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Abstract: The pyrolysis of four pairs of raw and acid-washed coals under N2 atmosphere was carried
out in a drop tube reactor at 1250 °C. The results show that both organic structures and metal
elements have an important influence on the formation of soot. The total area of aromatic and
aliphatic hydrogen absorption bands is positively correlated with soot yield. Aromatic compounds
have a greater contribution to soot and tar formation. The absorption band area of oxygen structures
in coal FTIR spectra is negatively correlated with the soot conversion rate of tar. During pyrolysis,
metal substances in coal can catalyze the dehydrogenation and deoxygenation of tar, reduce the
content and stability of the aliphatic compound, and catalyze aromatic ring rupturing. More
importantly, gasified metals can inhibit the polymerization reaction of aromatic compounds.
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1. Introduction

When in a high-temperature environment, coal will first undergo pyrolysis. Soot is produced in
the boundary layer of coal particles during pyrolysis[1]. As coal is mostly used through
thermochemical reactions, soot is commonly produced in the processing of coal. Under electron
microscopy, soot is generally chain-shaped and is aggregated by nearly spherical basic soot particles
with a diameter of about 20-50 nm[2]. The radiation heat transfer capacity of soot is very strong,
which can enhance heat transfer and greatly change the temperature distribution around coal
particles[3]. Due to the small particle size, incompletely oxidized soot particles will be discharged
with the exhaust gas and become one of the main sources of PMzs in the atmosphere[4,5]. Baltrus et
al. revealed that carbon concentrates formed from bituminous coal combustion fly ash can contain
up to 76% carbon and have similar properties to soot[6]. Soot, which has a strong light-absorbing
effect in the atmosphere, can reduce visibility and contribute to the greenhouse effect[7]. Moreover,
the surface of soot particles usually adsorbs a large number of toxic organic compounds and heavy
metals, which enter the human body with soot and endanger health[8-10].

Soot is produced by secondary pyrolysis of coal volatiles. Its main precursor is tar (especially
polycyclic aromatic compounds), which releases during coal primary pyrolysis[11]. The formation of
soot from coal involves much more complex components and undergoes a much more complex
process than simple gaseous hydrocarbon fuels. Coal tar produced by coal primary pyrolysis is
considered to be the main precursor of coal-derived soot. The composition and structure of these tars
are complex and variable, which makes the formation of soot in the coal pyrolysis process very
different from that of gaseous fuel[12]. Wornat et al.[13] studied the production and composition
changes of soot and PAC (polycyclic aromatic compounds, which are the main component of coal
tar) using a drop tube reactor at different temperatures (1130~1480 K) and residence time. They
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reported that with the aggravation of secondary pyrolysis, the complexity of PAC components is
lower and the stability increases and with the increase of temperature and residence time, the yield of
soot gradually increases while the yield of PAC gradually decreases, but the sum of the two yields
maintains a relatively stable value. The same results were also obtained by Nenniger[14] under similar
experimental conditions, indicating that PAC is the main precursor of soot generated by coal pyrolysis.
Ma[15,16] and Zhang[17] studied coal-derived soot formation in a flue-gas environment generated by a
flat-flame burner. In contrast to the experimental result observed by Wornat[13] and Nenniger[14], the
yield of coal-derived soot produced in the flue-gas environment is lower than the inert atmosphere, this
may due to the reaction of tar molecules and even soot with oxygen-containing components (H-0, OH, O
etc.) in a flue-gas environment.

Both organic and inorganic structures of coal affect the pyrolysis products. Seeker[1] and[18]
both used high-speed camera technology to study the formation of soot in the combustion process of
single coal particles. The results showed that the formation of soot could not be observed in the
combustion process of anthracite with a low volatile content, while lignite with a high volatile content
has no initial soot particles generated in the vicinity of coal particles due to its low content of
macromolecular heavy hydrocarbons in the volatile matter. Zeng et al.[19] carried out high-
temperature pyrolysis experiments of seven kinds of coal in the nitrogen-carrying stream to study
the secondary pyrolysis of coal tar. They suggest that the sooting propensities of coal tar generated
by higher rank coal are stronger. However, the tar+soot yield of seven kinds of coal is not consistent
with the rank of coal. In addition to organic structure, inherent metallic species in coal can also affect
the formation of soot. A wealth of research has shown that inherent metal elements have an important
influence on the yield and composition of tar released during coal primary pyrolysis[20-24], so they
can also affect the yield of soot generated by the secondary pyrolysis of tar. Furthermore, the same
as soot, the physical and chemical changes of gasified metal also occur near coal particles[25]. In the
study of hydrocarbon flame and diesel engines, it is found that gaseous metals can affect the
formation of soot and tar[26,27]. Therefore, these gasified metals, especially alkali metals and alkaline
earth metals, may also affect the sooting process of coal tar. In the study of the role of Na in the
formation of soot during coal pyrolysis and combustion, Xiao et al.[28] found that Na can affect the
yield and particle size distribution of coal-derived soot.

It can be seen from the foregoing discussion that the analysis of influencing factors on the
formation of coal-derived soot is mostly limited to temperature, residence time, coal rank, and other
relatively elementary content. The understanding of the influence of organic structures and inherent
minerals on the formation of soot derived from coal is not enough. In this paper, the pyrolysis
comparison experiment between acid-washed coal and raw coal is carried out in a drop tube reactor.
The yields and particle size distributions (PSDs) of the solid secondary pyrolysis products (soot and
tar) and its Fourier transform infrared spectroscopy (FTIR) spectra are analyzed to explore the
relationship between coal chemical structure (FTIR parameters and inherent metal content) and its
soot generation characteristics.

2. Experiment

2.1. Experimental System

The pyrolysis of coals was performed in a drop tube reactor (DTR) at 1250 °C. The schematic
diagram of the DTR experimental system is illustrated in Figure 1. Corundum tubes with a length of
2000 mm and an internal diameter of 80 mm are used as central tubes of DTR. As shown in Figure 1,
the central corundum tube is heated in four stages using molybdenum silicide bars in the DTR. The
temperature was measured and controlled by inserting an S-type platinum-rhodium thermocouple
at the intermediate position of each heating section. Before the coal pyrolysis experiment, a secondary
thermocouple (length 2000 mm) that has been calibrated by the muffle furnace was inserted into the
corundum tube to calibrate the error of four temperature measuring thermocouples to ensure a long
and sTable 1250 °C constant temperature zone in the center tube.
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Atmospheric pressure N2 was used as the carrier gas and secondary gas. Pulverized coal was
continuously fed together with the carrier N2 (1 L min™) from an injection type micro powder feeder
into DTR through an air-cooled feeding probe at a rate of 100 mg min-'. The secondary N2 was fed at
arate of 9 L min™ from the top of the reactor to provide an inert atmosphere.

The pyrolysis gas in the reactor is extracted from DTR by an oil-cooled and nitrogen-quenched
sampling probe. The sampling muzzle is 1800 mm away from the top of the reactor. An electrical
low-pressure impactor (ELPI) and a sampler were used to measure the PSDs of particulate matter
and collect the particulate matter (a mixture of tar and soot) in the pyrolysis gas, respectively. To
meet the requirements of ELPI measurement, pyrolysis gas is diluted by nitrogen injected at the inlet
of the sampling tube, and then re-diluted by pure air through a diluent. All samples except SLH
(Shengli coal) were diluted 40 times. Due to the high concentration of SLH particles in the third and
fourth channels of ELPI, 50 times dilution is used. Tests on YMH (Yimin coal) at 40, 45, and 50 times
dilutions showed that the change in dilution ratio between 40 and 50 had a negligible effect on the
measurement of particle concentration distribution. The sampler is equipped with a cooling system
to condense tar in pyrolysis gas by mixing pyrolysis gas with filtered air cooled by the ice water
mixture. Glass fiber filter was used to collect solid tar and soot. Before entering the ELPI or the
sampler, the pyrolysis gas would flow through a pre-separation cyclone at a speed of 10 L/min to
remove large char particles.

S Carrying N,
. Pyrolysis N» T Feeding
Cyclone
1 »ELPI—
Drop tube Diluter
reactor Cooling
. air
Sampling
probe j{ Sampler
Flow meters /
Pump

+— Cooling oilfin
— Cooling oilfout

Cooling N,

Figure 1. Schematic of the experimental system.

2.2. Samples Analysis

Dichloromethane was used as an extracting agent to separate soot and tar for their respective
yields. A certain amount of samples collected by the sampler were added to dichloromethane at a
ratio of 1 mg:10 mL. The mixture was vibrated ultrasonically for 30 min to ensure that all the tar in
the sample was dissolved in dichloromethane. After that, the mixture was filtered to separate soot
and weighed to obtain the mass fraction of soot and tar in the sample. The yields (Y) of soot and tar
can be calculated according to equation 1 (0swtiar: mass fraction of soot/tar; msampe: sample weight
collected per minute; Mea: coal weight fed per minute; Aq: ash content in coal).
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The content of C, H, and N elements (mass fraction) in coal samples and a mixture of soot and
tar (soot+tar) were measured using a CHN elemental analyzer (VARIO Macro cube). VARIO Macro
cube can convert C, H, and N into COz, H20, and NOx, and then the content of the three elements in
the sample can be obtained by measuring the three gases. Each coal sample is measured at least three
times. There are not many samples of soot+tar, but at least two measurements were taken. Based on
the mass fractions of C and H (Ci and Ha) in the soot+tar sample, the atomic number ratio of C to H
can be calculated from Equation 2 (AMc: relative atomic mass of C; AM=: relative atomic mass of H).

C,/ AM,
H,/ AM,,
The chemical structure of the experimental coal and mixture of soot and tar was measured by

an FTIR spectrometer (Nicolet model 5700) using the KBr pellet technique: The mixture of sample
and KBr was ground in an agate mortar for 30 min or more to ensure uniform mixing. A 140 mg

C/H= )

mixture was placed in a mold with an inner diameter of 13 mm and then allowed to stand at a
pressure of 10 MPa for two minutes. The FTIR spectrum analysis is in Section 3.2.

2.3. Coal Samples

Two bituminous coals (Shenhua, abbreviated as SHR and Neimenggu, abbreviated as NMGR)
and two brown coals (Yimin, abbreviated as YMR and Shengli, abbreviated as SLR) were used in this
research. To be closer to the actual application of pulverized coal, all coals were pulverized and sized
to a range from 38 to 125 um. Table 1 lists the proximate and ultimate analysis of four raw coals.

Table 1. Proximate and ultimate analysis of the coals.

Proximate Analysis (wt% on D
roximate Analysis (wt% on Dry Ultimate Analysis (Wt% on Dry Basis)

Coal Basis)
Va FCa Ad Ca Ha Na Sa Oud
SHR 34.16% 63.03% 2.82% 83.49%  4.66%  0.95% 0.25% 7.84%
NMGR 36.95% 47.46% 15.59% 67.78%  3.84%  0.91% 1.56% 10.32%
YMR 42.30% 41.19% 16.51% 68.48% 4.11%  0.99% 0.19% 9.72%
SLR 38.00% 43.90% 18.10% 55.53% 3.46%  0.90% 0.89% 21.12%

Raw coals were treated in HCl aqueous solution (5 mol L) to remove acid-soluble salts and ion-
exchangeable metal cations. A mixture of 50 g coal and 800 mL HCI aqueous solution was used each
time. The time of HCl-washing is 5 h and the temperature is 60 °C. The contents of several main
metals which have a significant impact on coal pyrolysis (Na, K, Ca, Mg, Fe) in the raw coal and HCI-
washed coal (SHH, NMGH, YMH, and SLH), as shown in Table 2.

Table 2. The main metal element contents in coals.

Coal Na (wt %) K (wt %) Ca (wt %) Mg (wt %) Fe (wt %)
SHR 0.1047% 0.0031% 0.5864% 0.0277% 0.4337%
SHH 0.0012% 0.0027% 0.1475% 0.0071% 0.1612%
NMGR 0.0562% 0.0134% 1.3017% 0.2242% 0.4115%
NMGH 0.0186% 0.0088% 0.0264% 0.0044% 0.0974%
YMR 0.0534% 0.0294% 0.7947% 0.0832% 0.7947%
YMH 0.0108% 0.0241% 0.1082% 0.0083% 0.1082%
SLR 0.3480% 0.1721% 0.5561% 0.0857% 0.6537%

SLH 0.0172% 0.1361% 0.0149% 0.0126% 0.1882%
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3. Results and Discussion

3.1. Particle Yields and Size Distribution

Soot and tar yields of four kinds of raw coals and corresponding HCl-washed coals are
illustrated in Figure 2. Yield is the mass fraction of soot and tar in the dry ash-free base of coal. It can
be seen from Figure 2 that soot and tar yields of four acid-washed coals are all higher than their
corresponding raw coal, and the yields of soot are much higher than that of tar. Hayashi et al.[29]
obtained the same experimental results in a similar DTR. Due to their low-reaction temperature (800-
900 °C), tar yields were larger than this investigation.

Coal-derived soot is mainly formed by coal tar through dehydrogenation, deoxidization[11, 30]
and aromatization together with polymerization[11, 13, 31]. During the primary pyrolysis process of
coal, metals, especially alkali metals and alkaline earth metals (AAEM) in coal can continuously
connect and fracture with a heavy tar precursor as a cross-linking point. Therefore, tar precursors
would be decomposed into light gas or form char to reduce the production of tar[32, 33]. The decrease
of tar, the precursor of soot, will directly reduce soot yield. During secondary pyrolysis, gasification
metals in the char particle boundary layer and metal minerals on the surface of the char can also
catalyze the cracking reactions of tar or the reforming reactions of tar with H-O and CO: generated
in primary pyrolysis[23, 29, 32, 34], further reducing the content of tar in pyrolysis gas and the
formation of soot. Besides, gasified metals may also have an inhibitory effect on the sooting process
of tar by occupying the active sites on the aromatic ring that inhibit the polymerization of aromatic
compounds[35]. As shown in Figure 2 the soot yield of bituminous coal is not always higher than
that of lignite. For example, the soot yield of NMG is much lower than that of YM and SL, which
shows that there are limitations in determining the soot formation from coal ranks.

XY Tar yield 7ZZ) Soot yield
0% 1% 2% 3% 4% 5% 6% 7%

SHH N

SHR N

NMGH pzzzzzzzzs

NMGR pzzzzZ8

YMH 7N

YMR zzzzzzzzzn

SLH R

SLR ppzzzzzzzzzzzZ2A

0% 1% 2% 3% 4% 5% 6% 7%

Figure 2. Soot and tar yields of eight coals.

The number and mass size distributions of particles in pyrolysis gas are shown in Figures 3 and
4, respectively. The PSDs of particulate matter generated by four kinds of coal pyrolysis are similar.
The size distribution has a peak near 0.12 um. The mass concentration increased with particle size
increasing before 0.12 um, remained stable between 0.12 um and 1.2 um, and then increased again
with particle size increasing. The acid-washed coal particle concentration in each channel of ELPI is
generally higher than that of raw coal, and the slop of the curves before 0.12 micron is lower than that
of raw coal. Mineral ultrafine particles formed by pyrolysis may affect the PSDs of particles in
pyrolysis gas, such as the concentration of particles in the channels less than 0.12 pm of YMR is higher
than that of YMH. According to Table 2, the difference in Fe content between YMH and YMR is the
highest among the four coals (the Fe content of YMR is also the highest among the four raw coals).
Na, K, Ca, and Mg belong to AAEM, and these metals can be present in coal in the form of organic
combination (such as carboxylate), which is easier to gasify[36]. During coal pyrolysis, AAEM can
maintain the organic combination state, vaporize together with volatile matter, and finally enter soot
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and tar, which will not participate in the formation of mineral particles[36]. However, Fe mostly exists
in coal in the form of inorganic minerals[37]. Gasified Fe is mainly converted into ultrafine particles
during coal pyrolysis. Therefore, the content of ultrafine particles in the pyrolytic particles of YMR
with the highest Fe content is higher than that of YMH.

)
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dN/dlogDp (1/cm’

—— YMR
10't —e— YMH

dN/dlogDp (1/cm’)

0.‘1 1 10 011 1
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Figure 3. Number concentration distribution of the particles in pyrolysis gas.
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Figure 4. Mass concentration distribution of the particles in pyrolysis gas.

3.2. Interpretation of the FTIR Spectra

As the absorbability of soot is stronger than that of coal, different dilution ratios of coal and
soot+tar are adopted in KBr pellet preparation (1:1000 for soot+tar and 1:400 for coal). Baseline
corrected spectra for the four kinds of coals before and after acid-washing and soot+tar generated by
eight coal pyrolysis are illustrated in Figures 5 and 6, respectively. As shown in Figure 5, the HCI-
washing method used in this work has little effect on the organic structure of coal. The most obvious
change is that the absorption peak of stretching vibration of C=O in the carboxyl group of acid-
washed coal at about 1700 cm™ increased[38]. This is due to the replacement of metal ions in
carboxylate in coal by H-ion during acid-washing, which made the content of the carboxyl group in
acid-washed coal increase. By comparing the spectra in Figures 5 and 6, it can be found that the main
spectral peaks in the spectra of coal and soot+tar are roughly similar and the positions of each peak
due to their chemical structure are the same.

680-980 cm™ zone is the aromatic hydrogen absorption peak region. In this region, there are
mainly various types of aromatic out-of-plane C-H deformation[39-41]. The 980-1800 cm™ zone is
the oxygen-containing structures absorption peak region[42, 43]. The area includes various types of
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C-O stretching vibrations before 1400 cm™ and various types of C=O stretching vibrations after 1400
cm[40, 42, 44]. In addition, about 3 or 4 aromatic ring (C=C) stretching vibrations are also included
in this area (1365-1620 cm™) [40, 41, 45]. The 2800-2990 cm™ zone is the aliphatic hydrogen absorption
peak region. The spectral peaks in this region belong to various aliphatic C-H stretching
vibrations[39,41,43]. The 2990-3720 cm™ is the hydroxyl absorption peak region; stretching vibrations
of crystalline water are also in this region[42,43,46]. There is almost no hydroxyl peak in the FTIR
spectrum of soot[41,45,47]. The peak value of this region in Figure 6 is mainly from crystalline water,
which has not been sufficiently removed during drying, so this region is not considered when
analyzing the chemical structure of soot+tar. It can be seen from Figure 5 that the peaks of oxygen-
containing structures and the peaks of aliphatic hydrogen in brown coal are larger than that of
bituminous coal, and the area of the aromatic hydrogen absorption peak of bituminous coal is larger.

As there are lots of absorption bands due to different functional groups that contribute to FTIR
spectra, each peak region in the spectra is superimposed by the bands of different functional groups,
so that the detailed structural characteristics of coal cannot be directly obtained from the spectra.
Therefore, this experiment uses curve-fitting technology to separate the absorption bands in FTIR
spectra of coal and soot+tar in reference to previous studies[40,41,44,45,48-51]. The bands of different
chemical structures were preset to a linear combination of Gaussian function and Lorentzian function
during the fitting process. The position of each fitting peak depends on the minimum of the second
derivative of spectra. Examples of the curve-fitting results of four absorption peak regions of YMH
and its corresponding soot+tar are shown in Figures 7 and 8, respectively. As the FTIR spectra of raw
coals are similar to those of acid-washed coals and their soot formation characteristics are affected by
the metal in coal, then this is not conducive to the study of the influence of coal organic structure on
soot formation characteristics. In this work, the FTIR spectra of raw coals were not fitted.

——SHH —— NMGH | | ——SHR — NMGR
~——YMH  SLH 'L ——YMR——SLR

1000 1500 2000 2500 | 3000 3500 1000 1500 2000 2500 3000 3500
Wavenumbers (cm™) Wavenumbers (cm’™)

(a) (b)

Figure 5. FTIR spectra of acid-washed coals and raw coals. (a) Acid-washed coals; (b) Raw coals.
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Figure 6. FTIR spectra of mixtures of soot and tar.
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Figure 8. FTIR experimental and fitting spectra of soot+tar of HCL-washed Yimin coal (YMH). (a)
Aromatic hydrogen absorption peak region; (b) Oxygen-containing structures absorption; (c)
Aliphatic hydrogen absorption peak region.

The sum of the areas of fitting peaks belonging to functional groups with the same structure in
the curve-fitting results can represent the concentration of these functional groups to some extent and
the ratio of certain absorption peak areas can also represent the sample structure parameters. The
calculated parameters used in this paper include Ai = Y Aatiphatic hydrogen, A2 = ) Aaromatic hydrogen, A3 = A1+
Az, As =Y Aoxygen-containing-structures, As = Y Ac=c, 1 = A1/Y Aan, 2 = Az/Y. Aan, Is = Ti + I, I+ = Acrz/Acns, and Is =
Ac/As. In the calculation process, the areas of fitting peaks are multiplied by appropriate parameters
according to the dilution ratio between the sample and KBr during pellet preparation and weight of
corresponding KBr pellet to achieve the purpose of normalizing the spectrum to 1 mg cm™2. The
analytical parameter values of four HCl-washed coals and eight soot+tar samples are shown in Tables
3 and 4, respectively.

Table 3. Analysis parameter values of HCl-washed coals.

Coal A1 Az As As I I Is Is
SHH 1.1168 17.7022 18.8191 45.0022 0.00752 0.11922 0.12674 1.96029
NMGH 1.9017 8.9387 10.8405 69.5149 0.00970 0.04559 0.05529 2.92457
YMH 6.5528 8.7498 15.3027 111.262 0.02144 0.02863 0.05007 2.11378
SLH 8.9766 17.1283 26.1051 130.256 0.01658 0.03164 0.04822 1.59243

Table 4. Analysis parameter values of soot+tar samples.

Soot+tar A1 Az As As As 61 I Is Is Is
SHR 1.768 78.572 80.340 106.015 37362 0.0036 0.1614 0.1651  0.0559  2.1030
NMGR 8.789 21.253 30.042 83.906 40.218  0.0127  0.0307 0.0433 1.6996  0.5284
YMR 2.890 97.280 100.170 104.707 27535 0.0068 02293 0.2362 1.1042  3.5329
SLR 10.626 8.638 19.264 39.290 26389  0.0288 0.0234 0.0523 5.8755 0.3273
SHH 2.011 58.482 60.493 125.826 50.348 0.0036 0.1045 0.1081 0.2065 1.1616
NMGH 9.280 88.675 97.955 97.393 42139  0.0200 0.1907 0.2106 ~ 1.7437  2.1043
YMH 3.972 83.911 87.883 108.799  43.444  0.0094 0.1981 0.2075 1.6299  1.9315
SLH 16.378 6.119 22.497 80.653 37390 0.0290 0.0108 0.0398 9.0417  0.1637

3.3. Effect of Coal Organic Structure on Soot Formation

Both aromatic and aliphatic compounds generated by coal primary pyrolysis can be converted
into soot during secondary pyrolysis. Aromatic compounds grow mainly through polymerization
and have a relatively strong ability to form soot. Aliphatic compounds need to be aromatized to form
aromatic ring-structures to continue to convert to soot. Aliphatic compound with long-chain and
fewer branches (larger value of l1) is more susceptible to form soot. For example, the coal A2 values
of NMGH and YMH are relatively close, but since the coal A1 and I+ value of YMH is much larger
than that of NMGH, the aliphatic compounds generated by YMH are more likely to form soot than
NMGH, so the soot-yield of YMH is higher than that of NMGH. Therefore, to comprehensively
consider the influence of coal-FTIR parameters on the formation of coal-derived soot, this work
compares the As value of four acid-washed coal with their soot and soot+tar yields. As shown in
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Figure 9. The yield of soot and soot+tar increases substantially with the increase of As of acid-washed
coal, but the yield of SHH coal is higher than that of SLH coal, which has a higher As. It can be seen
from the data in Table 3 that the coal I value of SHH is much higher than that of the other three coals,

that is, the aromatic hydrogen ratio in the FTIR spectra is also an important parameter that can affect
the yield of soot.

9
8 -
. Il soot+tar SHH
70 [ Soot
SO SLH
S5l
B4r
o YMH
3 -
t NMGH
2 -
1 -
0

10 12 14 16 1534 20 22 24 26 28

3

Figure 9. Correlation between soot and soot+tar mixture yield and Asof acid-washed coal.

The conversion rate of tar to soot during the secondary pyrolysis of coal is also an important
part of the research on coal-derived soot. The proportion of soot in soot+tar was used to express the
conversion rate of tar. Carbon-hydrogen atomic ratio (C/H) of soot+tar is another parameter that
shows the degree of tar conversion rate. Since the conversion of coal tar to soot is a process of
dehydrogenation and condensation (hydrogen content in tar is higher than soot), the higher the
degree of conversion, the larger the C/H value. Figure 10 is the schematic diagram showing the
correlation between A4 of acid-washed coal and soot/(soot+tar) and C/H of soot+tar. As can be seen
from the figure, with the increase of A4 value, the value of soot/(soot+tar) and C/H decreases, that is,
the conversion rate of tar to soot decreases. The oxygen-containing functional groups in coal will
vaporize at high temperatures to form oxygen-containing substance during pyrolysis, which will
inhibit the formation of soot by reforming reaction[52,53] or oxidation reaction (oxygen-containing
radicals, such as OH and O)[15-17]. Therefore, the conversion rate of coal tar to soot is inversely

related to the absorption peak areas of oxygen-containing functional groups in the FTIR spectra of
coal.
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Figure 10. Correlation between A4 of acid-washed coal and soot/(soot+tar) and carbon-hydrogen
atomic ratio (C/H) of soot+tar.
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3.4. Effect of Metal Minerals on Soot Formation

The formation of soot is the result of competition between coal tar condensation reaction and
cracking reaction. The condensation reaction is mainly the polymerization of aromatic
substances[13,17,54] and also includes aromatization of aliphatic substances[11,17]. During the
cracking process, oxygen in tar combines with carbon or hydrogen and releases in the form of
CO/CO:z or H20[30]. At the same time, coal tar will remove the aliphatic side chain[55] and some
aromatic structures in tar will be destroyed[17].

As shown in Figure 11, the content of oxygen functional groups (As of sootttar) and soot in
soot+tar generated by HCl-washed coal is higher than that of raw coal. The content of oxygen
functional groups in the pyrolysis products of raw coal is smaller than that of acid-washed coal,
which proves that the metal in coal can catalyze the cracking reaction of tar during pyrolysis.
According to the results of Zeng[19], when the temperature is higher than 1200 °C, there are almost
no oxygen functional groups in tar, and oxygen is mostly present in soot. Therefore, for the same
coal, the higher the proportion of soot in the mixture of soot and tar, the greater the content of oxygen
functional groups in the mixture.

140 100%
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B e I e

100+
L 180%
80}
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A, (absorption peak area)
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Figure 11. Comparison of absorption peak area of oxygen functional groups in the mixture of soot
and tar (left) and soot ratio in the mixture (right) generated by raw coal and HCl-washed coal.

The left side of Figure 12 exhibits the comparison of the aliphatic hydrogen absorption peak
areas of soott+tar generated by four raw coals and corresponding HCl-washed coal. The parameters
shown in the right figure are I4 of soot+tar, which is commonly used to characterize the chain length
and branching degree of aliphatic compounds[40,41]. High I+ value indicates that the length of the
aliphatic chain is long and the degree of branching is low. After acid-washing, the absorption area of
aliphatic hydrogen in sootttar (the value of ls) increased, indicating that the amount of the aliphatic
compound in soot and tar mixture increased, the average chain length of aliphatic substances increases
and the degree of branching decreases. The results in Figure 12 demonstrate that metal minerals in coal
can catalyze the cracking reaction of aliphatic compounds and have a better catalytic effect on long-chain
aliphatic substances during pyrolysis.

Figure 13a shows the area comparison of the aromatic hydrogen absorption peaks of soot+tar
generated by four coals before and after acid-washing. Figure 13b exhibits the comparison of the
absorption peak area of stretching of aromatic ring C=C in soot+tar (As which is used here to
characterize the content of aromatic ring structures) before and after acid-washing. Figure 13c shows
the comparison of Is of sootttar that can characterize the abundance of hydrogen atoms on the
aromatic ring (inversely proportional to the degree of thickening of the aromatic ring)[49,50] before
and after acid-washing.
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Figure 13. Change of aromatic structure parameters and absorption peak area of C=O stretching
vibrations of soot+tar before and after acid-washing: (a) Az (b) As; (c) Is and (d) Fitting peaks area of
C=0 structures.

It can be seen from Figure 13b that the content of the aromatic ring structure in soot+tar
generated by HCl-washed coal is higher than that of raw coal, indicating that more aromatic ring
structures are destroyed during the pyrolysis of raw coal, and the metal minerals in coal can catalyze
ring rupturing reactions of the aromatic compound. When the content of the aromatic ring structure
in soot+tar increases after acid-washing, the aromatic hydrogen content (Az2) of soot+tar generated by
SH, YM, and SL does not increase but decreases after acid-washing according to Figure 13a. Only the
aromatic hydrogen content in soot+tar produced by NMGR is lower than that of NMGH. In addition,
as shown in Figure 13c, the average abundance of hydrogen atoms on the aromatic ring in soot+tar
generated by the three other coals (SH, YM, and SL) after acid-washing is lower than that of the
corresponding raw coal, indicating that the aromatic structures of soot+tar generated by acid-washed
coal has a higher degree of thickening, and the polymerization reaction of aromatic compound
released from acid-washed coal is more intense during the coal pyrolysis process. This result proves
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that gasified metals have an inhibitory effect on the coal tar condensation reaction. The reason why
NMG is different from the other three coals is unclear, but the experimental results show that the
metal in NMG has a strong catalytic effect on the cracking reaction of small aromatic clusters, which
may cause the aromatic hydrogen and aromatic ring content of soot+tar generated by NMGR is lower
than that of NMGH. Furthermore, as shown in Figure 13d, the absorption peak area of the C=O
structure (mainly in carboxyl) in soot+tar generated by NMG decreased after acid-washing, which is
also the opposite of the other three types of coal. Generally, the decrease of metal in the form of
carboxylate in the acid-washed coal sample lead to an increase of carboxyl content in soot+tar.
Therefore, the organic binding metals in the soot+tar produced by NMGR are not mainly
carboxylates, but may exist in the form of phenolic salts or directly linked to aromatic rings. These
metal or phenolic salts replaced H on the aromatic ring, resulting in the decrease of aromatic
hydrogen content in soot+tar generated by NMGR.

4. Conclusions

Four pairs of raw and acid-washed coals were pyrolyzed in a DTR at 1250 °C in this work. The
effect of coal chemical structure on the formation of soot was analyzed by studying the yield and
chemical structure of soot and tar generated by coal pyrolysis. The study has shown that both coal
organic structures and inherent metallic species can significantly affect the generated characteristics
of coal-derived soot. The roles of coal chemical composition on soot formation are shown as follows:

(1) There is a certain correlation between the parameters of coal FTIR spectra and the yield of
soot and tar generated by acid-washed coal. The total absorption band area of aromatic hydrogen
and aliphatic hydrogen is positively correlated with the yield of soot and tar. Aromatic structures
play a much larger role in the formation of soot than aliphatic structures. The absorption band area
of the oxygen functional group is inversely related to the soot conversion rate of coal tar. (2) The
presence of metal minerals can greatly reduce soot and tar yield during coal pyrolysis. Inherent metal
can reduce tar release during the primary pyrolysis of coal. Gasified metals can also catalyze the cracking
reaction of tar and inhibit condensation of tar during secondary pyrolysis of coal. (3) FTIR analysis shows
that during coal pyrolysis, metal substances can lead to the reduction of the absorption peak area of the
oxygen functional group, aliphatic hydrogen, and the aromatic ring C=C. The metal can also inhibit the
polymerization reaction of aromatic compounds, resulting in an increase in aromatic hydrogen content
and a decrease in the thickening of aromatic compounds in the mixture of soot and tar.
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