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Abstract: High-sulfur petroleum coke (PC) as solid waste
has high treatment cost. Gasification technology can uti-
lize PC and lignite for co-gasification. Organically com-
bining the two is the key to expanding the adaptability of
gasification raw materials. This work used thermal ana-
lysis technology to study the gasification reaction of PC
and lignite systems in a CO, atmosphere. The results
show that the starting and end temperatures of the co-
gasification of lignite/high-sulfur PC are lower than those
of pure coke. The improved carbonization rate and gasi-
fication reaction index indicate that lignite improves
the gasification performance. The gasification synergy
factors are all greater than 1, indicating that the co-gasi-
fication process produces obvious synergism, and the
synergism is more obvious in the gasification stage after
800°C. The lignite ash is gradually enriched on the sur-
face of high-sulfur PC with the temperature increase, and
the Ca and Fe elements have an obvious catalytic effect,
but the catalytic effect has a saturation value. Ashes from
lignite used as a multi-component gasification catalyst can
increase the overall reactivity in the lignite/high-sulfur PC
system, which can broaden the selection of gasification
raw materials, and make efficient use of the resource char-
acteristics of both.
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Abbreviations

DTG differential thermal gravity

ML Meihekou lignite

PC petroleum coke

R reactivity index

SEM-EDX scanning electron microscopy/energy-dis-

persive X-ray technique
SF synergy factor

TG thermal gravity
TGA thermal gravimetric analyzer
X conversion rate

1 Introduction

As China’s reliance on foreign oil and processing of imported
high-sulfur crude oil increases, the total amount of high-
sulfur petroleum coke (PC) will increase. Carbon, the main
element of PC, accounts for more than 80%. The remaining
elements are hydrogen, oxygen, ammonia, sulfur, and
metals. PC can be divided into high-sulfur coke (sulfur
>3%) and low-sulfur coke (sulfur <3%), with high-sulfur
PC being treated as solid waste at high cost. PC, despite its
potential as a fossil fuel, has not been widely utilized in
China [1,2]. As a result, research has focused on how to
utilize high-sulfur with low cost and high cleanliness.
Theoretically, gasification technology, an advanced
method for clean and efficient energy conversion, can
transform PC into gaseous raw materials. However, due
to its high graphitization, small specific surface area, and
low ash content, the gasification reaction activity of PC is
poor. At the same time, lignite comprises a significant
portion of China’s coal resources. As lignite has a low
thermal efficiency of direct combustion due to its low
calorific value and high moisture content, it is not used
as a gasification raw material in most entrained flow

8 Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International

License.


https://doi.org/10.1515/gps-2022-8143
mailto:ltao_08@126.com
mailto:826834410@qq.com

2 =—— Lirui Mao et al.

gasifiers. Among the soot species of various coal ranks,
lignite has the highest gasification reaction activity due
to the formation of lignite with more curved graphene
layers and a higher amorphous carbon content [3].

Currently, some academics have analyzed the PC gasi-
fication process. Low gasification activity results from
the dense structure, underdeveloped pores, low ash, and
volatile PC content. The two stages of PC gasification are
pyrolysis and carbon gasification. The char gasification
process is the rate-controlling step of the PC gasification
reaction. PC has a smoother surface morphology and a
higher degree of graphitization than coal coke, and its
gasification reactivity is significantly lower than that of
coal coke [4]. Wei et al. [5] found that the degree of gra-
phitization, surface density, and pore structure determine
the gasification reactivity of various PCs. Wu et al. [6]
compared the differences in physical properties between
coal char and PC, and the results showed that the specific
surface area of PC increased with temperature, which is
advantageous for its gasification reaction. Li et al. [7] inves-
tigated the location of the active groups of PC during the
drop tube furnace’s gasification process. They observed that
relatively ordered coke structures have energy barriers,
which transform the ordered graphitic carbon structure
into the amorphous carbon structure at 1,200°C. In addition,
the high temperature facilitates the transformation of oxygen-
containing functional groups into hydroxyl groups. Therefore,
although PC has excellent properties of high heating value
and low ash content, its low gasification reactivity makes it a
difficult feedstock for gasification [8].

Numerous researchers have co-processed biomass,
catalyst, and coal with PC to better exploit its potential
for gasification. The ash in biomass can catalyze the gasi-
fication of PC during the co-gasification of biomass and
PC [9,10]. Co-gasification of PC and biomass is a promising
method for combining the benefits of different gasification
feedstocks with syngas production. It is necessary to
comprehend the differences in the gasification behavior
between PC (also known as pet coke) and other fuels
(coal or biomass) [11]. The synergistic behavior of the
co-gasification reaction varies as the reaction proceeds.
The synergistic mechanism of co-gasification has a strong
relationship with the migration and transfer of free radi-
cals and the intrinsic metal. There are certain limitations
and challenges in this field of research [12].

In addition, traditional gasification industrial produc-
tion is typically conducted under high temperatures and
pressure. These harsh conditions will result in increased
energy consumption and operational dangers. Catalytic gasi-
fication accelerates process speed, increases carbon conver-
sion rate, decreases process temperature, and decreases
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energy consumption [13-15]. Numerous researchers have
examined the effect of catalysts on PC gasification and the
catalytic mechanism in depth. It is also noted that NaAlO,
can effectively enhance the gasification reaction activity of
PC, whereas the catalytic effect of MgO, Fe,05;, CaO, and
Fes0, at lower temperatures is not readily apparent. The
activation of NaAlO, is relatively stable as the temperature
rises, making it an ideal catalyst for the high-temperature
gasification of PC [16]. Similarly, Lv et al. [17] synthesized
iron-based spent catalysts with inexpensive additive F-T, an
efficient PC gasification catalyst that can reduce the activa-
tion energy of gasification. The spent catalyst containing
iron induces more activated carbon sites on the surface of
PC, resulting in the formation of more oxygen-containing
intermediates. Iron’s cyclic redox reaction can act as an
oxygen carrier to speed up the reaction of CO, with carbon.

Li et al. [18] conducted the PC and coal co-gasifica-
tion reaction, and found that co-gasification with low-
rank coal can increase the reaction rate of PC gasification.
The synergistic effect is due to the catalysis of alkali and
alkaline earth metals in coal ash. Ren et al. [19] studied
the synergistic effect of PC, coal, and coal liquefaction
residues in the co-gasification process. The results showed
that the increasing proportion of coal enhances the syner-
gistic effect of co-gasification of PC and coal/coal liquefac-
tion residue. As the degree of coal metamorphism increases,
the synergy in the co-gasification process gradually
weakens, and low-rank coal and coal liquefaction resi-
dues produce better results when co-gasified with PC.
The high content of catalytic components such as cal-
cium and iron in coal facilitates co-gasification with PC,
and minerals play a central role in the co-gasification pro-
cess. Active components, such as Fe,03/Ca0, have a cata-
Iytic effect, whereas inert components, such as Al,Q3/SiO,,
have no catalytic effect and even have adverse effects [20,21].

This article describes the co-processing of PC and
lignite as gasification feedstocks. Based on the properties
of PC and low-rank coal, co-gasification will become a
more effective method for enhancing the low reactivity
of PC. Co-gasification of coal and PC compensates for the
shortcomings of their respective gasification processes
from an environmental and economic standpoint. On
the one hand, lignite is more reactive due to its greater
alkalinity and larger surface area. On the other hand, PC,
a high-carbon material, is added to low-rank coal to
increase its carbon content effectively.

In conclusion, the physical and chemical character-
istics of coal and PC are comparable. The co-gasification
of PC and lignite can provide a new avenue for utilizing
low-quality resources. In addition, the combination of the
two is the key to expanding the adaptability of feedstocks
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for gasification. However, it is unclear whether there
exists interaction, especially synergism between PC and
lignite in the process of co-gasification. Moreover, the
mechanism of the interaction needs further research. In
this work, the synergistic effect and synergy mechanism
between lignite and high-sulfur PC in CO, gasification
were investigated.

2 Experiments

2.1 Experimental raw materials

Table 1 shows the industrial and elemental composition
of high-sulfur PC and Meihekou lignite (ML). Table 2 dis-
plays the chemical composition of the two samples’ ash
following combustion. PC is a residual byproduct of car-
bonaceous solids in the refining process, containing pri-
marily high concentrations of fixed carbon and sulfur.
High levels of moisture and volatile substances are pre-
sent in ML. The silicon and aluminum content of PC is
relatively high, accounting for 63.42% of ash, while basic
components are low, accounting for less than 20%. Fe,03
and CaO comprise 40.38% of ML coal ash, while silicon
and aluminum comprise 35.14% of PC coal ash; the con-
tent of Fe,O; and CaO in ML coal ash was significantly
greater than that in PC.

2.2 Experimental instruments and methods
2.2.1 Sample preparation

All samples were dried at 105°C until there was no mass
loss. The PC and ML mixtures were weighed in certain
ratios (10:0, 7:3, 5:5, 3:7, and 0:10) and ground together
in deionized water. After grinding, the product was dried
at 105°C until there was no mass loss, with sample particle
sizes ranging from 83-165 pm. In the same configuration, a
certain proportion of CaO and Fe,O; were added to the PC.

Table 1: Proximate and ultimate analysis of samples (wt%)
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2.2.2 Thermal analysis experiment and coke
appearance

The thermogravimetric analyzer (TGA, NETZSCH STA 449F3,
Germany) is used to conduct the gasification experiments.
The mass of the sample is approximately 20 mg, the
heating temperature range is 25-1,400°C, the heating
rate is 15°C:min"", and the reaction gas is CO, (100 mL-min™).
To ensure the experiment’s accuracy and reproducibility, a
single experiment with the same sample was repeated at
least three times under identical conditions. The apparent
morphology and microchemistry of the pyrolysis residue
of the lignite/high-sulfur PC system at 900°C were ana-
lyzed by SEM-EDX (Tescan VEGA3 SBH-BRUKER XFlash
6|30, Germany). Spread the sample evenly across the con-
ductive adhesive, apply the conductive film, and place it in
the sample chamber. The surface characteristics of the
sample were analyzed at various rates, and the local posi-
tions were mapped to determine the characteristics of the
element distribution. Conversion rate calculation method
is as follows:

X= o 0
Mo — Mend
where X represents the conversion rate, %; mg is the
original mass of coal without mass loss, mg; m, corre-
sponds to the mass from weightlessness to a certain
moment, mg; Menq is the mass of the ash content of the
sample without mass loss, mg;

After the two samples are evenly mixed in a certain
proportion, the formula for calculating the theoretical
mass loss of the mixed fuel by pyrolysis and gasification
is as follows:

X = kXie + loXo )

where X. is the theoretical mass loss, %; k; and k, repre-

sent the mass fraction of PC and coal in the mixed

sample, respectively, %; X;; and X,; represent the experi-

mental value of the change in the quality of a single

sample of PC and coal with time, %. The theoretical

mass loss rate uses a similar calculation method.
Reactivity index calculation method:

Samples Proximate analysis (wt%) Ultimate analysis (wt%)

Mad Aad Vad Fcad Cad Had Oad Nad st,ad
PC 0.22 0.23 9.99 89.56 84.65 3.68 4.58 1.44 5.20
ML 8.60 11.83 45.53 34.04 54.95 3.94 17.64 1.24 1.80
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Table 2: Analysis of chemical composition of ash (wt%)
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Samples Sio, Al,03 Fe,03 Ca0 MgOo Tio, K,0 Na,0 P,0s5 MnO, SO0;
PC 42.66 20.76 7.96 11.99 0.90 0.70 0.85 0.80 0.25 0.41 12.74
ML 20.16 14.98 17.33 23.05 3.40 0.83 0.68 0.01 0.23 0.09 19.24
0.5 0.9
Ros = —, Roo = — (3) 1004
tos too
where Ry s is the reactivity index, min™; t, 5 is the gasifi- 80
cation time when the carbon conversion rate reaches ;@
50%, min. Where t, 5 refers to the time to reach 50% ] 60-
. . . . @
mass loss at the same heating rate. Ry s is the gasification
reaction activity index, indicating the strength of the char & 40
reaction activity; the larger the value, the stronger the § A
gasification reactivity of the mlxed' sample. ‘ . ' PG ML MLPC-5:5
Note: The range of Ry s required in this article is ML:PC-7:3——ML:PC-3:7
ili 0 L} L} L} L} L} L}
between 0.005 and 0.040. In order to facilitate data pro- 0 200 400 600 800 1000 1200 1400
cessing and comparison, this study will multiply the T/°C

required Rq s by 10> for processing.
For further synergistic effect studies, the synergy
factor (SF) was used for comparison.

SFys = RO‘S—EXp’ SFy = Ro.9-Exp )
0.5-Cal Ro.9-cal
where Ro.5-Exps Ro.9-cals Ros-Exps and Ro.o-ca represent
the experimental and calculated reactivity index values,
respectively. A higher SF value means a more significant
synergistic effect.

3 Results and discussion

3.1 Synergistic effect between lignite and
high-sulfur PC in co-gasification

In this section, thermal analysis technology is used to
study the change in mass loss during the co-gasification
of lignite and high-sulfur PC. The experimental and cal-
culated TG/DTG curves are compared to study the syner-
gistic effect of PC and ML mixture in the co-gasification
process.

3.1.1 Analysis of co-gasification thermal analysis curve

The effects of different ML/PC ratios on the co-gasification
process were investigated in this section, and the results
are presented below. Figure 1 depicts the TG mass loss

Figure 1: Curves of ML/PC co-gasification.

curves of various samples, while Figure 2 depicts the DTG
mass loss rate curves of various samples. To investigate
the influence of ML/PC mixing ratio on co-gasification
reactivity, the following mixing ratios were chosen: 10:0,
7:3, 5:5, 3:7, and 0:10. In general, the gasification process
consists of three phases: drying, pyrolysis, and gasification
of the remaining coke, and the remaining coke gasification
process is the limiting step in the overall reaction [21].

As illustrated in Figures 1 and 2, stage 1 is the dehy-
dration stage, stage 2 is the devolatilization and pyrolysis
stage, and stage 3 is the gasification process stage. The
overall reaction has concluded, and the ratio of ML’s
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Figure 2: DTG curves of ML/PC co-gasification.
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mass loss rate to that of PC is greater. The volatile content
of lignite is greater than that of PC, resulting in significant
devolatilization and pyrolysis at temperatures between
300°C and 500°C. The PC samples were weakly devolati-
lized and pyrolyzed at 600-700°C, and the mass loss of
PC at this stage (6%) was less than that of lignite coal
(approximately 25%). The mass loss of the ML gasifica-
tion process is approximately 30%, while the PC gasifica-
tion process is incomplete, with two mass loss peaks
between 1,000°C and 1,200°C. The residual ash content
of co-gasification is lower than that of PC and ML after
gasification alone, indicating that a synergistic effect pro-
motes the continued reaction of unreacted carbon during
the co-gasification stage.

According to the peak shape of the DTG curves of
pure ML, PC, and ML-PC co-gasification, the highest
mass loss peak of the DTG curve of the ML-PC mixture
lies between the highest mass loss peak of pure ML and
PC. At 800°C, ML has the highest gasification rate, while
PC has the highest rate at 1,200°C. The mass loss rate
curve of co-gasification of ML and PC in gasification stage
is slightly bimodal, with the first peak occurring around
850°C, which corresponds to the ML coal gasification
stage; the second peak occurs between 1,200°C and
1,300°C, which corresponds to the PC gasification stage.
The initial gasification stage (step 3: 600-1,000°C) is
primarily caused by the ML gasification stage, which
exhibits a sharp peak for ML and a broad peak for PC.
With total ML consumption, the peak shape is smooth,
whereas PC exhibits sharp peaks; therefore, the second
gasification stage (step 4: 1,000-1,400°C) is dominated by
the reaction of residual PC. Lignite is more reactive than ML
and PC during co-gasification, so its gasification reaction
concludes at a lower temperature. At the high temperature

~A

(a)|  Samples T/°C | T/°C | (b) IE
PC 1132 | >1400]
X

ML 765 | 982 b
E

ML:PC-3:7 | 1065 | 1325 =
=

ML:PC-5:5 | 1130 | 1350 =
[

%]

ML:PC-7:3 | 1052 | 1282 &
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stage of the gasification process, the ML residues catalyzed
PC, significantly enhancing its reactivity.

3.1.2 Co-gasification characteristic parameters

The TG curve obtained from the thermogravimetric experi-
ment shows that T; is the temperature at which mass loss
begins in the gasification stage, and Tt is the temperature
at which the mass loss ends in the gasification stage.
Figure 3a shows the characteristic parameters of the co-
gasification process. The mixing ratio significantly affects
the co-gasification reactivity of PC and coal. The T; and T
values of the mixture are slightly higher than that of the
single ML coal, about 300°C higher. This is mainly due to
the lower volatile matter and higher fixed carbon content
in PC, which requires a higher temperature for the reac-
tion. The high mixing ratio of ML:PC improves the co-gasi-
fication reactivity. The gasification starting temperature of
co-gasification is lower than that of pure PC, and the tem-
perature at the end of gasification is also lower than that of
pure PC. Figure 3b presents the reactivity (R) of the single
and blends. The greater the reactivity index Ry 5 = 0.5/t 5,
the better the reactivity. The R s of pure PC is 6.21min"",
and the carbon conversion rate has not reached 90% at
1,400°C; the Ry 5 of ML:PC-7:3, 5:5, and 3:7 are 9.7, 8.79,
and 7.09 min ", respectively; due to the addition of ML, the
reactivity is increased by 3.49, 2.58, 0.88 min, and the
Roo are 11.61, 10.57, 10.53, respectively. It can be found
that the reactivity index increases with the increase in
the mixing amount of ML coal. It is concluded that the
reactivity of PC can be enhanced by co-gasification with
ML, and the co-gasification reactivity increases as the
mixing ratio of ML:PC increases.
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Figure 3: Reactivity of ML/PC gasification: (a) characteristic data, (b) reactivity index.



6 —

Lirui Mao et al.

3.1.3 Co-gasification synergistic effect analysis

By comparing the experimental and calculated TG/DTG
curves and the SF, the synergistic effect of PC and ML
mixtures during CO, co-gasification is investigated. The
experimental and calculated TG/DTG curves are com-
pared in Figure 4. When the ML:PC ratio is 3:7, Figure 4a
reveals that the mass loss in the gasification stage domi-
nated by ML is approximately 10%; the mass loss in the
gasification stage dominated by PC is approximately 50%,
which is approximately 5% greater than the theoretical
mass loss. When the ratio of ML to PC is 5:5, the mass
loss in the gasification stage dominated by ML is approxi-
mately 20% and the mass loss in the gasification stage
dominated by PC is approximately 40%, which is approxi-
mately 3% greater than the theoretical mass loss. When
the ML:PC ratio is 7:3, the ML-based coal gasification stage
mass decreases by approximately 30% and the PC-based
DE gasification stage mass decreases by approximately
25%, which is approximately 5% more than the theoretical
mass loss.

Figure 4b points out that the SF of ML and PC mixed
gasification at the ratio of 7:3, 5:5, and 3:7 is all greater
than 1, and all have obvious synergistic effects. The
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mixture with ML:PC ratio of 3:7 has the lowest SF value
(SFo.5=1.08, SFg ¢ =1.07), and there is a slight synergistic
effect of the mixture with ML:PC ratio of 3:7. The SF value
of a mixture with an ML:PC ratio of 5:5 is close to that of a
ML:PC ratio of 7:3 (SFy5 = 1.15, SFg ¢ = 1.06); for the SF
value of the mixture with ML:PC ratio of 7:3 (SF 5 = 1.16,
SFo.9 = 1.07), a clear synergistic effect was observed (SF
was significantly higher than 1).

Figure 4c-e shows the comparison results of the
experimental and calculated DTG curves for the co-gasi-
fication of ML and PC at 3:7, 5:5, and 7:3 ratios. There is a
deviation between the calculated and experimental values
in the co-gasification stage mixed with different ratios,
that is, the interaction. Moreover, the synergistic effect
becomes more obvious in the gasification stage after
800°C. In the temperature region before 700°C, it is
observed that the calculated and experimental DTG
curves almost overlap, and there is no synergistic effect,
indicating that the synergistic effect mainly occurs in
the high-temperature stage [22]. The main reasons for
the synergistic effect are: (1) the high reactivity of ML
and high content of volatile substances in ML coal;
(2) the catalysis of alkali metals (such as Mg, Fe, and
Ca) in ML and PC [23].
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Figure 4: ML/PC co-gasification TG calculated value and experimental value curve: (a) experimental and calculated TG curves, (b) synergy
factor, (c) experimental and calculated DTG curves of ML:PC-5:5, (d) experimental and calculated DTG curves of ML:PC-7:3, (e) experimental

and calculated DTG curves of ML:PC-3:7.



DE GRUYTER

3.2 Synergy mechanism of lignite/high-
sulfur PC co-gasification

3.2.1 Effect of ML coal ash on gasification of PC

In order to verify the possible role of minerals in coal ash
in co-gasification, 5%, 10%, 20%, and 30% ML lignite ash
was added to PC to study the co-gasification mechanism.
Figure 5 is the gasification TG-DTG curves of different
lignite ash and PC.

The termination temperature is lowest (1,210°C) when
the additional amount of ML ash is 20%; it is 1,292°C when
the additional amount of ML ash is 5%; it is 1,265°C when the
additional amount of ML ash is 10%; and it is 1,246°C when
the additional amount of ML ash is 30%. Individual PC has
not completed the reaction at 1,400°C, and the gasification
termination temperature is 1,200-1,300°C after adding
varying amounts of coal ash, which significantly reduces
the gasification termination temperature of PC, thereby
enhancing its gasification reactivity. The temperature cor-
responding to the maximum mass loss rate of the DTG
curve is lower as the amount of coal ash addition increases
than the temperature corresponding to the maximum mass
loss rate of PC gasification alone. The temperature at
which 20% of lignite ash is added is 100°C lower than

Synergism between lignite and high-sulfur petroleum coke
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that of pure PC, and 20% of lignite ash can significantly
improve the gasification reactivity of PC (Figure 5a and b).

The effect of ML ash addition on the CO, gasification
reactivity of PC is depicted in Figure 5c and d. Compared
to the gasification of PC alone, adding ash residue sig-
nificantly improves the gasification reactivity of PC, with
a 20% increase being particularly significant. This demon-
strates that the ash residue plays an important role in
promoting the CO, gasification of PC and can significantly
enhance the PC’s gasification activity. In conjunction with
the ash composition data, the analysis reveals that ML ash
is rich in calcium and iron, while PC ash contains less
calcium and iron. These calcium and iron active compo-
nents could be responsible for the synergistic effect of ML
and PC gasification.

In most cases, the gasification reactivity of carbo-
naceous materials is correlated with the minerals they
contain. According to Table 1, the dry basis ash content
of PC is 0.23%, which is significantly less than that of ML
(12.94%). PC ash’s limited autocatalysis and low gasifi-
cation reactivity result from its low mineral content.
During the co-gasification of coal and PC, transferring
minerals from coal particles to the closely contacted PC
surface can significantly improve the PC’s gasification
reactivity.
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Figure 5: TG-DTG curves of PC with different contents of ML ash: (a) TG curves, (b) DTG curves, (c) TG curves between 1,000°C and 1,400°C,

(d) DTG curves between 1,000°C and 1,400°C, (e) synergy factor.
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As shown in Figure 5e, the amount of coal ash added
is 5%, 10%, 20%, and 30%. After adding 5% ML ash and
PC mixed gasification, the reactivity index of Ry when
the conversion rate reaches 50% is 6.45; the reactivity
index of Ry s after adding 10% ML ash and PC mixed
gasification is 6.54; the reactivity index of Ry s after
adding 20% ML ash and PC mixed gasification is 6.9; after
adding 30% ML ash and PC mixed gasification, the reac-
tivity index Rqs is 6.77. The results all have a higher
reactivity index than PC alone (Rg 5 = 6.21).

After adding 5% ML ash and PC mixed gasification,
the reactivity index of Ryo when the conversion rate
reaches 90% is 10.26; after adding 10% ML ash and PC
mixed gasification, the reactivity index Ry o is 10.49; after
adding 20% ML ash and PC mixed gasification, the reac-
tivity index Ry g is 11; the reactivity index Ry o is 10.47 after
adding 30% ML ash mixed with PC for gasification, and the
conversion rate of PC at 1,400°C has not reached 90%.

The reactivity index increases as ML coal ash addi-
tion increases. The minerals present in ML coal ash can
enhance the reactivity of PC. The reactivity index for a
20% addition of coal ash is the highest, and the reactivity
index for a 30% addition is even lower. This indicates
that the optimal addition amount of 20% coal ash has
the greatest impact on enhancing the gasification reac-
tion of PC and that the addition amount has reached
saturation, meaning that further additions will diminish
the reaction area of carbon and coal ash.

DE GRUYTER

Since the initial stage of gasification is the pyrolysis
stage and the reaction with CO, only at the high-tempera-
ture stage, the residue at 900°C during the initial reaction
of PC is selected for research. Therefore, weigh ML with a
mass of 5 g, and place the ML:PC-7:3, 5:5, 3:7 PC samples
in a high-temperature tube furnace, respectively. The fur-
nace temperature was raised to 900°C under an N, atmo-
sphere, and the micro-area chemical composition analysis
of the samples was carried out.

Figure 6 depicts the microdomain morphology and
chemical composition of different ML and PC coke propor-
tions. PC has a lower ash content, exhibiting blocky parti-
cles, whereas ML has a higher ash content, exhibiting
agglomerated irregular particles. With an increasing ML
mixing ratio, the proportion of ash on the surface of PC
coke increases; when the ratio of ML to PC is 7:3, the surface
of the PC scorch is almost covered by ML ash. The surface of
PC coke is predominantly carbon, with a small amount of
oxygen and sulfur; the surface of ML coke is predominantly
carbon and oxygen, with more metal elements such as cal-
cium and iron. The elemental composition of multiple
regions indicates that ML and PC coke samples have a
higher surface O content than single coke samples. This
suggests that the interaction between ML and PC increases
the oxygen-containing functional groups on the surface of
PC. Oxygen-containing functional groups can form rela-
tively less ordered carbon structures and are directly pro-
portional to the carbon’s concentration of active sites.

Area C/wt% O/wt% S/wt% Ca/wt% Fe/wt% Si/wt% Al/wt%

1 95.53 4.42 3.05 - - - -

2 62.10 21.12 2.37 5.68 3.49 2.72 1.97
3 95.61 - 4.39 - - - -

4 84.83 10.93 3.25 0.27 0.73

5 95.83 - 4.17 - - - -

6 73.18 19.31 3.76 1.88 1.5 - 0.37
7 63.26 30.02 4.18 5.81 1.71 1.98 2.46

Figure 6: Microdomain morphology and chemical composition of different ML and PC coke proportions analyzed by SEM-EDX.
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As low-rank coal with a high volatile content and O/C
molar ratio, ML possesses more oxygen-containing func-
tional groups. Through devolatilization and decomposition
reactions, OH and H radicals from oxygen-containing func-
tional groups can be released, and subsequently adsorbed
onto the surface of adjacent PC particles, resulting in the
formation of particles with more amorphous carbon struc-
tures, more active sites, and fewer large aromatic rings
[24,25]. Simultaneously, the proportion of ML to PC
increases from 3:7 to 7:3, and the carbon content of
the ash particles decreases as the proportion of ML
coal rises. Ca, Fe, Si, and Al concentrations in the ash
increase proportionally, indicating that AAEMS from ML
ash coats the surface of PC particles.

3.2.2 Effect of synthetic ash on gasification of PC

In order to study the influence of minerals on the reac-
tivity of co-gasification and derive the co-gasification
mechanism, gasification experiments were carried out
with the addition of 20% real ash and simulated ash

Synergism between lignite and high-sulfur petroleum coke
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and PC as a mixture. The effect of blending 20% ML real
ash and simulated ash (CaO, Fe,03, SiO,, and Al,03) on the
gasification performance of PC is investigated. Among
them, the simulated ash only follows the content of CaO,
Fe,03, SiO,, and Al,Os in the bone (Table 2) according to
the ash chemical composition of ML.

Figure 7 shows the gasification conversion rate and
reactivity index of various types of coal ash to PC. The
conversion rate of PC with 20% ML real ash and 20%
simulated ash is significantly greater than that of pure
PC, particularly at 1,250°C; the reaction of PC is complete
after the addition of real ash. The reactivity index Ry s
when adding 20% of the real ash conversion rate to
50% is 6.9; the reactivity index R 5 of adding 20% simu-
lated ash is 6.34, both higher than the reactivity index of
PC alone (Ry 5 = 6.21). The reactivity index R, ¢ for adding
20% of real ash when the conversion rate reaches 90% is
11; the reactivity index Ry for adding 20% of simulated
ash is 10.21. The gasification activity of PC with 20% ML
real ash is better than that with 20% simulated ash. This
is mainly because there is still a small amount of MgO,
K,0, and Na,O in the coal ash, which is not considered,

1.0 4 14
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(a) ——PC (b) " 1 0.5 0.9 pC+20% Simulated ash
0.8 { ——PC+20% Simulated ash E 11
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e & i
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Figure 7: Effect of additions on the gasification reactivity of PC coal: (a) TG curves of PC with ash addition, (b) synergy factor of PC with ash
addition, (c) TG curves of PC with Ca0O addition, (d) synergy factor of PC with CaO addition.
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and only CaO, Fe,0s, SiO,, and Al,O5; are added to the
simulated ash. In addition to CaO and Fe,03, real ash also
contains alkali metal and alkaline earth metal com-
pounds such as MgO, K,0, Na,O, etc., which can be
regarded as multi-component catalysts.

In order to further verify the effect of minerals with
high content of CaO and Fe,03 in ash on the co-gasifica-
tion reactivity, 3.6% Fe,05 and 4% CaO and PC are added
into the mixture of 20% ML ash for gasification experi-
ment to further explore the co-gasification mechanism.
Figure 7c and d shows the gasification carbon conversion
rate curves and reactivity index diagrams under different
CaO and Fe,05; mineral conditions. The catalytic effect of
Fe,0; and CaO is particularly obvious, which signifi-
cantly improves the carbon conversion rate of PC. The
gasification reactivity of the mixture of PC and Fe,05 or
CaO is significantly higher than that of pure PC. The reac-
tivity index Ry s when adding 3.6% Fe,03 to 50% conver-
sion is 6.26; the reactivity index R 5 of adding 4% CaO is
6.59, both higher than that of PC alone (R = 6.21). The
reactivity index Rg ¢ at 90% conversion with 3.6% Fe,03
addition is 9.99, and the reactivity index Rq o with 4%
CaO addition is 10.18. In summary, the reason why coal
ash significantly improves the gasification reactivity of PC
is the promotion effect of Fe,03 and CaO in the ash, and
the effect of CaO on improving the gasification reactivity
of PC is stronger than that of Fe,0s.

4 Conclusion

1. When lignite and high-sulfur PC are co-gasified, the
beginning and ending temperatures of gasification are
lower than those of pure PC, and the carbonization rate
and gasification reaction index are both enhanced. In
addition, the gasification SFs are all greater than 1,
indicating that the co-gasification process produces evi-
dent synergistic effects.

2. The synergistic effect is evident during the high-tem-
perature gasification stage of the lignite/high-sulfur
PC system, and lignite ash is the key to the synergistic
effect in the co-gasification process. As the tempera-
ture rises, the lignite ash gradually envelops the PC’s
surface, enhancing the co-gasification reactivity. As a
result, the optimal addition of 20% lignite ash has the
greatest impact on the gasification reaction of high-
sulfur PC, and the saturation point has been reached.

3. The gasification activity of high-sulfur PC with 20%
lignite real ash is better than that with 20% simulated
ash. This shows the catalytic performance of a small

DE GRUYTER

amount of alkali and alkaline earth metal compounds
such as MgO, K,0, Na,0, etc., in coal ash, and the
effect of CaO on improving the gasification reactivity
of high-sulfur PC is stronger than that of Fe,05.

4, The lignite/high-sulfur PC system can broaden the
selection of gasification raw materials, effectively uti-
lize the resource attributes of the two, and provide
new solutions for the disposal of PC.
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