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ABSTRACT
In the era of serious greenhouse gas emission and energy shortage, it is necessary to use solid waste to prepare new
renewable materials. In this work, the potential application of reed straw and electric furnace dust was explored.
Firstly, magnetic carbon carrier (EFD&C) was prepared by high temperature calcination, and then magnetic carbon
catalyst (SM@EFD&C) was prepared by activation of sodium methoxide. The catalyst was used to prepare biodiesel
by transesteriﬁcation reaction to test its activity and stability. Reed biochar, EFD&C and SM@EFD&C were detected
by Diffraction of X-rays (XRD), Fourier transform infrared (FT-IR), Inductively coupled plasma (ICP), Scanning
electron microscope (SEM), Transmission electron microscope (TEM), Brunauer-Emmett-Teller (BET), Vibrating
sample magnetometer (VSM), Temperature programmed desorption of CO2 (CO2-TPD) and Thermogravimetric
analysis (TG-DTG). The results showed that SM@EFD&C catalyst had some characteristics including porous structure, easy adsorption and better magnetism. Under the reaction conditions of 65°C for 2 h with 6 wt% catalyst and
methanol/oil molar ratio of 15:1, the biodiesel yields from reed biochar and EFD&C were only 4.88 wt% and
0.03 wt%, respectively, while the yield from SM@EFD&C catalyst reached 93.14 wt% (89.84 wt% after 7 cycles)
under the same conditions, which proved that it had good catalytic activity and stability when used in biodiesel production. This study is of great signiﬁcance of carbon dioxide emission reduction and environmental protection.
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1 Introduction
In 2015, representatives from 195 countries reached the Paris Climate Agreement (greenhouse gas
emission in countries around the world need to reach a new level) [1]. Carbon dioxide produced by the
burning of fossil fuels accounts for 76% of the total global greenhouse gas [2]. Therefore, developing
environmentally friendly renewable energy is of the great signiﬁcance to environmental protection.
Biomass energy ranks fourth in the world’s total energy consumption after coal, oil and natural gas.
Within the next century, it is estimated that biomass fulﬁlls half of the world’s energy demand [3].
Therefore, the use of existing waste biomass resources to produce high value-added products plays a
positive role in achieving carbon peak and carbon neutrality. Biomass energy refers to heat energy
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produced by non-fossil biological materials [4], including biomass derived biofuels, agricultural and forestry
crops and their wastes, aquatic plants, animal dung and urban and industrial organic wastes [5]. Due to its
characteristics including large surface area, rich porous structure, high stability, a wide range of raw
materials and low preparation cost [6,7], biochar has been widely applied in many ﬁelds, such as soil
improvement [8], agricultural production [9], sewage treatment [10] and waste management [11], and
have attracted many attentions in the preparation of biochar from biomass. Biochar can be prepared by
pyrolysis, hydrothermal carbonization, template method and activation method of biomass under
conditions of little or no oxygen [12]. During the process of biomass conversion to biochar, organic
carbon can be transformed into inorganic carbon, thus achieving carbon ﬁxation to reduce net carbon
emissions [13]. Due to the characteristics of biochar itself, it shows good performance when used as a
catalyst carrier, and does not have a negative impact on the catalytic process and product. Compared with
other carriers, biochar has excellent stability in alkaline or acidic media. Meanwhile, biochar has a high
speciﬁc surface area, which can better distribute metal active substances on it, thus improving the
stability and effectiveness of the catalyst [14]. Qiu et al. [15] used biochar as a catalyst for the upgrading
of bio-oil from rice husk pyrolysis. The results showed that biochar can promote the production of
hydrocarbon, reduce the oxygen content in bio-oil, and improve bio-oil quality. Foroutana et al. [16]
prepared a new heterogeneous catalyst (algae biochar/CaO/K2CO3), and used it to produce biodiesel by
transesteriﬁcation reaction to waste edible oil and methanol with 98.83% biodiesel yield obtained.
Reed is a kind of gramineous plant, mainly distributed among shallow water areas and wetlands, and has
properties including easy reproduction and high annual yield, so it is an important ecological revetment plant.
However, reed straw has almost zero application values due to its wide distribution and low energy density
[17]. The annual output of reed straw in China exceeds 2 million tons, accounting for about 6% of the global
total output. A large amount of reed straw is not utilized as a resource every year [18]. Reed straw has high
carbon content and low inorganic content, which can be used as a low-cost resource for the preparation of
biochar [19]. Electric furnace dust (EFD) is a by-product from electric arc furnace steelmaking process.
Every ton of steel produced will produce 10–20 kg EFD powder [20], which is a huge solid waste in the
metallurgical industry. EFD powder contains a certain amount of iron or iron compounds with
considerable magnetism [21], so it can be used as raw materials for preparing magnetic catalysts. Kamali
et al. [22] used EFD powder as a raw material to prepare magnetic MgFe2O4-CaFe2O4 photocatalyst,
which was used in the degradation of methylene blue with good activity and stability. In recent years,
some studies of magnetic catalysts have attracted much attention due to being easily separated from
reactants [23]. So comprehensive utilization of EFD powder and reed straw has certain practical
signiﬁcance in climate and ecological protection. Biodiesel is fatty acid methyl esters produced from
transesteriﬁcation or the esteriﬁcation reaction of vegetable oil or animal fat and methanol [24]. In
addition to similar properties to fossil diesel, it also has advantages, such as renewability and low carbon
dioxide content [25]. Among methods of biodiesel production, transesteriﬁcation is the preferred method
of producing high-quality biodiesel [26]. Adding acidic or basic catalysts in the transesteriﬁcation
reaction can greatly improve biodiesel yield and quality. Rich sources of raw materials for catalyst
preparation, simple catalyst preparation methods, and low-cost catalyst preparation method have always
been the bottleneck in the industrial application of biodiesel. Therefore, we used reed stalks and electric
furnace dust as raw materials for biodiesel production, which not only enabled the effective use of solid
waste, but also solved the problems of energy depletion and environmental pollution.
In this study, reed straw was used as raw material for biochar preparation, and the EFD powder was used
as a magnetic core for magnetic biochar preparation. Synthesized magnetic biochar was impregnated with
sodium methoxide and calcined to produce carbon-based catalyst (SM@EFD&C), and its activity and
stability were tested with transesteriﬁcation of soybean oil. Catalytic materials are characterized to
understand the activation mechanism.
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2 Materials and Methods
2.1 Materials
Sodium methylate (≥97%), methanol (99.5%), methyls of heptadecanoate (≥99%), palmitate (≥99.0%),
linoleate (99.5%), oleate (≥99.0%), linoleate (≥99%), stearate (≥99.5%) and palmitoleate were purchased
from Aladdin Industrial (Shanghai). Ethanol absolute was bought from Yongda Chemical Reagent
Company Limited (Tianjin). Hydrochloric acid (37.5%) and dichloromethane (≥99.5%) were purchased
from Tianjin Kaixin Chemical Industry and Jingdong Tianzheng Precision Chemical Reagent Factory in
Tianjin, respectively. Soybean oil (acid value (AV) of 0.06 mg KOH/g and molecular weight (MW) of
709.74 g/mol) was from a supermarket (Tangshan). The reed straw was from the wetland in the
Caofeidian district (Tangshan). Raw EFD powder (dried at 105°C for 4–5 h, ≤75 μm) with elements of
Fe (54.84 wt%), Zn (1.42 wt%), Mn (1.08 wt%), Mg (0.55 wt%), Ca (1.65 wt%), Al (0.25 wt%) and Na
(0.25 wt%) was from a steel factory in Tangshan.
2.2 Catalyst Preparation
Reed straw (20 g) was washed with deionized water, and dried at 105°C overnight in an oven (DGG9140B, Shanghai Senxin Experimental Instrument Co., Ltd., Shanghai). The dried sample was ground in
a crusher with a size of ≤3 mm. Raw EFD powder (10 g) and concentrated hydrochloric acid (50 mL)
were added in a beaker with mechanical stirring to pretreatment, and named as pretreated EFD
suspension. Reed straw powder (20 g), all pretreated EFD suspension and deionized water (450 mL) were
placed in a beaker with mechanical stirring for 20 min, stand for 12 h, washed to pH 6–7, ﬁltered and
dried at 105°C overnight. Raw reed straw and obtained sample were calcined at 600°C in 2 h [27] in a
tubular furnace (SK-ES08143, Zhongyi Guoke Technology Co., Ltd., Beijing) with N2 ﬂow rate of 200
mL/min and heating rate of 5 °C/min, ground with a size of ≤75 μm, and named as reed biochar and
EFD&C, respectively. EFD&C powder and CH3ONa were mixed with mass ratio of 1/1, then mixture
and deionized water (20 mL) were added into a 50 mL sealed serum bottle and heated at 75°C in 2 h with
magnetic stirring in an oil bath (DF-101S, Shanghai Lichen Bangxi Instrument Technology Co., Ltd.,
Shanghai), and dried at 105°C on a heating plate (ECH-20D microcomputer temperature control heating
plate, Shanghai Xinyi Microwave Chemistry Technology Co., Ltd., Shanghai) overnight. The dried
sample was heated at 600°C with a heat rate of 5°C/min in a tubular furnace under a nitrogen atmosphere
(N2 ﬂow rate of 200 mL/min) for 2 h, the calcined powder was ground with a size of ≤75 μm, and named
as SM@EFD&C.
2.3 Catalyst Characterization
Crystal characteristics of reed biochar, EFD&C and SM@EFD&C catalysts were detected with X-Ray
Diffraction (XRD, D8 Advance, Bruker AXS GMBH, Karlsruhe, Germany) with CuKα radiation (40 kV and
200 mA). The morphology and element concentrations on the surface of catalysts were examined with
scanning electron microscope-X-ray energy dispersive analysis (SEM-EDX; SU8020, Hitachi, Tokyo) and
transmission electron microscope (TEM; Tecnai G2 F30 S-TWIN, FEI, Hillsboro, OR). Their BET
(Bruner-Emmett-Teller) surface area, pore volume and pore diameter were analyzed using automatic
physical adsorption instrument with N2 adsorption (ASAP 2460, Micromeritics Instrument Co., Ltd.,
Northcross, GA). Their basicity was measured from 100°C to 600°C with CO2-temperature programmed
desorption (CO2-TPD, AutoChem II 2920, Micromeritics Instrument Co., Ltd., Norcross, GA). Functional
groups on the surface of samples were measured with Fourier transform-infrared spectra (FT-IR, Nexus,
Thermo Fisher Scientiﬁc Co., Ltd., Waltham, MA) from 400 to 4000 cm−1 using the standard KBr disc
method. Saturation magnetization was detected by vibrating sample magnetometer (VSM, SQUID-VSM,
MPMS3, Quantum Design International, San Diego, CA). Elements in synthesized samples and raw EFD
powder were analyzed by inductively coupled plasma-optical emission spectrometer (ICP-OES,

2102

JRM, 2022, vol.10, no.8

Prodigy 7, Leeman Labs Inc., USA) and an element analyzer (Vario EL III CHONS, Elementar Analysen
systeme GmbH, Hanau, Germany). The thermogravimetric analysis (TG/DTG) was performed in a model
LDX-HCT-3 (Beijing Henven Scientiﬁc Instument Factory, Beijing), with the temperature ranging
between 30 and 1000°C and a heating rate of 10 °C min−1, under a nitrogen atmosphere with a ﬂow of
50 mL min−1.
2.4 Synthesis and Analysis of Biodiesel
2.4.1 Synthesis of Biodiesel
Soybean oil (0.01 mol) and methanol (methanol/oil molar ratio of 15/1), catalyst (6 wt%, relative to the
mass of soybean oil) were added into a sealed glass bottle with a rubber aluminum cap under an oil bath (DF101S, Shanghai Lichen Bangxi Instrument Technology Co., Ltd., Shanghai) at 65°C for 2 h with magnetic
stirring. After the reaction, the product in the glass bottle can be quickly divided into three parts under the
inﬂuence of the external magnetic ﬁeld, the top was crude biodiesel, the middle was glycerin and excess
methanol, and the bottom of the glass bottle was the solid catalyst. Removed the upper biodiesel solution,
ﬁltered it with a 0.22 μm ﬁlter membrane, and dried it in a 75°C drying oven for 4 h, and then used a gas
chromatograph for quantitative analysis of biodiesel.
2.4.2 Analysis of Biodiesel
After the reaction, crude biodiesel at the top was ﬁltered with a 0.22 μm ﬁlter membrane, dried at 75°C
within 4 h, then analyzed by a gas chromatograph (GC: GC-2014C, Shimadzu, Japan) with a capillary
column of Rtx-Wax (30 m × Ф 0.25 mm × 0.25 μm) under analysis conditions as follows: injector
temperature of 260°C, column temperature of 220°C, detector temperature of 280°C, carrier gas ﬂow rate
of 1 mL/min and a split ratio of 40:1. Heptadecanoic acid methyl ester (HAME, C17:0) was used as the
internal standard for biodiesel quantitative analysis, and biodiesel yield was calculated according to
standard methyl eater weights, calibration factors and peak areas. Biodiesel yield was calculated by the
Formulas (1) and (2) as follows:
Weight of a FAME (i) in crude biodiesel (WFAMEi) was calculated using Eq. (1):
WFAME i ¼ ðWHAME  AFAME iÞ = ðAHAME  Fi Þ

(1)

where: WHAME: Weight of HAME;
AFAMEi: GC peak area for a FAME (i);
AHAME: GC peak area for HAME;
Fi: Relative response factor for a FAME (i).
Biodiesel yield (wt %) was calculated using Eq. (2):
!
X
Biodiesel yield ðwtÞ ¼
WFAME i = Wcrude biodiesel  100%

(2)

i

where: WFAME: Weight of all FAMEs in crude biodiesel;
Wcrude

biodiesel:

Weight of crude biodiesel.

Calibration factors for methyls of palmitate, palmitoleate, stearate, oleate, linoleate and linolenate to
HAME (determined according to the external reference method [28] were 1.000, 0.919, 0.834, 0.936,
1.055 and 0.970, respectively.

JRM, 2022, vol.10, no.8

2103

3 Results and Discussion
3.1 XRD
The crystal characterization of reed biochar, EFD&C and SM@EFD&C catalyst was shown in Fig. 1. In
Fig. 1a a typical broad diffraction peak of amorphous carbon [29], and SiO2 crystal were found. After the
reed was modiﬁed with pretreated EFD suspension, characteristic peaks at Fe11Co5, Fe2SiO4 and
MgFe2O4 crystals appeared in Fig. 1b. Firstly, Fe, Mg and Co oxides reacted with concentrated
hydrochloric acid to generate FeCl3, MgCl2 and CoCl2, which were loaded on the surface of reed straw,
then calcination at high temperature produces Fe11Co5 [30], Fe2SiO4 [31] and MgFe2O4 [32], and solid
biochar was converted to gaseous CO and CO2 to create the void in this process [33]. After impregnating
with CH3ONa solution, the diffraction peaks of Na2CO3 and Fe3C crystals appeared in Fig. 1c. When
impregnated in CH3ONa (excess deionized water), CH3ONa reacted with water to form NaOH and
adhered to EFD&C. During calcination, NaOH and carbon reacted to produce Na2CO3 and H2 [34], the
reaction equation was as follows:
6NaOH þ 2C ! 2Na þ 3H2 þ 3Na2 CO3

(3)

there were H2 production and carbon loss in this process. In the preparation of activated carbon materials,
alkali metal hydroxides (especially NaOH and KOH) were often used as activators to produce
microporous activated carbon. The method of chemical activation presented several advantages over the
physical activation, leading to materials with large speciﬁc surface area and elevated microporosity with
relatively narrow pore-size distribution [35]. Therefore, the transformation process from CH3ONa to
Na2CO3 can also be regarded as the activation process of carbon materials, and the two have strong
interactions. After the SM@EFD&C catalyst was calcined, the calcination time of the biochar will be
extended, the biomass will be further decomposed into volatile organic compounds, the carbon content
will be reduced [36]. In Fig. 1c, the decrease of diffraction peak of Fe2SiO4 and MgFe2O4 crystals was
due to the thermal decomposition reaction of some Fe2SiO4 and MgFe2O4 with the undischarged H2 and
carbon decomposition products, Fe3C crystals were generated by carbothermal reduction [37].

Figure 1: XRD patterns of (a) Reed biochar, (b) EFD&C and (c) SM@EFD&C
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3.2 FTIR
In Figs. 2a–2c for FT-IR analysis, a characteristic band of the O-H stretching modes of the COOH at
3433 cm−1 [38] and C=C stretching vibration in graphite domain at 642 cm−1 and 1646 cm−1 [39] were
found. There were persistent absorption bands corresponding to the vibration of tetrahedral and octahedral
complexes (M-O) at 568 cm−1 and 464 cm−1, the acromion of these two peaks indicated the presence of
other ionic states (such as Mg2+) [40], it proved the formation of MgFe2O4 crystals (consistent with XRD
results). In Fig. 2c, the occurrence of a band at 698 cm−1 and 880 cm−1 were attributed to the asymmetric
stretching of CO32− [41] and the vibration band at 1451 cm−1 was attributed to Fe-C [42], this was
consistent with the XRD conclusion, indicated that Na2CO3 generated by the reaction of NaOH with carbon
was connected with EFD&C support in the form of C-O-Na chemical bond. Studies have shown that due to
the presence of these Na-containing groups in the carbon a supported material, which were strongly bonded
and not easily leached away from the porous carbon support, thus better activity and stability can be
obtained [43]. The absorption band at 1014 cm−1 was caused by the asymmetric stretching of the Fe-Si-O
peak [44] the absorption bands at 1085 cm−1 and 793 cm−1 were attributed to the general asymmetric
vibration of the Si-O-Si and the stretching vibration of Si-O group [45–47].

Figure 2: FT-IR spectra of (a) Reed biochar, (b) EFD&C and (c) SM@EFD&C
3.3 Element Composition and ICP
The elemental composition of reed biochar, EFD, EFD&C and SM@EFD&C catalysts were shown in
Table 1. It can be seen that the elements in reed biochar were mainly C (72.23 wt%), Si (1.85 wt%) and Na
(2.14 wt%), the contents of elements of Fe (0.13 wt%), Mg (0.13 wt%) and Co (0.0003 wt%) were less. After
EFD was added to reed biochar, Fe content from 54.83 wt% decreased to 13.01 wt%, while other elements
relative content decreased. After impregnating with CH3ONa, content of Na from 1.54 wt% increased to
21.42 wt% and C decreased greatly. It was worth noting that we calcined biochar a second time, which
was equivalent to prolong the calcination time of biochar at high temperature. The reason for the drop in
biochar quantity with higher reaction time was due to further decomposition of biomass that resulted in
removal of volatile organic compounds and therefore reducing the quantity of biochar [48]. A decrease of
the relative content of C led to the increase of the relative content of Si element. It can be seen from
Table 1, the relative decrease of C content was 28.56%, while the increase of Si and Na was 3.76% and
19.98%, respectively. Although the relative content of Na increased, the reduction in carbon was greater
than the combined increase of Na and Si.
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Table 1: The elemental composition of reed biochar, EFD, EFD&C and SM@EFD&C catalysts
Catalyst

C (wt%)

Si (wt%)

Na (wt%)

Fe (wt%)

Mg (wt%)

Co (wt%)

Reed biochar
EFD
EFD&C
SM@EFD&C

72.23
64.28
35.72

1.85
0.54
4.30

2.14
0.09
1.54
21.42

0.13
54.83
13.01
6.78

0.13
0.54
0.13
0.13

0.0003
0.0025
0.0006
0.0002

3.4 SEM and TEM-EDX
In Figs. 3a–3c represent SEM images of reed biochar, EFD&C and SM@EFD&C catalysts, respectively.
In Fig. 3a, the surface of biochar was relatively rough with a vesicular structure of different sizes and obvious
pore structures. It was caused by the carbonization of biological macromolecules (such as lignocellulose,
etc.) and organic molecules during high-temperature heating [49]. The surface of EFD&C prepared after
treatment with EFD suspension was porous, with spherical substances of different sizes attached to the
surface. This was because the reed contained macromolecular structures (such as cellulose and
hemicellulose [50]) was acid hydrolyzed, thereby reducing the carbonization of macromolecules during
the pyrolysis process [51]. In Fig. 3c, the porous structure on the surface of the biochar was attached with
a uniform particle structure, the distribution was relatively uniform. Combined with XRD analysis, it can
be judged that these attached particles were Na2CO3.

Figure 3: SEM images of (a) Reed biochar, (b) EFD&C and (c) SM@EFD&C
The TEM images of reed biochar, EFD&C and SM@EFD&C catalysts and corresponding EDX images
were shown in Fig. 4. As can be seen from Fig. 4Aa that the surface of the reed biochar had porous
morphology and vesicular structure, which was consistent with the SEM image analysis. In Fig. 4Ba, it
was obvious that a large number of substances were attached of the surface of biochar, the surface had
more void structures than that of reed biochar. The EDX image showed the presence of iron with a
relative content of 4.78 wt%, which further indicated the formation of Fe11Co5, Fe2SiO4 and MgFe2O4
(Fig. 4Bb). After impregnating with CH3ONa solution, the structure of the carbon-based surface was
relatively loose, which was due to partial collapse caused by carbon thermal reaction and CO2 induction.
At the same time, because Na2CO3 was loaded on the surface of EFD&C, the relative content of element
C on the catalyst surface was reduced. In Fig. 4Cb, the relative content of Na and O elements on the
carbon-based surface were 6.02 and 6.02 wt%, which showed that Na2CO3 were evenly distributed on the
carbon base surface, which was conducive to the catalytic reaction.
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Figure 4: TEM-EDX images (a) TEM and (b) EDX of (A) reed biochar, (B) EFD&C and (C) SM@EFD&C
3.5 BET
The N2 adsorption-desorption curves of reed biochar, EFD&C and SM@EFD&C catalysts were shown
in Fig. 5. The N2 adsorption-isotherm of reed biochar and EFD&C were a typical IV type with an adsorption
hysteresis loop, which was observed in materials with a mesoporous structure. The BET speciﬁc surface area
of reed biochar with 701.69 m2/g, the average pore size and pore volume with 2.34 nm and 0.41 cm³/g,
conducive to the adsorption and loading of EFD and magnetic substances. The BET speciﬁc surface area
of EFD&C was 640.49 m2/g, which was lower than that of biochar. This was caused by the carbon-based
materials loaded from electric furnace dust. The average pore diameter measured by EFD&C was 2.24
nm and the pore volume was 0.36 cm³/g, which prepared the conditions for the loading of CH3ONa.
After impregnating with CH3ONa solution, the adsorption isotherm of SM@EFD&C catalyst was type
III, the BET speciﬁc surface area and pore volume decreased to 8.01 m2/g and 0.03 cm³/g, respectively. It
can be attributed to the partial collapse of the carbon-based surface and the pore structure of Na2CO3
attached to the carbon-based surface. The average pore diameter of the SM@EFD&C catalyst increased
from 2.24 nm to 16.81 nm of the partial collapse of the carbon-based surface caused the reduction of
small pores and the formation of mesopores. After Na2CO3 was attached to the pore structure of the
carbon-based surface, the relative number of mesopores and macropores increased, resulting in an
increase in the average pore diameter.
3.6 Vibrating Sample Magnetometer
In Fig. 6, in order to understand the magnetic properties of reed biochar, EFD&C and SM@EFD&C
catalysts, they were characterized by vibrating sample magnetometer (VSM). The hysteresis loops of
EFD&C and SM@EFD&C catalysts were symmetrical “S” curves without hysteresis, they had super
magnetic compliance. The saturation magnetization of reed biochar and EFD&C were 0.06 and
10.69 Am2/kg, it can be seen that magnetic materials such as Fe11Co5 and MgFe2O4 were produced, and
the cobalt-iron alloy had high saturation magnetization [52]. The magnetization intensity of SM@EFD&C
catalyst was 12.10 Am2/kg, compared with EFD&C, the magnetization intensity of SM@EFD&C catalyst
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was strengthened, which can be attributed to the formation of Fe3C magnetic substance [53]. The illustration
showed the magnetic properties of the SM@EFD&C catalyst in Fig. 6. The dispersed catalyst can be
separated from the reaction product by an external magnetic ﬁeld within 1 min.

Figure 5: BET analysis for (a) Adsorption-desorption isotherm, and (b) Pore volume and pore diameter of
(A) reed biochar, (B) EFD&C, (C) SM@EFD&C
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Figure 6: Hysteresis loops of (a) Reed biochar, (b) EFD&C and (c) SM@EFD&C
3.7 Temperature Programmed Desorption of CO2
The CO2-TPD curves of the reed biochar, EFD&C and SM@EFD&C catalysts were shown in Fig. 7.
The basicity of reed biochar was 0.57 mmol/g, while the alkalinity of EFD&C decreased to 0.42 mmol/g.
As we all know, ash was alkaline [54], and the pretreatment of the reed with hydrochloric acid solution
reduced the ash content [55], which leads to a decrease in alkalinity. After impregnation with CH3ONa,
the basicity of SM@EFD&C was 0.58 mmol/g, which was due to the increase of basicity caused by the
formation of Na2CO3 on the carbon-based surface.

Figure 7: CO2-TPD analysis (a) Reed biochar, (b) EFD&C and (c) SM@EFD&C
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3.8 TG-DTG Analysis
Thermogravimetric analysis was performed to analyze the catalyst thermal behavior by measuring the
mass variation in the sample during heating. The TG and DTG curves of reed biochar EFD&C and
SM@EFD&C were shown in Fig. 8. In the temperature range of 30–100°C, a signiﬁcant mass loss was
observed in three samples, which can be attributed to the evaporation and removal of water molecules
and impurities physically adsorbed in the three materials [56]. The SM@EFD&C lost more mass at this
stage, because Na2CO3 had strong water absorption, so it will absorb more water from the air than the
other two samples. The second mass loss of SM@EFD&C catalyst occurred in the range of 800–900°C,
probably due to the loss of CO2 from the reaction of Na2CO3 with oxides. Therefore, the high
temperature activation temperature of the catalyst should be lower than 800°C. We calculated that the
mass loss of reed straw into biochar was about 70.24% after being calcined at 600°C, indicating that the
lignin and cellulose in the reed straw were relatively completely decomposed. In combination with
Figs. 8(A) and 8(B), it can be seen that the carbon content was relatively high and the carrier structure
was relatively stable under this condition. After the second calcination, the catalyst was reduced from
1.34 g to 0.82 g, and the mass loss was about 38.81%. These losses included evaporation of water and
the emission of gas generated by the reaction of carbon and sodium carbonate in the catalyst.

Figure 8: TG–DTG cures (a) TG and (b) DTG of (A) reed biochar, (B) EFD&C and (C) SM@EFD&C
3.9 Application Performance Test
Firstly, the catalytic performance of reed biochar, EFD&C and SM@EFD&C were tested. The results
showed that reed biochar and EFD&C were almost inactive at 65°C for 2 h, and the yield of biodiesel
was only 4.88 wt% and 0.03 wt%. However, when the SM@EFD&C catalyst was used with biodiesel
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yield of 93.14 wt%, indicating that SM@EFD&C had good catalytic activity. Through the above
characterization analysis and performance test, it can be known that the catalytic activity of SM@EFD&C
catalyst came from sodium methoxide. CH3ONa was converted into Na2CO3 by impregnation and hightemperature calcination, which formed the alkaline active site supported by EFD&C. Fe3C, Fe11Co5 and
MgFe2O4 provided magnetic sources for the catalyst and were not active substances. Therefore,
SM@EFD&C catalyst can be classiﬁed as a solid alkali magnetic catalyst, and the overall reaction
equation for biodiesel preparation was shown in Formula (4) [57]. The main catalytic mechanism was as
follows [58]: Firstly, methanol and triglyceride were adsorbed to the surface of the catalyst, which can be
accelerated by magnetic agitation. H+ was extracted from methanol through the alkaline site of the
catalyst to form methanol anion (CH3O−) as shown in Formula (5) [59]:
CH2 –O–CO–R1

CH2 –OH

j

j
catalyst

CH–O–CO–R2 þ 3CH3 OH (¼¼) 3CH2 –O–CO–R þ CH–OH
j
CH2 –O–CO–R3

(4)

j
CH2 –OH

Na2 CO3 þ CH3 OH ! NaHCO3 þ CH3 ONa
NaHCO3 þ CH3 OH ! H2 CO3 þ CH3 ONa

(5)

The CH3O− produced was a real transesteriﬁcation reaction catalyst. The carbon atoms in the carbonyl
group of triglycerides were attacked by CH3O− to form a tetrahedral intermediate. A tetrahedral intermediate
was formed by CH3O− attack on a carbonyl carbon in the triglycerides. The tetrahedral intermediate broke
down into a fatty acid ester and a diglyceride anion. It was then transferred to the diester ion of glycerol for
proton regeneration catalytic activity. This sequence was then repeated twice to yield ﬁrst a monoglyceride
intermediate and ﬁnally the glycerol product and biodiesel. Compared with acid catalysts, base catalysts
seem to take a more direct route to activate the CH3O− catalytic active substance reaction, resulting in
faster catalytic activity. The SM@EFD&C catalyst was cyclically tested to objectively evaluate its stability.
In the process of testing the stability of the catalyst, the reaction products and the catalyst were separated by
external magnetic force, the cyclic test was carried out according to the original catalytic conditions without any
treatment of the catalyst. After seven cycles of testing, the yield of biodiesel still reached 89.84 wt%, and
decreased to 43.66 wt% in the eighth cycle. It was showed the reusability of the catalyst in the
transesteriﬁcation of soybean oil with methanol in Fig. 9. The decrease of catalytic activity after the fourth
recycling was may be caused by two main reasons: (i) one of the reasons may be due to the loss of catalyst
in the recovery process [60]. (ii) the other reason may be a dissolution of active substance in the catalyst.
Na2CO3 was slightly dissolved in glycerol/methanol solution [59]. Therefore, as the number of cycles
increased, more and more Na2CO3 was dissolved in glycerol/methanol solution or lost in the recovery
process, resulting in a decrease in activity. In a nutshell, it showed that SM@EFD&C catalyst had good
stability. Therefore, it can be proved that SM@EFD&C catalyst was feasible in terms of activity and stability.
In addition, the catalytic activity and stability of SM@EFD&C catalyst were compared with the
commonly employed reported solid base carbon catalysts. The results were shown in Table 2. With
regard to the yields of biodiesel, it was noticed that the yields obtained are comparable, lower or higher
in some cases than those obtained by other catalysts previously reported in the literature. However, in
terms of stability, SM@EFD&C catalyst had good recyclable performance. Of course, whether the
catalytic activity or stability, which may be related to the type of oil, reaction conditions, the amount of
catalyst and other factors.
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Figure 9: Catalyst cycle of SM@EFD&C
Table 2: Comparison of the efﬁciency of SM@EFD&C catalyst with some reported catalysts
Carbon based catalysis type

Reaction
conditions

Biodiesel Stability
yield

Kraft lignin carbon loading K2CO3 as solid catalyst

65°C for 2 h 99.6%

Carbon-supported Na, Ca-based catalysts

60°C for 3 h 91%

Carbon-based MgO catalysts

75°C for 1 h 96.5%

High mesoporous activated carbon catalyst prepared
from Palm shell carbon based K2CO3 and CuO
A solid base catalyst developed based on activated
carbon loaded KOH derived from waste tires
Reed magnetic biochar was used as carrier and
loaded with CH3ONa

70°C for 2 h 95.36%
60°C for 2 h 94.50%
65°C for 2 h 93.14%

82.1% for
4 times
75% for
4 times
80.2% for
5 times
82.5% for
5 times
80% for
4 times
89.8% for
7 times

Reference
[59]
[43]
[61]
[62]
[63]
This work

4 Conclusion
The SM@EFD&C magnetic catalyst was synthesized by impregnation and high-temperature calcination
using two solid wastes of reed straw and EFD powder as raw materials. Characterization and analysis showed
that SM@EFD&C catalyst had a porous structure and good magnetic properties, and its magnetic sources
were Fe11Co5, MgFe2O4 and Fe3C. Without optimizing the SM@EFD&C catalyst, biodiesel yield was
93.14 wt%, after seven cycles the yield still reached 89.84 wt%, showing excellent catalytic activity and
stability. This research not only provided a certain reference value for the preparation of low-cost and
high-efﬁciency magnetic carbon-based catalysts, but also provided a feasible solution for the reuse of
solid waste and the preparation of new materials.
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