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Abstract

In this study, the feasibility of catalyzing removel of thiophenic sulfur from coal with microwave
irradiation was evaluated by dielectric properties test, and the chemical thermodynamics and kinetics of
thiophenic sulfur in coal with microwave irradiation was obtained by density functional theory
calculation. Results suggested that the imaginary parts of dielectric constants €” of benzothiophene and
dibenzothiophene are higher than those of coal samples, meaning that thiophenic sulfur compounds in
the coal can be selectively heated by microwave. Linear Synchronous Transit/Quadratic Synchronous
Transit method indicated that the microwave field catalyzed the removel of thiophenic sulfur mainly
affected the breaking of C—H and C—C bonds, thus reducing the energy barrier (Ep) and activation energy
(E») and increasing the logarithm of rate constants (Ink) in the desulfurization process. Moreover, the
optimal removel path of thiophenic sulfur changed from B(a) to a(b), and sulfur-containing products
changed from carbon monosulfide (CS) to thioketene(C2H»S) after applied microwave field. These
findings reveal the catalytic mechanism of microwave on the removel of thiophenic sulfur in coal from
hydrogen migration and reaction changes, which is conducive to the clean utilization of coal.

Keywords: Thiophenic sulfur; Microwave; Dielectric properties; Coal desulfurization; DFT.

1. Introduction

In a long period of time in the future, blast furnace will still be the leading process of molten iron

production. According to statistics [1], the molten iron production of blast furnace in China was about
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8.88x10% t in 2020. Based on the coke ratio of 350 kg-t™!, the consumption of high-quality coking coal in
China's metallurgical industry reached 5.0x10% t in 2020. Due to excessive development and
consumption, the supply of high-quality coking coal with low ash and sulfur content have exceeded
demand in recent years, and the coke price has increased by nearly 10% year on year [2-6]. As we know,
for metallurgical industry, the direct utilization of high sulfur coal will not only produce SO, H>S, COS
and other gases, leading to extremely environment pollute and equipment corrosion, but also reduces the
quality of coke and molten iron [2, 7-10]. Therefore, it is crucial important to remove sulfur from high
sulfur coking coal to meet the resource allocation and realize the sustainable development of
metallurgical industry [11-13].

The main existing form of sulfur in coal is inorganic sulfur and organic sulfur [14]. Some relative
studies pointed out that the inorganic sulfur is mainly pyrite and sulfate, and it is mostly contained in coal
in the form of fine particles [15], can be removed by physical and chemical methods [15-20]. The organic
sulfur is a part of macromolecular structure of coal, including thiols, thioether, thiophene, etc. [21, 22].
Tang et al. [23] used peracetic acid to remove sulfur from coal, the removel rate of organic sulfur was
49%, this method would destroy the coal matrix while removing the organic sulfur. Results of these
studies showed that it is very difficult to remove organic sulfur in coal desulfurization [24-29].

Microwave desulfurization is a novel coal desulfurization method, can selectively and rapidly heat
sulfur components in coal [17]. The results show that microwave can accelerate the desulfurization

reaction of coal without destroying the coal matrix, and has great application potential for the removel
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of organic sulfur such as thiol, thioether and thiophenic sulfur in coal [30-35]. Under microwave

irradiation, the removel of organic sulfur functional groups in coal is achieved by the dissociation of C—

S bonds, and the degree of difficulty of its fracture is related to the dielectric properties of sulfur-

containing substances. Previous studies have shown that the thioether in coal is easily oxidized to the

corresponding sulfoxide or sulfone under microwave conditions, while the C-S bond in thiophene and

thiophenone is difficult to break [36]. This is consistent with our previous studies, thiophenic sulfur

accounted for more than 60% of the total organic sulfur, but the removel rate was the lowest among the

three functional groups, only 18.9% [33]. These results indicate that the removel of thiophenic sulfur is

the key to coal desulfurization. However, previous studies have focused more on the removel of thiol and

thioether sulfur, and less analysis on the dielectric properties and removel mechanism of thiophenic sulfur.

The aim of this research was to clarify the dielectric property of thiophenic sulfur and mechanism

of bond-breaking removel with microwave irradiation. Agilent N5244A network analyzer has been used

to unravel the differences in dielectric properties between coal samples and thiophenic sulfur compounds.

Using the Materials Studio package, the Linear Synchronous Transit/Quadratic Synchronous Transit

(LST / QST) transition state search calculation of thiophenic sulfur in coal was carried out. The energy

barrier curve and activation energy of thiophene hydrogen migration and pyrolysis under microwave

electric field was obtained. The influence of microwave electric field on the thermodynamic and kinetic

parameters of the sulfur-containing model compound was explored.



75

76

77

78

79

80

81

82

83

84

85

86

87

2 Experimental

2.1 Samples preparation

Two typical high-sulfur coking coals (NTC and LGC) with different coal ranks, sulfur contents and
sulfur forms were selected as the study objection. Table 1 presents the proximate, ultimate and sulfur
form analysis of the coal samples. The sulfur contents of NTC and LGC were 2.83% and 2.99% on dry
basis respectively, while the sulfur forms were significantly different. The organic sulfur content in NTC
is much higher than LGC, accounting for 87.99% of the total sulfur. Considerable pyrite sulfur and sulfate
sulfur occurs in LGC, which are 29.43% and 21.74% respectively. There is little difference in ash content
between the two coals, hardly effecting their dielectric properties.

In addition, the two types of thiophenic sulfur compounds, thiophene and benzothiophene, used in

this experiment were purchased from Bide Pharmatech Ltd., with a purity of 98%.

Table 1. Proximate, ultimate and sulfur form analysis of NTC and LGC

Mass % NTC LGC

Moisture (air dry basis) 1.24 1.86

Proximate Ash (dry basis) 10.37 8.46
analysis Volatile matter (dry basis) 17.92 30.11
Fixed carbon (dry basis) 71.71 61.43
C 87.62 84.67

Ultimate H 448 5.15
analysis N 1.39 1.42
(dry basis) (0] 3.68 5.76
S 2.83 2.99

Sulfur form Pyritic sulfur 10.60 29.43
analysis Sulfate sulfur 1.41 21.74
(dry basis) Organic sulfur 87.99 48.83
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2.2 Dielectric property test

A vector network analyzer was used to measure the dielectric constants of coal samples and

thiophenic sulfur compounds by the transmission reflection method [35]. Before measurement test, each

of samples dried were crushed and ground to a particle size less than 250 um, then pressed into a circular

cylindrical sample with 7+0.2 mm length, 3.04 mm inner diameter, and approximately 5.0 mm thickness.

The dielectric constant &, and permeability u, were measured at 2-10 GHz frequency range according

to Eq. (1) and (2) in reference [37].

g =¢€+¢"i (1)

po = +u'i 2)

where € represents the dielectric constant real part, and the larger the value, the stronger the ability of

sample to store electric field energy. €” represents the dielectric constant imaginary part, and the larger

the value, the greater the ability of the sample to absorb electric field energy and convert it into heat

energy. The meaning of y’ and p” are similar with € and €” respectively. The higher the value of €”

and u”, the more effective the microwave on the reaction.

2.3 Density functional theory (DFT) calculation

Thiophene is a common aromatic compound containing thiophenic sulfur in coal, which conforms

to Schucker rule (4N +2). Compared with thiols and thioethers, the removel of thiophenic sulfur involves

not only the formation and breaking of chemical bonds, but also the transfer of H within the molecule.
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The thiophenic sulfur migration path varies with the hydrogen migration path, so hydrogen migration

has been studied to reveal the catalytic effect of microwave on thiophene sulfur removel. According to

the previous studies [38-40], the following reaction paths with hydrogen transfer process (a—H migration

and f—H migration) were selected for the transition state search calculation, as shown in Fig. 1.

o Carbon (, Hydrogen O Sulfur

\\
» \
o-H Migration Pathway Thiophene B-H Migration Pathway

Fig. 1. Diagram of thiophenic hydrogen migration pathway during desulfurization.

All calculations were conducted by the Dmol®> modules [7] of Materials Studio package (version
6.0). In the process of finding the transition state by conjugate gradient method (CG) and LST/QST, the
key parameters were set as follows: Using GGA method with Perdew-Burke-Ernzerh of functional (PBE)
with DND basis set, and the optimal convergence was obtained. The threshold value was the combination
of medium parameters: the energy convergence was 2.0*10° Ha, the energy gradient was 1.00%*10°
(Ha-bohr), the displacement was 1.00*10* (Bohr), the spin multiplicity was octupole, the numerical
integration accuracy and SCF convergence control was medium, and the electric field was set at (0 0

0.01) au [39-41].
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3. Results and discussion

3.1 Dielectric properties of coal samples and thiophenic sulfur compounds

Fig. 2 shows the variation of dielectric constants of NTC, LGC, benzothiophene and
dibenzothiophene with microwave frequency. As indicated in Fig. 2 (a), the €’ value of dibenzothiophene
increases with the increased microwave frequency, while that of benzothiophene is on the contrary.
Moreover, the € values of NTC and LGC are higher than benzothiophene and dibenzothiophene. It is
considered that coal can store more electric field energy than sulfur compounds in an alternating
electromagnetic field [42-45]. Fig. 2 (b) exhibits that the € values of thiophenic sulfur compounds are
higher than coal samples, which indicated that sulfur compounds can better convert electric field energy
into heat energy [42-45]. When microwave frequency reaches 2 GHz, the induced and oriented
polarization occurs in the four samples. Since the microwave frequency is not high, the polarized dipoles
have enough time to orient and arrange along the direction of the applied electric field. Most of the input
energy of the microwave field is stored in a sample and converted into potential energy. Therefore, when
the real part of dielectric constant €’ reaches a relatively high value, the imaginary part €” is usually at a
lower level.

With the increase of microwave frequency, the change rate of microwave electromagnetic field is
accelerated, and the change rate of dipole begins to lag the change rate of microwave field. The
interaction between dipoles take place, and the microwave energy is converted into heat energy. At this

time, the energy storage decreases, and the energy loss increases [42-45]. There is a peak value of €” near
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4 GHz for the four samples, where the microwave frequency reaches the high frequency region above 5

GHz, the change rate of a dipole is completely disconnected from the microwave frequency. The dipole

presents rigidity in the electromagnetic field, and the values of €’ and €” are both in a lower position. Due

to the €” values of benzothiophene and dibenzothiophene are larger than coal samples, it shows that

thiophenic sulfur compounds produce a dielectric response in the microwave field, and their response

ability to microwave is greater than coal. Therefore, thiophenic sulfur is selectively heated by microwave,

which is conducive to its removel [46].

30 (a) —a— Benzothiophene e —&— LGC ¢!
2.9 —=&— Dibenzothiophene ¢! —v—NTC ¢’
2.8
R = = = = SN
2.6
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s 24
< H—.—hHﬂ—Hﬂ_._.+._H_.4
Z 23
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£ o010
T .
§ b —=— Benzothiophene ¢’ —4— LGCe"
= ( ) —=#— Dibenzothiophene e'' —v—NTC e"
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Fig. 2. The relation between dielectric constants and microwave frequency; (a) real part and (b) imaginary part.
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The effects of microwave frequency on i’ and p” values of four samples are shown in Fig. 3 (a) and
(b), respectively. The results indicate that the p’ value of four samples decrease slightly with the increased
microwave frequency. The p’ value of LGC is the largest, while the p” values of four samples have no
significant difference. Due to the low magnetism properties of the samples, their i’ and p” values are at
a low level. Therefore, it is considered that both coal and sulfur compounds will not produce a large
magnetic response and magnetic loss that is the reason, the influence of magnetic effect on microwave

desulfurization of coal can be ignored.
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Fig. 3. The relation between permeability and microwave frequency; (a) real part and (b) imaginary part.
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3.2 Comparison of theoretical microwave absorption power between coal samples and thiophenic
sulfur compounds
Microwave heating refers to the process that the material absorbs and converts the microwave
electric field energy and magnetic field energy into heat energy. In general, the electric field changes
along with the space. In special cases, the electric field is regarded as a constant, by using the relation
E-E"=F?, there are Eq. (3) and (4) [47].
Py = weoe" $(E-E¥) - dV (3)
P, = wege"ERV (4)
If the material also has a magnetic loss, then above equations is transformed into Eq. (5).

Piy = wege Bins V+ wpioptHinsV )
Where Pa, represents the microwave absorption power in W, Ems represents the effective value of the
electric field in V/m, Hms represents the effective value of the magnetic field in A/m. g, and p, are the
vacuum dielectric constant and vacuum permeability of sample, respectively, which are regarded as
constants under certain conditions. ¥ represents the volume of the sample in m®.

In order to explain the dielectric response mechanism of coal desulfurization by microwave, the
theoretical microwave absorption power of samples is estimated by the measuring dielectric constant and
permeability value as in Eq. (5). The equivalent electromagnetic field is set based on the results of

previous studies (15254.42 V/M and 2.33 A/M) [36], and the microwave input power is set at 1000 W

[35].

11
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Fig. 4 shows the heat generated by the dielectric loss (equivalent to the heat absorbed from the

microwave electric field) and magnetic loss of coal samples as a function of microwave frequency. In

2.45 GHz region, the dielectric loss of coal samples occupy the dominant position and the generated heat

is much greater than magnetic loss [42]. For example, the dielectric loss of NTC is about 92.68 W at

1000 W microwave power, while the magnetic loss is only 2.23 W. Similarly, the dielectric loss LGC is

about 74.55 W at the frequency of 1000 W, while the magnetic loss is only 2.62 W.

140
—=— Dielectric Loss Power L —=— Dielectric Loss Power

§ (a) Diel Loss P 100 (b) Diel Loss P
E 120F —o— Magnetic Loss Power 126.97 —o— Magnetic Loss Power 102.14
E 100 80
&
2
= 80f 60 -
3
= 60
§ 40
= 40
= 2 Wren
E 8'32 24 1.09 : 2.62 0.8 = ~ 08
T ) S— o . . 0F o . ¢

0100 500 1000 1500 0100 500 1000 1500

Microwave Power (W) Microwave Power (W)

Fig. 4. Theoretical microwave absorption power at 2.45GHz; (a) NTC and (b) LGC.

The dielectric loss power of benzothiophene is higher than coal samples as shown in Fig. 5. For

example, under 1000 W microwave power, the dielectric loss power of LGC is about 74.55 W, while

benzothiophene is 284.72 W. Moreover, the heating power generated by the magnetic loss of

benzothiophene is also relatively larger. The magnetic loss of LGC is 2.62 W while benzothiophene is

30.05 W at 1000 W. The dielectric loss of benzothiophene is still dominant [48]. Dibenzothiophene also

12
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shows the same characteristics as benzothiophene, under microwave irradiation, its heat absorption is
greater than coal sample; its own dielectric loss is much higher than the magnetic loss. At 1000 W
microwave power, the dielectric loss power of dibenzothiophene is 233.43 W, and the magnetic loss
power is 66.56 W. Due to the small value of the equivalent magnetic field, their magnetic loss is also
very low. Due to the equivalent magnetic field values of coal samples and thiophenic sulfur compounds
are very small, their magnetic losses are also very low. Therefore, the dielectric response is the main
effect of microwave effect and the research on the microwave effect should focus on the influence of the

microwave electric field [23, 33].
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§ 25.68 . 30.05 35.3 18.82 66.56
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0100 500 1000 1500 0 100 500 1000 1500
Microwave Power (W) Microwave Power (W)

Fig. 5. Theoretical microwave absorption power at 2.45GHz; (a) benzothiophene and (b) dibenzothiophene.

According to the measured dielectric constants, the penetration depth D, of the electromagnetic
wave to the sample is calculated as follows Eq. (6) [49].

Dp — }\6/[21-[(28,)1/2] % [(1 + (s”/s')2)1/2 _ 1]—1/2 (6)
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where A; represents the wavelength of the incident wave in mm.

The calculated penetration depth is shown in Fig. 6. NTC has large microwave penetration depth at

5.75, 6.87 and 7.06 GHz, which are 610, 280 and 230 mm respectively; LGC has large microwave

penetration depth at 5.67 and 7.18 GHz, which are 880 and 360 mm respectively. However, at 2.45GHz

(Universal microwave frequency), the penetration depth of NTC and LGC can reach 180 mm and 220

mm respectively, which is larger than the general particle size of coal samples. The results indicate that

the effect of microwave on desulfurization of coal is not only limited to the surface of coal but also has

the same effect on sulfur groups in coal when the microwave frequency is appropriate [49, 50].
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Fig. 6. Microwave penetration depth of NTC and LGC as a function of microwave frequency.

3.3 Thiophenic sulfur migration pathway

The transfers of o—H to S atom, referring to o(a) and a(b) are shown in Fig. 7. For the a(a) process,

the o—H on thiophene first migrates to the adjacent S atom to form IM1, and then the thiophene ring

14



228

229

230

231

232

233

234

235

236

237

238

239

breaks twice to form hydrogen sulfide and 1,3-butanediyne (Product 1). In addition, H on the S atom of

IM1 may continue to migrate to form ethylene radical and thioketene (Product 2), named as a(b) process.

é - @ . G Hydrogen Sulfide
o $o
IM5 ;: i 5 a Thlophene ‘\L

P Wy \ 1,3-Butadiyne™.
TS6 AN s
Product1

Q Reaction Path a(b) |‘ Reaction Path a(a) f\
Y o

TS8 :ﬁ # M4

, - . y
< R Ethylene Radical \ ‘?ﬁ-
O)» Thioketene P
" Ts4
Product 2 h\ “ e
M2 v, g B (\
TS: Transition State; IM: Intermediate. 31! —

©Carbon  (CHydrogen @ Sulfur TS3 IM3
Fig. 7. a desulfurization reaction path; (a) generate H,S and 1,3-butadiyne and (b) generate ethylene radical
and thioketene.
Fig. 8 reveals the migration of B—H to a—C, referred to as B(a) and B(b) respectively. B(a) is that the
B-H on thiophene first migrates to the adjacent o—C, at the same time, the C—S bond breaks to form IM7.
In this step, the thiophene ring finally forms carbon monosulfide and propyne (product 3). Moreover, the
H on another a-C of IM7 continues to migrate to form ethylene radical and thioketene (product 2), which

is named P(b) process and its final product is the same as a(b) process.

15
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Fig. 8. p desulfurization reaction path; (a) generate carbon monosulfide and propyne and (b) generate ethylene

radical and thioketene.

3.4 Comparison of Ey of thiophenic sulfur removel process before and after adding microwave field

Ey represents the zero-point energy difference between the activated complex and reactant. The
larger the Ey 1s, the more difficult the reaction. As presented in Fig. 9, the external electric field hinders
the o(a) process for Rea to IM2, and its Ey increases from 214.23 to 238.58 kJ-mol'. However, the
process from IM3 to IM4 becomes easier under the external electric field and its £y decreases from
477.73 to 253.76 kJ-mol ™. For a(b) process, the Ey, from Rea to IMS5 is increased by the applied electric
field, but the reaction process from IM5 to IM6 becomes an incompetent barrier reaction. The Ep of the

process from IM6 to P2 is reduced from 374.60 to 242.88 kJ-mol™!, which is the most difficult step in the

16
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whole reaction process. Therefore, it is considered that the applied electric field can effectively reduce

reaction difficulty. By comparing the maximum Ej of the above two reaction paths, it can be concluded

that compared with a(a), a(b) is more suitable for H atom migration in the process of removing thiophenic

sulfur from coal microwave [43].

600.0 W & TS5
famn Q Rate-limiting - 200.0
g 450.0 -
! TS2
5 @, . ( @ ; 100.0
~ 300.0 P1
s
E 0.0
= 1500
=)
> -100.0
o0 L5 00
g Rea
= -150.0 © Carbon @ Sulfur -200.0 © Carbon  © Sulfur VlMﬁ
(@) € nydrogen Z_NoEF — - EF 0.01 a.u. (b) ¢ biyarogen —No EF = -EF 0.01 a.u.
Elementary Reaction Elementary Reaction

Fig. 9. The energy barrier Ej, of thiophenic sulfur removel by pathway a; (a) a(a) pathway and (b) a(b)

pathway.

Fig. 10 shows the change of E}, of thiophenic sulfur removel by pathway . For the B(a) reaction
path, the external electric field promotes the processes of Rea to IM7, IM7 to IM8 and IM9 to P3. The
Ey decreases from 225.28 to 204.39 kJ-mol™!, and 79.77 to 76.22 kJ-mol™!, respectively. However, the
reaction from IMS to IM9 is inhibited by the applied electric field, which is the rate-limiting step of the
B(a) path. The E, of IM8 to IM9 is increased from 250.48 to 299.07 kJ-mol™. Therefore, it can be
considered that microwave can inhibit the removel of thiophenic sulfur for this route. For the P(b)

reaction path, the external electric field promotes the progress of all elementary reactions, especially in
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the rate-limiting step IM7 to IM10, where the Ey decreases from 336.63 to 301.33 kJ-mol™. Comparing
the above results, it is found that although microwave promotes the occurrence of the B(b) pathway, the
Ey of rate-limiting step (301.33) is still higher than that of B(a) path (299.07). That is, the f—H atoms tend
to migrate according to P(a), and this trend is inhibited under the microwave irradiation. Finally,
combined with Fig. 9 and 10, it can be concluded from the £} of rate-limiting step of different reaction
path that under microwave irradiation, the optimal removel path of thiophenic sulfur will change from

B(a) to a(b), and be catalyzed by microwave.
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Fig. 10. The energy barrier E), of thiophenic sulfur removel by pathway B; (a) p(a) pathway and (b) p(b)

pathway.

3.5 Comparison of Ea and Ink of thiophenic sulfur removel process before and after adding

microwave field

E, and Ink represent the difficulty and speed of the chemical reaction respectively, which can be
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299
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302

calculated by Eq. (7) ~ (8). According to the transition state theory of Eyring chemical reaction, the molar

statistical enthalpy (A,H,,) and entropy (A,S,,) of each elementary reaction in thiophenic sulfur

migration path can be obtained. The calculation formula and obtained results are shown in Eq. (9) ~ (10)

and supplementary Table S-1, respectively.

E, = A.H,, + nRT (7)
Eq ArSm
Ink = In (e Rr.e AT ) (8)

where n, R, T, K and /4 represent the molar mass of substance, gas constant (8.314 J/mol-K), reaction

temperature (K), Boltzmann constant (1.38x10°% J/K) and Planck constant (6.63x104 J's), respectively.

Aer = Etotal(TS) + H%(TS) - Etotal(R) + H&(R) (9)

ASpy =SS (TS) — S(R) (10)
Where E;yeq1, TS and R represent the total energies, the transitions and the reactants, respectively.

Fig. 11 presents the process of a(a) reaction of thiophene to produce hydrogen sulfide and 1,3-
butadiyne. It can be seen from the figure that except step 4, increasing temperature or applying electric
field increases E. and decreases Ink in each step of the reaction, and the effect of electric field is more
significant. Step 4 is the hydrogen transfer reaction. And this step is the rate-limiting step in o(a) reaction
process, which needs to cross the highest £ in Fig. 9. The whole reaction speed is determined by the
speed of this step. Under the condition of no electric field, the Ink in step 4 is 39.52 and 36.19 at 298.15
and 475 K respectively, which is the smallest in the whole reaction. After applying electric field, the Ink
of this step increases to 50.46 and 46.70 at 298.15 K and 475 K respectively. Therefore, combined with

Fig. 9 (a), it can be considered that the presence of microwave field not only reduces the difficulty of
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303  hydrogen migration along o(a), but also speeds up the reaction, thus catalyzing removel of thiophenic

304  sulfur [40-44, 48].

305
(a) B Ea(298.15K) ® Ea (Electric Field, 298.15 K) ) v Ink(298.15K) v Ink(Electric Field, 298.15 K) j Step 1
® Ea(d75K) ®  Ea (Electric Field, 475 K) v Ink(475 K) v Ink(Electric Field, 475 K) {;ﬂ_\‘
1ol - W
u.1.62 v57.29 © Carbon  © Sulfur Step 2
2.0 »-1.97 55.0 | C Hydrogen
n-2.26 ' 1M1
%\-3.0 50.0 ¥.50.46 { Sten 3
E - v 479 tep
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g =442 g9 | FAOTASO0 g vaser | ™
=50 :—g.tllg §-4.95 = val.18 43.00 Step 4
L] - -4.99 40.0 v40.22 I — /_
-6.0 . 4 -l | . v 36.19 M3
"-6.42 "-6.59 3501 v34.46 ( %" §
7.0} m-6.94 ¢
Rate-limiting ®-7.21 30.0}--v30.20 Rate-limiting IM4
step _—_ | * o step P1 L‘_'
Stepl  Step2  Step3 @ Step5 Stepl  Step2  Step3 @9 Step5 L%“‘R
306 Elementray Reaction Elementray Reaction
307 Fig.11. E, and Ink of elementary reactions in a(a) reaction pathway; (a) E, and (b) Ink.
308
309 Fig. 12 reflects E, and Ink of elementary reactions in a(b) pathway, and the change of temperature

310 has little effect on E, and Ink. After the addition of electric field, the E. of Step 1 and step 2 increases,
311  while that of step 3 and step 4 decreases, indicating that the electric field inhibits the progress of the first
312  two reactions and promotes the latter two reactions. This is consistent with the results of previous studies
313  [23, 40]. Reviewing Fig. 9 (b), step 3 and 4 are C—S and C—C bond-breaking reaction respectively, and
314  step 4 is the rate limiting step of a(b) pathway. Therefore, it is believed that the microwave field promotes

315  the C-C bond breaking, thus catalyzing the removel of thiophenic sulfur along a(b) pathway.
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Fig. 12. E, and Ink of elementary reactions in a(b) reaction pathway; (a) E, and (b) Ink.

E. and Ink of elementary reactions in (a) reaction pathway to produce carbon monosulfide and

propyne are illustrated in Fig. 13. Elevated temperature has little effect on £, and Ink of the reaction, but
the applied electric field obviously improves Ink of step 1 and lowers that of step 2, 3 and 4. In
combination with Fig. 10 (a), step 3 representing the hydrogen migration between carbon atoms is the
rate limiting step of B(a) pathway. It is assumed that the external microwave not only improves Ep of

hydrogen migration along [ (a), but also reduces its reaction rate, thus inhibiting removel of thiophenic

sulfur.
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Fig. 13. E, and Ink of elementary reactions in (a) reaction pathway; (a) E, and (b) Ink.

Fig. 14 shows the E, and Ink of elementary reactions in B(b) reaction pathway that represents
thiophene generates ethylene radicals and thioketene. E. of each step of the pathway decreases after the
addition of electric field, which indicates that the applied microwave field promotes the reaction rate of
each step. Combining with Fig. 10 (b), it shows that step 2 of hydrogen migration between carbon atoms
is the rate limiting step of B(b) pathway. Therefore, it is considered that microwave can improve the

removel of thiophenic sulfur from coal along B(b) pathway by catalytic cracking of C—H bonds [40-44,

48].
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Fig. 14. E, and Ink of elementary reactions in f(b) reaction pathway; (a) E. and (b) Ink.

Based above result, After the application of microwave field, the minimum E} path of thiophene

sulfur remove from coal is transferred from B(a) to a(b), and the E. of rate-limiting step for B(a) is

increased and the Ink is decreased, while the a(b) is on the contrary. On the whole, the E. and Ink of a(b)

with microwave is better than that of (a) without microwave.

Table 2 Thermodynamics and kinetics parameters of rate-limiting step at 298.15 K

Reaction Thermodynamics and kinetics parameters of rate-limiting step at 298.15 K
path Eb Ev-EF Ea E+EF Ink Ink-EF
a(a) 477.73 253.76 -5.16 -7.21 39.52 50.46
a(b) 374.60 242.88 -5.08 -5.66 43.47 48.76
B(a) 250.48 299.07 -3.42 -3.14 37.56 34.97
B(b) 336.63 310.33 -3.61 -3.96 34.22 36.02

EF: Electric field
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4 Conclusions

By measuring the dielectric properties, it is found that the imaginary part of dielectric constants €”
of benzothiophene and dibenzothiophene is higher than coal samples, which means that thiophenic sulfur
compounds in coal can generate more heat with microwave irradiation. So, thiophenic sulfur can be
selectively heated by microwave. In addition, due to the weak magnetic properties of coal samples and
thiophenic sulfur, the heating value from magnetic loss is far lower than the dielectric loss, so the
microwave field is simplified to an electric field in the simulation. Linear Synchronous Transit/Quadratic
Synchronous Transit transition state search shows that under microwave irradiation, the cleavage of C—H
or C—C bond in paths a(a), a(b) and f(b) was catalyzed and the cleavage of C—H bond in path (a) was
inhibited, resulting in the change of the optimal removel path of thiophenic sulfur from p(a) to a(b) and
sulfur-containing products changed from carbon monosulfide (CS) to thioketene (C2H2S). Overall, the
calculated thermodynamic and kinetic parameters of rate limiting steps of each reaction pathway
indicated that that the applied microwave can catalyze the removel of thiophenic sulfur by reducing Ej
and E. and increasing Ink.
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