illus-
trated the inuence of no-catalyst and different catalysts on the
liquid product chemical composition. As depicted in Fig. 6(a),
The contents of C5–C12 hydrocarbons, C12+ hydrocarbons,
19734 | RSC Adv., 2019, 9, 19729–19739
mono-aromatics, poly-aromatics, and oxygen-containing
compounds in bio-oils without catalysts were 15.06%, 10.70%,
49.41%, 5.66% and 19.72%, respectively. The MCM41 repre-
sents the deoxygenation and cracking capacity as the previous
studies mentioned.13,15,20 The C5–C12 hydrocarbons increased to
49.35% while the mono-aromatics, poly-aromatics, and oxygen-
containing compounds decreased to 7.072%, 34.05%, 0.72%
and 8.808%, respectively. Li et al.20 clearly stated that the MCM-
41 have larger pore size, allowing the entrance of large mole-
cules into the pores and converted into small molecules
subsequently. Thus the oxygen-containing compounds and the
long chain hydrocarbons decreased and the C5–C12 hydrocar-
bons increased. Under the catalysis of the SiC, the content of
mono-aromatics were 51.92% and poly-aromatics were 16.984%
which indicated the SiC obviously promote the formation of the
aromatics, the oxygen-containing compounds reduced to
9.79%. At the same time, a slight increase (4.66%) was observed
on the content of C5–C12 hydrocarbons. Further, by the obser-
vation of the variation of the bio-oil component, the composite
catalyst combines the catalytic properties of SiC and MCM41.
The proportion of C5–C12 hydrocarbons and mono-aromatics
were 32.428% and 41.098%, which were between the content
of the bio-oil obtained from these two individual catalysts. The
C12+ hydrocarbons decreased to 4.80% and the oxygen-
containing compounds decreased to 19.24%. The SiC/MCM41
catalytic effect is not as outstanding as that of composite cata-
lysts. Compared with the group catalyzed by SiC-MCM41, the
oxygen-containing compounds and the poly-aromatics
increased by 1.24% and 3.8%, respectively. Both of these two
products were not we desired, the other components were
between the value catalyzed by SiC and MCM41 and that was
what we expected.

The effect of catalytic temperature on the chemical selectivity
was conducted and described in Fig. 6(b). It can be observed
that the C12+ hydrocarbons and mono-aromatics decreased
4.63% and 15.67% respectively while the C5–C12 hydrocarbons
increased from 20.31% to 32.43% when the temperature
increased from 250 �C to 400 �C. This phenomenon happened
mainly due to higher catalytic temperature facilitate the
conversion from long carbon chain substance to gasoline frac-
tion.34 Interestingly, the C5–C12 hydrocarbons decreased
12.06%, the mono-aromatics increased 5.21% and the poly-
aromatics increased 2.37% when the temperature increased
from 400 to 500 �C. With further enhanced catalytic tempera-
ture, the bonds of long-chain hydrocarbons broken and short-
chain hydrocarbons generated such as light olen which are
reactants for the Diels–Alder reaction, thus the aromatics
increased. Fan et al.26 also found that the pyrolysis further
enhanced with the higher catalytic temperature, resulting the
decomposition of the C5–C12 hydrocarbons and the formation
of aromatics, which was different from the result we obtained at
present. This mainly was due to the different selectivity of
different catalyst. At the same time, an increasing catalytic
temperature improved the formation of oxygen-containing
substances, which increased from 11.94 to 21.96%. However,
we choose 400 �C as the optimal temperature because both the
C12+ hydrocarbons and mono-aromatic appeared a turning
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Bio-oil on chemical selectivity under different catalysis; (b) bio-oil on chemical selectivity with SiC-MCM41 under different catalytic
temperature; (c) bio-oil on chemical selectivity with SiC-MCM41 under different catalyst to feedstock ratio.
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point and the highest yield of C5–C12 hydrocarbons was ob-
tained at this condition.

Fig. 6(c) shows the detailed chemical distribution for
aromatic and hydrocarbons obtained from the catalytic pyrol-
ysis at different catalyst to feed ratio. From the picture, when the
This journal is © The Royal Society of Chemistry 2019
catalyst to feed ratio increased from 1 : 2 to 2 : 1, the oxygen-
containing compounds gradually decreased from 19.24% to
10.843%. Conclusion could be drawn that with increasing of the
catalyst ratio, the deoxygenation reaction enhanced during the
pyrolysis. This phenomenon happened because the composite
RSC Adv., 2019, 9, 19729–19739 | 19735
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catalyst conserved the catalysis of MCM41 which is consistent
with the study before.15 The mono-aromatics increased from
41.10% to 55.23% because the Sapium sebiferum kernel oil
contains lots of unsaturated fatty acids which facilitate the
cracking of carbonic chain, cycling reactions, therefore caused
a subsequent aromatization and the increase of aromatics.24

The poly-aromatics increased from 2.98% to 10.31% initially
like the mono-aromatics. However it decreased to 6.46% at the
ratio of 2 : 1 mainly due to the strong ability of cracking carbon
bonds. The C5–C12 hydrocarbons content rst decreased to
20.94% at the ratio of 1 : 1, this mainly because the aromati-
zation was more intense than bond breaking reaction. At the
Fig. 7 (a) FTIR of bio-oil under different catalysis; (b) FTIR of bio-oil
with SiC-MCM41 under different catalytic temperature; (c) FTIR of bio-
oil with SiC-MCM41 under different catalyst to feedstock ratio.

19736 | RSC Adv., 2019, 9, 19729–19739
ratio of 2 : 1, the C5–C12 hydrocarbons have risen to 24.66%.
This reects that the carbon chain rupture enhanced with
increasing catalyst. On the other hand, the C12+ hydrocarbons
rst increased from 4.80% to 7.93%, then deceased to 2.81% at
the catalyst to feed ratio of 2 : 1. Results show that the C12+

hydrocarbons represent the contrary tendency of C5–C12

hydrocarbons which is a side validation of our view.
3.4. FTIR analysis of bio-oil

Fig. 7(a) shows the variation of the functional groups of bio-oil
under different catalytic conditions. From the picture, results
showed that different catalysts reected different selection.
Table 3 shows the functional groups of IR spectrometry of bio-
oil derived from pyrolysis. At 2925 and 2856 cm�1, the peaks
were corresponded to the aliphatic C–H stretching vibration,
the peak strength of the bio-oil catalyzed by the composite
catalyst and mixed catalyst is between the other two catalysts.
Same phenomenon also happened in the peaks at 1460 cm�1

corresponded to aromatic C–C ring stretching. These
phenomena indicated that the compound catalyst and mixed
catalyst neutralized the two kinds of catalytic performance. As
depicted in Fig. 7(b), At the catalytic temperature of 400 �C, it's
pretty obvious that the peaks at 2925 and 2856 cm�1 were larger
than those in the other groups which indicated that higher
proportion hydrocarbons in bio-oil. Thus we choose the 400 �C
as the catalytic temperature. As for Fig. 7(c), though a similar
trend was observed in peaks at 2925 and 2856 cm�1 at the
condition of catalyst to feed ratio 2 : 3, the peaks area at
1710 cm�1 and 1290 cm�1 were larger than other groups which
indicated that there were more oxygen-containing compounds
in bio-oil. Instead, the bio-oil under the catalyst to feed ratio of
1 : 2 showed outstanding advantages in peaks aforementioned.
3.5. Stability of catalyst

The sustainability of catalyst was carried at the condition of the
catalytic temperature 400 �C and the catalyst to feed ratio 1 : 2.
The composite catalyst was used nine times continuously
without baking activation. Fig. 8(a) shows the variation of the
product distribution aer 9 times use. From the picture, it is
obvious that the product distribution is stable aer multiple
uses. The yield of the bio-oil oated between 72% and 75%
while the difference between maximum and minimum gas
production is only 3.53%. The yield of coke and char were
basically stable at 1% and 3.5% respectively. As for the bio-oil
Table 3 Functional groups of IR spectrometry of bio-oil derived from
pyrolysis

Functional group Wave range (cm�1) Wave number (cm�1)

Aliphatic C–H
stretching

3000–2800 2925, 2856

C]O carbonyl group 1850–1660 1710
Aromatic C–C ring
stretching

1600, 1580,
1500, 1450

1460

C–O stretching 1300–1000 1290

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Sustainability of catalyst (a) product yields variationwith SiC-MCM41 after repeated use; (b) bio-oil composition with SiC-MCM41 variation
after repeated use.
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composition, some changes can be observed in the Fig. 8(b). It
is interesting that the oxygen-containing compound decreased
from 20.93% to 9.613% aer 7 times use which conrmed that
the deoxidization performance of catalyst was enhanced. At the
same time, the mono-aromatics and the poly-aromatics both
increased 21.06% and 8.36% respectively while the C5–C12

hydrocarbons deceased from 37.14% to 24.42% aer 7 times
use. We consider that aer several times, the small molecules
blocked theMCM41 pore, but the catalysts were not activated by
torrefaction. However, the extraordinary the thermal stability of
the SiC appeared. The components of bio-oil were increasingly
similar to that under SiC catalysis alone especially the propor-
tion of mono-aromatics. At the ninth use, the catalytic effect
tends to be stable. But it appeared higher C5–C12 hydrocarbons
This journal is © The Royal Society of Chemistry 2019
(24.79%), C12+ hydrocarbons (5.75%) and less polyaromatics
(10.60%) in contrast with the group of only SiC catalyzes.
4. Conclusion

Microwave assisted SiC-MCM41 composite catalyst for hydro-
thermal synthesis was developed in this study. The MCM41
represented the deoxygenation and cracking capacity that the
C5–C12 hydrocarbons increased by 34.29% and the oxygen-
containing compounds decreased by 10.91% in bio-oil. The
composite catalyst combined the catalysis of SiC and MCM41
which increased the C5–C12 hydrocarbons and decreased the
oxygen-containing compound. Results showed that the
composite catalyst combined the catalytic effect of SiC and
RSC Adv., 2019, 9, 19729–19739 | 19737

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02441g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

2:
21

:5
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
MCM41. With the further increasing of the catalytic tempera-
ture, the bio-oil yield decreased from 76.28% to 69.25%. At the
condition of catalytic temperature 400 �C and catalyst to feed
ratio 1 : 2, 32.43% C5–C12 hydrocarbons and 41.10% mono-
aromatics were obtained. The FTIR shows the variation in the
amount of functional groups which is consistent with the
results of GCMS. Furthermore, the sustainability of catalyst
appeared well aer several times use which retained the cata-
lytic property.
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