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Preparation of Carbon-based Magnetic Solid Acid
Catalyst from Various Carbon Sources and
Characterization of its Catalytic Performance

Xuegin Li, 2P Junyou Shi,” Zhiwei Wang,*¢ Xixin Duan,” Gaofeng Chen,* Qian Guan,°
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Four kinds of carbon-based magnetic solid acid catalysts (CBMSACS)
were prepared from rice husk, wood chips, peanut shells, and corn straw.
The structure was investigated via x-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR), elemental Analysis (EA),
scanning/transmission electron microscope (SEM/TEM), and BET
analyses. The catalysts were used to hydrolyze cellulose, and the
hydrolysis efficiencies were determined. The catalysts were all comprised
of a disordered carbon structure with random polycyclic aromatic
hydrocarbons similar to graphite layers. This structure had a large number
of -SOsH groups and the alkyl side chain, which increased the electron
cloud density of the carbon carrier, relative to the other catalysts; this was
advantageous to the adhesion of the -SOsH group to increase the activity
of catalysts. The product also contained a large number of magnetic
particles, making it easy to separate the catalysts from the reaction residue.
The properties of the catalyst derived from corn straw as the carbon
source appeared to be the best. Although it could be further recycled many
times, the catalyst activity decreased due to the loss of -SOsH groups. At
the same time, the catalyst had a high specific surface area of 755 m?/g.
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INTRODUCTION

Biomass resources can be used to prepare carbon-based carriers containing
numerous oxygen and hydrogen functional groups by the method of carbonization and
sulfonation; such carriers can attack the p-1,4 glycosidic bonds to result in lower bond
energy (Sathishkumar et al. 2012). These carbon-based materials of inherent hydrophobic
graphite layer-like structure possess very high catalytic activity in the water phase (White
et al. 2009), but the physical properties of carbon-based catalysts are similar to the
properties of hydrolysis residue produced from hydrolysis of lignocellulosic biomass. Thus,
the carriers are difficult to recover and reuse. However, at present, most of magnetic solid
acid catalysts essentially use magnetic particles as a core (Ke et al. 2013), and most of the
functional groups would be loaded on the surface of the magnetic particle that has been
modified (Chang et al. 2002). This decreases the stability and catalytic activity of the
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catalyst. Thus, using biomass as carbon materials is beneficial, as its simple surface
activation treatment would prepare the carbon-based magnetic solid acid catalysts
(CBMSAC) (Zhang et al. 2015). The simplicity of this method makes it a hot research
topic and cutting-edge technology in the catalyst field. Corn straw has been used as raw
material to optimize the condition of biomass-based solid acid catalyst preparations (Zhang
et al. 2015). However, biomass is comprised of many oxygen-containing functional groups
that would fall off in the form of water during the carbonization process, which will reduce
the carbon carrier yield (Keiluweit et al. 2010). The catalytic activity of catalysts is also
influenced by many factors (e.g., size of magnetic aromatic lamella in catalyst, neat degree
of stability, density of active group, kinds of auxiliary group, and so on) (Yu et al. 2013).
In addition, using different raw materials as carbon sources may lead to structural variation
of the catalyst. Thus, it is necessary to study the CBMSAC prepared with different carbon
sources. China’s huge biomass resources include high contents of corn straw (CS), wood
chips (WC), rice husk (RH), and peanut shells (PS). These raw materials have been
generally burned as fuel, which is a great waste. The quantitative chemical analysis (Table
1) on four kinds of materials has shown that each has advantages in establishing a resource-
efficient economy.

Therefore, this study used four kinds of biomass materials to prepare CBMSACs.
Cellulose was used as a model compound, and the total reducing sugar yield was used as
an indicator to characterize the catalytic activity of these catalysts. The X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FT-IR), elemental analysis (EA),
scanning/transmission electron microscope (SEM/TEM), and BET analysis were
employed to characterize the surface structure and functional groups on the prepared
catalysts. Compared with the conventional carbon solid acid catalyst (Chu et al. 2011), the
characteristics of CBMSACSs were similar with the cellulose hydrolysis residue. However,
due to the presence of the magnetic particle property, the catalyst was easy to be separated
from the hydrolysis residue after the catalytic hydrolysis of cellulose. Therefore,
CBMSACs have very high catalytic activity, easy recovery, and a high utilization rate. The
interaction between the CBMSAC and cellulose particles is illustrated in Fig. 1.

arbon-based magnetic
solid acid catalyst

Functional groups

Fig. 1. Interaction between magnetic catalyst and cellulose particles

EXPERIMENTAL

Materials
Preparation of carbon-based magnetic solid catalyst

Magnetic FezO4 particles and the carbon-based precursor were mixed according to
a quantity ratio of 1:2 and soaked in 1 mol/L H2SO4 solution for 24 h.
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The mixture was then suction filtered, and the retained solids were dried. The dried
product was calcined in a muffle furnace at 500 °C for 3 h to obtain the CBMSAC. The
preparation process is shown in Fig. 2.
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Fig. 2. Process diagram for carbon-based magnetic solid acid catalyst preparation

Methods
Structural characterization

A FT-IR (EQUINOXS55, Bruker, Berlin, Germany) was used to analyze the
functional groups of CBMSACs. A SEM (Tcnai G220, FEI, Hong Kong, China) and TEM
(Quanta 200, FEI, Hong Kong, China) analysis was employed to observe the surface
morphology of CBMSACSs. An XRD device (X'pert PRO MPO, Almelo, Netherlands) was
used to analyze the crystal structure of CBMSACs. The BET analysis (V-sorb 2800, Gold
APP Instrument Corporation, China) was used to determine the specific surface area, and
EA (EA300-Single, EURO, Italy) provided the elemental composition of CBMSACs.

RESULTS AND DISCUSSION

Quantitative Compositional Analysis of Various Carbon Sources

Table 1 shows that the content of cellulose in WC, CS, and PS was higher than in
RH; The ash content was high in the RH and PS and it was relatively lower in the CS and
WS. If CS and PS were used as raw materials for the combustion, it will cause a certain
influence to the life of the combustion equipment (Nunes et al. 2016). In general, the less
the volatile content, the more fixed carbon content (Chen et al. 2012).

Table 1 shows that the content of fixed carbon was higher in CS compared to the
other sources. This result indicates the CS is an important raw material for the synthesis of
biomass chemicals.
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Table 1. Compositional Analysis of Different Carbon Sources

Sample Water Ash Volatile | Fixed Carbon | Cellulose | Lignin | Hemi-cellulose
(%) (%) (%) (%) (%) (%) (%)
wcC 6.2 14 68.0 24.5 42.3 16.2 27.7
CSs 8.3 5.0 50.7 27.1 42.7 17.5 23.6
RH 17.3 16.1 0.6 75.1 37.0 13.6 22.7
PS 9.3 15.1 60.4 15.5 43.0 26.9 16.9

Performance of Catalyst in Cellulose Hydrolysis

The conversion of cellulose was evaluated using the prepared catalyst (Du et al.
2004). A mixture of cellulose and CBMSAC:s in a ratio of 1:3 was first added to 100 mL
of distilled water and allowed to react for 6 h at 150 °C. After the reaction followed by
centrifugal separation, the reducing sugar yield was determined in the hydrolysate by the
method of phenol-sulfuric acid, and the catalyst was isolated and recycled. The hydrolysis
reaction mechanism is shown in Fig. 3. Table 2 and Fig. 4 show that the reducing sugar
yields obtained from the catalytic hydrolysis of cellulose by PS- and CS-BMSACs were
higher. This showed that the performance of these two kinds of catalyst was better; the
performance of CS-BMSAC (58.8%) appeared to be the best, and compared to the
traditional catalysts (Yu et al. 2013), there was an approximately 5% increase of catalytic

efficiency.

Table 2. Various Carbon-based Magnetic Solid Acids Catalyzed Cellulose
Hydrolysis-performance Comparison

Catalyst-Type Reaction Condition Reduced Sugar Yield (%)
RH-BMSAC o 38.4+3
Carbonization at 549 °C, 13 h
WC-BMSAC Sulfonation at 121 °C, 6 h 476+ 4
PS-BMSAC Calcination at 500 °C 55.9 + 2
Calcination at 3 h
CS-BMSAC 58.8+3
arbon-based magnetic
solid acid catalyst
‘ Cellulose particle
:: Magnetic particle
_ OH R g —\ Functional groups OH
\\ l
HO o » - o o
HO " Ratio of cellulose and catalyst for 1:3 HO
Ratio of solid and liquid for 1:100
OH n 150°C 6 h
OH

Fig. 3. Mechanism of hydrolysis of Cellulose
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Fig. 4. Comparison of reducing sugar yields

Recovery and Regeneration of Catalyst

The catalysis of cellulose hydrolysis, which used the four kinds of CBMSACs as
catalysts, showed that the performance of CS-BMSAC was enhanced. Therefore, to
investigate the recovery and regeneration of catalysts, CS-BMSAC was recycled in a series
of catalytic cellulose hydrolysis reactions.

Figure 5 shows that the reducing sugar yield gradually decreased with the increase
of catalyst reuse times and that the mole concentration of magnetic FesO4 particles also
decreased with the increase of catalyst reuse times. In other words, the catalytic
performance gradually decreased with the increase of catalyst reuse times. Analyzing the
hydrolysis process of cellulose showed that the catalyst activity decreased because of the
loss of a portion of the -SO3H groups. Therefore, the activity of catalysts was re-achieved
via a re-sulfonation method.
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Fig. 5. Repeated use of catalyst

Catalyst Characterization

The research of Wu et al. (2009) shows that the change of the carbon element was
not obvious and the content of S element showed obvious change after biomass sources
were calcined.

The content of C element in the four kinds of catalysts was between 41% and 44%,
as shown in Table 3. However, in the CS- and PS-BMSACs the content of S element was
higher; this showed that the surface of catalysts that used CS and PS as raw material for
preparation were combined with a large number of -SO3H groups, which likely played a
role in increasing the activity of catalysts.

Table 3. Elemental Analysis of Various Catalysts

Cat-type (oc/i ) (;) ) ((D(I) ) (;) ) ((f/?) ) Molecular Formula
CS-BMSAC 43.2 4.4 11 4.6 14.8 CHo.4N0.005S0.200.01
RH-BMSAC 41.6 3.0 0.4 15 0.5 CH3.3N0.7S0.0400.1
WC-BMSAC 42.8 3.0 0.4 2.0 0.5 CHo.3N0.002S0.0500.01
PS-BMSAC 44.6 4.1 1.2 4.4 0.5 CHo.3N0.02S0.200.01

FT-IR Analysis

Figure 6 reveals the infrared spectra of four kinds of CBMSACs. Based on previous
literature (Zhou et al. 2001; Berry et al. 2003; Sinirlioglu et al. 2014), the absorption peak
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at 598 cm™ belongs to an -OH bending vibration, and the peak at 1025 cm™* represents the
symmetric and anti-symmetric of stretching vibrations of the O=S=0 bond in -SOzH
groups. This peak confirmed that many -SOsH groups were introduced into the four kinds
of catalysts. The peaks at 1500 cm™ to 1675 cm™ belong to the stretching vibration of the
C-C bond. The absorption peak at 1600 cm™ to 1900 cm™ represents the stretching
vibration of a C-O bond, and the absorption peak at 2375 cm™ to 2500 cm™ belongs to the
stretching vibration of an S-H bond. In addition, the absorption peak of 1380 cm™ belonged
to the stretching vibration of the -CHs group that came from the carbon source itself. As
can be seen in Fig. 6, the CS-BMSAC peaks at 2375 cm™ to 2500 cm™ and 1380 cm™ were
noticeable, which showed that the CS-BMSAC possessed a large number of -SOsH groups.
This characteristic was responsible for its stability and catalytic performance.

a: Rice husk-based catalyst
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c: Peanut shells-based catalyst
d: Corn straw-based catalyst ) o~
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Fig. 6. Infrared spectra of different catalysts

XRD Analysis

The XRD spectra of the four kinds of BMSACSs are shown in Fig. 7. All of the
BMSACs exhibited a diffraction maximum in the range 20 = 33° to 36°. The peak intensity
gradually increased from Figs. 7a to 7c, which showed that the BMSACs were composed
of a disordered carbon structure that was formed by crystalline aromatic hydrocarbons
similar to graphite layers in a random ways. In Figs. 7a and 7d, the diffraction peak was
considerably stronger and moved in a high angle direction. This demonstrated that the
polymerization degrees of CS- and PS-BMSACs were higher and their structure was more
stable.
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Fig. 7. XRD patterns of different catalysts

TEM Analysis
Figure 8 displays the TEM analysis of PS-BMSAC (a), RH-BMSAC (b), WC-

BMSAC (c), and CS-BMSAC (d). The analysis indicated that the magnetic particles were
embedded in the surface and internal channels of carbon materials. The catalyst consisted
of a number of irregular shaped amorphous carbon particles, which were similar to that
shown in previous literature (Goel et al. 2010). The only difference was observed in the
load quantity and load degree of the magnetic particles. The magnetic particles were
successfully loaded onto the surface and internal channels of carbon-based materials as
indicated in Figs. 8a and 8d. The magnetic particles in the structure of CS-BMSAC (8d)
was more loaded and had a more uniform distribution. However, magnetic particles were
hard to find in Fig. 8c and in Fig. 8b. This suggested that the performance of RH- and WC-
BMSAC would not be ideal.
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Fig. 8. TEM spectra of different carbon-based magnetic solid acid catalysts

SEM Analysis

Figure 9 shows the SEM micrographs of RH- (f), PS- (g), WC- (h), and CS- (k)
BMSACs. It was clear from the SEM analysis that only the surface of CS-BMSAC (k)
combined a large number of magnetic particles. Compared with previous literature (Shen
et al. 2007), it was clear that the magnetic FesOa4 particles were distributed in the carbon
layer of the four catalysts.
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Fig. 9. SEM spectra of different carbon-based magnetic solid acid catalysts

Specific Surface Area Measurement

Based on the performance analysis of various CBMSACs, the performance of CS-
BMSAC seemed the best. Therefore, the specific surface area of CS-BMSAC was analyzed.
Table 4 and Fig. 10 show that the specific surface area of the catalyst was approximately
755 m?/g. As reported in previous literature (Garlapati et al. 2013), when the specific
surface area of catalyst is larger, it will provide more active sites to increase the contact
area of reactive group and cellulose molecules, which improves the catalytic activity of the

catalyst.

bioresources.com

Table 4. BET Analysis of Corn Straw-based Magnetic Solid Acid Catalyst

Actual Adsorption Single Point BET Surface
PIPO Capacity (mE/g) (P/PO)/(V*(1-P/PO) BEgl' (m?/g) Area (m?/g)
0.21 2.19 0.12 758.70
0.19 2.13 0.11 748.60 755
0.15 2.06 0.09 757.77
Slope Intercept Mono'layer satu.rated Adsorption Linear fitting

adsorption capacity (mL) constant degree

0.55 0.005 1.80 109.16 0.99
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Fig. 10. Specific surface area of catalysis

Density of the Reactive -SOsH Group

Since the H* in the catalyst came from -SOsH, the content of -SOzH in all the
catalyst was calculated according to the acid density. This was determined by
potentiometric titration, and the results are shown in Fig. 11. It was seen that the content
of the sulfonic acid group was different in the four kinds of catalysts. The sulfonic group
density of CS-BMSAC was 2.5 mmol-g followed by that of PS-BMSAC, and the sulfonic
group density of WC-BMSAC was the lowest. During the biomass carbonization-
sulfonation process, the reaction followed a reversible electrophilic substitution pathway.
However, because the alkyl side chain of biomass was an electron donating group, it
increased the electron cloud density of the carbon carrier, which was advantageous to the
adhesion of the -SOsH group in the sulfonation reaction. As the CS contained more alkyl
side chains, a large number of -SOsH groups were attached on the carbon carrier, thereby
the densities of -SOsH group increased.

25 1

15

0.5 r

Density of -SOzH group (mmol.g™?)

Wood chips Rice husk Peanut shells Corn straw

Four different catalysts

Fig. 11. Density of sulfonic acid group
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CONCLUSIONS

1. A maximum reducing sugar yield of 58.8% was obtained from the hydrolysis of
cellulose when CS-BMSAC was used. Compared to the traditional catalysts, there was
approximately 5% increase of catalytic efficiency. The catalyst was recycled many
times via a re-sulfonation method that enabled the regeneration activity.

2. The XRD analysis showed that the catalyst consisted of a random combination of
amorphous carbon particles. The polymerization degrees of CS- and PS-BMSACs were
higher and their structure was more stable. The SEM/TEM analysis revealed that in the
CS-BMSAC, a number of magnetic particles were embedded on its surface and internal
channels in a random way.

3. The BET analysis confirmed the large specific surface area (755 m?/g) of CS-BMSAC.
This improved the catalyst dispersion and ensured good contact with the catalyst's
active site and cellulose molecules.

4. Through the performance analysis of four kinds of CBMSACSs, it was found that the
CS-BMSAC:s indicated high catalytic activity and recycling rate, and its separation and
recovery were easy. The performance of peanut shell-based magnetic solid acid catalyst
ranked second. Thus, this study provided the basis for the effective utilization of
biomass resources.
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