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Abstract
Petroleum coke (PC) has a low reactivity and is easy to graphitize at high temperatures, especially for
petroleum coke as carbon reductive agent applied in the carbothermic reduction of silica. Therefore,
studying the synergistic effects of additives, such as waste biomass, on the reactivity of the PC-biomass
mixtures during the co-reaction process is crucial for improving the reactivity of PC. Herein, distillers’
grains (DG) derived from sorghum and corn were added in different proportions (by mass) to PC, and
these mixtures were gasified in a thermogravimetric analyzer at 1300°C under an Ar atmosphere. And the
smelting of the mixed carbon materials and silica was analyzed at high temperatures. The effects of the
different proportions of DG on the reaction reactivity, morphology, and organic structure of PC were also
analyzed. The results showed that the pyrolysis temperature increased as the biomass proportion
increased from 20% to 50%. The synergistic effect between the biomass and the PC was significant, as
the biomass increased. But the increase in the pyrolysis temperature might have been due to the
formation of vitreous potassium silicate, which reduced the catalytic activity of active potassium. In
addition, the addition of DG was beneficial for decreasing the graphite ordered structure of PC. In the
carbothermal reduction experiment of silica, it was found that the DG/PC mixed carbon material can
promote the good growth of SiC.

1. Introduction
Due to the gradual depletion of non-renewable energy sources and the increase in energy consumption
around the world, oil and natural gas resources are estimated to be exhausted in 50 and 52 years,
respectively [1]. According to the Strategic Action Plan for Energy Development (2014–2020), renewable
energy accounted for 15% of the total primary energy consumption, and the proportion of coal used in
energy product was estimated to be less than 62% by 2020 [2]. Moreover, the development and utilization
of renewable energy is expected to trend significantly upward over the next decade or two as the world
transitions away from non-renewable energy sources.
A large number of studies have shown that biomass is a renewable energy source that can ultimately
help to replace many of the non-renewable resources currently being used [3–5]. Biomass benefits from
high activity as well as low ash and harmful impurity contents, and the conversion of biomass into
energy will not affect the net release of CO2 [6, 7]. Global biomass production increases by 170 billion
tons year-over-year and accounts for approximately 14% of the world's total energy consumption [10].
However, a significant amount of biomass is either combusted or left untreated as waste, creating
unwarranted and deleterious environmental problems. The global annual output of distillers’ grains
biomass is 600 million tons [11], and China alone produces 100 million tons annually, which accounts for
one-sixth the global annual production. Distillers' grains contain a significant amount of water and
organic pollutants, which can cause it to easily rot and introduce pollutants into the environment upon
processing and utilization. However, distillers' grains also contain cellulose, lignin, protein, starch, and
other macromolecular and polymeric substances, which have tremendous value in energy production
because of their high energy densities.
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China is the world’s leading producer and consumer of coal. Except the steel industry, industrial silicon
production utilizes the most amount of coal of all industries worldwide. Silicon is widely used in
photovoltaic cells, which are used for solar energy production to aid in achieving carbon neutrality.
However, the source of charcoal for the production of silicon is limited, and its price is high. In addition,
coal contains a large amount of ash and other impurities that contaminate the silicon products. In
contrast to coal, petroleum coke (PC), which is a byproduct of crude oil cracking, has a high fixed carbon
content, low ash content, and high porosity. With respect to resource recycling and environmental
protection, exploring the use of petroleum coke as an efficient and clean source of energy and materials
production to replace charcoal and other reducing agents has become a popular and necessary trend.
To date, several reports have demonstrated that the synergism between waste biomass and PC has led to
an enhancement in the reaction performance of PC. Because the physical and chemical properties of
biomass are different from those of coal mine, it has become a meaningful topic to study in-depth the
synergistic effect of biological materials, such as waste biomass, on coal derived from coal mines. We
previously studied the characteristics and application of the carbon components of biomass and PC
under fermentation and moldy conditions and found that the pyrolysis temperature and activation energy
decreased after mixing moldy biomass with PC [12]. Edreis et al. [13] used thermogravimetric analysis to
study the changes in the reaction of rice husk, rice stalk, cotton straw, wood chips, and bagasse after
mixing with PC. The results found that the biomass waste significantly improved the blends reaction
reactivity, and there was observed obvious synergistic effect in the char reaction stage of the blends
compared with the pyrolysis stage. Wei et al. [14] studied the effects of rice straw and corn stalk leachate
on the reaction characteristics and structural evolution of PC. Gajera et a. [15] studied the co-reaction of
rice husk with high-sulfur PC, and Liu et al. [16] studied the synergistic effect of the co-reaction of chicken
manure and PC. Several studies above indicated that that the supplemented biomass components helped
to catalyze the reaction of the PC by significantly reducing the activation energy of the reaction reactions.
These studies also provided a theoretical basis for researching methods for improving the reactivity of
PC. However, the low reaction performance and early crystallization of PC deleteriously affects the quality
of the silicon products generated by industrial processes. Therefore, in order to optimize the efficiency,
quality, and cost of silicon production, as well as reduce carbon emissions, it is of great significance to
study the synergistic effect of different proportions of distillers’ grains in PC-based mixed carbon
materials on the reaction reactivity of PC.
In this study, thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FT-IR), Raman
spectroscopy, scanning electron microscopy (SEM), and X-ray diffraction (XRD) were used to analyze the
effects of mixing grains derived from sorghum and corn distilleries with PC in different proportions (20%
and 50% w/w) on the reaction properties of the carbon materials in the PC. The results obtained herein
provided a theoretical basis for future research on the structural changes caused by mixing distillers'
grains biomass and PC, and they helped to provide guidance for optimizing the production of industrial
silicon and the disposal of waste biomass.
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2. Materials And Methods

2.1 Raw materials
The petroleum coke (PC) selected in this study was derived from Taiwan, and the distiller's grains (DG)
was purchased from a distillery (Yunnan, China). The approximate analysis of PC for industrial silicon
production is shown in Table 1. PC had a high fixed carbon (FC) content of 91.22%, the volatile (V)
content was 8.01%, and the ash content was only 0.64%. The analysis of the oxide content of the raw
materials used in this study is shown in Table 2. PC had a high S content (30.51%), which was significant
because sulfur can contribute to air pollution. The alkali metal content in the sorghum distiller's grains (SDG) and corn distiller's grains (C-DG) was higher. The alkali metals present in the DG served as the
reaction catalysts were beneficial to the reaction reaction of the mixture.

Table 1
The proximate analysis and ultimate
analyses of raw materials (wet %)
Proximate analysis (wt%)

PC

FC

V

M

A

91.22

8.01

0.13

0.64

Table 2
Chemical composition and content of raw materials (wt %)
Ash analysis (wt%)
Fe

Al

Ca

Mg

P

PC

1.05

0.02

0.09

SDG

0.12

0.09

0.49

0.32

0.98

CDG

0.07

0.04

0.42

0.39

1.12

S

Ni

Mn

K

Si

V

Others

30.51

0.12

0.02

0.03

0.07

0.37

67.72

0.64

0.03

1.24

0.61

0.75

0.01

1.80

0.37

2.2. Sample preparation
The PC was first crushed and ground into a fine powder, dried at 80°C for 24 h in an electric
thermostaticdrying oven, and put it in a sealed bag for storage. Then, the PC was combined with S-DG
and C-DG at ratios of 20:80 and 50:50 and wet-ground to obtain the mixed carbon materials, which were
dried at 80°C for 25 h in an electric thermostaticdrying oven and ground into fine powders for testing.
Figure 1 displays the flow chart of sample preparation.

2.3. Kinetics analysis
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To study the reaction process of carbon materials and fossil fuels, it is usually necessary to study the
pyrolysis kinetics. The Coats-Redfern method is widely used to investigate the decomposition kinetics of
macromolecular compounds. In this study, the Coats-Redfern method was used to analyze the pyrolysis
kinetics of the mixed carbon materials and calculate the corresponding kinetics parameters. The reaction
was assumed to be a first-order process, n = 1. The kinetic formula obtained by integrating the CoatsRedfern method is shown below in Eq. (1):

where A0 was the pre-exponential factor of the reaction (min− 1), Ea was the activation energy, T
represented the reaction temperature, and R was the ideal gas constant (8.314 J/(mol·K)). The
relationship ln[A0/βEa(1–2RT/Ea)] was considered a constant. Ea was calculated from the slope of the
regression line obtained after fitting, and A0 was calculated from the y-intercept of the line.

3. Results And Discussion
3.1 Thermogravimetric analysis of the sorghum grain-containing carbon materials in different
proportions
Fig. 2 shows the TG and DSC figures of the mixed carbon materials containing S-DG and PC at the two
different proportions (20:80 and 50:50). Compared to the TG curve of the PC in Fig. 2a (black curve), the
TG curves of the mixed carbon materials showed that the weight loss rate increased with the increase of
biomass mass ratio (red and pink curves for the 20:80 and 50:50 ratios, respectively). For unadulterated
PC, only minimal mass loss below 953°C was observed, which was also consistent with the DSC curve of
PC in Fig. 2b (black curve). Below 100°C, the mass loss from the PC was associated with evaporation of
the adsorbed water. When the PC was mixed with the S-DG, the weight loss rate of the mixed carbon
samples gradually increased as the proportion of the S-DG increased. The initial temperature (250°C) of
pyrolysis of the TG curve when the ratio of S-DG to PC was 50:50 was significantly lower than that when
the ratio was 20:80 (302°C). This means that adding biomass can earlier the starting temperature at
which the pyrolysis began. However, it can be seen from the DSC curve in Fig 2b (pink and red curve) that
as the quality of DGs increased, the DSCmax curve gradually shifted to the right, the Tmax corresponding
to DSCmax gradually increased, and the DSCmax value decreased.
The thermodynamic parameters of the mixed carbon sample containing S-DG and PC in different
proportions are shown in Table 3. As the mass ratio of DG to PC increased from 20% to 50%, the
maximum peak temperature increased from 1126.5°C to 1299.7°C, which was 104.6°C and 177.8°C
higher, respectively, than the highest temperature of the unadulterated PC sample. Furthermore, the
DSCmax value decreased from 9.673 mW/mg to 2.902 mW/mg. Although the ash content in PC is low, the
distillery grains contain high contents of Ca (0.49%), Mg (0.32%), K (1.24%), and Si (0.61%). When the
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pyrolysis temperature exceeds 1000°C, vitreous K, such as K2SiO3, may form in the molten mixture of the
distillers grains and the PC and either migrate from DGs to the surface of PC or evaporate and then
deposit onto the surface of the PC, covering many of the pores on the surface and causing the PC
cracking temperature to increase [17]. In addition, alkali metals may form inactive minerals under coreaction with alumina, such as potassium aluminosilicates (e.g. KAlSi3O8 and KAlSiO4), resulting in
reduced reaction rates [18]. The increase in the maximum peak temperature was also attributed to the
degree of graphitization of the carbon materials [19, 20]. As shown in Fig 2b, the DSC peak curves
increased to higher temperature with the increase in the proportion of DG. This result indicated that the
high content of alkali metals in the biomass reacted with the organic structure of PC, resulting in
structural changes of PC, which will be discussed later. As the amount of volatile compounds during
heating increased, a large number of cations (such as K+, Mg+, Al+, Ca+) present on the PC surface might
have adsorbed O and H plasma particles, promoting the reorganization and ordering of the carbon
structural on the PC surface.
Table 3. Thermodynamic parameters of the carbon materials with different mixing ratios of biomass
feedstock and PC
Sample

S-DG:PC

Mass ratio

Tmax(°C)

DSCmax(mW/mg)

0:100

1121.9

9.673

20:80

1226.5

4.123

1299.7

2.902

1010.7

1.168

50:50

Time(days)

> 1 month

100:0

3.2 Thermogravimetric analysis of the corn grain-based mixed carbon samples
The thermogravimetric curves of the mixtures of C-DG and PC at different ratios are shown in Fig. 3. The
thermodynamic parameters of the mixed carbon sample containing C-DG and PC in different proportions
are shown in Table 4. The changes in the TG and DSC curves were similar to those of the TG and DSC
curves of the sorghum-based mixed carbon materials. As the mass ratio of DG to PC in the samples
increased from 20:80 to 50:50, the maximum peak temperature increased from 1209.7°C to 1268.9°C,
which was 87.8°C and 147°C higher, respectively, than the maximum temperature of the unadulterated
PC. Comparably, the DSCmax decreased from 9.673 mW/mg to 1.512 mW/mg. The C-DG biomass also
contained a high content of alkali metals, such as Ca (0.42%), Mg (0.39%), K (1.80%), and Si (0.37%). The
reasons that influenced the transition of the DSCmax to higher temperature as the percentage of C-DG
increased from 20% to 50% were similar to those described in Section 3.1.
Table 4. Thermodynamic parameters of the carbon materials with different mixing ratios of biomass
feedstock and PC
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Sample

C-DG:PC

Mass ratio

Tmax(°C)

DSCmax(mW/mg)

0:100

1121.9

9.673

20:80

1209.7

5.190

1268.9

1.512

1009.6

2.328

50:50

Time(days)

> 1 month

100:0

3.3 Comparison of the experimental and theoretical thermogravimetric analysis values of the sorghum
grain-based mixed carbon samples
Fig. 4 compares the experimental and theoretical pyrolysis values after mixing S-DG and PC with different
mass ratios. The figure shows that, as the mass ratio of S-DG increased, the difference between the two
changed. The synergy factor (SF) formula proposed in related studies was used to estimate the synergy
effect of the two components in this study [21, 22]. When the mass ratio of the mixed carbon material
containing S-DG was 20:80, the calculated SF was 0.455, while the calculated SF was 0.508 when the
mass ratio was 50:50, indicating that the synergistic effect gradually increased as the mass ratio of S-DG
increased. This was mainly due to the generation of different types of enzymes (such as amylase,
protease, cellulase) during the brewing process of sorghum, which promoted the degradation of cellulose
and starch into glucose and other monosaccharides, and the corresponding enzymes of these
monosaccharides would promoted their generate ethanol and CO2 [23, 24]. During pyrolysis, a large
number of volatile organic compounds, such as CO2, CH4, ketones, aldehydes, acids, and amines were
cracked, causing them to interact with the non-volatile organic and/or inorganic substances in the PC to
promote the cracking of the PC. The highly abundant alkali metals and alkali earth metals in the biomass
ash exhibited a catalytic effect on the pyrolysis of the PC, and they further promoted the synergistic effect
between S-DG and PC.
3.4 Comparison of the experimental and theoretical thermogravimetric analysis values of the corn grainbased mixed carbon samples
Fig. 5 compares the experimental and theoretical pyrolysis values after mixing C-DG and PC with different
mass ratios. There was an obvious synergistic effect between C-DG and PC. The calculated SF was 0.459
when the mass ratio of C-DG to PC was 20:80, while the calculated SF increased to 0.495 when the mass
ratio was 50:50, indicating that the synergistic effect also gradually increased as the mass ratio of C-DG
to PC increased. The elemental composition of alkali metals and alkaline earth metals in the C-DG is
similar to that in the S-DG; therefore, the reasons for the influence of C-DG on the PC were also similar to
S-DG.
3.5 Kinetics analysis
3.5.1 Kinetics analysis of the sorghum grain-based mixed carbon materials
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The Coats-Redfern method was used to calculate the relative relationship between Ln[g(x)/T2] and 1/T in
order to study the kinetics of the carbon reaction reaction at high temperatures. Fig. 6 shows the curve
generated by plotting the ln[g(x)/T2] values against 1/T calculated by Equation (1). After fitting the data
to a linear regression model, the resulting regression coefficient (R2) was 98–99%, demonstrating a high
correlation between the two kinetics parameters. The kinetic parameters calculated from the linear
regression equation are shown in Table 5. When the DG ratios increased from 20% to 50%, the activation
energies of the pyrolysis of S-DG in the mixed samples were 294.69 kJ/mol and 194.75 kJ/mol,
respectively, which corresponded to a 33.91% decrease in the activation energy as the S-DG content
increased from 20% to 50%. In addition, the activation energies of the pyrolysis of C-DG were 304.66
kJ/mol and 198.95 kJ/mol, respectively, which corresponded to a 34.70% decrease. These results
indicated that the addition of either S-DG or C-DG could reduce the activation energy of the pyrolysis of
the carbonaceous reductant and increase the reaction reaction rate.
Table 5. Kinetic parameters of PC and biomass co-reaction process
Sample

percentage

R2

Ea(kJ/mol)

A0(min-1)

S-DG

20:80

0.99792

294.69

8.43×1011

50:50

0.98477

194.75

2.68×107

20:80

0.99929

304.66

3.89×1012

50:50

0.98612

198.95

4.32×107

C-DG

3.6 FT-IR analysis
To understand the structural changes of DG before and after fermentation, Fourier transform infrared
spectroscopy (FT-IR) was used to analyze the functional group composition of the biomass (Fig. 7).
Overall, the intensities of the absorption peaks decreased after fermentation, which indicated that the
organic matter in the biomass degraded and caused many of the polymeric structures to change. The FTIR spectrum of S-DG features an absorption band at 3415 cm–1, which corresponded to the stretching
vibrations of O-H and N-H bonds [25, 26]. Additional absorption bands at 2924 cm–1 and 2854 cm–1 were
attributed to the C-H stretching vibrations of aliphatic -CH2- and -CH3 groups, respectively [27]. The C=O
stretch of carboxyl, aldehyde, and ketone functional groups was observed at 1745 cm–1. The absorption
bands in the region of 1610–1630 cm–1 were likely due to insignificant bimodal stretching vibrations,
mainly those of C=C bonds in the aromatic rings [28]. The absorption band at 1457 cm–1 was the
stretching vibration of aliphatic -CH3 groups. Finally, the absorption peak at 1033 cm–1 represented the
stretching vibrations of aliphatic C-O bonds in the carbohydrate structures. Comparably, the changes in
the FT-IR spectrum of C-DG before and after fermentation was essentially the same as the FT-IR spectrum
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of the S-DG, which indicated that the structure of C-DG had also has changed greatly as a result of
fermentation.
3.7 Raman spectroscopy
3.7.1 Raman spectra of sorghum grains materials
The Raman spectra of the two S-DG and PC mixed carbon materials with different proportions in the
range of 800–2000 cm–1 are shown in Fig. 8. The spectra featured two peaks in the range of 1100–1700
cm-1, which corresponded to the D and G peaks, respectively. The peak G represents the in-plane
stretching vibration of the sp2-hybridized C atoms, and its value is proportional to the graphitization
degree [19, 29, 30]. D1 represented disordered graphitic lattice [31]. The specific parameters of the Raman
spectra of the two S-DG and PC mixed carbon materials are shown in Table 6. As shown in the table, the
ID1/IG and IG/IA values of the 20:80 sample were 2.07 and 0.31, respectively. For the 50:50 sample, the
ID1/IG and IG/IA values were 1.17 and 0.59, respectively. These results indicated that not only was the
graphitization degree higher as the increase in the proportion of S-DG in the mixed carbon samples, but
also the reactivity in reaction process became worse. This can also be seen from the DSC curve change
of mixed carbon materials in Fig. 2. Therefore, it was determined that the reaction of the 20:80 mixed
carbon material containing S-DG was better than the 50:50.
Table 6 Raman spectrum peak fitting data
Sample

Area/104

ID1/IG

IG/IA

ID1

IG

IA

20:80

1.14

0.55

1.78

2.07

0.31

50:50

1.90

1.62

2.73

1.17

0.59

3.7.2 Raman spectra of corn grains materials
Fig. 9 shows the Raman spectra of the C-DG and PC mixed carbon materials with different ratios, and
Table 7 presents the specific parameters of the Raman spectra. As shown in the table, the ID1/IG value of
the 20:80 sample was 1.75 and the IG/IA value was 0.43. For the 50:50 sample, the ID1/IG value was 2.88,
and the IG/IA value was 0.27. These results showed that the graphitization degree of the C-DG-containing
samples decreased with the increasing proportion of C-DG. Compared to the S-DG mixed carbon
materials, the disorder degree (ID1/IG value) of the C-DG carbon materials was approximately 59% higher,
which was conducive to improving the reactivity of carbon materials.
Table 7 Raman spectrum peak fitting data
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Sample

Area/104

ID1/IG

IG/IA

ID1

IG

IA

20:80

1.38

0.79

1.82

1.75

0.43

50:50

2.68

0.93

3.42

2.88

0.27

3.7.3 SEM analysis of mixed carbon materials
Scanning electron microscopy (SEM) was employed to understand the changes in the apparent
morphology of the mixed carbon materials after adding the distillers grains. As shown in Fig. 10, as the
proportion of DG increased, the surface of the bituminous coal became etched first, causing many pores
to appear, which was accompanied by fragmentation. These structural changes to the PC were beneficial
to increasing the co-reaction reaction rate.
3.8 Carbothermal reduction experiments of the mixed carbon materials with silica
SEM and XRD were used to analyze the products of the smelting of the mixed carbon materials and silica
at high temperatures. As shown in Fig. 11, the SEM images featured a large number of SiC particles that
had grown on the surface of the carbon, which suggested that the mixed carbon materials and silica
exhibited an agglomeration effect. However, the content of SiC particles in the C-DG samples were
higher, and their growth was faster. The XRD spectra of that the smelting products showed that both of
them (S-DG/PC and C-DG/PC respectively reduced silica) contained a large number of weak SiO2
diffraction peaks. However, Si diffraction peaks were not detected, which might have been attributed to a
combination of experimental equipment (vacuum induction furnace) and the heating temperature.
To understand whether impurities affected the pyrolysis of the mixed carbon materials during the
pyrolysis process, XRD was used to analyze the carbothermal reduction products. As shown in Fig. 12,
the XRD spectra of the S-DG and C-DG products contained diffraction peaks corresponding to K2SiO3,
KAlSi3O8, KAlSiO4, K(SiAl)O8, and K2SiO9. Because K2SiO3 can crystallize on the carbon surface, it will
affect the reaction rate and cause the pyrolysis temperature to increase. However, potassium aluminum
silicate is an inactive and stable substance that has no catalytic effect on the reaction reaction process;
instead, it promotes the reduction of K+ content in the carbon materials and affects the pyrolysis reaction
process [32-34].

4. Conclusion
In this study, TGA, Raman spectroscopy, FT-IR, SEM, and other analytical techniques were used to study
the effect of different ratios of vinasse in biomass-containing mixed carbon materials based on PC on
the reaction performance of PC. The results showed that the reaction temperature of the carbon material
increased by 87-178°C, and the activation energy decreased by 33-35% as the proportion (by mass) of the
sorghum and corn distilleries grains increased from 20% to 50%. The synergism between the biomass
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and the PC was significant, as demonstrated by an improvement in the reactivity of the mixed carbon
material as the proportion of biomass increased. Analysis of the samples by Raman spectroscopy and
SEM showed that the amorphous carbon content in the mixed carbon materials was as high as 2.88, and
the DG was capable of effectively etching the carbon surface of the PC. And in the carbothermal
reduction experiment of silica, it was found that the DG/PC mixed carbon material can promote the
growth of SiC. The research on the carbothermic reduction of silica with mixed carbon materials of
distillers grains and petroleum coke as reducing agents is beneficial to the more effective preparation of
carbonaceous reducing agents in industrial silicon production.

Declarations
Acknowledgments
The authors are grateful for financial support from the National Natural Science Foundation of China (No.
51804147) and the Yunnan Province Department of Education (No. 2018JS018).
Ethics approval and consent to participate
We don't cover ethics approval and consent to participate
Consent for publication
Not applicable.
Availability of data and materials
All data generated or analysed during this study are included in this published article.
Competing interests
The authors declare that they have no competing interests.
Funding
The authors are grateful for financial support from the National Natural Science Foundation of China (No.
51804147) and the Yunnan Province Department of Education (No. 2018JS018).
Authors' contributions
Hongmei Zhang: Conceptualization, Resources, Writing - review & editing, Visualization, Validation,
Supervision. Zhengjie Chen: Formal analysis, Validation, Data curation, Writing-original draft, Writingreview&editing. Wenhui Ma: Conceptualization, Resources, Visualization, Visualization, Supervision. Shijie
Cao: Writing - review & editing.
Authors' information (optional)
Page 11/21

Hongmei Zhang1,2, Zhengjie Chen1,2,3*, Wenhui Ma1,2,3, Shijie Cao1,2,3
1 Faculty

of Metallurgical and Energy Engineering, Kunming University of Science and Technology,

Kunming 650093, China;
2

State Key Laboratory of Complex Nonferrous Metal Resources Cleaning Utilization in Yunnan Province,
Kunming University of Science and Technology, Kunming 650093, China;
3

The National Engineering Laboratory for Vacuum Metallurgy, Kunming University of Science and
Technology, Kunming 650093, China;
Disclosure of potential conflicts of interest
We declare that we have no conflict of interest.
Research involving Human Participants and/or Animals
Not applicable.
Informed consent
Not applicable

References
1. Company, B.P., 1990. BP statistical review of world energy. London, England, British Petroleum
Company.
2. China Announces Energy Development Strategy Action Plan. China Chemical Reporter, 2014.
3. Cheng, B.H., Huang, B.C., Zhang, R., Chen, Y.L., Yu, H.Q., 2020. Bio-coal: A renewable and massively
producible fuel from lignocellulosic biomass. Science Advances, 6(1):0748.
4. Vassilev, S.V., Vassileva, C.G., Vassilev, V.S., 2015. Advantages and disadvantages of composition
and properties of biomass in comparison with coal: An overview. Fuel, 158:330-350.
5. Fabbri, D., Torri, C., Spokas, K.A., 2012. Analytical pyrolysis of synthetic chars derived from biomass
with potential agronomic application (biochar). Relationships with impacts on microbial carbon
dioxide production. Journal of Analytical and Applied Pyrolysis, 93:77-84.
6. Pang, C.H., Lester, E., Wu, T., 2018. Influence of lignocellulose and plant cell walls on biomass char
morphology and combustion reactivity-ScienceDirect. Biomass and Bioenergy, 119:480-491.
7. Kumar, A., Demirel, Y., Jones, D.D., Hanna, M.A., 2010. Optimization and economic evaluation of
industrial gas production and combined heat and power generation from gasification of corn stover
and distillers grains. Bioresource Technology, 101(10):3696-3701.
8. Demirbas, A., 2008. Biofuels sources, biofuel policy, biofuel economy and global biofuel projections.
Energy Conversion and Management, 49(8):2106-2116.
Page 12/21

9. Demirbas, A., 2001. Biomass resource facilities and biomass conversion processing for fuels and
chemicals. Energy Conversion & Management, 42(11):1357-1378.
10. Demirbas, A., Sahin-Demirbas, A., Demirbas, A.H., 2004. Global Energy Sources, Energy Usage, and
Future Developments. Energy Sources, 26(3):191-204.
11. Choct, M., 2006. Enzymes for the feed industry: past, present and future. World's Poultry Science
Journal, 62(1):5-16.
12. Zhou, S.C., Chen, Z.J., Ma, W.H., 2019. Clean and effective utilization of moldy peel as a biomass
waste resource in the gasification process of petroleum coke. Sustainable Energy & Fuels.
13. Edreis, E.M.A., Li, X., Atya, A.H.A., Sharshir, S.W., Elsheikh, A.H., Mahmoud, N.M., Luo, G., Yao, H., 2020.
Kinetics, thermodynamics and synergistic effects analyses of petroleum coke and biomass wastes
during H2O co-gasification. International Journal of Hydrogen Energy, 45:24502-24517.
14. Wei, J.T., Guo, Q.H., Gong, Y., Ding, L., Yu, G.S., 2020. Effect of biomass leachates on structure
evolution and reactivity characteristic of petroleum coke gasification. Renewable Energy, 155:111120.
15. Gajera, Z.R., Verma, K., Tekade, S.P., Sawarkar, A.N., 2020. Kinetics of co-gasification of rice husk
biomass and high sulphur petroleum coke with oxygen as gasifying medium via TGA. Bioresource
Technology Reports, 11:100479.
16. Liu, M., Li, F.H., Liu, H.F., Wang, C.-H., 2020. Synergistic effect on co-gasification of chicken manure
and petroleum coke: An investigation of sustainable waste management. Chemical Engineering
Journal, 417:128008.
17. Wei, J.T., Guo, Q.H., Gong, Y., Ding, L., Yu, G.S., 2017. Synergistic effect on co-gasification reactivity of
biomass-petroleum coke blended char. Bioresource Technology, 234:33-39.
18. Naidu, V.S., Aghalayam, P., Jayanti, S., 2016. Synergetic and inhibition effects in carbon dioxide
gasification of blends of coals and biomass fuels of Indian origin. Bioresource Technology, 209:157165.
19. Wang, G.W., Zhang, J.L., Zhang, G.H., Ning, X.J., Li, X.Y., Liu, Z.J., Guo, J., 2017. Experimental and
kinetic studies on co-gasification of petroleum coke and biomass char blends. Energy, 131:27-40.
20. Huo, W., Zhou, Z.J., Chen, X.L., Dai, Z.H., Yu, G.S., 2014. Study on CO2 gasification reactivity and
physical characteristics of biomass, petroleum coke and coal chars. Bioresource Technology,
159:143-149.
21. Edreis, E.M.A., Li, X., Luo, G., Sharshir, S.W., Yao, H., 2018. Kinetic analyses and synergistic effects of
CO co-gasification of low sulphur petroleum coke and biomass wastes. Bioresource Technology,
267:54–62.
22. Edreis, E.M.A., Li, X., Atya, A.H.A., Sharshir, S.W., Elsheikh, A.H., Mahmoud, N.M., Luo, G., Yao, H., 2020.
Kinetics, thermodynamics and synergistic effects analyses of petroleum coke and biomass wastes
during H2O co-gasification. International Journal of Hydrogen Energy, 45:24502–24517.

Page 13/21

23. Zhang, Y.J., Huang, G.R., Yu, S.R., Gu, X.L., Cai, J.M., Zhang, X.G., 2021. Physicochemical
characterization and pyrolysis kinetic analysis of Moutai-flavored dried distiller's grains towards its
thermochemical conversion for potential applications. Journal of Analytical and Applied Pyrolysis,
155:105046.
24. Liu, K., 2011. Chemical Composition of Distillers Grains, a Review. Journal of Agricultural & Food
Chemistry, 59(5):1508-26.
25. Calderón, F., Haddix, M., Conant, R., Magrini-Bair, K., Paul, E., 2013. Diffuse-Reflectance FourierTransform Mid-Infrared Spectroscopy as a Method of Characterizing Changes in Soil Organic Matter.
Soil Science Society of America Journal, 77(5):1591-1600.
26. Ludwig, B., Nitschke, R., Terhoeven-Urselmans, T., Michel, K., Flessa, H., 2010. Use of mid-infrared
spectroscopy in the diffuse-reflectance mode for the prediction of the composition of organic matter
in soil and litter. Journal of Plant Nutrition and Soil Science=Zeitschrift fuer Pflanzenernaehrung und
Bodenkunde, 171(3):384-391.
27. Egli, M., Mavris, C., Mirabella, A., Giaccai, D., 2010. Soil organic matter formation along a
chronosequence in the Morteratsch proglacial area (Upper Engadine, Switzerland). Catena, 82(2):6169.
28. Leifeld, J., 2010. Application of diffuse reflectance FT-IR spectroscopy and partial least-squares
regression to predict NMR properties of soil organic matter. European Journal of Soil Science,
57(6):846-857.
29. Cuesta, A., Dhamelincourt, P., Laureyns, J., Martínez-Alonso, A., Tascón. Raman, J., 1994. microprobe
studies on carbon materials. Carbon, 32(8):1523-1532.
30. Wu, S., Huang, S., Ji, L., Wu, Y., Gao, J., 2014. Structure characteristics and gasification activity of
residual carbon from entrained-flow coal gasification slag. Fuel, 122:67-75.
31. Sadezky, A., Muckenhuber, H., Grothe, H., Niessner, R., Pöschl, U., 2005. Raman microspectroscopy of
soot and related carbonaceous materials: Spectral analysis and structural information. Carbon,
43(8):1731-1742.
32. Ding, L., Zhang, Y.Q., Wang, Z.Q., Huang, J.J., Fang, Y.T., 2014. Interaction and its induced inhibiting
or synergistic effects during co-gasification of coal char and biomass char. Bioresource Technology,
173:11-20.
33. Habibi, R., Kopyscinski, J., Masnadi, M.S., Lam, J., Grace, J.R., Mims, C.A., Hill, J.M., 2013. Cogasification of Biomass and Non-biomass Feedstocks: Synergistic and Inhibition Effects of
Switchgrass Mixed with Sub-bituminous Coal and Fluid Coke During CO2 Gasification. Energy &
Fuels, 27:494-500.
34. Song, Y.-C., Li, Q.-T., Li, F.-Z., Wang, L.-S., Hu, C.-C., Feng, J., Li, W.-Y., 2019. Pathway of biomasspotassium migration in co-gasification of coal and biomass. Fuel, 239:365-372.

Figures
Page 14/21

Figure 1
Flow chart of sample making

Figure 2
TG (a) and DSC (b) curves of the biomass raw material and petroleum coke (PC) and the mixed carbon
samples of the two materials (S-DG/PC)
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Figure 3
TG and DSC curves of the biomass raw material and PC and the mixed carbon samples of the two
materials (C-DG/PC)

Figure 4
Comparison of experimental and theoretical values of pyrolysis of carbon materials biomass and PC
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Figure 5
Comparison of experimental and theoretical values of pyrolysis of carbon materials biomass and PC

Figure 6
Kinetic fitting diagram of gasification process of mixed samples of PC and biomass at different ratios
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Figure 7
Analysis of vinasse materials by infrared spectroscopy

Figure 8
800~2000cm-1 Raman spectrum analysis and its fitting atlas
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Figure 9
800~2000cm-1 Raman spectrum analysis and its fitting atlas
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Figure 10
Scanning electron microscopy of mixed carbon materials
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Figure 11
SEM and XRD images of carbonthermic reduction products

Figure 12
XRD images of carbonthermic reduction products
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