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Abstract

In this experiment, y-Al,O, was used as the carrier, and the alkaline earth metal oxide
supported y-Al,O, catalyst was prepared by an equal volume impregnation method. The coal sample
and the catalyst were mixed and pyrolyzed through a fixed pyrolysis bed to produce hydrogen-
rich fuel gas and tar. The effects of pyrolysis conditions on hydrogen rich fuel gas components and
tar were studied by changing the final pyrolysis temperature (450°C, 500°C, 550°C, and 600°C) and
constant pyrolysis time (3 min, 5 min, 10 min and 15 min); MgO, CaO, SrO and BaO were used as
active components, and the alkaline earth metal oxide supported y-Al O, catalyst was prepared and
roasted by muffle furnace, and then the effects of alkaline earth metal oxides on hydrogen rich fuel gas
components and tar were studied. The catalyst was characterized by XRD and BET, and the pyrolysis
mechanism of coal and catalyst was studied. The results show that: (I) When the final temperature
was 600°C, the maximum tar was 0.32¢g, and the maximum gas was 1.44g. The CH, content was the
largest from 450°C to 550°C, and the hydrogen content was the maximum at 600°C. (2) The content of
hydrogen at the final temperature 600°C was the highest, and the oil yield was basically unchanged.
(3) SrO/y-Al, 0O, and BaO/y-Al O, catalyst had a good effect on coal pyrolysis to produce hydrogen
rich fuel gas. (4) The specific surface areas of y-Al,O, and BaO/y-Al,O, were similar, but the XRD
characterization showed that the BaO/y-Al,O, catalyst contained more BaO active components,
so BaO/y-Al O, has better catalytic cracking effect.
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Introduction

The clean utilization of coal is to convert coal into
a wide range of clean energy through pyrolysis that
does little harm to the environment and human body
[1]. Coal is pyrolyzed to produce tar, pyrolysis gas,
and coke [2]. Tar is used to make power fuel oil and
refined into gasoline and diesel blended oil. It can also
be used to refine more chemical products from coal tar.
Pyrolysis gas contains more fuel gas, such as hydrogen,
methane, carbon monoxide and other combustible gases
[3], which can be used as industrial fuel combustion
for power generation and city gas to improve the
utilization efficiency of coal. At the same time, the coke
produced can also be used as fuel combustion for power
generation, heat generation and heating. The extensive
utilization of tar, pyrolysis gas and coke greatly
improves the comprehensive utilization efficiency of
coal, and gradually reflects huge economic value, which
is of great significance to the efficient use of energy and
environmental protection [4].

The low-temperature carbonization of coal is
simpler than coal gasification and liquefaction,
with mild processing conditions, simple production
equipment, and less investment [5]. Temperature is
one of the important factors affecting coal pyrolysis,
and it has a great influence on the secondary reactions
that generate primary pyrolysis products and volatiles.
Pyrolysis temperature has a great influence on the
pyrolysis characteristics and secondary reactions of
coal [6], and the secondary reactions hardly exist
below 600°C [7]. Volatile components will not undergo
cracking and re-polymerization. The tar yield was
higher in this temperature section, and the yield of
semi-coke and pyrolysis gas was lower. When the
temperature was above 600°C, the secondary reaction
was intensified, and the primary volatile was cracked
and repolymerized, and part of tar was cracked into gas,
resulting in the decrease of tar yield and the increase
of semi-coke and gas yield. The residence time of
gaseous products (gas and tar) and solid products (semi
coke) in the pyrolysis zone had an effect on the final
pyrolysis products. With the increase of residence time,
the yield of tar decreased, while the yield of pyrolysis
gas products and light hydrocarbons increased, and the
component distribution and content of tar changed [§].
The effect of gas residence time on pyrolysis reaction
during coal pyrolysis is improtant [9]. The experiment
found that with the increase of residence time, the yield
of pyrolysis gas increased significantly, the yield of tar
increased first and then decreased, the residual volatile
matter in solid char decreased, and the H/C decreased.
Compared with the secondary bituminous coal and
lignite, the tar produced by bituminous coal pyrolysis
was more, and the hydrocarbon gas, water and CO,
were less.

The yield of tar and pyrolysis gas produced by direct
pyrolysis of coal was low, the quality is poor and the

utilization rate was low. Therefore, adding catalyst
in the pyrolysis process played an important role in
improving the yield and quality of tar and pyrolysis
gas, but the selection of catalyst determined the yield
and quality of coal pyrolysis products. Liu The catalytic
pyrolysis of coking coal tail coal to produce hydrogen
rich fuel gas, and found that in the catalytic pyrolysis
experiment, CaO promoted the production of H, from
tail coal pyrolysis, except that Al and MgO inhibited
the pyrolysis of tail coal [10]. The effect of CaO on the
distribution of pyrolysis products and char structure of
lignite and anthracite [11]. The results showed that the
cumulative H, yield of lignite coal with 2% CaO was the
largest, reaching 39.11ml/g; the cumulative yield of CO
generated by coal sample with CaO at high temperature
pyrolysis stage was greater than that of coal without
Ca0. Jiao Yi [12] prepared catalysts for the cracking
of kerosene with Bao and SrO as active components,
and found that the addition of BaO or SrO as active
components effectively inhibited carbon deposition, and
the synergistic effect of Bao or SrO additives enhanced
the cracking reaction. Therefore, it can be found that
alkaline earth metal oxides had different degrees of
catalytic effect on coal pyrolysis.

In this study, y-ALLO, was used as the carrier to
prepare the catalyst, because of its excellent physical
and chemical properties, it was very suitable for
experimental operation and industrial application. At
the same time, alkaline earth metal oxides were loaded
into y-Al,O, to prepare supported catalysts, and their
effects on oil and gas production during coal pyrolysis
were studied, a supported y-Al,O, catalyst with high
catalytic efficiency was prepared to improve the yield
and quality of hydrogen-rich fuel gas during coal

pyrolysis.

Material and Methods
Materials and Drugs

The coal used in the experiment was produced
in Cuimu Coal Mine, Shaanxi, with a particle size
of 3~5 mm. Table 1 shows the results of industrial
analysis and elemental analysis of the coal sample.
y-Al,O, was purchased on the market with a particle
size of 3~5mm. MgCl,, CaCl,, SrCl, and BaCl, were all
analytically pure.

Preparation of Catalysts

By constant volume impregnation, 3 g y-AlLO
was immersed in 5% MgCl, solution for 24 h. It was
taken out and placed in a muffle furnace and roasted
at 450°C for 4 h. It was removed as MgO/y-AlLO,
catalyst with 5% loading. CaO/y-AlO,, SrO/y-AlO,
and BaO/y-Al,O, catalysts with 5% loading were
prepared by the same method.
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Fig. 1. Reaction device diagram.

Activity Evaluation of Catalyst

In the experiment, in the coal pyrolysis cracking
catalytic system, 15 g coal sample and 3 g catalyst
were mixed and placed at furnace was vacant. First,
the coal undergoes a catalytic pyrolysis reaction, and
the resulting pyrolysis product entered the tar collector.
The liquid phase components of the catalytic pyrolysis
were collected, and the gas phase components were
dried. The gas was collected and detected by the gas
collector. The dried gas entered the flowmeter to count
the volume, and then it was collected and detected.
At the end of the experiment, the tar attached in the
reaction tube and condensation tube was washed with
acetone, and all acetone solutions containing tar were
collected together. The water in tar was collected
by anhydrous sodium sulfate, and then the acetone
was removed by rotary evaporation, and the tar was
collected and weighed. The gas components were
detected by gas chromatography, and the changes of
gas and tar components were analyzed. In this paper,
the effect of catalyst was evaluated by the change of
pyrolysis products of bituminous coal.

Table 1. Industrial analysis and elemental analysis of coal samples (%).

Detection of Pyrolysis Products of Coal Tar

The gas produced by -catalytic cracking of tar
was collected by gas collecting bag and analyzed by
GC-2014¢ gas chromatography. The working conditions
of gas chromatography were shown in Table 2 below.

Characterization

Thermogravimetric analysis of the raw coal: the
raw coal was a Swiss Mettler-Toledo TGA/SDTAS851e
thermogravimetric analyzer. During the experiment, the
carrier gas was selected from high purity N, the gas
flow rate was 60 mL/min, the temperature range was
24°C~500°C, and the heating rate was 15°C/min.

Specific surface area (BET): The JW-BK122W type
surface and pore size analyzer is used to measure the
specific surface area of different types of the catalysts.

X-ray analysis (XRD, Beijing General Analysis
Instrument Co., Ltd.): XD-3 type ray diffractometer;
the test parameters: the voltage is 36 KV, the current is
20 mA, the target is Cu, K alpha rays, 26/0 is 5° to 80°,
and scanning speed is 4(°)/min.

Industrial analysis/%

Elemental analysis/%

Mad Aad Vad FCad C H (0] N S
4.99 11.87 32.79 50.35 62.22 3.720 12.28 0.89 1.18
Table 2. Operating conditions of GC,
Detector TCD FID
Column type Packed column Packed column
Gasification chamber temperature (°C) 360 360
Column box temperature (°C) 80 80
Detector temperature (°C) 100 150
Determination of gases CO,H,N,,CO,0, CH,,CH,,C.H,C, -C,
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Inductively coupled plasma mass spectrometer (ICP-
MS): iCAP Q type, (Thermo Fisher Scientific, USA),
working conditions, RF generator power: 1400 kw,
cooling gas flow rate: 13.0 L/min, auxiliary gas flow
rate: 0.72 L/min, scanning mode: peak jump, atomizer
flow rate: 0.90 L/min, sampling time: 20s, sampling
pump speed: 70 rpm, sampling depth: 150 mm,
sampling cone: 1.1 mm, intercepting cone: 0.9 mm,
double charge production Rate: IBat++/Ba<3%, oxide
yield, 1CeO+/Ce<3%, mainly used to determine the
content of catalysts.

Results and Discussion

Effect of Final Pyrolysis Temperature
on Coal Pyrolysis Products

Fig. 2 showed the changes of gas products and tar
when 15 g coal was put into the pyrolysis furnace at
the final temperature of 450°C, 500°C, 550°C and
600°C. With the increase of pyrolysis temperature,
the quality of gas products and tar was also increasing.
The pyrolysis of coal can be roughly divided into three
stages [13]. The first stage was drying and degassing
from room temperature to 350°C, mainly physical
changed. The second stage was from 350°C to 550°C,
mainly depolymerization and decomposition, and
a large amount of volatile gas and tar were generated,
which was also the process of coal coking. The third
stage was from 550°C to 1000°C, and the secondary
degassing was mainly polycondensation, which
produced less tar. The volatile components were mainly
hydrocarbon gas, hydrogen and carbon oxides. This
experiment was mainly to study the second stage of
coal pyrolysis. When the temperature was 450°C, the tar
was 0.19 g and the gas yield was 0.60 g. When the final
temperature was 600°C, the tar was 0.32g, and the gas

2.00 0.35
gas =+ tar 0.32
0.28
1.50
0.21
o1.00
F 3
g 0.14 £
s 0.60 g
& E
0.50
0.07
0.00 0.00
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final temperature/°C

Fig. 2. Effect of final pyrolysis temperature on pyrolysis gas and
tar.

production was 1.44g. The tar and gas production were
increased by 68.4% and 140% respectively compared
with that at 450°C. Because 600°C was in the third
stage of coal pyrolysis, the amount of gas produced by
polycondensation increased obviously, which means
that the amount of tar at this stage was the maximum,
and which was the best temperature to study coal tar
pyrolysis.

Fig. 3 showed the change of gas composition at
different final temperature during coal pyrolysis. The
main components of pyrolytic gas were CO,, CO, H,,
CH,, C,, C, and C,~C,. As the temperature increaseed,
the content of each gas component increased first and
then decreased. However, the maximum content of each
gas component occurs at different temperatures, the
highest temperatures of CO,, CO, H,, CH,, C,, C, and
C,~C, were 400°C, 500°C, 550°C, 500°C, 450°C, 400°C
and 400°C respectively. The content of H, and CH, in
coal pyrolysis gas was higher, the content of CO, and
CO was lower, and the content of other gas was lowest.
The content of CO, H, and CH,, as well as the content of
H, and CH, were the main factors to use coal pyrolysis
gas as hydrogen-rich fuel gas. The maximum contents
of CO, H, and CH, and the content of H, and CH, were
71.3% and 61.3% respectively when the final pyrolysis
temperature was 550°C. The temperature range from
400°C to 550°C was the second temperature range of
coal pyrolysis, in which a large amount of coal pyrolysis
gas and oil were produced, and the content of CH, was
the largest at each final temperature point. When the
temperature reached 600°C, the content of H, increased
and exceeded the content of CH,. The main reason was
that 600°C was in the third temperature range, and
the volatiles was mainly hydrocarbon gases, hydrogen
and carbon oxides, so the content of H, increased and
reached 21.6%.
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Fig. 3. Effect of final pyrolysis temperature on gas composition
of coal pyrolysis.
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Effect of Constant Temperature Time
on Pyrolysis Products

Fig. 4 was the change of gas products and tar at
constant temperature for 3 min, 5 min, 10 min and
15min at final pyrolysis temperature 600°C. As can be
seen from Fig. 4, when the final pyrolysis temperature
was 600°C, the gas yield and tar yield increased with
the increase of pyrolysis time, but the increase trend
was slow. The tar was 0.32 g at 3 min, and the tar was
0.37 g at 15 min. The yield of tar were 15.63% higher
at 15 min than that the final pyrolysis temperature
600°C. However, the output of pyrolysis gas had been
increasing. Because the final temperature of pyrolysis
was 600°C in the third stage of coal pyrolysis, the
secondary degassing was mainly polycondensation,
which produced less tar, and the volatiles were mainly
hydrocarbons. As a result, the gas production had been
increasing, and the oil product had increased less.
Compared with the final temperature 600°C, the gas
production increased by 17.4%. Therefore, it can be
proved that the final temperature was 600°C and the oil
in coal was basically pyrolyzed, and the gas production
was increased due to polycondensation reaction.
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Fig. 4. Effect of constant temperature time on pyrolysis gas and
tar.
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Fig. 5. Effect of constant temperature pyrolysis time on gas
composition of coal pyrolysis.

Fig. 5 showed the effect of different constant
temperature pyrolysis time on coal pyrolysis gas
composition at a final temperature of 600°C.
The detected components of pyrolysis gas were CO,,
CO, H,, CH,, C,, C, and C,~C,. It can be seen from
Fig. 5 that under constant temperature pyrolysis
at a final temperature of 600°C, coal pyrolysis gas
had the highest H, content, followed by CH, and CO
content, and other gases have the lowest ratio. With
the increase of the constant temperature time, the H,
content first increased and then decreased, but the H,
content was higher than the H, content at 0 min under
different constant temperature pyrolysis time, and
the H, content was the highest at 3 min of constant
temperature pyrolysis, which was 41.6%. From the
Fig. 4, it can be calculated that the total content of H,
and CH, was 56.6% at the highest temperature for 3
min of isothermal pyrolysis; the total content of CO, H,
and CH, was 71.4% for 5 min of isothermal pyrolysis.
At this time, the pyrolysis gas contained higher fuel
gas, so it can be used as the time point for the pyrolysis
of industrial coal to prepare and collect fuel gas. It can
also be seen from Fig. 5 that at the final temperature
600°C, the H, content produced by constant temperature
pyrolysis was significantly higher than the H, content
produced at different final temperatures, which proved
that the temperature of 600°C was the third in coal
pyrolysis. The production of hydrogen in the volatiles of
the stage degassing was high. When coal was pyrolyzed
at 600°C, it was in the secondary degassing stage of
coal. At this stage, the main reaction was condensation
polymerization. On the one hand, the amount of gas
was released, on the other hand, the semi-coke itself
increased in density and volume was contracted.
The large amount of hydrogen released at this
temperature is due to the relatively simple condensation
of the aromatic part.

Effect of Alkali Metal Oxidation Supported Catalyst
on Coal Pyrolysis Products

Fig. 6 showed the changes of gas products and tar
under the conditions of final pyrolysis temperature
600°C and constant temperature of 5 min after mixing
15 g coal sample and 3g different alkaline earth metal
oxide supported y-Al,O, catalyst into pyrolysis furnace.
The alkaline earth metal oxides selected MgO, CaO,
SrO and BaO as the active components of the catalyst,
which can catalyze the pyrolysis of coal and increase
the pyrolysis products. At the same time, it also played
a catalytic role in the pyrolysis products of coal to
increase gas production and oil and gas quality. It can
be seen from Fig. 4 that the final pyrolysis temperature
600°C and the pyrolysis time 5 min, the gas quality
and tar quality were 1.58 g and 0.33 g, respectively.
In Fig. 6, it can be seen that the pyrolysis products of
coal with catalyst have obvious changed, and the tar
yield with y-AlL O, and SrO/y-Al O, increased by 27.27%
and 18.18% respectively compared with the tar yield
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Fig. 6. Effect of alkaline earth metal oxide supported y-AlO,
catalyst on gas and tar.

at 600°C and 5 min. BaO/y-Al,O, was added, and the
gas output was increased by 24% than that of 600°C
and 5 min. Therefore, it can be concluded that y-AlO,
and SrO/y-AlLO, had obvious effect on the increase of
tar output and BaO/y-Al,O, had obvious effect on the
gas quality of coal pyrolysis. y-Al,O, was loaded with
5% alkaline earth metal oxide. 5% of the alkaline earth
metal oxides are converted by amount of substance.
It was found that the amount of MgO and CaO
supported on the catalysts was large, and the pore
channel of the catalysts was blocked by Mgo and CaO,
which reduced the catalytic effect of the catalysts. This
was also proved by the characterization of specific

surface area. So the value of MgO/y-Al O, and CaO/y-
AL O was lower.

Fig. 7 was that a pyrolysis of 15 g coal mixed
uniformly with 3g alkaline earth metal oxide supported
y-ALO, catalysts in a pyrolysis furnace, Fig. 7(a-¢)
represent the addition of y-AlLO,, MgO/y-ALQO,,
CaO/y-AlLO,, SrO/y-AlO, and BaO/y-AlO,,
respectively, the change of gas composition at 450°C,
500°C, 550°C, 600°C and constant temperature 5 min. It
can be seen in Fig. 7 that the change trend of the gas with
the pyrolysis temperature was basically the same after
adding different catalysts, and the CH, content reached
the maximum when the pyrolysis temperature reached
550°C. When the pyrolysis temperature reached 600°C
and the final temperature was constant temperature
5 min, the H, content was the maximum. The content
of CH, produced by y-Al,O, during coal pyrolysis and
cracking was the highest, its value was 38.4%, and the
temperature at this time was 550°C. The BaO/y-Al O,
catalyst made the total content of CO, H, and CH,
the highest, its value was 86.5%, and the total content
of H, and CH, were the highest, its value was 67.7%.
At this time, the pyrolysis condition was constant
temperature 5 min. At the same time, the BaO/y-Al O,
catalyst made the total content of CO, H, and CH,
higher than 70% after pyrolysis 550°C. The catalyst
prepared in this study was better than other catalysts
for pyrolysis of coal [14-15], and the yields of H, and
CH, are both higher. According to the above analysis,
the BaO/y-AlO; catalyst had a better effect on
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b) MgO/y-Al,O, catalyst, c) CaO/y-Al O, catalyst, d) SrO/y-Al,O, catalyst, ¢) BaO/y-Al,O, catalyst.
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Table 3. Specific surface area and pore size of the catalyst.

Specific surface area (m?%/g) Pore volume (cm?/g) Void diameter (nm)
7-ALO, 271.6418 0.450463 6.6332
MgO/y-AlO, 183.2134 0.315235 4.1246
CaO/y-Al0, 201.2462 0.362059 4.6236
SrO/y-ALO, 215.2523 0.413412 5.8013
BaO/y-AlO, 266.5736 0.432305 6.2507

the catalytic cracking of coal pyrolysis to produce
hydrogen-rich fuel gas.

Characterization
Specific Surface Area of Catalysts

Table 3 showed the characterization results of
specific surface area and pore size of different catalysts.
In the process of coal pyrolysis, oil vapor molecules
entered the catalyst and contacted with the active sites
to produce small molecular substances. The specific
surface area and pore size of the catalyst played a very
important role in the catalytic cracking of oil vapor
molecules. It can be seen from Table 3 that the specific
surface area of y-AlLO, was 271.6418 m?g. After
loading, the specific surface areas of MgO/y-AlO,,
CaO/y-AlO,, SrO/-AlL O, and BaO/y-Al O, decreased.

273
The reason was that the specific surface area of

BaO/y-AlLO, after loading was reduced, which was
due to the formation of oxides after calcination of
the supported catalyst, resulting in smaller specific
surface area of the support [16]. However, both y-Al,O,
and Bao/y-Al,O, had better catalytic cracking effect
on coal pyrolysis because of their larger specific surface
area, which can better adsorb oil and gas molecules and
contact them with active sites and take place catalytic
cracking reaction.

X-ray Diffraction of Catalysts

Fig. 8 shows the XRD spectra of y-AlLO,,
MgO/y-AlO,, CaO/y-AlLO,, SrO/y-ALO,  and
BaO/y-ALO,. It can be seen from Fig. 8 that the
corresponding alkaline earth metal oxides were formed
on the catalyst after calcination of y-Al,O, impregnated
with alkali metal salt in muffle furnace. In Fig. 8a), 26
angles of 32.78, 36.54, 37.51, 43.17, 45.79, 66.76 and
67.31 were the characteristic peaks of y-Al,O, [17]. In

MgO/y-AlO,, CaO/y-AlO,, SrO/y-Al0, and Fig. 8b), the 20 angles of 29.26, 38.44, 44.37, 64.53,
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Table 4. Alkaline earth metal content of supported y-ALO, catalysts (%).

Catalysts MgO/y-ALO, CaO/y-ALO, SrO/y-AlLO, BaO/y-AlLO,
Element Mg Ca Sr Ba
Theoretical content 9.00 10.71 12.69 13.43
Assay content 8.91 10.23 12.54 13.37

73.33 and 82.01 were characteristic peaks of MgO
[18]. In Fig. 8c), the 26 angles of 26.75, 29.76, 37.36
and 53.86 were the characteristic peaks of CaO [19].
In Fig. 8d), the 26 angles of 30.00, 34.73, 36.52, 49.93
and 59.34 were the characteristic peaks of SrO [20].
In Fig. 8e), 2 the 26 angles of 27.88, 28.68, 31.91, 41.17,
46.53 and 48.02 are the characteristic peaks of BaO [21].
The diffraction peaks of these catalysts were strong,
popular and sharp, and the oxides formed had good
dispersion, which increased the catalytic activity of the
catalysts. The results showed that the specific surface
area of BaO/y-Al,O, was smaller than that of y-Al,O,,
but the activity of BaO/y-AlO, catalyst was improved,
and the effect of BaO/y-Al,O, on coal pyrolysis was the
best.

Determination of Alkaline Earth Metal Elements
in Catalysts by Inductively Coupled Plasma Mass
Spectrometer

Table 4 showed the determination of Alkali metal
elements in supported catalysts. As can be seen from
the Table 4, the actual and theoretical contents of
alkaline earth metal elements determined by ICP-MS
were almost the same, and the experimental operation
can ensure that more active components can be formed
on the support of the catalyst, to ensure the activity of
the catalyst.

Conclusions

The maximum tar and gas were 0.32 g and 1.44 g
respectively at the final temperature of 600°C, and the
optimum temperature was 600°C for coal tar pyrolysis,
and the maximum content of CH, was between
450°C and 550°C, when the temperature reached 600°C,
the content of H, in pyrolytic gas was the highest.
Under the condition of constant temperature pyrolysis
at 600°C, the content of hydrogen in pyrolysis gas
was the highest, and the output of oil was basically
unchanged. y-Al,O, made the highest yield of coal tar
and better oil production for coal pyrolysis and catalytic
cracking, while SrO/y-Al,O, made the highest yield of
pyrolysis gas and the highest content of hydrogen-rich
combustible gas, BaO/y-Al,O, catalyst has a good effect
on catalytic pyrolysis of coal to produce hydrogen-rich
fuel gas.It was found that the specific surface areas of
7-Al,O, and BaO/y-Al,O, were almost the same, but it
was found that BaO/y-Al O, catalysts contained more

active components by XRD characterization, therefore,
BaO/y-AlQ, has better catalytic cracking effect.
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