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Abstract

In this study, dibutyl sulfide (DS), phenyl sulfide (PS) and 2-methyl thiophene (2-MT) were selected as model compounds to
investigate the effect of Fe>* on sulfur release by pyrolysis connected with gas chromatography (Py-GC) and pyrolysis cou-
pled with mass spectrometer (Py-MS) under Ar and 3% O,—Ar atmospheres. It is found that main forms of sulfur-containing
gases are different during their pyrolysis under different atmospheres. Sulfur gases are mainly SO, under 3% O,—Ar atmos-
phere. Under Ar atmosphere, PS is more difficult to decompose than 2-MT, while easier under 3% O,—Ar atmosphere. 0.5%
Fe* only significantly promotes the sulfur release amount of PS under Ar atmosphere. However, 2% Fe®* is more effective for
DS and 2-MT to decompose under Ar atmosphere and it promotes all these sulfur gases release at lower temperatures under
Ar atmosphere. And 2% Fe®* is more beneficial for all these three compounds to decompose under 3%0,—Ar atmosphere
than 0.5% Fe", especially for PS. Therefore, 2% Fe** can more efficiently promote sulfurs release of these sulfur compounds.
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Introduction

With the development of social economy, a series of envi-
ronmental problems, such as acid rain and greenhouse effect,
have appeared during the utilization of medium and high sul-
fur coals [1-5]. Coal pyrolysis has attracted more and more
attention, because it can be used as a single pre-combustion
pretreatment process to improve coal utilization efficiency
and pollutant control [6—10]. To a certain extent, the direc-
tional migration of sulfurs in coal can be achieved through
co-pyrolysis of coal and additives [11-18]. In addition, the
purpose of more efficient utilization of medium and high
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sulfur coal resources can also be realized by their co-pyrol-
ysis. However, it is difficult to determine the decomposition
and transformation behavior of different sulfur forms in coal
due to their complexity and their mutual transformation dur-
ing pyrolysis [19-22].

The sulfur-containing model compounds are similar to
the sulfur structures in coal. But, the release and transfor-
mation behavior of sulfur model compounds can be more
easily analyzed and measured than that of sulfurs in coal
during pyrolysis. Therefore, many scholars have selected
some model compounds instead of coal to study the decom-
position, release and transformation behavior of organic sul-
furs, and have obtained some important conclusions. Guo
et al. [23] studied the sulfur release and its transformation
behavior of six sulfur-containing model compounds under
Ar and CO, atmospheres. The sulfur stability of the model
compounds was different under CO, atmosphere, and their
decomposition temperatures are all lower than those under
Ar atmosphere. Yan et al. [24] studied the pyrolysis behavior
of sulfur-containing model compounds under inert atmos-
phere. They found that the migration of organic sulfurs in the
pyrolysis process was accompanied by the transformation of
SH radical, which was the intermediate of sulfur transition
resulted from thermal initiation.
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However, most studies [25-29] mainly focus on the indi-
vidual pyrolysis of model compounds, and the effect of addi-
tives on the release of different types of organic sulfides
remains unclear under different atmospheres. Therefore,
three sulfur-containing model compounds (dibutyl sulfide,
phenyl sulfide and 2-methyl thiophene) were selected to
replace complicated organic sulfurs in coal and to obtain
some theoretical basis for further monitoring the detailed
sulfur release behavior of organic sulfurs of coal during
pyrolysis. Py-MS combined with Py-GC was used to inves-
tigate the effect of Fe>* on sulfur release behavior during
these three compounds pyrolysis under Ar and 3% O,—Ar
atmospheres as a relatively moderate atmosphere. Therefore,
this study can provide some theoretical basis for comprehen-
sive utilization of medium and high sulfur coal and effective
control of sulfur-containing pollutants.

Experimental
Samples

Three model compounds, dibutyl sulfide (DS), phenyl
sulfide (PS) and 2-methyl thiophene (2-MT), were loaded
onto active carbon by the incipient wetness method, respec-
tively, and acetone was used as the solvent. The specific
steps are as follows, appropriate amount of sulfur-containing
model compound (according to sulfur content of model com-
pounds) was added into a beaker with 5 mL acetone solution
for complete dissolution. Then, the solution was poured into
another beaker where about 1 g activated carbon had been
added. The mixed sample was stirred under ultrasonic for
20 min, dried at room temperature for about 48 h and col-
lected for further experiment. The molecular mass of the
model compound and the theoretical loading are shown in
Table 1.

Loading of Fe3*
The method of impregnation was used to load Fe** accord-
ing to the mass fraction of metal in chloride. 5 g sulfur-con-

taining model compound was added to 0.5% and 2% FeCl,
solution, respectively. Then, the solution was stirred for 6 h,

Table 1 Molecular mass and theoretical load of model compounds

Samples Molecular mass Sulfur content 3% Model
mass/t compounds/g
(mass)
DS 146.29 21.92 0.1369
PS 186.27 17.21 0.1743
2-MT 98.17 32.66 0.0918
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remained still for 6 h, placed into an oven and dried at 60 °C
for collection.

Determination of total sulfur in sulfur-containing
model compounds

The automatic sulfur determination analyzer (XK-5000)
was used to measure sulfur content of samples in this study.
The sulfur content of activated carbon, dibutyl sulfide (DS),
phenyl sulfide (PS) and 2-methyl thiophene (2-MT) is 0.45,
3.24, 3.42 and 1.91%, respectively. The sulfur contents of
these model compounds are all much higher than that of the
activated carbon itself.

Py-GC equipment

Pyrolysis experiments were carried out in a quartz tube fixed
bed reactor (i.d. 35 mm, length 60 cm). About 1.0 g sample
was pyrolyzed under pure Ar and 3% O,—Ar atmospheres at
the temperature range from room temperature to 900 °C at a
flow rate of 0.3 Lmin~! with a heating rate of 10 °C min~".
H,S, COS and SO, contents (concentration ®/10—6) were
determined by gas chromatography (SP-7800) with flame
photometric detector (GC-FPD) (SP-7800) every 50 °C, off-
line. The column and detector temperatures were 80 and

250 °C, respectively.

Py-MS equipment

About 1.5 g sample was placed into a quartz reactor and
heated from room temperature to 900 °C with a heating rate
of 10 °C min~" in a continuous flow of pure Ar or 3% O,—Ar
atmosphere at a flow rate of 0.2 Lmin~!. The gaseous prod-
ucts of H,S, COS and SO, were measured by an on-line MS
(Hiden QIC-20).

Calculating methods

The sulfur mass in the form of COS (mg o5) Was obtained
according to the formula:
V XAy, M

S

’

R =
SCOS ™ Rx224%x106 " W

S

where the gas was supposed of ideal gas, R is the heating
rate of 10 °Cmin~!, V is the gas flow rate of 0.3 L min~!,
Ms is the atomic mass of sulfur (unit: g mol™}), W, is sulfur
mass in per gram of the active carbon or sulfur model com-
pounds loaded into the active carbon (unit: g), and Aqqg is
integrated area of COS (unit: E—i °C). Thus, mg g has a unit
of g 7! (or no unit). mg o5 and mg g, can also be obtained
similarly.
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Results and discussion

Effects of Fe** on the release amount
of sulfur-containing gases under different
atmospheres

Figure 1 shows the release amount of H,S, COS and SO,
during pyrolysis of these model compounds under Ar atmos-
phere. As shown in Fig. 1 a, 0.5% Fe*" can inhibit H,S and
SO, to release during DS pyrolysis, especially SO, release,
and 0.5% Fe** has no obvious effects on COS release of DS.
But, 2.0% Fe®* can significantly promote these three gases
to release. Contrary to DS, 0.5% Fe>* promotes the releas-
ing of these three sulfur-containing gases of PS (Fig. 1b),
especially for H,S release. For PS (Fig. 1b), the promoting
effect of 2.0% Fe>* is less than that of 0.5% Fe>*, while
2.0% Fe* prevents COS releasing. This may be due to
the different structures of these two different model com-
pounds and their different bonds breaking mechanism dur-
ing pyrolysis. For 2-MT (Fig. 1 c¢), these two concentrations
of Fe*" all can promote these sulfur-containing gases to
release during pyrolysis. But, the promoting effect of 2.0%
Fe3" is better than that of 0.5% Fe*, especially for SO,
release. It is known that content order is PS (3.42%) > DS
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(3.24%) > 2-MT (1.91%), while the total releasing amount
of sulfur gases is DS >2-MT > PS, indicating 2-MT is much
easier to decompose than PS under Ar atmosphere.

As shown in Fig. 2, for DS, PS and 2-MT, the main form
of these sulfur gases is SO, during pyrolysis in 3% O,—Ar
atmosphere, and Fe3* has no obvious effect on their H,S
release. For DS, Fe?* can obviously promote SO, release,
and SO, release amount and the total sulfur release amount
increase with the increasing of Fe3* concentration. But,
Fe’* prevents COS release of DS. For PS (Fig. 2b), 0.5%
Fe®* has no obvious promoting effect on SO, release, while
2% Fe* can significantly promote SO, release. Similar to
DS, Fe**can also prevent COS release of PS. Similar to DS,
Fe* can obviously promote SO, release and the total sulfur
release of 2-MT, and the promoting effect becomes stronger
with the increasing of Fe®* concentration. Compared with
DS and PS, the promoting effect of Fe** on 2-MT is most
significantly under 3% O,—Ar atmosphere. This is very con-
sistence with our previous calculated results of 2-MT [30].
SO, rather than COS is the main sulfur-containing gaseous
product during 2-MT pyrolysis under oxidative atmosphere.
For these three compounds, their total release amount of
sulfur gases under 3% O,—Ar atmosphere rises much higher
than that under Ar atmosphere, especially for PS. This
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Fig. 1 Effects of Fe** on the release of sulfur gases during pyrolysis of model compounds under Ar atmosphere
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Fig.2 Effects of Fe’* on the release of sulfur gases during pyrolysis of model compounds in 3% O,—~Ar atmosphere

Fig. 3 Effects of Fe** on H,S
release under Ar atmosphere
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suggests that 3% O,—Ar atmosphere is more beneficial for
PS to decompose than Ar atmosphere.

Effects of Fe3* on the release of sulfur-containing
gases of model compounds under different
atmospheres

Effects of Fe** on H,S release of model compounds
under different atmospheres

Figure 3 shows H,S release of DS, PS and 2-MT during
pyrolysis under Ar atmosphere. Under Ar atmosphere,
H,S release cannot be detected during pyrolysis of acti-
vated carbon and activated carbon with 0.5% and 2%
Fe*, so H,S release of these model compounds is unre-
lated to activated carbon during pyrolysis. For these three
model compounds, only H,S release of DS was detected
by MS during pyrolysis under Ar atmosphere. The first
release peak at 410 °C should be attributed to the decom-
position of DS itself, as HS radicals can directly combine
with active hydrogen of DS and release in the form of
H,S. And the second peak at 600 °C is related to the
decomposition of secondary product of DS. The area of
the first peak is significantly larger than that of the sec-
ond peak, indicating that the initial decomposition rate
of DS is greater than the generation rate of its secondary
product. 0.5% Fe’* can make the first H,S release peak
of DS move toward higher temperature at 426 °C, and the
second peak become a shoulder peak at 550 °C, suggest-
ing that 0.5% Fe* prevents H,S release of DS under Ar
atmosphere. This is very consistent with the lower H,S
release amount of DS with 0.5% Fe3* (Fig. 1a). However,
2% Fe**can promote H,S of DS release at much lower

temperature. This is also very consistent with higher H,S
release amount of DS with 2% Fe3* (Fig. la). But, H,S
release of PS and 2-MT was not detected by MS as of its
lower concentration.

As shown in Fig. 4, no significant H,S release was
detected by MS during pyrolysis of all these samples, as
the MS fragments of H,S are similar to those of O,.

Effects of Fe** on COS release of model compounds
under different atmospheres

Figure 5 shows COS release of DS, PS and 2-MT during
pyrolysis under Ar atmosphere. Under Ar atmosphere, no
obvious COS was detected during pyrolysis of activated car-
bon and activated carbon with 0.5% and 2% Fe>*, while COS
was detected during pyrolysis of these three model com-
pounds. This also indicates that COS release of these model
compounds is not related to the activated carbon. As shown
in Fig. 5, 0.5% Fe*can make the maximum COS release
peaks of these three compounds move toward higher tem-
peratures, while 2% Fe**promotes COS release of PS and
DS at lower temperatures. For example, for PS and PS with
0.5% Fe™, their corresponding maximum peak temperatures
are 576 °C and 582 °C, respectively. And the initial release
temperature of COS and its maximum release peak tem-
perature are significantly reduced during PS with 2.0% Fe’*.
However, 2% Fe3* has no obvious effects on COS release
temperature of 2-MT. As the methyl of 2-MT is attributed to
more H,S formed than COS under Ar atmosphere [30], and
COS release temperature changes indistinctly.

Figure 6 shows the effect of Fe>* on the release of COS
during pyrolysis of DS, PS and 2-MT under 3% O,—Ar
atmosphere. Under 3% O,—Ar atmosphere, COS was not

Fig.4 Effects of Fe** on the
release of H,S under 3% O,—Ar
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Fig.5 Effects of Fe’* on
the release of COS under Ar
atmosphere
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detected during pyrolysis of activated carbon with 0.5%
and 2% Fe>*. An increasing trend of COS was detected
during pyrolysis of activated carbon, but the temperature
of COS release is significantly different from these three
model compounds loaded into activated carbon. Thus, the
COS release of these model compounds is also independ-
ent on activated carbon under 3% O,—Ar atmosphere. For
raw DS, PS and 2-MT, one obvious COS release peak was
detected during their pyrolysis, and their corresponding

@ Springer

maximum peak temperatures are 480 °C, 590 °C and
438 °C, respectively. Different with Ar atmosphere, 0.5%
Fe®* can promote COS of these three model compounds
to release at lower temperatures under 3% O,—Ar atmos-
phere. And 2% Fe*? also make COS maximum peak tem-
peratures of these three compounds all lower than that of
0.5% Fe®*. For PS, PS with 0.5% Fe*? and PS with 2%
Fe™, their corresponding maximum peak temperatures
were 590 °C, 530 °C and 480 °C, respectively.
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Effect of Fe>* on SO, release of model compounds
under different atmospheres

As shown in Fig. 7, under Ar atmosphere, there is also no
SO, release detected during pyrolysis of activated carbon
and activated carbon with 0.5% and 2% Fe**. Similar to
H,S release of raw DS, there are two SO, release peaks
detected during pyrolysis, corresponding to their maximum
peak temperatures at 405 and 608 °C, respectively. But, for
DS with 0.5 and 2% Fe*, only one wide SO, release peak
was detected, corresponding to their maximum peak tem-
peratures at 445 and 410 °C, respectively. Compared with
raw DS, Fe** makes the maximum peak temperature of SO,

move to the higher temperature under Ar atmosphere. For
PS, PS with 0.5% Fe** and PS with 2% Fe**, there is only
one release peak of SO, appeared, and their corresponding
maximum peak temperatures are 580 °C, 600 °C and 510 °C,
respectively. Different from DS, Fe** can promote SO, of
PS to release at lower temperatures under Ar atmosphere.
Fe**can also promote SO, of 2-MT to release under Ar
atmosphere, as no SO, release was detected for raw 2-MT.
For PS and 2-MT, the higher Fe>*concentration is, the lower
the maximum peak temperature of SO, is. Under Ar atmos-
phere, the SO, release temperature of 2-MTs is lower than
that of PSs. This can further prove 2-MT is easier to decom-
pose than PS under Ar atmosphere.
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Figure 8 shows the effect of Fe** on SO, release during
pyrolysis of DS, PS and 2-MT under 3% O,—Ar atmosphere.
As seen in Fig. 8, a small SO, peak was detected during
pyrolysis of activated carbon with 0.5% and 2% Fe** under
3% O,—Ar atmosphere. But, the peak intensity is signifi-
cantly lower than those of these three model compounds.
Thus, SO, release of these model compounds can be also
considered to be independent on activated carbon during
pyrolysis. Except for raw 2-MT, SO, release of other sam-
ples was detected during pyrolysis. For raw DS, only a broad
SO, release peak was detected during pyrolysis, and its cor-
responding maximum peak temperature is 690 °C. Fe’* is
helpful for SO, to release at low temperatures during DS
pyrolysis under 3% O,—Ar atmosphere. But, its maximum
peak temperatures of SO, release are less affected by Fe®*
concentration. However, 2% Fe>* can make more SO,
release of DS into gas phase at lower temperature, cor-
responding to its high intensity of SO, shown in Fig. 8.
This is very consistent with more SO, release amount of
DS with 2% Fe** detected by Py-GC (Fig. 2). For PS, PS
with 0.5% Fe** and PS with 2% Fe’*, only a SO, release
peak was detected during pyrolysis, and their correspond-
ing maximum peak temperatures are 672, 607 and 564 °C,
respectively. With the increasing of Fe** concentration,
the maximum peak temperature of SO, also moves toward
lower temperatures, and the movement trend is more obvi-
ous. No SO, was detected during raw 2-MT pyrolysis under
3% O,—Ar atmosphere, while a distinct release peak appears
for 2-MT with 0.5% Fe** and with 2% Fe’*. Similar to DS
and PS, Fe?* is beneficial for more SO, to release at lower
temperatures during 2-MT pyrolysis with the increasing of
Fe* concentration under 3% O,~Ar atmosphere. Interest-
ingly, unlike Ar atmosphere, the SO, release temperature
of PS with Fe*" is lower than that of 2-MT with Fe**, sug-
gesting that the effect of Fe** on the decomposition of PS is
more efficiently under 3% O,—Ar atmosphere. This is very
consistent to the highest SO, release and total sulfur release
amount of PS in Fig. 2.

Conclusions

The effect of Fe>* on the release of sulfur-containing gases
was investigated during pyrolysis of model compounds
under different atmospheres. The following conclusions
can be drawn:

The main forms of the sulfur-containing gases are dif-
ferent during pyrolysis in different atmospheres. Under the
Ar atmosphere, H,S release amount is comparatively higher
than COS and SO,, while the main form is SO, under 3%
O,—Ar atmosphere. Under Ar atmosphere, 2-MT is easier
to decompose than PS. However, PS is easier to decompose

@ Springer

and form SO, than 2-MT under 3% O,—Ar atmosphere. 0.5%
Fe’* makes H,S release of DS and COS release of DS, PS
and 2-MT all move to higher temperatures, while 2% Fe3*
promotes all these gases release at lower temperatures under
Ar atmosphere. Under 3% O,—Ar atmosphere, Fe** benefi-
cially promotes COS and SO,release of these compounds
at lower temperature with the increasing of Fe** concentra-
tion, especially for SO, release of PS. Thus, 2% Fe** can
efficiently promote sulfur release under these two atmos-
pheres. These results obtained by Py-MS are very consist-
ent with those obtained by Py-GC. Therefore, these results
can provide some theoretical basis for coal desulfurization
mechanism during coal pyrolysis.
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