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Abstract

To achieve the clean and efficient utilization of low-rank coal, the combustion and pollutant emission
characteristics of chars from low-temperature and fast pyrolysis in a horizontal tube furnace were investigated in a
TG-MS analyzer. According to the results, the combustion characteristic of chars was poorer than its parent coals.
The temperature range of gaseous product release had a good agreement with that of TGA weight loss. Gaseous
products of samples with high content of volatile were released earlier. The NO and NO, emissions of chars were
lower than their parent coals. Coals of high rank (anthracite and sub-bituminous) released more NO and NO, than
low rank coals of lignite, so were chars from coals of different ranks. SO, emissions of char samples were lower
than parent coals and did not show obvious relationship with coal ranks.
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1. Introduction

Low-rank coal (lignite/sub-bituminous coal) accounted for more than 55% of coal reserves in
China. In the past decades, Energy utilization efficiency was relatively low in China and low-
rank coal was mainly combusted in power plants. How to achieve clean and efficient
utilization of low-rank coal has become an important issue to be solved urgently.

In order to achieve the cascade utilization of low-rank coal, coal is to be pyrolysed
during low temperature (500°C-700°C) firstly and transformed to pyrolysis gases and char.
The pyrolysis gases can be used as high-grade raw materials while the char can be combusted
in power plants.

The incineration of circulating fluidized bed (CFB) boiler is an efficient and low
pollution clean incineration technology developed in recent ten years. Because of its high
combustion heat intensity, it can burn all kinds of fuels which are difficult to ignite or burn
out in pulverized coal or chain furnace, such as lean coal, anthracite, coal gangue. At the same
time, the incineration of CFB boiler is simple in structure and easy in operation, which is
convenient for materials transportation and output. Also, it shows superior performance in
temperature measurement and control. For the purpose of achieving clean and efficient
utilization of chars, the combustion and emission characteristics of chars are needed to study.
Taking into account the continuity in time as well as the realization of accurate qualified
analysis, TG-MS analysis is perhaps the mostly used technique [1], especially in coal/chars

combustion. Russell [2] analyzed the combustion reactivity of chars using two thermal



analysis instruments TG760 and STA1500 and emphasized on avoiding errors caused by
human factors. Shaw et al [3] found that the reactivity of chars from New Zealand coals of
different ranks had obvious differences and combustion temperature of chars from high-rank
coals were higher in order to obtain better reactivity. He et al [4] tested nine different char
samples using thermal gravimetric analyzer with continuously rising temperatures and a
global one-step kinetic reaction model. Beamish et al [5] studied the carbon dioxide reactivity
of chars from coals of different ranks and found that the lowest rank sub-bituminous coal
chars had similar reactivity to lignite coal chars. Arenillas et al [6] studied the behavior of
char combustion by means of TG-MS system and indicated that the heating rate and parent
coal rank had a significant influence on the char texture and NO reduction on the char surface.
Moreover, they investigated the coal pyrolysis using model compounds and a synthetic coal
by TG/MS/FTIR [7] and proved that synthetic coal can be very useful for the study of the
reaction mechanisms that involve nitrogen during coal pyrolysis and combustion. Gong et al.
[8, 9] studied the combustion and NO emission of Shenmu char with a TG-MS system and
found that the combustion of Shenmu char was problematic due to late ignition, poor
combustion stability, and poor burnout compared with Shenmu coal. Wang et al. [10] used
TG/MS/FTIR system to study the pyrolysis of five coals. They pointed out that the evolved
gas products during pyrolysis were related to the presence of different functional groups in the

coals.



Foreign and domestic scholars had done a lot of work to study the combustion characteristics
of chars, but most of the research objectives were chars from high temperature pyrolysis and
gasification instead of chars from low-temperature and fast pyrolysis, and researches on the
emission characteristics of chars were less. This paper investigated the combustion and
emission characteristics of chars from low-temperature and fast pyrolysis of coals of different
ranks by means of TG-MS. The results can provide basic data and theoretical support for the

combustion of chars in a CFB furnace.

2. Experiment

2.1 Sample Preparation

Five coals in different ranks were chosen to provide low-temperature and fast pyrolysis chars.
The proximate and ultimate analysis of parent coals is shown in table 1. The parent coals used
in the experiment with particle size of 0.5 mm~1.0 mm. In the process of industrial analysis
and elemental analysis of samples, we grinded the samples and screened them with 80 mesh
sieves. Samples with particle size less than 0.2 mm were prepared for industrial analysis and
elemental analysis.

Table 1. Proximate and Ultimate Analysis of Parent Coals

Proximate analysis Ultimate analysis

Samp|eS Rank Mar Aad Vdaf Fcad Cad Had Oad Nad Sad Qad,net

% % % % % % % % % kJ/kg

SGY lignite 13.00 24.71 39.76 43.10 5546 3.42 996 0.72 199 21,460



YNI lignite 340 5251 3531 29.99 3526 2.23 752 0.67 0.68 13,410

YNII lignite 37.80 8.10 4553 38.48 51.61 3.10 14.46 0.95 0.52 19,160
sub-

SM 7.27 854 3549 57.13 71.16 4.12 12.02 092 0.34 27,021
bituminous

FJ anthracite 9.70 17.10 3.52 70.70 69.42 0.35 2.87 0.22 0.42 23,590

ar is as recieved basis
ad is air dry basis air dry basis
daf is dry and ash free basis

Char samples were prepared in a pyrolysis system, as showed in Fig. 1. The system
was composed of furnace, gas distribution system, and sample loading system, temperature
control system and cooling system. Our experimental process is as shown in Fig. 2, which
used to study the combustion and emission characteristics of coal pyrolysis chars at low
temperature. Firstly, we turned on the power of the system and adjusted the temperature to a
setting value (600°C in this experiment). When the furnace temperature was near 600°C, we
opened N cylinder and adjusted flow rate to 8.3 L/min. Once the temperature was stabled at
the setting value and the furnace was filled with N, the push rod with crucibles loading
samples could be pushed to the heating zone quickly. 10 min later, we pushed the rod to the
cooling zone until it reached at room temperature. At last, char samples were collected and
sieved into diameter of 0.50-0.71 mm, and placed in a drying container to save. The char
sample from SGY coal pyrolysed at 600°C was marked as SGY-Char, so were the other char

samples.
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Fig. 1. Schematic diagram of the pyrolysis system.
1-N,, 2-Flowmeter, 3-Water pump, 4-Water tank, 5-Reactor, 6-Electric furnace,
7-Temperature controller, 8-Thermocouple, 9-Crucible, 10-Exhaust pipe, 11-Push rod,

12-Cooling zone, 13-Heating zone.
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Fig 2. Schematic diagram of the pyrolysis system.

2.2. Method



The combustion and emission characteristics of prepared char samples were analyzed using
the TG-MS system, including the STA449F3 NETZSCH thermal analyzer and the QMS403C
Aeolos type quadrupole mass spectrometer. To start the experiment, samples of about 10 mg
was tiled at the bottom of an Al,O3 crucible and the internal atmosphere of TGA was set to
the air atmosphere, which was composed of 21 mL/min of oxygen and 79 mL/min of nitrogen.
The sample was heated from 40°C to 1,000°C with a heating rate of 20°C/min. After the TGA
test, the gases products entered into the mass spectrometer for detection and analysis. In this
paper, we mainly focused on the behaviors of nitrogen and sulfur compounds during coal and

char combustion.

3. Results

3.1. TG and DTG Results

The TG and DTG profiles of char samples and its parent coal are represented in Fig. 3 and Fig
4. The TG profiles show that there are at least two weight losses for all the samples. The first
weight loss was from loss of the moisture and the second or third weight loss was from the
combustion of coal or carbon residue. The final weight loss was proportional to the ash
content of samples. The DTG profiles of YNI coal, YNI-Char, YNII coal and YNII-Char had
two peaks while the others had only one peak. Compared with parent coal, the maximum
weight loss peak appeared at higher temperature. Coal contained larger amounts of volatile,

and heat from combustion of the volatile could accelerate the temperature rise around coal



particles. Furthermore, volatile releasing could help develop pore structure in a short time, so

coal could be in good contact with the oxidant at high temperatures, which was very favorable

for combustion.
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Fig. 3.TG profiles of coal and char samples
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Fig. 4. DTG profiles of coal and char samples



The summary of the TG/DTG results for all the samples are given in Table 2. The
temperature of maximum weight loss of char samples (Tmax) was higher than its parent coal as
shown in Table 2. Besides, the maximum rate of weight loss, the average rate of weight loss
as well as the final weight loss of char samples were larger except for YNII-Char. The YNII
coal had a high content of volatile and moisture. Its moisture content was 37.80%, which
made YNII coal hard to ignite and combust in CFB. YNII-Char had little moisture after
pyrolysis and still contained a certain amount of volatile. In a word, the combustion
characteristic of char from low-temperature and fast pyrolysis was poorer than its coal in most
cases regardless of the level of coal ranks.

Table 2. Summary of TG and DTG Results

Tmax (Aw/dt) max (Aw/dt)mean Wioss
Sample

°C %/ min %/min %
SGY 525.34 10.08 1.77 76.80
SGY-Char 532.99 10.05 1.35 66.02
YNI 573.75 5.60 0.96 46.89
YNI-Char 644.26 4.13 0.83 40.72
YNII 384.82 11.02 1.78 86.11
YNII-Char 428.06 15.51 1.83 89.57
SM 540.19 14.62 1.63 90.65
SM-Char 555.00 11.13 1.94 75.77
FJ 749.49 12.70 1.84 89.96
FJ-Char 755.93 11.17 1.67 81.95




Tmax IS the temperature of maximum weight loss.
(dw/dr) max 1S the maximum rate of weight loss.
(dw/dr)mean IS the average rate of weight loss.

Wioss IS the final weight loss.

3.2. MS Results
The profiles of nitrogen containing and sulfur containing gaseous products of the samples are
represented in Fig. 5 and Fig. 7. As can be seen from the figure, the temperature range of
releasing of gaseous product had a good agreement with that of TGA weight loss. Gaseous
products of samples with high content of volatile were released earlier than samples with
relatively low content of volatile. Therefore, gaseous products during combustion of char
samples were observed at higher temperature than parent coals, and for high rank coal, FJ,
with a volatile content of 3.52%, gaseous products were not found until 600°C, while gases of
other coal samples had all been released before 600°C. The Char samples had the same trend
as parent coals. Peak temperatures and initial gas release temperatures for different samples
are shown in the attached Table S1 and Table S2, respectively.

Fig. 5(a) shows that the HNCO release profiles of all the samples have a peak, it can
be seen that the SM, YNI, SGY, YNII, YNII-Char and SM-Char had the lowest HNCO
release temperature, which were about 250°C-300°C. As for the peak temperatures of HNCO

release curves of samples, the common char had a higher peak temperature than its parent
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coal and the FJ and FJ char had the highest peak temperatures, which were about 700°C. For
the release amount of HNCO, SM released the highest amount of HNCO. Researchers [11-13]
found that HNCO was one of the primary intermediate products of coal pyrolysis after
studying on pyrolysis of coal and nitrogen-containing model compounds. They believed that
the HCN and NH3; may be produced by HNCO after a series of reactions. In CFB boiler,
HNCO released from pyrolysis would quickly decompose into NCO in the combustion
chamber [14-16], while Miller [17] found that the reaction between NCO and NO reaction
was the main source for N,O. Therefore, HNCO may be one of the main precursors of N,O
under fluidized bed combustion.

It can be seen that it appears two peaks in NH3 release profiles of some samples from
Fig. 5(b). The first peak occurred between 300°C-400°C and the second one occurred
between 500°C-600°C. While for FJ coal and FJ-Char, it occurred after 700°C as their weight
losses happened at higher temperature than other samples in TG experiment. For the release
amount of NH3, the SM, SM-Char and SGY released the highest amount of NHs. Fig. 5(c)
shows HCN release profiles of all the samples. HCN was not detected during combustion of
SGY coal, but there were two peaks in HCN release profile for SGY-Char. The first peak
occurred at 400°C-500°C, and the second peak occurred between 500°C-600°C except for FJ
coal and FJ-Char. The HCN release profiles for other samples were similar to NH3;. HCN and

NH3 were considered as the main precursors of NOyduring coal combustion [18-21].
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The NO and NO; release profiles of all the samples are represented in Fig. 5(d) and Fig. 5(e).
There was one peak in the profiles. The release temperature was in agreement with nitrogen
containing gases above. The peak height and size of integral area of profiles can reveal the
relative value of gaseous release. It could be seen that the SGY, SGY-Char, YNI, YNI-Char,
YNII, YNII-Char, SM and SM-Char had the lowest NO release temperature, which was about
300°C-400°C, and the FJ and FJ-Char had the highest release temperature of about 600°C. As
for the peak temperatures of NO, the YNII and YNII-Char had the lowest peak temperature of
about 350°C-400°C while the FJ and FJ char had the highest peak temperatures of about
700°C. For the release amount of NO, the SM released the highest amount of NO. It can be
seen that the YNII, YNII-Char, SM, SGY, SM Char and YNI had the lowest NO; release
temperature, which was about 300°C. As for the peak temperatures of NO; release curves, the
YNII and YNII-Char had the lowest peak temperature of about 350°C-400°C while the FJ and
FJ char had the highest peak temperatures of about 730°C. For the released amount of NO»,
the SM releases the highest amount of NO,.

As can be seen, char samples had less volatile-N after fast pyrolysis, so the NO and
NO, emissions were lower than parent coals. Coals of high rank of anthracite and sub-
bituminous released more NO and NO; than low rank coals of lignite, so were chars from
coals of different ranks. The behavior of nitrogen compounds in coal combustion is shown in

Fig. 6.
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Fig. 6. Behavior of nitrogen compounds in coal combustion [22-24].

As is shown in Fig. 7(a), H,S was mainly released at 300°C-800°C, and only one peak
occurred at about 500°C-600°C and 710°C for different samples. It can be seen from the
profile area that the SGY, SM-Char, YNI, FJ and FJ-Char released a higher amount of H,S.
H,S released during coal combustion mainly came from the decomposition of pyrite and

aliphatic sulfur. The origin of H,S evolution below 500°C was aliphatic sulfur while at 580°C;
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H,S mainly came from the decomposition of pyrite [25, 26]. When temperature was 600°C
higher, the H,S was mainly from decomposition organic sulfur with strong bonding. Most
sulfurs in samples existed as aliphatic functional groups except for FJ coal and FJ-Char, the
sulfur of which mainly came from pyrite.

We can see that COS is not observed during the combustion of SGY-Char, YNII coal,
SM coal, FJ coal and FJ-Char from Fig. 7(b). It can be seen from the profile area that the SGY
released the largest amount of COS. Researchers [27, 28] pointed out that COS mainly came
from reactions between CO and elemental sulfur or pyrite. As we motioned above, the sulfurs
in most samples were existing as aliphatic functional groups rather than pyrite, so COS was
not observed during combustion of all the samples.

The SO; release profiles of all the samples are represented in Fig. 7(c). It can be seen
that the FJ and FJ-Char had the lowest SO, release temperature, which was about 600°C. As
for the peak temperatures of SO, the SGY had the highest peak temperature of about 1,000°C.
The profile area shows that the SGY and SGY-Char released a higher amount of SO,. SO,
released before 450°C mainly came from unstable aliphatic and aromatic sulfur while above
550°C SO, came from the oxidation of pyrite [29-31]. At higher temperatures, sulfate would
be decomposed to produce SO,, while the sulfone compounds also produced SO, during
pyrolysis, but coal had little content of sulfone. As can be seen, SO, emissions of char

samples were lower than parent coals. However, SO, emission did not show an obvious
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relationship with coal rank. The behavior of sulfur compounds in coal combustion is shown in

Fig. 8.
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4. Conclusions

The combustion and pollutant emission characteristics of chars from low-temperature and fast
pyrolysis in a horizontal tube furnace were studied in a TG-MS analyzer. The conclusions are
as follows:

(1) In most cases, the low-temperature and fast pyrolysis coals had higher ignition
temperature and maximum weight loss temperature, thus its combustion characteristics was
poor than its parent coals regardless of the level of coal ranks.

(2) The temperature range of gaseous product releasing had a good agreement with that of
TGA weight loss, and the weight loss of the sample was mainly caused by the release of
volatiles in the sample.

(3) The gas products of chars in the combustion process were observed at a higher
temperature than the parent coal, mainly because the low-temperature and fast pyrolysis chars
had a lower content of volatile than that of parent coal.

(4) The NO and NO, emissions of chars were lower than parent coals. Coals of high rank of
anthracite and sub-bituminous released more NO and NO, than low rank coals of lignite, so
were chars from coals of different ranks. SO, emissions of char samples were lower than

parent coals and did not show obvious relationship with coal ranks.
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