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Abstract

Petroleum coke (PC) is found to have lower reactivity, high sulphur and vanadium oxide contents; hence, mixing with other
biomass is required. In this study, PC, sugar cane bagasse (SCB) and their blends at temperatures of 500, 800 and 900 °C (denoted as
PC: SCBS5, PC:SCBS and PC: SCB9) were investigated using a thermogravimetric analyser (TGA) under non-isothermal conditions
at a heating rate of 20 °C minl. The derivatives thermogravimetric (DTG) curves were obtained experimentally. The results showed
that pyrolysis temperature and blending ratio significantly affect the behaviour and the reactivity of PC. The DTG for PC was
15.44%, but for SCB chars, PC: SCBS5, PC: SCB8 and PC: SCB9 were in the range of 6.28— 6.66, 4.63— 8.48, 4.97— 8.58 and
4.97-12.10% respectively. The thermal behavior of PC, SCB char and the blends was found to be completed in a single stage. PC
reactivity improved by 26.72% with the addition of SCB chars. Synergistic effect was found to be varied, but among the samples,
PC: SCBS at a blend ratio of 1:1 showed the most synergistic effect.
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ABBREVIATIONS

PC: Petroleum coke.
SCB: Sugar cane bagasse.
TGA: Thermogravimetric analyzer
DTG: derivatives thermogravimetric
SCBS, SCB8, SCB9: Sugar cane bagasse at 500, 800 and 900
°C.
PC: SCBS5, PC: SCB&, PC: SCB9: PC and SCB blend at 1:1,
1:3 and 3:1 blend ratio and temperature of 500, 800 and 900
°C.
V205 : Vanadium oxide.
RMS: Root mean square.

I. INTRODUCTION

Sugar cane bagasses have been used as a biomass source
for fuel utilization[1]. In Sudan their about 2.7610° tons of
sugar cane bagasses produced anually[2]. This huge amount
of SCB could be used for energy generation. Besides, it
has the advantages of good ignition charactertics, cheap and
low pollution[3]. Petroleum coke is by product of delayed
coking of residual oil. Petroleum coke has low ash con-
tent and high calorific value found attractive fuel source[4].
However, low reactivity, high sulphur and vanadium oxide
(V20s) contents are some drawback hindering it’s explo-
ration as a fuel. This drawback causes boiler pipes clog-
ging and environmental problems[5]. To overcome PC prob-
lems, techniques such as blending, high temperature and
longer reaction time or catalyst additives were used[5][6].
Gasification is an attractive technique for solving PC prob-
lems. This is performed by converting the combustible PC
into syngas and other chemical production[7]. However, due
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to lower reactivity, the use of PC gasification was lim-
ited. Therefore, longer residence time and higher gasification
temperature were used. Co-gasification techniques achieved
high thermal conversion, stable operation, and eliminated tar
reduction issues[8][9][10][11][12][13][14][15]. However, co-
process technologies needs better understanding of biomass
kinetics reaction, physical and thermal properties. The chars
are produced by decomposing the biomass in an oxygen-
free environment[16]. Char gasification goes through various
carbon reactions with the gasification agent and produces
gases. The reactivity is an important parameter because it’s
determines gasification design, fuel suitability, and conversion
rate[15][17]. Edreis et al[12] conducted co-gasification of PC
and various types of biomass wastes (rice husk and stalk,
sawdust, cotton straw, and sugar cane bagasse) using a thermo-
gravimetric analyzer. The results showed that PC gasification
was improved with the addition of biomass wastes. The reac-
tivity of the samples was in the range of 1.97-2.47%/min °C.
Whereas for the blends was 1.22-1.82%/min°C. Among the
blends, PC: sawdust was the most reactive. Synergistic effect
was observed in the order of PC: cotton straw, PC: sawdust,
PC: rice husk, and PC: sugar cane bagasse, respectively. In
another study, Edreis et al.[18] studied co-gasification of PC,
SCB, and their blends using thermogravimetric and Fourier
transform infrared spectroscopy (FTIR). Sugar cane bagasse
gasification occurred in two steps: volatiles releasing (150-
430°C) and char gasification (700— 1220°C). But for PC, the
gasification occurred in one step between 800— 1220°C. A
synergistic effect was observed in all samples, and it increased
as the ratio of PC decreased. Wei et al.[19] studied rice straw,
bituminous coal, and their blends using a thermogravimetric
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analyzer. Gasification temperatures of 800, 850, 900, 950 and
1000 °C were used. The results showed that as conversion
increased, the reactivity decreased. Liang et al.[20] investi-
gated bamboo reed char, semi-coke and, their blends using a
non—isothermal thermogravimetric analyser. The reactivity of
semi-coke was found to be lower than that of bamboo reed
char. This was due to the carbonaceous structure and lower
alkali content. The addition of bamboo reed char improved
the reactivity. The synergistic effect was found between the
blends. Wang et al.[21] studied co gasification of semicoke and
bituminous coal at higher temperatures in a C'Osatmosphere.
High temperature drop tube furnace was used. The interactions
between the fuels found to release NOx and it’s increased as
the content of semicoke increases. Motta et al.[22] investigated
COq gasification of sugar cane bagasse char. Gasification
temperatures range of 750 to 900°C at isothermal conditions
were tested using a thermogravimetric analyser. Random pore
and extended random pore models were examined. Increasing
gasification temperature did not affect the surface composition
and the char morphology but reduced the initial gasification
rate, surface area and the fitted rate constants. The extended
random pore model effectively modelled the gasification be-
haviour. Lahuri et al.[23] investigated C' O gasification of
high-sulphur petroleum coke. A thermogravimetric analyser
under isothermal conditions was used. KoC'O3 was used as
the catalyst at a loading rate of 0- 20 wt.%. The shrinking core
model and volume reaction model were used to investigate
the reaction rate and activation energy. Activation energy was
reduced significantly from 150.66 kJ/mol to 96.96kJ/mol at a
Swt.% catalyst loading. Sudanese SCB has low emission, high
activity, high alkali and alkaline earth metal (AAEM) content.
This alkali and alkaline perform as a natural catalyst and
boost PC gasification[5][6]. It is found that SCB release large
amount of volatiles at the beginning of gasification; there-
fore, blending it with PC could provide more energy[18][24].
Hence, understanding the synergistic effect of PC and SCB is
crucial for thermal studies. Nemanova et al.[25] studied the
co-gasification of PC and biomass. Blending ratios of 0/100,
20/80, and 50/50 (PC: Biomass) were investigated. Atmo-
spheric bubbling fluidized bed reactor, and thermogravimetric
analyzer at operation temperature of 800 and 900°C were used.
The conversion and the total conversion were found to increase
in the range of 47.6-75.3% and 85.2-90.8%, respectively. The
tar decreased from 1.2 to 0.8g/Nm?>. Increasing biomass
content in the mixture decreased gasification time. This is due
to alkali and alkaline earth metals from biomass ash, hence
increasing the reactivity of PC gasification. Synergetic effect
was observed; this was evidenced by the reduction of the
activation energy, which was 121.5, 96.3 and -83.5 kJ/mol
for PC, 50:50 and 20/80 blends respectively. Zhang et al.[26]
investigated C'O5 co-gasification behaviour and synergistic
effect of PC, biomass and their blends. They report synergistic
at the char gasification stage due to the presence of alkali
and alkaline compounds. Wei et al.[5] investigated petroleum
coke-biomass and char using co-gasification. A synergistic
effect was observed at the complete generation of biomass
ash. However, the effect was weakened as the temperature
increased from 1000 to 1100 °C'. Similar synergistic behaviour
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was reported by Liu et al.[27] using C'O2 co-gasification of
PC and straw char. Wang et al.[28] investigated PC, corncob
and their blends (80/20, 60/40, 40/60 and 20/80) by mass.
A thermogravimetric analyser at non-isothermal conditions
was used. Corncob was found to be more reactive than PC;
this is due to pore structure, low degree of order and high
content of alkali metals. The reactivity of PC was found to
improve with the addition of corncob up to 20% by mass.
Synergetic effect was observed with the addition of corncob.
The activation energy of PC and corncob was 203.2 and
243.3 kJ/mol, but for the blends was in the range of 197.8-
238.3kJ/mol. From the literature investigation, gasification
behaviour, reactivity and synergistic effects of Sudanese SCB
chars and PC during co-gasification have not been studied.
Therefore, in this study, PC, SCB char and their blends were
evaluated using a thermogravimetric analyzer. Further, the
fuel synergistic effect during co-gasification was investigated.
Comparison between the theoretical and experimental DTG
was also included.

II. MATERIALS AND METHODS
A. Materials and samples preparation

In this study petroleum coke and sugar cane bagasse char
were used. The samples were dried (remove the moisture to
less than 10%), crushed and sieved. The sizes of the particles
were in range of 180 — 450um.

B. Chars preparation

SCB chars were devolatilization in a horizontal tube furnace
using pure nitrogen. Nitrogen flow rate was 1 L/min for 20
min at a temperature of 500, 800 and 900°C, respectively.
When the furnace reach the desired temperature, ceramic
container content 1g of SCB sample was placed outside the
tube and nitrogen was purged. The oxygen was eliminated
and the container was pushed into tube heating zone. After
the specified time, the char was removed and cooled to a
room temperature using nitrogen. The SCB char produced at
a temperature of 500, 800 and 900°C were denoted by SCBS,
SCBS8 and SCB?Y, respectively. The char’s samples were stored
in desiccator to prevent moisture. The mixture of PC and SCB
char were prepared at ratio of 1:1, 1:3 and 3:1 by mass.

C. Proximate and ultimate analysis

Proximate analysis of the samples was performed using
TGA-2000 (Navas Instruments, Spain) following D5142 stan-
dard method. For ultimate analysis Euro-CA 3000 elemental
analyser was used. Table(I), shows the proximate and ultimate
analyses of PC and SCB chars samples.

@ As received basis
b Dry ash basis
¢ Calculated by differences

D. Thermogravimetric analysis

Pure and co-gasification of PC and SCB chars were per-
formed using TGA NETZSCHSTA 449/F3 model thermo-
gravimetric analyser under non-isothermal condition. Gasifi-
cation experiments were conducted at a temperature range of

2


https://doi.org/10.54388/jkues.v5i1.377

Journal of Karary University for Engineering and Science (JKUES)

Volume 5, Issue 1 (March 31,2026)

TABLE I: Proximate and ultimate analyses of PC and SCB char samples.

Sample Proximate analysis (w%)® Ultimate analysis (w%)® |
M Ash VM FC C H o° N S
PC 2.15 2.01 9.32 86.52 | 91.04 | 3.76 3.03 1.06 | 1.08
SCB 7317 | 4411 | 7693 | 11.33 | 4695 | 6.06 | 46.78 | 0.13 | 0.08
SCB 5 2.30 10.15 | 23.04 | 54.28 | 47.39 | 451 | 47.54 | 046 0.1
SCB 8 1.14 13.50 9.72 7548 | 51.52 | 1.96 | 46.06 | 0.35 | 0.11
SCB 9 0.70 15.61 6.90 74.62 | 7345 | 1.74 | 23.57 | 1.01 | 0.23

25 to 1300 °C under heating rate of 20 °C/min. Pure C'O5
was used as a gas agent at a flow rate of 100 mL/min. A
8- 9 mg of sample was used for each experiment and it was
dispersed flatly on a crucible. A small amount of sample and
a slow heating rate were used to avoid heat transfer limitation
and to minimize mass transfer effects. All the experiments
were repeated three times to test the reproducibility of the
results and the average values was used for the analysis. The
mass loss (TG) and derivative curve (DTG) of the samples
were presented as a function of temperature. For the active
site, Boudouard reactions mechanism Equation(l, 2, 3 and
4) were considered for char gasification in carbon dioxide
domain[29][30].

C + COy — 2CO (1)
Cas + CO2 kyyC(0) + CO )
C(0) + CO kygCras + CO; 3)

C(0) kyyCO )

Where k; is the rate of the ith reaction.

E. Reactivity measurement

The TG data were expressed as a function of conversion
(X), which is defined as:

W; — Wy

X = &)

w; —wy

where w; , w; and wy are initial, at given time t (min) and
final samples masses (mg). The reactivity index Ry 5 defined
in Equation(6) was applied to quantify gasification reactivity
of the samples[31][32][33], and further was used to investigate
the synergy effect during the co- gasification of the fuel blends.

(6)

where g 5 is the time required for 50% carbon conversion.
Ry 5 is the higher reactivity.
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F. Synergistic effects analysis

To find out the occurrences of synergistic effect between
PC and SCB chars; theoretical DTG curve was calculated and
compared with the experimental DTG using Equation(7)[6].

dw

W = wpo(Gre + a(50)
dt = &4pC dt PC B dt SCB
dw

where (%) is the corresponding weight loss rate (%/min)
of the individual material. Thex pc andxgcp are the mass
fractions of PC and SCB, respectively. For further characteri-
zation of synergistic effect during co-gasification, Root Mean
Square (RMS) was used as presented in Equation(8) and the
higher RMS the high the synergistic effect[34].

dw 7

N (dw/d)i,,—(dw/dt);,
Zi:l( (dw/dt)? H)?
RMS = N (8)

Where (dw/dt)esp and (dw/dt)qq are experimental and
calculation weight loss rate, respectively and N is the number
of data points.

IITI. RESULTS AND DISCUSSIONS
A. Gasification behaviour and reactivity analysis

Figure(1) shows the variation of DTG against the tempera-
ture for PC, SCB chars, and the blends. The gasification found
occurred in one stage at a temperature higher than 600 °C.
Edreis et al.[35] also claimed the same trend with SCB and
biomass blends. From Table(Il), it is found that, the DTG
max for SCB chars increases when the pyrolysis temperature
increases. At a blending ratio of 1:3, the DTG max for SCB
chars was higher than that of the blends. While the DTG max
for SCB8 and SCB9 char at 1:3 blend ratio were similar. Also
it’s found that, DTG max for PC, SCB chars blends increases
when the PC content in the blend increases. The T max values
were 848, 903 and 906 °C for SCB5, SCB8 and SCB9 char,
respectively, but for PC was 1116 °C. For PC: SCBS5, PC:
SCB8 and PC: SCB9, the T max values were in the range
of 855-1031, 909-1060 and 910-1098 °C, respectively. This
is indicates that as PC content in the blends increases, the
Tmax increases. It was observed that DTG max and T max
were proportional to pyrolysis temperature and blending ratio.
The gasification of SCBS5 occurred at a temperature range of
600 - 975 °C with a DTG max of 6.28 %/min compared
to SCB 8, SCB 9 and PC, which occurred at a temperature
range of 700- 1010 °C, 700 - 1020 °C and 840- 1200 °C
with DTG max of 6.37, 6.66 and 15.44 %/min, respectively.
This indicates that, chars prepared at lower temperatures were

3


https://doi.org/10.54388/jkues.v5i1.377

Journal of Karary University for Engineering and Science (JKUES)

Volume 5, Issue 1 (March 31,2026)

) L ()

DTG (%Amin)
DTG {%Amin)
T &

Temperature (°C

ITG (Kadmin

= *
200 00 £00 500 1000 1200 1400
Tempatune (°C)

ig. 1: DTG for the blends against temperature.

Coamersion & (%)

1
10 ®

0 2 PC:5CB B
= . ---10

. =
Z = - 34
& k5 —11
%.:.q_ g:."- ___-[1]:3

o (=]

Time (min}

Time {minj}

Fig. 2: Samples conversion rate against time.

more reactive compared to those of higher temperatures. This
is due to the higher volatile matter and lower fixed carbon
content in the SCB5 sample compared to SCB 8, SCB 9
and PC. For the blends, PC: SCBS5 showed lower values of
DTGmax and T max compared to PC: SCB 8 and PC: SCB
9. Figure(2) shows blends conversion rate against the time.
The conversion rate was found to be significantly influenced
by pyrolysis temperature and blending ratio. The variations of
the reactivity for PC, SCB and the blends are presented in
Figure(3). PC reactivity was found to be lower than SCB and
its increase as the content of SCB char in the blend increased.
Similar results were obtained by Wang et al.[36], who used
PC and millet husk char using a thermogravimetric analyser at
isothermal conditions. Compared to SCB chars, SCB 9 showed
lower reactivity individually and as a blend with PC. This is
due to the crushing of the surface structure during the pyrolysis
at high temperature, hence affected the char reactivity. It’s
concluded that pyrolysis temperature and blending ratio have a
significant effect on gasification behaviour and reactivity. The
reactivity of PC was significantly improved with the addition
of SCB char during the co-gasification. The same results were
reported in the literature by different researchers[21][23].

DTGmax: maximum mass loss rate (% min~"'), Tmax:
The temperature (°C') when the gasification rate reaches the
maximum
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Fig. 3: Reactivity index as a function of blend ratio

B. Synergistic effects analysis

The comparison between the experimental and the calcu-
lated DTG curve of the co-gasification is depicted in Figure(4).
From the figure, the synergistic effect was found dominate
for PC: SCBS at a blending ratio of 1:1. This is due to the
interaction between PC and SCBS5. For the blends of PC:
SCBS5 and PC: SCBS, the calculated DTG curves were over the
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Fig. 4: DTG for the blends as function of temperature.

TABLE II: Thermogravimetric characteristics analysis

15
Characteristios Blending ratio (PC:SCB Char) . —=—PCSCBS
0 [ 30 [ LI | I:3 [ O 14 - —e—PL.SCB B
For PC: SCB 5 ] —a— PCSCB Y9
Tmax 1116 1031 1000 855 848 13
DTGmax 15.44 8.48 6.46 4.63 | 6.28
For PC: SCB 8 1
Tmax 1116 | 1060 | 1049 | 909 | 903 124
DTGmax 15.44 8.58 6.48 497 | 6.37 0
For PC: SCB 9 = 114
Tmax 1116 1098 1064 910 906 o i
DTGmax 1544 | 12.10 | 10.11 | 497 | 6.66 10 d
0.9+
experimental curves; hence, negative synergistic effect was ob- T
served. But for the blend of PC with SCB9 positive synergistic e
effect was found at a blending ratio of 3:1 and 1:1. Figure(5) 07 ]
shows the results of RMS versus the blending ratio. It was 13 ' 1 ) 31
observed that, for PC: SCB char blends, the RMS value was Blending ratio

maximum at blending ratio of 1:1 and minimum at blending
ratio of 1:3. Compared to PC: SCB5, PC: SCB8 and PC:
SCB9 showed significant synergistic effect at blending ratio
of 1:1. This is due to the decomposition of biomass during the
gasification and forms CO2, H20, and CH4, hence enhanced
PC gasification[33][37][38]. This also could be because of
the catalytic effect in SCB chars[5][6][38] . Similar results
were found in the literature by different researchers[7][39]. We
concluded that the gasification process was non-spontaneous
and the reaction was endothermic. PC: SCBS showed the most
synergistic effect with a blending ratio of 1:1.
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Fig. 5: Root mean square as a function of blending ratio.

IV. CONCLUSIONS

The effect of pyrolysis temperature and blending ratio on
the reactivity, behavior, and synergistic during co-gasification
of sugar cane bagasse chars and petroleum coke were studied
using TGA. The results indicate that the reactivity and behav-
ior were significantly affected by the pyrolysis temperature
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and blending ratio. PC reactivity was significantly improved
upon blending with SCB chars. SCB chars prepared at a lower
temperature or blended with PC showed higher reactivity.
Significant synergistic effect between PC and SCB chars was
observed in the blend of PC: SCBS5 at a blending ratio of 1:1.

ACKNOWLEDGEMENT

The authors would like to acknowledge Prof. Hong Yao for
the financial support and the staff at key laboratory of coal
combustion Huazhong University of Science and Technology
for their assistance on conducting the experiments.

[1]

[2]

[3]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

REFERENCES

D. A. Mortari, L. D. Torquato, M. S. Crespi, and P. M. Crnkovic, “Co-
firing of blends of sugarcane bagasse and coal: Thermal and kinetic
behaviors,” Journal of Thermal Analysis and Calorimetry, vol. 132,
no. 2, pp. 1333-1345, 2018.

E. M. Edreis, G. Luo, A. Li, C. Chao, H. Hu, S. Zhang, B. Gui, L. Xiao,
K. Xu, P. Zhang, et al., “Co2 co-gasification of lower sulphur petroleum
coke and sugar cane bagasse via tg—ftir analysis technique,” Bioresource
technology, vol. 136, pp. 595-603, 2013.

I. Ahmed and A. Gupta, “Sugarcane bagasse gasification: Global reac-
tion mechanism of syngas evolution,” Applied Energy, vol. 91, no. 1,
pp. 75-81, 2012.

D. Yadav, S. Saha, G. Sahu, P. D. Chavan, S. Datta, V. Chauhan, and
N. Kumari, “A comparative review on thermal behavior of feedstocks
during gasification via thermogravimetric analyzer,” Journal of Thermal
Analysis and Calorimetry, vol. 148, no. 2, pp. 329-354, 2023.

J. Wei, Q. Guo, Y. Gong, L. Ding, and G. Yu, “Synergistic effect
on co-gasification reactivity of biomass-petroleum coke blended char,”
Bioresource technology, vol. 234, pp. 33-39, 2017.

E. M. Edreis, G. Luo, A. Li, C. Xu, and H. Yao, “Synergistic effects and
kinetics thermal behaviour of petroleum coke/biomass blends during h2o
co-gasification,” Energy conversion and management, vol. 79, pp. 355—
366, 2014.

M. Wang, Y. Wan, Q. Guo, Y. Bai, G. Yu, Y. Liu, H. Zhang, S. Zhang,
and J. Wei, “Brief review on petroleum coke and biomass/coal co-
gasification: Syngas production, reactivity characteristics, and synergy
behavior,” Fuel, vol. 304, p. 121517, 2021.

Q. Xu, S. Pang, and T. Levi, “Reaction kinetics and producer gas com-
positions of steam gasification of coal and biomass blend chars, part 2:
Mathematical modelling and model validation,” Chemical Engineering
Science, vol. 66, no. 10, pp. 2232-2240, 2011.

J. J. Hernandez, G. Aranda-Almansa, and C. Serrano, “Co-gasification
of biomass wastes and coal- coke blends in an entrained flow gasifier:
an experimental study,” Energy & Fuels, vol. 24, no. 4, pp. 2479-2488,
2010.

J. Fermoso, B. Arias, M. Plaza, C. Pevida, F. Rubiera, J. Pis, F. Garcia-
Pefia, and P. Casero, “High-pressure co-gasification of coal with biomass
and petroleum coke,” Fuel Processing Technology, vol. 90, no. 7-8,
pp. 926-932, 2009.

K. Umeki, S.-a. Roh, T.-j. Min, T. Namioka, and K. Yoshikawa, “A
simple expression for the apparent reaction rate of large wood char
gasification with steam,” Bioresource technology, vol. 101, no. 11,
pp. 4187-4192, 2010.

E. M. Edreis, X. Li, G. Luo, S. Sharshir, and H. Yao, “Kinetic analyses
and synergistic effects of co2 co-gasification of low sulphur petroleum
coke and biomass wastes,” Bioresource technology, vol. 267, pp. 54-62,
2018.

C. Gao, F. Vejahati, H. Katalambula, and R. Gupta, “Co-gasification of
biomass with coal and oil sand coke in a drop tube furnace,” Energy &
fuels, vol. 24, no. 1, pp. 232-240, 2010.

J. Fermoso, M. V. Gil, C. Pevida, J. Pis, and F. Rubiera, “Kinetic models
comparison for non-isothermal steam gasification of coal-biomass blend
chars,” Chemical Engineering Journal, vol. 161, no. 1-2, pp. 276-284,
2010.

N. Howaniec, A. Smolinski, K. Stariczyk, and M. Pichlak, “Steam co-
gasification of coal and biomass derived chars with synergy effect as an
innovative way of hydrogen-rich gas production,” International journal
of hydrogen energy, vol. 36, no. 22, pp. 14455-14463, 2011.

DOI: https://doi.org/10.54388/jkues.v511.377

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

[35]

[36]

M. Paiman, N. S. Hamzah, S. S. Idris, N. A. Rahman, and K. Ismail,
“Synergistic effect of co-utilization of coal and biomass char: An
overview,” in IOP Conference Series: Materials Science and Engineer-
ing, vol. 358, p. 012003, IOP Publishing, 2018.

G. Labojko, M. Kotyczka-Moranska, A. Plis, and M. éciazko, “Kinetic
study of polish hard coal and its char gasification using carbon dioxide,”
Thermochimica acta, vol. 549, pp. 158-165, 2012.

E. M. Edreis, G. Luo, A. Li, C. Chao, H. Hu, S. Zhang, B. Gui, L. Xiao,
K. Xu, P. Zhang, et al., “Co2 co-gasification of lower sulphur petroleum
coke and sugar cane bagasse via tg—ftir analysis technique,” Bioresource
technology, vol. 136, pp. 595-603, 2013.

J. Wei, Y. Gong, Q. Guo, X. Chen, L. Ding, and G. Yu, “A mechanism
investigation of synergy behaviour variations during blended char co-
gasification of biomass and different rank coals,” Renewable energy,
vol. 131, pp. 597-605, 2019.

W. Liang, X. Ning, G. Wang, J. Zhang, R. Li, W. Chang, and C. Wang,
“Influence mechanism and kinetic analysis of co-gasification of biomass
char and semi-coke,” Renewable Energy, vol. 163, pp. 331-341, 2021.
P. Wang, C. Wang, C. Wang, M. Yuan, J. Zhang, Y. Du, and D. Che,
“Investigation on co-gasification characteristics of semicoke and bitumi-
nous coal in a co2 atmosphere at high temperatures,” Energy & Fuels,
vol. 34, no. 12, pp. 16132-16146, 2020.

I. L. Motta, R. A. Arnold, F. J. Lopez-Tenllado, R. M. Filho, M. R.
Wolf Maciel, and J. M. Hill, “Co2 gasification of sugarcane bagasse char:
consideration of pyrolysis temperature, silicon and aluminum contents,
and potassium addition for recirculation of char,” Energy & Fuels,
vol. 34, no. 12, pp. 16201-16211, 2020.

H. M. Lahuri, P. Lahijani, and A. R. Mohamed, “A comprehensive
evaluation of raw high-sulphur petroleum coke in co2 gasification to
produce low-carbon syngas,” Chemical Engineering Journal Advances,
p. 100842, 2025.

H. Haykiri-Acma and S. Yaman, “Interaction between biomass and
different rank coals during co-pyrolysis,” Renewable energy, vol. 35,
no. 1, pp. 288-292, 2010.

V. Nemanova, A. Abedini, T. Liliedahl, and K. Engvall, “Co-gasification
of petroleum coke and biomass,” Fuel, vol. 117, pp. 870-875, 2014.
J.-1. Zhang, J. Guo, G.-w. Wang, T. Xu, Y.-f. Chai, C.-1. Zheng, and R.-s.
Xu, “Kinetics of petroleum coke/biomass blends during co-gasification,”
International Journal of Minerals, Metallurgy, and Materials, vol. 23,
no. 9, pp. 1001-1010, 2016.

X. Liu, B.-S. Zhang, X.-L. Chen, Z.-J. Zhou, and F.-C. Wang, “Co-
gasification of petroleum coke and straw char,” Journal of Fuel Chem-
istry and Technology, vol. 40, no. 2, pp. 164-169, 2012.

G. Wang, J. Zhang, G. Zhang, X. Ning, X. Li, Z. Liu, and J. Guo,
“Experimental and kinetic studies on co-gasification of petroleum coke
and biomass char blends,” Energy, vol. 131, pp. 27-40, 2017.

C. Di Blasi, “Combustion and gasification rates of lignocellulosic chars,”
Progress in energy and combustion science, vol. 35, no. 2, pp. 121-140,
2009.

Z. Huang, J. Zhang, Y. Zhao, H. Zhang, G. Yue, T. Suda, and
M. Narukawa, “Kinetic studies of char gasification by steam and co2 in
the presence of h2 and co,” Fuel Processing Technology, vol. 91, no. 8,
pp. 843-847, 2010.

Z.-j. Zhou, Q.-j. Hu, X. Liu, G.-s. Yu, and F.-c. Wang, “Effect of
iron species and calcium hydroxide on high-sulfur petroleum coke co2
gasification,” Energy & Fuels, vol. 26, no. 3, pp. 1489-1495, 2012.

P. Lahijani, Z. A. Zainal, and A. R. Mohamed, “Catalytic effect of
iron species on co2 gasification reactivity of oil palm shell char,”
Thermochimica acta, vol. 546, pp. 24-31, 2012.

J. Wei, Y. Gong, Q. Guo, L. Ding, F. Wang, and G. Yu, “Physicochemical
evolution during rice straw and coal co-pyrolysis and its effect on co-
gasification reactivity,” Bioresource technology, vol. 227, pp. 345-352,
2017.

Q. Wang, W. Zhao, H. Liu, C. Jia, and S. Li, “Interactions and kinetic
analysis of oil shale semi-coke with cornstalk during co-combustion,”
Applied energy, vol. 88, no. 6, pp. 2080-2087, 2011.

E. M. Edreis, G. Luo, A. Li, C. Chao, H. Hu, S. Zhang, B. Gui, L. Xiao,
K. Xu, P. Zhang, et al., “Co2 co-gasification of lower sulphur petroleum
coke and sugar cane bagasse via tg—ftir analysis technique,” Bioresource
technology, vol. 136, pp. 595-603, 2013.

G. Wang, J. Zhang, X. Huang, X. Liang, X. Ning, and R. Li, “Co-
gasification of petroleum coke-biomass blended char with steam at
temperatures of 1173-1373 k,” Applied Thermal Engineering, vol. 137,
pp. 678-688, 2018.


https://doi.org/10.54388/jkues.v5i1.377

Journal of Karary University for Engineering and Science (JKUES)
Volume 5, Issue 1 (March 31,2026)

[37] J. Wei, Q. Guo, Y. Gong, L. Ding, and G. Yu, “Synergistic effect
on co-gasification reactivity of biomass-petroleum coke blended char,”
Bioresource technology, vol. 234, pp. 33-39, 2017.

[38] N. Ellis, M. S. Masnadi, D. G. Roberts, M. A. Kochanek, and A. Y.
Ilyushechkin, “Mineral matter interactions during co-pyrolysis of coal
and biomass and their impact on intrinsic char co-gasification reactivity,”
Chemical Engineering Journal, vol. 279, pp. 402—408, 2015.

[39] Q. Wang, E. Wang, K. Li, N. Husnain, and D. Li, “Synergistic effects and
kinetics analysis of biochar with semi-coke during co2 co-gasification,”
Energy, vol. 191, p. 116528, 2020.

Bakheit Mustafa Bakheit is a Lecturer at Blue
Nile University, Faculty of Engineering and a PhD
student in Renewable Energy program. He received
his Bachelor’s degree in Mechanical Engineering,
from the Nile Valley University and Master’s de-
gree in Mechanical Engineering (Refrigeration and
Air conditioning) from Sudan Academy of Sci-
ence. His current research interest is renewable
Energy. Email:bakheitmustafa@yahoo.com or eng-
bakheit72 @gmail.com

Mutaz Hassan Mahgoub is a Lecturer at Blue
Nile University, Faculty of Engineering and a
PhD student in Renewable Energy program. he re-
ceived his Bachelor’s degree in Mechanical Engi-
neering, from Blue Nile University and his Mas-
ter’s degree in Mechanical Engineering (Power)
from Sudan University of Science and Technology.
His current research interest is Renewable Energy.
Email:Mutazhassan15 @ gmail.com

Ibrahim Khalil Adam is assistance professor
at Blue Nile University, Faculty of Engineering.
He received his PhD from Universiti Teknologi
PETRONAS and M.Sc from institut Teknologi Ban-
dung. His research interests are Automotive Engi-
neering technologies and development, Autonomous
technologies and applications, Energy recovery, Ma-
terials phase change, Renewable energy, Micro-
explosion phenomena, Spectroscopy and Spray char-
acteristics of fuels. Email:himakh80@ gmail.com

Elbager M.A.Edreis is associate professor at Me-
chanical Engineering Department, Blue Nile Univer-
sity, Al-Roseires, Sudan. He received his PhD degree
in thermal power Engineering from Huazhong Uni-
versity of Science and Technology, Wuhan, China
(2014). His M.Sc. degree in Mechanical Engineering
(Energy Engineering) from University of Khartoum
(2009). His B.Sc. Honor in Mechanical Engineering
from University of Blue Nile, Al-Roseires, Sudan
(2004). His research interests are thermal conversion
(gasification, combustion, pyrolysis & torrefaction),
kinetic &thermodynamic thermal conversion analysis, synergistic interaction
analysis during thermal co-conversion, biomass utilizations and solar energy
and bio-fuels energy.Email:bager146@gmail.com.

DOI: https://doi.org/10.54388/jkues.v511.377

Hong Yao is professor at State Key Labora-
tory of Coal combustion, School of Energy and
Power Engineering, Huazhong University of Sci-
ence and Technology, Wuhan, China. His research
interests are gasification, MSW and biomass energy.
Email:hyao @hust.edu.cn.


bakheitmustafa@yahoo.com
engbakheit72@gmail.com
engbakheit72@gmail.com
Mutazhassan15@gmail.com
himakh80@gmail.com
bager146@gmail.com
hyao@hust.edu.cn
https://doi.org/10.54388/jkues.v5i1.377

