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A B S T R A C T   

Performing online evolution analysis of tar in actual pyrolysis process is a major challenge. In this work, the 
effects of heating rate (HR) on evolution curves of in-situ tar for low-rank coals pyrolysis were investigated in a 
novel laboratory bench. The escape law of volatiles was obtained, the influence of HR on secondary reactions was 
analyzed, the association between products and molecular structures was constructed, and pyrolysis mechanism 
was deduced. Aliphatic hydrocarbons (except dienes), phenols, and oxygenated compounds have only one peak, 
while dienes and aromatics have multiple peaks throughout the pyrolysis process. The first peak is attributed to 
coal primary pyrolysis. At increased HRs, the second peak for 1~2ring aromatics is from the cracking of primary 
volatiles, and that for 3~4ring aromatics from coal continued cracking. The proportion of phenols and 
oxygenated compounds decreases, aromatics increases, and aliphatic hydrocarbons varies for different coals. 
Generally, HR increases the yield of primary volatiles by enhancing coal primary pyrolysis, elevates the pro
portion of light aromatics by promoting secondary cracking and aromatization of primary volatiles, reduces char 
yield by inhibiting condensation reactions throughout the pyrolysis process. The similar macromolecular 
structures of different coals make the evolution curve versus HRs follow a common law.   

1. Introduction 

The shortage of oil resources and high proportion and low utilization 
rate of coal are the general utilization landscape of China’s energy [1]. 
The low-rank coal accounts for more than 55% of coal resources in China 
[2]. Pyrolysis is one of the effective ways to alleviate the shortage of 
crude oil resources and improve energy utilization efficiency [3]. High 
value-added chemicals, especially aromatic compounds, can be sepa
rated from coal tar, so it is important to obtain high quality tar during 
the coal pyrolysis process [4,5]. 

Traditional tar detection methods such as gas chromatography/mass 
spectrometry (GC/MS) involve time-consuming chromatographic sepa
ration steps [4,6,7]. It is well known that coal tar is poorly stabilized due 
to the presence of a large number of reactive free radicals in the tar [8]. 
These steps contribute to variations in the original composition of tar 
product. Therefore, the method of analyzing pyrolysis characteristics 
and mechanism based on offline pyrolysis product composition and 
distribution needs to be improved. The pyrolysis-gas chromatogra
phy/mass spectrometry (PY-GC/MS) avoids the complex process of 
traditional tar detection but cannot realize online detection of tar during 

the thermochemical conversion process [9]. The online tar detection not 
only to obtain the product distribution of fresh in-situ tar, but also to 
obtain the release pattern and generation mechanism of volatiles during 
pyrolysis process, to construct the correlation between products and the 
molecular structure, and then to deduce the pyrolysis mechanism. 
Studies employed TG-MS to investigate online evolution patterns of gas 
molecules, but the commonly employed electron ionization (EI) gener
ates large amounts of fragments and is not suitable for the online 
detection of tar macromolecule [10]. 

The development of vacuum ultraviolet photoionization technology 
to address the limitations of EI. The near-threshold photoionization re
duces fragmentation on the mass spectra and guarantees the attribution 
of molecular ions peaks [10,11]. Table 1 summarizes relevant literatures 
in recent years. Some scholars have carried out relevant studies to 
provide solutions for the online detection of the tar and obtained 
innovative conclusions. However, there are still some limitations. Jia 
et al. used pyrolysis synchrotron vacuum ultraviolet photoionization 
mass spectrometry (Py-SVUV-PIMS) to analyze volatile products of 
bituminous coal pyrolysis [12]. However, they did not investigate the 
entire thermochemical conversion process thoroughly and performed 
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under isothermal conditions, making it difficult to observe the escape 
law of tar during the heating process. Zhang et al. analyzed the pyrolysis 
process of small molecular compounds and speculated on pyrolysis 
mechanism based on theoretical calculations [11]. Ban et al. selected 
several representative coal-related model compounds to determine the 
distribution and composition of primary pyrolysis products in the 
presence of catalysts by the in-situ pyrolysis vacuum ultraviolet photo
ionization time-of-flight mass spectrometry (Py-VUV-PIMS) [3]. How
ever, the simple structure of samples limits the applicability of the 
results to the comprehensive analysis of coal pyrolysis processes. 
Moreover, it is worth noting that above studies are performed under 
negative pressure conditions, which greatly inhibits the occurrence of 
secondary reactions of volatiles. And the HR cannot be changed because 
of the limited equipment structure. Although the distribution and escape 
behavior of the primary product can be studied, it cannot reflect the 
evolution law of tar in the actual pyrolysis process, especially the lack of 
online detection of pyrolysis process at different heating rates (HRs). 
Analyzing the actual thermochemical conversion process by tar online 
detection is a major challenge. 

Studies have shown that secondary reaction affects the tar yield and 
product distribution [23,24]. The HR is an important factor affecting the 
secondary reaction. There have been a large number of studies on the 
effect of HR on tar yield and composition, all based on offline tar 
detection methods [24–31]. Lievens et al. investigated the effect of HR 

(5–100 
◦

C/min) on the tar distribution of lignite pyrolysis by PY-GC/MS 
and found that phenolic yield was approximately independent of HR at 
slow HR and low temperature [26]. While Li et al. conducted experi
ments using a downer-bed reactor and found that as the HR increased 
from 10 to 1000 

◦

C/min, the phenols increased first and then decreased 
[29]. Although previous studies adopted many experimental and theo
retical methods to explain the effects of HR on tar yield, the conclusions 
were still full of contradictions. The reason for the contradiction is that 
there are three secondary reaction regions, intra-granular, inter-gran
ular and extra-granular, but offline tar detection method is unable to 
separate the three secondary reaction regions. However, the online tar 
detection method can reflect the effect of HR on the secondary reaction 
in different regions. Hence, it is necessary to study the online evolution 
law of tar macromolecules with the change of HR to understand 
correctly the coal pyrolysis process and provide more support for the 
basic principles of coal pyrolysis. Intra-granular secondary reactions are 
inevitable, while extra-granular secondary reactions can be controlled 
by modifying experimental conditions. Therefore, it is particularly 
important to suppress the extra-granular secondary reactions to study 
the intra-granular secondary reactions. 

In summary, the effects of HR on tar were based on offline testing 
method, while the offline tar detection method could not reflect the 
effect of HR on the secondary reaction in different regions. At present, 
the relevant studies are performed under negative pressure conditions, 
which greatly inhibits the secondary reactions of volatiles. And the HR 
cannot be changed because of the limited equipment structure. It cannot 
reflect the tar evolution law in the actual pyrolysis process and lacks the 
release characteristics of volatiles with HR. To address the issues 
mentioned above, in this work, the effects of HR on the product distri
bution of in-situ tar and online evolution curves of volatiles for the py
rolysis of three low-rank coals were investigated. The pyrolysis 
experiments were conducted in a novel laboratory bench 
Thermogravimetric-Single Photon Ionization Time of Flight Mass 
Spectrometer/Electron Ionization Quadrupole Mass Spectrometer (TG- 
SPI-TOF-MS/EI-QMS). The escape pattern of volatiles was obtained from 
the real-time evolution curves, then the influence of HR on the internal 
secondary reaction was analyzed, the association between reaction 
products and molecular structures was constructed, and finally the py
rolysis mechanism was deduced. 

2. Materials and methods 

2.1. Materials 

Three low-rank coals were ground and sieved to a particle size range 
of 75–125 μm. The properties of coals are shown in Table 2. It can be 
seen that Naomao Hu coal (NMH) has the highest volatile and O content, 
Runbei coal (RB) has the highest H content and Bosi Tan coal (BST) has 
the highest C content. They were dried at 105 ◦C for 24 h to remove the 
moisture before pyrolysis experiments. 

2.2. Experimental equipment 

The volatiles produced by low-rank coal pyrolysis were analyzed 
online using the SPI-TOF-MS and EI-QMS. Fig. 1 shows the schematic 
diagram of this system. A silica capillary with an inner diameter of 75 

Table 1 
Summary of literatures on online detection of volatiles.  

Sample Equipment Conditions Research content Ref. 

Polyvinyl 
chloride 

Py-VUV- 
PIMS 

10 C/min, 
10− 5pa 

Release curve of 
primary pyrolysis 
products 

[13] 

Lignite Py-VUV- 
PIMS 

10 C/min, 
10− 5pa 

Release curve of 
primary pyrolysis 
products 

[14] 

Coal-model 
compounds 

Py-VUV- 
PIMS 

10 C/min, 
10− 5pa 

Primary pyrolysis 
product distribution 
and composition 

[3] 

Low rank coal Py-VUV- 
PIMS 

10 C/min, 
10− 5pa 

Evolution 
characteristics of 
primary pyrolysis 
products 

[15] 

Bituminous Py− SVUV- 
PIMS 

500~800 C, 
10− 1 pa 

Pyrolysis products [16] 

Copolymer Py− SVUV- 
PIMS 

10 C/min, 
10− 1 pa 

Temperature-evolved 
profiles of major 
products 

[10] 

Rice husk Py− SVUV- 
PIMS 

550 C, 10− 1 pa The time-evolution of 
typical compounds 

[17] 

Coal and corn Py− SVUV- 
PIMS 

10− 1 pa The pyrolysis processes 
of coal, corn, and coal- 
corn 

[18] 

Furfural Py− SVUV- 
PIMS 

10− 1 pa Theoretical 
calculations 

[19] 

Lignin Py-TOF-MS 10− 5 pa In-situ detection on 
primary volatiles and 
stable radicals 

[20] 

Baiyinhua 
coal 

Py-VUVPI- 
TOF-MS 

10− 4 pa Coal pyrolysis products [21] 

Cigarette 
smoke 

SPI-TOFMS 10− 5 pa Real-time 
measurements of VOCs 

[22]  

Table 2 
Proximate and ultimate analyses of low-rank coals.  

Sample Proximate analysis (wt%) Ultimate analysis (wt%, ad) 

M A V FC C H Oa N S 

NMH 2.65 5.31 46.26 45.78 60.68 3.27 26.98 0.74 0.37 
BST 1.98 5.02 38.94 54.06 76.55 3.65 11.00 1.43 0.37 
RB 1.67 9.40 39.84 49.04 67.27 5.48 12.98 1.21 1.99  

a by difference. 
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μm is placed inside the transmission line to introduce the volatiles into 
the photoionization zone. The transmission line is heated to 220 ◦C to 
prevent condensation of the volatiles. The regions where the secondary 
reactions occur include intra-granular, inter-granular and extra- 
granular, as shown in Fig. 1. In order to investigate the impact of HR 
whilst avoiding secondary reactions outside the particles, the capillary 
tube in this experiment is positioned inside the reactor. The volatiles can 
enter the capillary tube immediately after escaping from the particles, 
and secondary reactions are negligible since the capillary tube is a 
vacuum environment. Additionally, the short transmission line allows 
volatiles to reach the detection zone quickly. Therefore, only intra- 
granular and inter-granular secondary reactions need to be consid
ered, collectively referred to as the internal secondary reactions. The 
secondary reactions mentioned in the following text all refer to internal 
secondary reactions. 

The volatiles are analyzed using a photon energy of 10.6 eV, which 
can ionize most organic compounds while minimizing fragmentation 
and yielding molecular ion peaks. The SPI-TOF-MS online analysis sys
tem can obtain two kinds of spectra: cumulative spectrum and time 
evolution spectrum. The cumulative spectrum reflects the species dis
tribution of volatiles at a selected temperature, while the time evolution 
spectrum of volatiles reflects the evolution pattern of the signal intensity 
of a certain volatile matter throughout the pyrolysis process. The time 
evolution spectrum is recorded with 5s intervals. The EI-QMS is used for 
real-time monitoring of non-condensable gases. 

2.3. Pyrolysis experiments 

Pre-experiments showed that extremely slow HRs resulted in poor 
signal values and very large experimental errors, so HRs of 10, 30, 50 
and 80 ◦C/min were used in this work. Based on the upper limit of the 
amount of sample that can be placed in the TG, the final experimental 
conditions are as follows. 20 mg of sample was placed in the crucible and 
purged with 50 mL/min of Ar for 30 min to replace the gas in the reactor 
completely. Then, the SPI-TOF-MS and EI-QMS baselines were observed 
for stability and after stabilization the experiment was continued at a 

flow rate of 50 mL/min. The final pyrolysis temperature was 800 ◦C and 
maintained for 20 min after reaching the final temperature to allow 
sufficient pyrolysis. SPI-TOF-MS and EI-QMS are used for real-time on
line detection of volatiles during pyrolysis process. The remaining char 
was collected after the experiment. Each set of experiments was 
repeated three times. 

2.4. Analysis methods 

The quantitative and qualitative analyses of the gases are as follows. 
The gases detected in this work include CO2, CO, CH4, and H2. Accurate 
quantification is difficult due to the long pyrolysis time and the small 
amount of sample. In this work, a semi-quantitative method is used for 
gas quantification. 

Due to the different intensities of ions signal, it is not possible to 
compare the contents of different compounds by comparing the ions 
intensity, but changes in the signal intensity of ions under different 
conditions can reflect the changes in the concentration of a certain 
compound [17]. The concentration of a particular compound is linearly 
related to its peak area for the same sample mass, so the variation in 
concentration of each component can be revealed by the change in the 
peak area. The relative peak area is calculated by dividing the peak area 
(target product) by the total peak area (all products detected). The 
change in the relative peak area of target product reveals the relative 
proportion of the target product among all detected products as reaction 
conditions change, allowing the effect of HR on this target product to be 
deduced. 

The qualitative analysis is determined by combining the results of the 
PY-GC/MS analysis (shown in Supplementary material) with the phys
ical and chemical properties of coal, as well as previous studies [12, 
32–34]. The main products and their ionization energies (IEs) are listed 
in Table S1. In this work, tar components are divided into short-chain 
aliphatic hydrocarbons (C4–C10), long-chain aliphatic hydrocarbons 
(C11–C19), phenolic compounds (PHs), oxygenated compounds (OCs), 
and aromatic hydrocarbons, in which the aromatic hydrocarbons are 
divided into monocyclic (MAHs), bicyclic (BAHs) and polycyclic (PAHs, 

Fig. 1. Schematic diagram of the system.  
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with 3~6 ring). 

3. Results and discussion 

3.1. TG-DTG and TIC analysis 

In Fig. 2, as the HR increases, the position of the DTG peak gradually 
moves to higher temperatures, showing that HR affects the primary 
pyrolysis of coal. Moreover, the peak value of DTG increases greatly, 
suggesting the faster HR brings about a large amount of energy, which 
makes the volatiles release rapidly. The pyrolysis process is divided into 
drying stage, pyrolysis stage, polycondensation stage, and isothermal 
pyrolysis stage. The first stage involves the release of H2O and CO2 and 

corresponds to the first DTG peak. The second stage mainly undergoes 
cracking reactions and the release of primary volatiles, corresponding to 
the second DTG peak. The third stage is dominated by polycondensation 
reactions, with the conversion of semi-coke to char, accompanied by 
cracking reactions, corresponding to the third DTG peak. The peak po
sitions of the total ion current (TIC) curve and DTG curve are in one-to- 
one correspondence at different HRs. Furthermore, the presence of the 
second peak in the TIC indicates that tar is still produced during the 
polycondensation stage, and this peak is mainly attributable to PAHs 
from the following analyses. 

It can be seen from Fig. 3 that the increased HR leads to a gradual rise 
in mass loss. Char is predominantly derived from the solid residue after 
coal pyrolysis, with a minor fraction derived from polycondensation 
reactions of volatiles [35]. The bonds break more rapidly than they 
rearrange under faster HR, facilitating the release of volatiles. As the 
residence time of the volatiles in the particle decreases with increasing 
HR, the reactions between the volatile radicals and the solid radicals are 
reduced, thus reducing the char. The mass loss of NMH is much greater 
than that of BST and RB, which is related to the volatile content in the 
coal. While NMH has the highest volatile content, its TIC peak intensity 
is lower than that of BST, which is related to the coal structure. 

In Fig. 3, the mass loss of NMH during the first stage is greater than 
that of the other two coals. This is consistent with the DTG peak value. 
As the HR rises, the mass loss ratio of three coals in the second stage 
increases, showing the release of a large amount of primary volatiles, 
which explains the elevation in the first peak intensity of 1~2 ring ar
omatics in the subsequent text. In the fourth stage, the mass loss of coal 
increases with HR. This is attributed to a higher degree of graphitization 
of the char at slow HR, resulting in increased resistance to volatile 
release and reduced mass loss during the isothermal stage. This explains 
why the second peak intensity of TAHs and PAHs enhances with the HR 
in the following section. To verify the above conjecture, the 13C NMR 
and XRD analyses are presented below. 

Fig. 2. TG-DTG curve and TIC curve (a) 10 
◦

C/min, (b) 30 
◦

C/min, (c) 50 
◦

C/min, (d) 80 
◦

C/min.  

Fig. 3. The total mass loss and the mass loss of four stages at different HRs.  
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3.2. The 13C NMR of coal and the XRD analysis of char 

The carbon structure in low-rank coal is analyzed by solid-state 13C 
NMR. Fig. 4(a) exhibits the solid-state 13C NMR spectra of three coals. 
According to the literature, carbon types in coal are classified as 
aliphatic units, aromatic units and carbonyl units [36]. The chemical 
shifts corresponding to the peak areas are listed in Table 3. Peak-Fit 
software is employed to perform the peak-fitting process to obtain 14 
carbon structural parameters [36]. The results are shown in Table 3. A 
high CH2/CH3 ratio is associated with increased gas production [37]. 
NMH has the highest CH2/CH3 ratio, consequently resulting in the 
highest percentage of gases in its volatiles. NMH and RB contain more fal

O 

and faCC than BST, which indicates that NMH and RB produces more CO2 
and H2O than BST. The δ represents the degree of aromatic substitution 
[38]. The δ values for NMH, BST, and RB are 0.53, 0.54, and 0.6, 
respectively, indicating an average of 3, 3, and 4 substituents on each 
aromatic ring. The high proportion of PHs can be attributed to the high 

ratio of far
O and far

B . Xb is used to characterize the degree of condensation 
of the aromatic structure [38]. The Xb values for NMH, BST, and RB are 
0.15, 0.19, and 0.2, respectively. The value of Xb for naphthalene is 0.2, 
so each cluster possesses on average 2-ring aromatic structures in BST 
and RB, while NMH is dominated by 1~2-ring aromatic structures. BST 
and RB have larger aromatic clusters than NMH. 

The degree of graphitization of the char is analyzed by the XRD 

Fig. 4. (a)13C NMR spectra of three coals and (b)XRD spectra of char at different HRs.  

Table 3 
Chemical shift values and relative contents of the different carbon types in sol
id13C NMR spectra.  

Symbols Structural fragments Chemical shift Relative content/% 

NMH BST RB 

fal
3 aliphatic CH3 14~16 3.28 2.94 3.2 

fal
a aromatic CH3 16~22 5.97 6.95 5.63 

fal
2 methylene 22~36 16.72 11.86 8.97 

fal
1+* methine, quaternary 36~50 9.08 9.17 9.61 

fal
O oxy-aliphatic carbon 50~90 5.78 1.83 4.26 

far
H aromatic protonated 100~129 23.86 28.59 25.19 

far
B aromatic bridgehead 129~137 7.5 12 12.81 

far
S aromatic branched 137~148 12.16 11.07 13.87 

far
O oxy-aromatic carbon 148~165 7.73 10.68 11.17 

faCC carboxyl carbon 165~180 3.83 1.27 2.23 
faCC carbonyl carbon 180~220 4.09 3.53 3.06  

Symbols Significance Expression    

fal aliphatic carbon fal = fal
3+ fal

a +

fal
2+ fal

1+* + fal
o 

40.83 32.75 31.67 

fa aromatic carbon fa = far
H+ far

B +

far
S + far

O 
51.25 62.34 63.04 

δ the degree of aromatic 
substitution 

δ = (far
B + far

c +

far
o )/fa 

0.53 0.54 0.60 

Xb the degree of 
condensation of the 
aromatic structure 

far
B /fa 0.15 0.19 0.20 

CH2/ 
CH3   

1.81 1.20 1.02  

Table 4 
The structural parameters of char at different HRs.  

Coal HR (oC/min) 002 peak (2θ) d002 

NMH 10 24.56 3.63 
30 24.34 3.66 
50 23.97 3.72 
80 23.75 3.75 

BST 10 24.51 3.64 
30 24.38 3.65 
50 24.22 3.68 
80 24.03 3.71 

RB 10 24.40 3.65 
30 24.27 3.67 
50 24.18 3.68 
80 23.89 3.73  

Fig. 5. The relative proportions of four main gases under different HRs.  
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pattern. It can be seen from Fig. 4(b) that there are two sharp peaks at 
approximately 23◦ and 43◦, representing the (002) band and the (100) 
band, respectively. As the HR increases, the (002) band changes less, 
whereas the (100) band diminishes, implying a reduction in graphiti
zation of the char [39]. To demonstrate clearly the variation in the 
graphitization degree of char, the microcrystalline structure parameters 
are calculated and presented in Table 4. As the HR increases, the (002) 
band gradually shifts towards poorer graphitization and the d002 value 
gradually increases, suggesting the degree of graphitization of char 
gradually decreases. 

3.3. The relative proportions of gas products 

Fig. S2 displays the gas release curves. As HR rises, the peak shifts to 
higher temperatures, and the peak intensity increases. Additionally, the 
gas release curves show that the intensity of NMH is higher than that of 

BST and RB. Fig. 5 shows the relative proportions of gases. As HR in
creases, the relative proportions of CO produced by NMH and BST py
rolysis elevate, while those of H2 decline. The increase in CO proportion 
at fast HR can be attributed to the decomposition of oxygenated com
pounds in primary volatiles [40,41]. However, the relative proportion of 
H2 produced by RB pyrolysis increases slightly with HR, which is related 
to the higher hydrogen content in RB. 

3.4. The evolution characteristics of main tar compounds 

3.4.1. The online evolution curves of MAHs 
The evolution curves of the MAHs are shown in Fig. 6(a~c). For 

NMH, at 10 
◦

C/min, the initial release temperature of benzene exhibits 
approximately 220 ◦C, while that of other MAHs are at around 310 ◦C. 
For BST, there is a weak peak of alkyl-benzene between 150 and 300 ◦C. 
For three coals, the evolution curves of MAHs reach their maximum 

Fig. 6. Variation of evolution curves of MAHs versus HR (a) NMH, (b) BST, (c) RB; Variation of the relative proportion of MAHs versus HR (d) NMH, (e) BST, (f) RB.  
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value at 460–475 ◦C, and MAHs with longer alkyl side chains end earlier. 
There are two pathways for the formation of volatiles: primary pyrolysis 
of coal, and secondary reactions of primary volatiles or continuous py
rolysis of coal at higher temperatures [14]. Therefore, the evolution 
curves of some MAHs exhibit double peaks, such as benzene and 
toluene. The first peak corresponds to the primary pyrolysis of the coal, 
while the second peak is mainly associated with the polycondensation of 

semi-coke and the continuous cleavage of covalent bonds. Throughout 
the pyrolysis process, the primary volatiles undergo secondary re
actions, which are more probable to occur at temperatures above 500 ◦C. 

As the HR increases, the initial, maximum and ending points of the 
MAHs all shift towards higher temperatures. Coal pyrolysis is an endo
thermic reaction [42]. As the HR increases, the temperature of reactor 
rises rapidly, but the heat does not penetrate coal particles quickly 

Fig. 7. Variation of evolution curves of BAHs versus HR (a) NMH, (b) BST, (c) RB; Variation of the relative proportion of BAHs versus HR (d) NMH, (e) BST, (f) RB.  
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Fig. 8. Variation of evolution curves of PAHs with the HR (a~c) Fluorene series, (d~f) Phenanthrene series, (g~i) Pyrene series.  
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enough, resulting in a time lag in the evolution peak. The higher the HR, 
the more pronounced the hysteresis, indicating that HR affects the py
rolysis of coal macromolecules themselves. For MAHs with two peaks, as 
the HR increases, the intensity of the first peak increases more signifi
cantly than that of the second peak. Additionally, the first peak lags 
behind while the second peak moves forward, with the two peaks 
gradually merging. This indicates that as the HR increases, the second 
peak of MAHs gradually originates from the secondary cracking of pri
mary volatiles, while the proportion originating from the continuous 
pyrolysis of coal at higher temperatures diminishes. The amount of 
alkenyl-benzene produced by secondary reactions increases with 
increasing HR, causing a tailing at the end of the evolution curve. As the 
HR increases, the intensity of C7H8 gradually exceeds that of C8H10 and 
the intensity of C6H6 increases significantly. In addition, the intensity of 
straight-chain benzene varies much more than that of hydroaromatic 
hydrocarbons with HR, so the proportion of hydroaromatic hydrocar
bons tends to decrease. The relative proportions of the MAHs are 
depicted in Fig. 6(e~f). 

For NMH and BST, the proportion of benzene and alkenyl-benzene 
increases, alkyl-benzene initially decreases and then increases, and 
hydroaromatic hydrocarbons declines. The variation in hydroaromatic 
hydrocarbons in RB may be related to its H content. At slow HR, the 
proportion of benzene is smaller than that of alkyl-benzene, but with the 
increasing HR, the proportion of benzene gradually exceeds that of 
alkyl-benzene, further verifying the enhanced secondary cracking of 
primary volatiles. The faster HR firstly promotes primary pyrolysis of 
coal to generate more alkyl-benzene, but also accelerate the breaking of 
the side chains of alkyl-benzene. The competing reactions of the two 
determine the final proportion of alkyl-benzene. The proportion of 
toluene increases considerably at 80 

◦

C/min due to the accelerated 
release of toluene during primary pyrolysis. 

3.4.2. The evolution curves of BAHs 
The evolution curves of BAHs are shown in Fig. 7(a~c). Coal has a 

two-phase physical structure, a stationary phase and a mobile phase. 
The former is linked by covalent bonds, while the latter is linked by non- 
covalent bonds [32]. For BST, at 10 

◦

C/min, the evolution curves of 
naphthalene series compounds show a peak around 180–300 ◦C, which 
is due to the cleavage of non-covalent bonds. The initial points of the 
BAHs for the NMH and RB are around ~300 ◦C. 

The higher HR increases the temperature difference between the 
inside and outside of the coal particles, resulting in the enhancement of 

instantaneous energy impact and the fracture of side chains and func
tional groups [27]. The second peak of BAHs increases with increasing 
HR, and the second peak shifts forward instead of lagging behind, sug
gesting that it is gradually generated from the secondary cleavage of 
primary volatiles. The higher the HR, the greater the degree of the 
secondary cracking of primary volatiles, including dehydrogenation of 
cyclic compounds, dehydroxylation of PHs, debranching of aromatics, 
cleavage of polycyclic aromatics and aromatization of long-chain 
aliphatic hydrocarbons. At the slow HR, these reactions are unlikely to 
occur, so the second peak of BAHs is mainly derived from the pyrolysis of 
coal in the polycondensation stage. It can be seen from section 3.1 that 
the weight loss in the polycondensation stage decreases with the HR. 
This shows that as the HR increases, the second peak of BAHs progres
sively originates from the secondary cracking of primary volatiles, while 
the proportion originating from coal continuous pyrolysis at higher 
temperatures decreases. At 10 

◦

C/min, the intensity of the first peak is 
greater than that of the second peak, indicating that more MAHs and 
BAHs are generated from the coal primary pyrolysis. As the HR in
creases, the first peak increases more than the second peak, indicating 
that the coal primary pyrolysis still produces more MAHs and BAHs than 
the secondary pyrolysis of primary volatiles. 

The proportions of BAHs are shown in Fig. 7(e~f). The relative 
proportions of BAHs gradually increase as the HR rises. The basic units 
of low-rank coal are mainly composed of 1~2 ring aromatics, whereas 
higher HR accelerates the cleavage of the coal macromolecular structure 
and primary volatiles, thus increasing the proportion of BAHs. The 
relative proportions of the stable BAHs (indene and naphthalene) 
gradually exceeds those of other BAHs, indicating that as the HR in
creases, other BAHs transform into indene and naphthalene. 

3.4.3. The evolution curves of PAHs 
The PAHs evolution curves are shown in Fig. 8. As the HR rises, the 

variations in the evolution curves of PAHs differ from those of MAHs and 
BAHs. For fluorene series (shown in Fig. 8(a~c)), there are two distinct 
peaks at 10 

◦

C/min. With increasing HR, the number of peaks first in
creases and then decreases, with 50 

◦

C/min being the turning point. 
When the HR is below 50 ◦C/min, the increased HR promotes secondary 
cleavage of primary volatiles, resulting in an increase in precursors of 
fluorene series and a corresponding growth in the number of peaks. As 
the HR increases to 80 

◦

C/min, the secondary cracking of each precursor 
occurs simultaneously and the interval between peaks becomes less 
pronounced. For phenanthrene series (shown in Fig. 8(d~f)), the 

Fig. 9. Variation of the relative proportion of PAHs with the HR (a) NMH, (b) BST, (c) RB.  
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number of peaks decreases as the HR increases, with only two major 
evolution peaks at 80 

◦

C/min. This is because the precursors of phen
anthrene series have their own specific decomposition peaks in a certain 
temperature range. If the HR is low enough, most of these peaks can 
occur individually during pyrolysis process. However, some of these 
peaks decompose simultaneously at higher HR. For pyrene series, the 
second peak gradually appears with the increase of HR. 

It is reported that PAHs are mainly derived from coal pyrolysis at low 
temperature and secondary reactions at high temperature [32]. There
fore, the first peak of PAHs is attributed to coal pyrolysis while the 
source of second peak above 550 ◦C is related to the HRs. Heating to the 
same temperature with a slow HR provides more time for coal to 
decompose into gases and liquids. Therefore, at slow HR, the second 
peak of PAHs are mainly attributed to the continuous pyrolysis of coal at 
higher temperatures. As the HR increases, the covalent bonds of coal 
break more quickly, as well as the cleavage of primary volatiles in
tensifies. The heavy PAHs (>4 ring) in the volatiles are cleaved to form 
small PAHs, and the dehydrogenation of the hydrogenated benzene and 
the aromatization of the aliphatic hydrocarbons into small PAHs 

enhance. It shows that continued pyrolysis of coal at higher tempera
tures and secondary cracking of primary volatiles are the major reasons 
for the increase in the total content of PAHs. It is worth that the increase 
in the second peak for RB coal is less than that for NMH and BST coal. In 
conjunction with Section 3.4.1, it is clear that there is less hydro
aromatic hydrocarbons converted to PAHs for RB coal. As the HR in
creases, the position of the second peak does not shift forward with the 
HR. Combining the mass loss peak at polycondensation stage on the DTG 
curve with the second peak of the TIC in one-to-one correspondence, it 
can be concluded that under faster HR, the second peak is gradually 
generated by the continued pyrolysis of coal at higher temperatures. As 
the HR increases, the intensity of second peak is strengthened. However, 
the first peak for certain PAHs decreases with HR, which is because the 
concentrated energy promotes cleavage reactions and is the reason why 
the first peak of MAHs and BAHs greatly enhances. At 10 

◦

C/min, the 
intensity of first peak is greater than that of second peak from the evo
lution curve throughout the pyrolysis process, indicating that more 
PAHs are produced by coal primary pyrolysis. As the HR rises, the in
crease of first peak is much smaller than that of second peak, indicating 

Fig. 10. Variation of evolution curves of the PHs with the HR (a) NMH, (b) BST, (c) RB; Variation of the relative proportion of PHs with the HR (d) NMH, (e) BST, 
(f) RB. 
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that the continuous pyrolysis of coal at higher temperatures is the major 
reason for the increase in the total PAHs content, and the second peak 
produces more PAHs than the first peak (except pyrene series). 

The proportions of PAHs are shown in Fig. 9. As the HR increases, the 
proportion of PAHs with m/z < 190 increases for three coals. However, 
for NMH, the proportion of PAHs with m/z > 190 increases and then 
decreases, while the other two coal continue to increase. This may be 
due to the larger size of aromatics that make up the basic network 

structure of the BST and RB macromolecules according to 13C NMR. 

3.4.4. The evolution curves of phenolic compounds 
In Fig. 10(a~c), there is only one peak on the evolution curves of 

phenolic compounds (PHs) throughout the pyrolysis process. At 10 
◦

C/ 
min, PHs are released in the range of 300~600 ◦C, reaching a maximum 
at ~450 ◦C. As the HR increases, the evolution curves overall lag behind. 

The proportion of PHs is depicted in Fig. 10(e~f). The formation of 

Fig. 11. Variation of the evolution curves of the aliphatic hydrocarbons with the HR (a~c) C4–C10, (d~f) C11–C19.  
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PHs is closely related to the type of free radical e.g. ⋅H or ⋅CH3 and the 
chemical structure of oxygenated aromatic carbon during pyrolysis 
process [32,43]. The peaks within 150~165 ppm on the 13C NMR 
spectrum correspond to aromatic C––O, including phenolic carbon, 
methoxy carbon and aromatic ether carbon. Based on 13C NMR results, 
the largest content of faO in RB results in the highest ratio of PHs in RB. 
The proportion of PHs in NMH and BST gradually decreases with 
increasing HR, while the changes of PHs in RB are more complex but 
show an overall decreasing trend, suggesting that the higher HR pro
motes the dehydroxylation of PHs to generate aromatic radicals, which 
in turn are converted into aromatics and more oxygen enter into the gas. 

3.4.5. The evolution curves of aliphatic hydrocarbons 
In Fig.11, the temperature at which the evolution curve of C4–C10 

reaches its maximum value coincides with that of TIC, the release in this 
temperature range being attributed to the primary pyrolysis of coal. 
There is no clear pattern in the ending time of C4–C10 at 10 ◦C/min. 
Whereas the ending time of C4–C10 follows the order of alkenes < di
enes at 80 ◦C/min. As the HR increases, the peak intensity of C4–C10 
increases, but it is noteworthy that the evolution curves of the alkenes, 

excluding the dienes, exhibit a single peak. Therefore, this study dis
cusses dienes and alkenes separately. From 50 to 80 

◦

C/min, there is no 
significant increase in alkenes. On the one hand, higher HR promotes the 
primary pyrolysis of coal, leading to the release of large amounts of 
volatiles and an increase in alkenes. On the other hand, higher HR 
promotes the conversion of alkenes into dienes. The competition be
tween these two reactions results in no significant increase in the in
tensities of alkenes. As the HR increases, the maximum of alkenes 
remains lagging, while the ending point slightly advances. The curves of 
dienes show tailing and end later than alkenes. 

The release of C11–C19 starts earlier and ends later compared to 
C4–C10. It indicates that pyrolysis initiates with the cracking of weak 
bonds in coal. The longer aliphatic hydrocarbons have lower bond en
ergies and easier to break. While the condensation stage of coal pyrolysis 
is dominated by the release of macromolecular tar, so the release time of 
C11–C19 is longer than that of C4–C10 in the whole pyrolysis process. As 
the HR rises, the ending time of long-chain alkenes gradually delays. At 
80 ◦C/min, the long-chain alkenes obviously end later than the long- 
chain alkanes, indicating that the increased HR promotes the conver
sion of alkanes to alkenes. When the HR increases from 30 to 80 

◦

C/min, 

Fig. 12. Variation of the relative proportion of aliphatic hydrocarbons with the HR (a~c) C4–C10, (d~f) C11–C19.  

Fig. 13. Variation of the proportion of components in tar with the HR (a) NMH, (b) BST, (c) RB.  
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the peak intensity of C11–C19 in NMH does not increase significantly. 
Additionally, the peak intensity of m/z > 200 decreases. However, for 
BST and RB, the peak intensity of C11–C19 has been gradually 
increasing with the HR. 

According to Fig.12, the proportion of aliphatic hydrocarbons varies 
among different coal types, with NMH having a greater proportion of 
C4–C10 compared to BST and RB. For three coals, as the HR increases, 
there is a significant decrease in the proportion of alkenes and a 
considerable increase in dienes. The 13C NMR results indicate that the 
proportion of fal in the NMH and BST is greater, resulting in a higher 
proportion of C11–C19 compared to RB. The aliphatic structures in coal 
are covalently bonded as bridges and side chains on aromatics or cross- 
linked to the macromolecular structure in the free state in the coal 
structure. These different forms of existence result in varying changes in 
the proportion of C11–C19 among the three coals as the HR increases. 

3.5. The mechanism of heating rate on coal pyrolysis 

The proportions of the components in the tar are shown in Fig. 13. 
NMH has the highest fal content, which results in the highest concen
tration of aliphatic hydrocarbons (ALHs) than the other two coals. BST 
and RB have a higher far

O content, resulting in a greater proportion of PHs 
compared to NMH. On the contrary, NMH has a higher fal

O content, 
facilitating the transfer of oxygen to H2O and CO2. 

As the HR increases, the secondary cracking reactions of primary 
volatiles in the interior enhance, resulting in the decomposition of PHs, 
OCs, ALHs, and macromolecular compounds, producing free radicals. 
These free radicals form more stable aromatics through free radical 
recombination or Diels-Aldertype reactions, promoting cyclization and 
aromatization reactions [40,44]. Li et al. observed secondary reactions 
between the volatile fragments outside the particles, thus leading to an 
increase in the content of PHs [29]. In this work, the secondary reactions 
of volatiles outside the particle are inhibited. Consequently, for the three 
coals, as the HR increases, the proportions of PHs and OCs decrease, and 
the proportion of light aromatics (<4 ring) increases, the proportions of 
C4–C10 and MAHs initially decrease and then increase, and the dienes 
and benzene increase significantly. This is because the increased HR 
promotes primary pyrolysis of the coal and secondary cracking of the 
volatiles. The large release of primary volatiles results in significant tar 
production, while secondary cracking consumes alkenes and aromatics 
with side chains. Thereby the final proportion is determined by the two 
reactions of production and consumption. 

For NMH, as the HR increases, the proportion of PAHs initially rises 

and then declines. It is clear from section 3.4.3 that the increase in PAHs 
in the range of 10~50 

◦

C/min is mainly attributed to the increase in 
fluorene, phenanthrene and pyrene. When the HR reaches 80 

◦

C/min, 
both peaks of certain PAHs are reduced by cleavage into smaller cyclic 
molecules, ultimately resulting in a decrease in the total proportion of 
PAHs. The proportion of C11–C19 decreases with increasing HR, mainly 
due to enhanced secondary reactions of primary volatiles. The types and 
quantities of PAHs generated during coal pyrolysis are closely related to 
the contents of far

H and far
B in coal [37]. BST and RB are more mature than 

NMH, with more heavy components in the tar after pyrolysis, and the 
competing reactions of generation and consumption ultimately lead to 
an increase in PAHs and C11–C19. 

In conclusion, the increase in HR improves the content of primary 
volatiles by enhancing the primary cracking reaction of coal, and also 
promotes the secondary cracking and aromatization of primary vola
tiles, resulting in a higher proportion of light components and light ar
omatics in the tar. An increased HR inhibits the polycondensation 
reaction throughout the pyrolysis process, thereby reducing the char 
yield and the proportion of heavy components in the tar. Despite vari
ations in coal types, macromolecular structures are similar and the 
mechanism of HR on the covalent bond breaking remains consistent. 
This means that the breakage of covalent bonds in the coal pyrolysis 
process follows a certain regulation. Hence, as HR increases, the evo
lution curve and proportion of tar components exhibit similar trends 
across different coals. However, the content of each component in the 
tar varies due to the different elemental content of coals. The mechanism 
of HR on the pyrolysis of low-rank coal is shown in Fig. 14. 

4. Conclusion 

In this work, the effects of HR on the product distribution of in-situ 
tar and online evolution curves of volatiles for the pyrolysis of low- 
rank coals were investigated. The escape pattern of volatiles was ob
tained from the real-time evolution curves, then the influence of HR on 
the internal secondary reaction was analyzed, the association between 
reaction products and molecular structures was constructed, and finally 
the pyrolysis mechanism was deduced. As the HR increases, the peak 
value of DTG increases significantly, indicating the release rate of pri
mary volatiles is greatly accelerated. The peak positions appearing on 
the TIC profile well correspond to those on the DTG profile, and hys
teresis also occur. ALHs (except dienes), PHs, and OCs have only one 
evolution peak, while dienes and aromatics have one or more evolution 
peaks throughout the pyrolysis process. The first peak is attributed to the 

Fig. 14. The pyrolysis mechanism of low-rank coal at different HRs.  
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coal primary pyrolysis, and the second peak belongs to the secondary 
cracking of volatiles and the continued pyrolysis of coal at higher tem
peratures. At slow HR, the second peak for aromatics is mainly attrib
uted to the pyrolysis of coal. As the HR rises, the second peak for MAHs 
and BAHs are mainly derived from the cracking of primary volatiles, and 
the second peak for PAHs from the continued cracking of coal at higher 
temperatures. At slow HR, aromatics are mainly derived from the pri
mary pyrolysis of coal. As the HR increases, MAHs and BAHs are still 
mainly produced by the primary pyrolysis of coal, but the increase in 
PAHs is mainly attributed to the continuous pyrolysis of coal at higher 
temperatures. As the HR increases, the proportion of PHs and OCs de
creases, that of aromatics increases and ALHs varies slightly for different 
samples. Overall, the HR increases the yield of primary volatiles by 
enhancing the primary cracking of coal, increase the proportion of light 
components and light aromatics in tar by promoting the internal sec
ondary cracking and aromatization of the primary volatiles, reduce the 
yield of char and the proportion of heavy components in the tar by 
inhibiting the condensation reactions throughout the pyrolysis process. 
Because of the similar macromolecular structures of different coals, the 
evolution curve of different coals versus HRs follows a common law. 
Whereas, due to the different elemental contents of different coals, 
eventually leading to different proportions of tar components. 
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