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Abstract
Yunnan anthracite coal (YN) with high FeS2, Pingshuo coal (PS) with high organic sulfur and Duerping coal (DEP) with 
33.52% organic and 64.20% inorganic sulfur were selected to investigate the effects of minerals and Fe3+ on sulfur release 
behavior during coal pyrolysis under Ar and 3% O2–Ar atmospheres by pyrolysis connected with gas chromatogram (Py-
GC) combined with pyrolysis coupled with mass spectrometer (Py-MS). It is found that the sulfur removal ratios and the 
total amount of sulfur-containing gases release of coal samples under 3% O2–Ar atmosphere are higher than those under Ar 
atmosphere, indicating that O2 participates in coal pyrolysis process. The effects of minerals on sulfur removal are affected by 
these coals types. However, effects of Fe3+ on sulfur removal are related to atmospheres. During pyrolysis, Fe3+ is beneficial 
for all sulfur compounds to decompose at lower temperature under 3% O2–Ar atmosphere, while inhibits sulfur removal 
under Ar atmosphere. The minerals in coals can absorb sulfur gases. However, Fe3+ can significantly promote COS and SO2 
release at lower temperatures under both atmospheres. But Fe3+ inhibits H2S release under Ar atmosphere.
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Introduction

The utilization of coal in modern society to drive rapid 
economic development has caused a sharp decline in the 
reserves of high-quality coal. Thus, the consumption amount 
of inferior coal would increase. The sulfur content in the 
inferior coal is high, so some generated sulfur-containing 
gases can bring a series of environmental problems during 
coal utilization [1–6]. Therefore, in order to reduce environ-
mental pollutions, it is necessary to know the sulfur trans-
formation behavior during coal utilization.

Pyrolysis has been known as a kind of coal clean uti-
lization technology and received more and more attention 
in improving coal utilization efficiency and controlling 

environmental pollutions. Therefore, it is important to 
extensively investigate the sulfur transformation behavior 
during coal pyrolysis [7–14]. Recently, many scholars have 
studied the effects of additives on sulfur release and migra-
tion during coal pyrolysis and have drawn some important 
conclusions. Zhang et al. [15] has found that both CaO and 
Fe2O3 can inhibit the decomposition of sulfate sulfur in raw 
coal and the release of SO2 from pyrolysis solid combustion. 
Jia et al. [16] has reported that the addition of CaSO4 can 
increase the yield of H2S and COS, and a high proportion 
of CaSO4 can promote the decomposition of organic sulfur 
in tar and char. Wang et al. [17] considered that tourmaline, 
Na-bentonite and medical stone can increase the preserva-
tion rate of total sulfur and organic sulfur and reduce the 
preservation rate of sulfate sulfur. Huang et al. [18] inves-
tigated that chromium ions promote the decomposition of 
unstable organic sulfur at low temperature, and the effect of 
sulfur-fixing agent inhibits the release of H2S at 400–700 °C.

However, most of these studies [19–22] have only focused 
on the use of Py-GC or Py-MS to investigate sulfur release 
and migration in inert atmosphere. Only a few reports are 
available on the effects of low concentration oxygen atmos-
phere and ions on sulfur transformation during deashed coal 
pyrolysis. In this paper, three coal samples with different 
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kinds of sulfur forms and their deashed coals with Fe3+ were 
selected to study sulfur release and transformation behavior 
under Ar and 3% O2–Ar atmospheres by Py-MS combined 
with Py-GC. Only after the detailed sulfur release and its 
transformation behavior are investigated during pyrolysis of 
raw coals, deashed coals and deashed coals with Fe3+, the 
influence of minerals and Fe3+ on sulfur release behavior 
and sulfur removal can be recognized under different atmos-
pheres. This can provide some theoretical guidance for the 
clean utilization of inferior high-sulfur coal.

Experimental

Samples

Three kinds of coal samples, Yunnan anthracite coal (YNR) 
with high FeS2, Pingshuo coal (PSR) with high organic sul-
fur and Duerping coal (DEPR) with 33.52% organic and 
64.20% inorganic sulfur, were selected, crushed by a sealed 

pulverizer, sieved to a particle size range of 0.154–0.258 mm 
by a vibrating screen machine and stored in brown jars 
for further experiment. The minerals in these coals were 
removed by the HCl-HF-HCl method [23]. The corre-
sponding deashed coals were labeled by YNDA, PSDA 
and DEPDA, respectively. The proximate and ultimate 
analyses of coal samples are shown in Table 1. According 
to the content of volatilization and fixed carbon in differ-
ent coals, the carbonization degree order of these coals is 
YNR > DEPR > PSR. Table 2 lists the sulfur form analyses 
of these coals. The ash composition analyses of these raw 
coals are shown in Table 3. The proximate analyses were 
analyzed according to the Chinese standard methodology 
GB/T 212-2008, and ultimate analyses data were obtained 
by a Vario EL elemental analyzer. The ash analyses and the 
sulfur forms analyses followed the Chinese standard meth-
odology GB/T 1574-2007 and GB/T 215-2003, respectively.

Fe3+ was loaded into coal according to the mass fraction 
of metal by impregnation method. The detailed steps are as 
follows: 5 g of coal was weighed accurately and then 50 mL 

Table 1   Proximate and ultimate 
analyses of coals (mass%)

ad air-dried basis
a By difference

Samples Proximate analyses Ultimate analyses

Mad Aad Vad FCad Cad Had Oad
a Nad Sad

DEPR 0.84 22.13 12.22 64.81 68.80 3.31 2.12 1.04 1.76
DEPDA 0.72 2.40 12.01 84.87 87.84 3.27 2.19 1.26 2.32
YNR 1.01 8.64 9.19 81.16 80.62 3.04 0.01 0.78 5.90
YNDA 1.09 4.22 8.26 86.43 86.32 2.93 1.18 0.82 3.44
PSR 1.83 22.96 42.02 33.19 56.22 3.88 11.62 0.96 2.53
PSDA 2.62 1.64 36.86 58.88 74.59 4.53 12.19 1.39 3.07

Table 2   Sulfur forms analyses 
of coal samples (mass%)

St, total sulfur; Sp, sulfur of pyrite; Ss, sulfur of sulfate; So, sulfur of organic
a By difference

Samples Sulfur forms Sulfur forms ratio in total S

St,ad Sp,ad Ss,ad So,ad
a Sp Ss So

a

YNR 5.90 4.97 0.65 0.28 84.24 11.02 4.75
YNDA 3.44 3.23 0.05 0.16 93.90 1.45 4.65
PSR 2.53 0.06 0.20 2.27 2.37 7.91 89.72
PSDA 3.07 0.06 0.04 2.97 1.95 1.30 96.75
DEPR 1.76 1.13 0.04 0.59 64.20 2.27 33.52
DEPDA 2.32 1.51 0.03 0.78 65.09 1.29 33.62

Table 3   Ash analyses of coal 
samples (mass%)

Samples SiO2 Al2O3 Fe2O3 CaO MgO TiO2 SO3 K2O Na2O P2O5

DEPR 53.30 30.08 7.27 1.76 0.37 0.90 1.73 0.76 0.28 0.35
YNR 6.61 6.15 79.87 1.71 0.10 0.28 1.70 0.06 0.19 0.28
PSR 57.26 25.60 1.24 4.21 0.20 2.98 7.43 0.25 0.29 0.17
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of 0.036 mol L−1 of FeCl3 solution was added. Then, the 
obtained mixture was agitated for 6 h at room temperature, 
let to stand for 6 h and then put in an oven and dried at 
60 °C. The prepared samples were collected and labeled as 
DEPDA with 2% Fe3+, YNDA with 2% Fe3+, PSDA with 
2% Fe3+ and saved in brown bottles in the dark place [24].

Py‑GC equipment

About 1 g of sample was placed into a fixed bed reactor and 
heated from room temperature to 900 °C at a heating rate of 
10 °C min−1 in a continuous flow of pure Ar or 3% O2–Ar 
atmosphere at a flow rate of 0.3 L min−1. H2S, COS and 
SO2 contents (ppm) were analyzed by gas chromatography 
with flame photometric detector (GC-FPD) (SP-7800) every 
50 °C, off-line. The column and detector temperatures were 
80 °C and 250 °C, respectively [9, 11, 14]. Ventilation was 
performed for 30 min before each experiment to eliminate 
air interference in the reaction apparatus.

Py‑MS experiment

Pyrolysis experiments were carried out in a vertical fixed 
bed quartz tube reactor (i. d. 30 mm, length 60 cm). About 
1 g of sample was pyrolyzed under pure Ar or 3% O2–Ar 
atmosphere at the temperature range from room temperature 
to 900 °C at a flow rate of 200 mL min−1 at a heating rate 
of 10 °C min−1. In the experiment, the gaseous products of 
H2S, COS and SO2 were measured by an online MS (Hiden 
QIC-20) [11].

Calculating methods

The detailed calculating methods of char yield (Y), desul-
furization ratio (DR) and total sulfur release amount and 
H2S, COS and SO2 release amount in the gas phase can be 
seen in the literature [9, 12]. According to those equations, 
the char yields and desulfurization ratios of these coals are 
listed in Table 4, and the total sulfur release amount and 
H2S, COS and SO2 release amount in different atmospheres 
are shown in Table 5.  

Results and discussion

Effects of minerals and Fe3+ on the char yields 
and desulfurization ratios of coal samples

Table 4 shows the char yields and desulfurization ratios 
of coal samples during pyrolysis under Ar and 3% O2–Ar 
atmospheres. Under these two atmospheres, the order 
of char yields of these coals is deashed coal with 2% 
Fe3+ < deashed coal < raw coal. This indicates that Fe3+ 

is beneficial for coal decomposition. Fe3+ can destroy 
hydrogen bonds in coal and form active complex with 
the functional groups on coal surface, so the volatile mat-
ter of the coal increases, resulting in the decreasing final 
char yields [25, 26]. The char yields of these raw coals 
are all higher than those of their corresponding deashed 
coals, suggesting that the minerals in raw coals can inhibit 
mass transferring and heat transferring. In addition, the 
char yields order of raw coals under two atmospheres is 
YN > DEP > PS. This is consistent with the carbonization 
degree of these three coals (Table 1). The char yields order 
of same coal sample is Ar > 3% O2–Ar, indicating that 
O2 can participate in coal pyrolysis and break more C–C 
bonds [27].

Under the same atmosphere, the effects of minerals on 
sulfur removal are different for different coals. For DEP coal, 
the sulfur removal ratios of its raw coal are lower than those 
of its deashed coal under Ar and 3% O2–Ar atmospheres. 
This suggests that minerals in DEP raw coal have no obvious 
catalytic effect on sulfur decomposition and mainly inhibit 
the mass transferring and heat transferring and/or absorb 
sulfur-containing gases. For YN and PS coals, their sulfur 
removal ratios decrease after deashed treatment. This indi-
cates that the minerals in these two coals can catalyze sulfur 
decomposition. Under different atmospheres, the effects of 
minerals on the desulfurization ratio of same coal are simi-
lar. The desulfurization ratios of the same samples are all 
higher under 3% O2–Ar than Ar atmosphere, suggesting that 
O2 can also participate in sulfur decomposition and break 
more C–S bonds [27, 28].

Fe3+ obviously inhibits sulfur removal under Ar atmos-
phere. The most possible reason is that Fe3+ can react with 
the sulfur-containing gases and form metal sulfide difficultly 
decomposing under inert atmosphere [25]. Fe3+ promotes 
sulfur removal under 3% O2–Ar atmosphere, as the formed 
metal sulfide can react with O2 to increase the desulfuriza-
tion ratios.

Table 4   Char yields and sulfur removal ratios of coal samples during 
pyrolysis under different atmospheres (%)

Sample Ar 3% O2–Ar

Y/% DR/% Y/% DR/%

DEPR 86.39 13.26 72.67 52.74
DEPDA 85.03 32.70 63.21 68.47
DEPDA + 2% Fe3+ 81.99 18.94 55.47 68.58
YNR 90.81 60.07 75.63 91.29
YNDA 89.28 32.91 68.07 86.55
YNDA + 2% Fe3+ 86.43 16.44 59.91 88.08
PSR 63.90 60.95 58.49 62.04
PSDA 63.30 54.20 49.24 56.02
PSDA + 2% Fe3+ 62.79 31.78 42.54 63.43
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Effects of minerals and Fe3+ on the release amount 
of sulfur‑containing gases during coal pyrolysis

The release amount of various sulfur-containing gases can 
be quantitatively analyzed by Py-GC. Table 5 shows the sul-
fur gases and total sulfur releasing amount during pyrolysis 
under different atmospheres. It can be seen that the sulfur-
containing gases release into gas phase mainly in the form 
of H2S during coal pyrolysis under Ar atmosphere, while 
mainly SO2 under 3% O2–Ar atmosphere. The total release 
amount of sulfur-containing gases of same coal under 3% 
O2–Ar atmosphere is higher than that under Ar atmosphere, 
indicating that O2 can promote more sulfur-containing com-
pounds to decompose. This is consistent with higher sul-
fur removal ratios under 3% O2–Ar atmosphere as above 
discussion.

H2S, COS and SO2 release amount and total sulfur release 
amount of DEPDA are all lower than those of its raw coal 
under Ar and 3% O2–Ar atmospheres. This indicates that the 
minerals in DEPR can promote the sulfur release into gas 
phase. Except for SO2 release of YNDA under Ar, these sul-
fur-containing gases release amount and total sulfur releases 
amount of YNDA are all much higher than those of YNR 
under Ar and 3% O2–Ar atmospheres. This suggests that 
alkaline minerals in YNR can obviously absorb these sulfur-
containing gases. And the reason of the lower SO2 release 
amount of YNDA under Ar is that FeSO4 resulted from the 
oxidation of high pyrite and can be removed during deashed 
treatment. And it can also be seen that the content of FeSO4 
in YNDA decreases significantly in Table 2. For PSDA, 
these sulfur-containing gases release amount and total sul-
fur release amount are all much higher than those of PSR 
under Ar, while lower under 3% O2–Ar atmosphere except 
for COS release. This suggests the minerals mainly possess 
the alkaline absorption under Ar atmosphere and promoting 
decomposition of sulfur under 3% O2–Ar atmosphere.

Except for SO2 release of YNDA with 2% Fe3+, Fe3+ 
prevents all sulfur-containing gases of these coals from 

releasing under Ar atmosphere, while Fe3+can promote SO2 
release and total sulfur release amount to increase under 
3% O2–Ar atmosphere. This is consistent with lower sulfur 
removal ratios of these deashed coals with 2% Fe3+ under 
Ar atmosphere and their higher sulfur removal ratios under 
3% O2–Ar atmosphere in Table 4.

Effects of minerals and Fe3+ on the release 
of sulfur‑containing gases during coal pyrolysis

Effects of minerals and Fe3+ on H2S release during pyrolysis

Figure 1 shows the release curves of H2S during pyrolysis 
of these three raw coals, their deashed coals and deashed 
coals with 2% Fe3+ under Ar atmosphere. During pyrolysis, 
pyrite and unstable organic sulfur can decompose and form 
active elemental sulfur (Sn) or sulfur hydrogen radical (SH·), 
which can react with H provided by coal structure to form 
H2S [25, 29, 30]. For DEPR and YNR, only one H2S release 
peak was detected by Py-MS, and their H2S release peaks 
should be mainly attributed to the decomposition of pyrite. 

Table 5   Sulfur mass in different forms of sulfur-containing gases during pyrolysis under different atmospheres (g/gsulfur)

Sample Ar 3% O2–Ar

H2S COS SO2 Total H2S COS SO2 Total

DEPR 3.07E−01 1.60E−02 1.68E−02 3.40E−01 5.19E−02 2.82E−02 5.48E−01 6.28E−01
DEPDA 2.44E−01 1.06E−02 1.16E−02 2.66E−01 4.51E−02 2.41E−02 4.78E−01 5.48E−01
DEPDA-Fe3+ 4.93E−02 9.97E−03 1.43E−02 7.36E−02 2.58E−02 3.43E−02 5.13E−01 5.73E−01
YNR 1.38E−01 1.24E−02 1.52E−01 3.03E−01 6.28E−03 4.01E−03 3.76E−01 3.86E−01
YNDA 3.01E−01 3.54E−02 8.87E−02 4.25E−01 1.99E−02 9.84E−03 6.00E−01 6.30E−01
YNDA-Fe3+ 8.11E−02 2.22E−02 1.54E−01 2.58E−01 2.93E−02 1.70E−02 7.30E−01 7.76E−01
PSR 2.78E−01 1.34E−02 2.62E−02 3.17E−01 9.03E−02 4.65E−02 2.99E−01 4.36E−01
PSDA 4.67E−01 1.74E−02 6.85E−02 5.53E−01 8.85E−02 5.34E−02 2.54E−01 3.96E−01
PSDA-Fe3+ 1.56E−01 1.60E−02 5.91E−02 2.31E−01 6.86E−02 4.40E−02 2.83E−01 3.96E−01
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2% Fe3+ during pyrolysis under Ar atmosphere
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It is known that most of sulfur is pyrite in YN coal (Table 2) 
and the organic sulfur in DEP coal are very stable and can-
not easily decompose under Ar atmosphere as its highest 
coal rank among these coals (Table 1). For PSR, a very 
wide H2S peak was detected by MS. The main H2S peak at 
561 °C is mainly generated by the decomposition of unsta-
ble organic sulfur, as the coal rank of PS coal is the lowest 
among these coals. And its tail peak should be resulted from 
the decomposition of stable organic sulfur. For these three 
deashed coals, the maximum release peak temperatures of 
H2S all move to lower temperature and their H2S intensi-
ties are all higher than their raw coals. This indicates that 
the heat transferring and mass transferring effects become 
stronger and the absorption of alkaline minerals disappears 
after deashed treatment. Fe3+ makes the maximum release 
peak temperatures of H2S move toward higher temperatures. 
Meanwhile, H2S intensity of these deashed coals with 2% 
Fe3+ is all lower than their own deashed coals, suggesting 
2% Fe3+ can hinder H2S release. This is consistent with the 
H2S release amount that is lower in deashed coals with 2% 
Fe3+ than that in deashed coals in Table 5. 

Figure 2 shows the release profiles of H2S of raw coals, 
deashed coals and deashed coals with 2% Fe3+ during pyrol-
ysis under 3% O2–Ar atmosphere. No significant H2S release 
was detected by MS during pyrolysis of all these samples, as 
the MS fragments of H2S are similar to those of O2.

Effects of minerals and Fe3+ on COS release during pyrolysis

COS release profiles detected by MS are shown in Fig. 3 
during pyrolysis of these raw coals, deashed coals and 
deashed coals with 2% Fe3+ under Ar atmosphere. Except 
for DEPDA with 2% Fe3+, only one obvious COS release 
peak was detected by MS during pyrolysis for other coals. 
For YNR and DEPR, COS release peaks should be mainly 

attributed to the decomposition of pyrite. And for PSR, the 
lower part of the wide COS peak should be attributed to 
unstable organic decomposition and the higher part is related 
to stable organic sulfur decomposition. For DEPDA with 
2% Fe3+, the first COS release peak comes from the decom-
position of unstable organic sulfur, and the second peak is 
related to pyrite decomposition. Similar to H2S release, the 
maximum COS release peak temperatures of these three 
deashed coals all move toward the lower temperatures com-
pared with their raw coals. Similarly, their COS intensities 
are all stronger than their raw coals. This suggests miner-
als in these three raw coals have obvious absorption effects 
under Ar atmosphere. Fe3+ can promote the maximum 
peak temperatures of COS release to decrease, indicating 
that Fe3+ was beneficial for COS to release at lower tem-
peratures [25], especially for PSDA and DEPR coals with 
higher organic sulfur. This suggests that Fe3+ can promote 
the decomposition of organic sulfur-containing compounds 
at lower temperatures under Ar atmosphere. But the COS 
intensity of each deashed coal with Fe3+ is lower than their 
deashed coals, which is inconsistent with the COS release 
amount in Table 5. 

As shown in Fig. 4, the maximum COS release peak 
of DEPR should be related to the decomposition of stable 
organic sulfur and FeS, and the shoulder peak before main 
peak is related to the decomposition of unstable organic sul-
fur and pyrite. And the main COS release peak of YN coal 
should also be related to FeS decomposition and the shoul-
der peak before the main peak is from pyrite decomposition 
under 3% O2–Ar atmosphere. Similar to H2S release of PSR, 
the lower part of its wide COS peak should be attributed 
to unstable organic decomposition and the higher part is 
related to stable organic sulfur decomposition. The min-
erals in DEPR inhibit COS release as the alkaline miner-
als can absorb sulfur-containing gases. Thus, COS release 
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peak temperature of DEPDA decreases much after miner-
als were removed. However, the minerals in YNR and PSR 
can promote COS release at lower temperatures under 3% 
O2–Ar atmosphere, which is obviously different from their 
trends under Ar atmosphere. This indicates that the effects 
of minerals on COS release are different under different 
atmospheres. Fe3+ can also promote COS release at lower 
temperatures, which is consistent with the trend under Ar 
atmosphere. After 750 °C, COS release intensity of these 
three deashed coals with 2% Fe3+ increases with the increase 
in temperature. This indicates that Fe3+ can promote the 
decomposition of more stable organic sulfur and more COS 
release into the gas phase. This is consistent with the COS 
release amount of DEPDA and YNDA with 2% Fe3+ that 
is higher than that of their deashed coals (seen in Table 5).

Effects of minerals and Fe3+ on SO2 release during pyrolysis

Figure 5 shows the SO2 release profiles detected by MS 
during pyrolysis of theses samples under Ar atmosphere. 
Except for PSR, two SO2 release peaks of DEPR and YNR 
were detected by MS under Ar atmosphere. The first unobvi-
ous small peak of YNR should be mainly attributed to the 
decomposition of sulfate since pyrite is about 97% and is 
easily oxidized to FeSO4. The first peak of DEPR should be 
mainly related to the decomposition peak of unstable organic 
sulfur and sulfate. And their second peak is mainly from the 
decomposition of pyrite. For PSR, the wide SO2 release peak 
should be mainly related to the decomposition of unstable 
organic sulfur and the maximum peak temperature is the 
lowest, as the unstable organic sulfur content of PS coal is 
high because of its low carbonization degree. The minerals 
of these three raw coals can absorb SO2 under Ar atmosphere 
and hinder heat transferring and mass transferring, so the 

SO2 release peak temperatures of these three deashed coals 
all moved to the lower temperatures. As shown in Fig. 5, 
Fe3+ can promote unstable sulfur and pyrite to decompose 
at lower temperatures.

As shown in Fig. 6, for all these samples, a very wide 
release peak of SO2 was detected during pyrolysis under 
3% O2–Ar atmosphere. The maximum SO2 release peak 
temperatures of all these deashed coals all decrease. This is 
very similar to their SO2 release under Ar atmosphere. This 
further testifies that the minerals of these three raw coals can 
absorb SO2 under Ar atmosphere and hinder heat transfer-
ring and mass transferring. This is consistent with higher 
SO2 release amount of these deashed coals (Table 5). Inter-
estingly, unlike other coals, SO2 release intensity of YNR 
and YNDA remains steady after 510 °C and 473 °C, respec-
tively. It is known that pyrite is very high in YNR (Table 2) 
and pyrite can transfer FeS and stable organic sulfur. As FeS 
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and stable organic can be oxidized to SO2 at higher tem-
peratures under 3% O2–Ar atmosphere, SO2 release inten-
sity remains steady for YNR and YNDA. Fe3+ can make 
the starting release temperature and the maximum release 
temperature of SO2 all move toward the lower temperatures. 
This suggests that Fe3+ is helpful for unstable organic sulfur, 
pyrite and stable organic sulfur to decompose at lower tem-
peratures under 3% O2–Ar atmosphere. This can be further 
proved by higher sulfur removal ratios (Table 4) and higher 
SO2 release amount of these deashed coals with 2% Fe3 + 
(Table 5).

Conclusions

In this study, Py-GC combined with Py-MS were used to 
study the effects of minerals in coals and Fe3+ on sulfur 
gases release behavior under Ar and 3% O2—Ar atmos-
pheres, and the following conclusions can be drawn:

Under the same atmosphere, the effects of minerals on 
sulfur removal are related to the coals types. Under differ-
ent atmospheres, effects of minerals on the desulfurization 
ratios are similar to the same coal in different atmospheres. 
Fe3+ obviously inhibits sulfur removal under Ar atmosphere, 
while promotes sulfur removal under 3% O2–Ar atmosphere.

For sulfur-containing gases, Fe3+ inhibits H2S release at 
lower temperatures under Ar atmosphere, while promotes 
COS and SO2 release at lower temperatures under both 
atmospheres. The minerals inhibit H2S and SO2 release at 
low temperatures under both atmospheres.
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