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a b s t r a c t

Molten salt pyrolysis driven by concentrated solar radiation is well positioned to utilize solar energy and
lignite effectively. This study focused on the effects of temperature (500, 600, 700 and 800 !C) and
molten carbonate salt (Li2CO3-Na2CO3-K2CO3) on properties of char obtained from lignite pyrolysis, as
well as gas and tar products for revealing their formation mechanism and transformation process.
Molten salt pyrolysis of HulunBuir lignite produced more gas products and less char compared to con-
ventional pyrolysis owing to the enhanced heat transfer and catalytic effect of molten salt. The char yield
decreased from 58.4% to 43.4%, and the gas yield (especially CO2, H2 and CO) increased from 28.3% to
46.1% at 800 !C. CO2, CO and H2 production increased about 60.43%, 103.42% and 65.2% at 800 !C,
respectively. Additionally, the presence of molten salt improved the tar quality with more hydrocarbon
content (maximum increase of 5.8%) and less oxygenated compounds. The structure and reactivity
relationship of char was characterized by XRD, BET, SEM, FTIR, Raman spectroscopy and TGA. Molten salt
generated char had a higher reactivity due to the increase of disorder, surface area, microporosity
(maximum of 71.74%) and active sites.

1. Introduction

Global energy demand is sharply increasing due to global pop-
ulation growth and expanding economic activity [1]. Coal is most-
widely used to satisfy the energy requirements due to its
competitive price and high-energy density [2]. China's lignite re-
serves exceed 130 billion tons, accounting for 13% of the world's
total reserves [3]. However, due to the high amount of moisture,
low fixed carbon content, low ignition temperature and high
amount of ash, currently 90% of lignite is utilized for power gen-
eration [4], which requires intensive energy and capital investment
besides environmental problems. Pyrolysis, a thermochemical
pretreatment step in any coal-to-liquid conversion process such as
gasification, combustion, or coke-formation, has been suggested as
a well-established technique for low-rank coals upgradation and
transformation [5]. Conventional pyrolysis of coal often presents

technological challenges, such as sulfide corrosion or heavy tar
accumulation leading to blockage of reactor pipeline. Catalysts are
typically utilized to help promote heavy tar cracking and increase
reactivity. Among them, molten salt has been used recently due to
its good catalytic activity, thermal conductivity and dissolution
ability. Meanwhile, molten salt can in-situ capture of various pol-
lutants like HCl and H2S [6]. More importantly, lignite containing
alkali and alkaline earthmetals can be dissolved into the salt during
the molten salt pyrolysis, reducing damage to devices [7].

In some “sunbelt” regions (like northwestern China), there are
abundant resources of lignite [8,9]. The concentrated solar radia-
tion supplying high temperature process heat can be used to drive
lignite pyrolysis reaction. The combination of solar energy and
lignite not only make a full exploitation of solar resources but also
promotes the conversion of lignite into value-added products.
However, in contrast to conventional pyrolysis process, pyrolysis
driven by direct concentrated solar radiation is subject to thermal
transients due to the intermittent nature of solar energy. Endless
solar radiation can be effectively stored in molten salt medium due
to wide thermal stability and high heat capacity of the salts [10].
Then solar pyrolysis of lignite in molten salt just can overcome the
drawback of thermal transient. Furthermore, alkali metal-based
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molten salts are known to help catalyze pyrolysis and gasification.
Molten salt has been applied to pyrolysis of biomass [11], or

waste [12]. Tada et al. [13] explored wood pyrolyzed in molten salt.
It was found that the mixture of carbonate or ZnCl2 and KCl pro-
duced the highest concentration of hydrogen in the gas, while the
mixture of NaCl and KCl produced the highest concentration of
methane and ethylene. Serrano et al. [14] studied biomass pyrolysis
in a bath of nitrate molten salts (60wt% NaNO3 and 40wt% KNO3)
at 500 !C, higher gas yield (approximately 17% higher) and less
complex bio-oil composition were obtained. Guo et al. [11] utilized
molten salt of ZnCl2 to prepare biochar as a solid adsorbent towards
CO2. They found that the biochar had a rich microporous structure
and showed good CO2 adsorption performance. Dou et al. [15]
supported biomass pyrolysis/gasification carried out using solar
energy to develop a reliable hydrogen production from biomass.
Furthermore, Ni-based and noble metals catalysts exhibited cata-
lytic and thermal stability during hydrogen production processes at
high temperature. Tang et al. [12] investigated pyrolysis of high
sulfur solid waste in Li2CO3-Na2CO3-K2CO3 to remove sulfur. The
results exhibited that the sulfur content of molten salt generated
char significantly decreased. As stated above, molten salt pyrolysis
of lignite can be considered as an attracttive routine to improve
pyrolysis products quality. Only few study about molten salt py-
rolysis of coal have been carried out. Rizkiana et al. [16] employed
Li2CO3-Na2CO3-K2CO3 eutectics to pyrolyze low rank coal between
450 and 600 !C in a dropdown batch reactor. The results demon-
strated that molten carbonate salts would significantly enhance the
liquid production yield by increasing the reactivity of the coal. Cui
et al. [17] evaluated a series of NieCo ternary molten salt crystals
for pyrolysis of Datong coal to investigate the reaction mechanisms
of coal by thermal gravimetric analyzer (TGA). The reaction rate
enhanced and activation energy needed decreased. Although
molten salt pyrolysis of coal has been done, they just aimed at
improving pyrolysis liquid product properties. For full-scale utili-
zation of solar pyrolysis of lignite in molten salt, many issues
remain regarding products formation mechanism and trans-
formation process. The total gains, particularly the char generated
from molten salt pyrolysis have yet to be reported. Therefore, it is
necessary to characterize all products (gas, char and tar) during
solar pyrolysis of coal in molten salt for revealing pathways of in-
termediates degradation.

In the present work, solar pyrolysis of HulunBuir lignite was
conducted in ternary carbonate eutectics (Li2CO3-Na2CO3-K2CO3).
The goal was to analyze the product (gas, char and tar) properties
generated during coal pyrolysis with and without molten salt. The
molten salt and coal interaction during pyrolysis and its impact on
the properties of pyrolysis products, especially chars at different
pyrolysis temperatures (500, 600, 700 and 800 !C) were tested and
examined.

2. Experimental

2.1. Materials

HulunBuir lignite was used as the feedstock sample. The

proximate and ultimate analyses of the samples were presented in
Table 1. Based on the preliminary experiment, to make sure that all
coal particle can contact with the salt effectively for the fast py-
rolysis, the samples were ground and sieved to particle size of
108e400 mm and then dried at 105 !C for 24 h and preserved in a
drying dish.

Mixture of alkali carbonate salts (analytical purity>99% Sino-
pharm Chemical Reagent Co., Ltd, Shanghai, China) was utilized as
the pyrolysis media with a weight ratio of 32.1% Li2CO3, 33.4%
Na2CO3 and 34.5% K2CO3. The ternary eutectic mixture is chosen
because of its low melting point (390 !C) and thermal stability.

2.2. Pyrolysis setup

The molten salt pyrolysis of lignite was carried out in an electric
furnace illustrated in Fig. 1. The reactor was composed of a stainless
steel vertical tube with an inner diameter of 48mm and a height of
350mm, closed at the bottom for retaining the molten salt. In the
case of pyrolysis with molten salt, about 150 g of the ternary salts
were put into the reactor and heated to the target temperatures.
The reactor was maintained at the desired temperature for 1 h to
completely melt the salt into a eutectic liquid. Meanwhile, the
reactor was flushed by N2 gas with a flow rate of 200ml/min to
keep the system absence of oxygen. After the desired temperature
was stable and the air in the reactor was completely exhausted, a
basket confining 1.5 g sample was quickly immersed into the
molten salt pool, and pyrolyzed for 30min. A perforated plate was
placed at the lower part of the reactor to keep the coal sample
immersed in the salt. In order to thoroughly mix coal and molten
salt, themolten salt layer was continuously bubbledwith N2 gas [2].
Meanwhile, the pyrolysis hot gas spreads homogeneously inside
the reactor, contributing to uniform dispersion of coal particles and
rapid heating of the solid particles [3]. After pyrolysis was finished,

Table 1
Proximate and ultimate analyses of HulunBuir lignite.

Samples Proximate analysis (wt.%), ad Ultimate analysis (wt.%), ad

M V A FC C H N S Oa

HulunBuir lignite 26.88 24.87 12.14 36.11 43.65 1.56 0.85 0.31 14.52

ad: air dry basis.
a By difference.

Fig. 1. Experimental setup for molten salt pyrolysis furnace.



the basket was lifted from the salt into the cooling zone of the
furnace. After cooling the reactor to room temperature in a N2 flow
for about 1 h, the basket was carried out from the reactor. When the
pyrolysis was carried out without molten salt, the basket with
sample was put into vertical tube after salt was completely
removed from the tube. Each experiment was repeated at least 3
times to check the repeatability.

2.3. Product recovery and characterization

The pyrolysis residue in the basket was collected and washed
with appropriate amount of hydrochloric acid solution (1mol/L) to
remove the residual salt within the char. The mixturewas stirred in
a magnetic stirrer for at least 10 h at room temperature. After
stirring, the suspension was filtered and washed by a filter device
until the filtratewas neutral. The solid left finally considered as char
was dried at 105 !C for 12 h, and preserved in desiccator (char
generated with molten salt denoted as s-char). Non condensable
gas collected in the gas bag was “gas” product. The liquid obtained
in the bottles was taken as “tar”.

The non-condensable gases were analyzed by a gas chroma-
tography (Micro-GC 3000A, Agilent Technologies, USA). The gases
were analyzed for H2, CO, CH4 and N2 using a molecular sieve 5 Å
(Ar as carrier gas), and CO2 utilizing ProapakQ-PPQ (He as carrier
gas) packed column in channel B. Each sample was tested at least
three times to take the average. The composition of the tar were
determined by a gas chromatography-mass spectrometry (GCeMS;
Agilent 7890A series GC coupled with an HP5975MS detector) with
He.

The crystalline structure of char was tested using X-ray
diffraction (XRD, X0 Pert PRO, PANalytical B.V., Netherlands) uti-
lizing copper K (CuK) radiation. Crystalline parameters including
interlayer spacing (d002) conforming to the Bragg's equation,
stacking height (Lc), microcrystalline diameter (La) and stacked
aromatic carbon layers (Nav) deduced from the Scherrer's formula
were calculated from 002 band and 100 band parameters:

d002 ¼ l
2 sinq002

(1)

Lc ¼
0:94l

b002 cosq002
(2)

La ¼ 1:84l
b100 cosq100

(3)

Nav ¼
Lc

d002
(4)

where l is the X-ray wavelength (l¼ 0.154178 nm for CuK target
radiation); q is the Bragg angle; b is the width of corresponding
peak at half maximum intensity. Brunauer-Emmett-Teller (BET) test
were carried out at #196 !C using a Micromeritics TriStar II unit
(Micromeritics Instrument Corp., Norcross, USA). SEMmicrographs
were obtained by a scanning electron microscopy (SEM) operating
at 20 kV (Quanta 200, FEI, Eindhoven, Netherlands). FTIR spectra of
coal and char samples were collected on a FTIR spectrometer
(VERTEX 70) produced by Bruker. The sample (1mg) and dried KBr
(100mg) was fully mixed and ground in an agate mortar then
pressed into a circular disk. The spectrum scope was
4000e400 cm#1, and the resolutionwas 4 cm#1. The Raman spectra
of chars were collected using Raman spectroscopy (LabRAMHR800,
HORIBA Jobin Yvon, Japan) equipped with a Nd-YAG laser (532 nm).
The Raman spectra of chars were in the range of 800 and 1800 cm#1

curve-fitted by ten pure Gaussian peaks using the PeakFit v4.12
software following the methodology proposed by Li et al. due its
highly disordered nature [18]. Combustion experiments of chars
were conducted from ambient to 1000 !C at a heating rate of 10 !C/
min with air flow rate of 50mL/min by a TGA-2000 analyzer (Las
Navas, Spain).

3. Results and discussion

3.1. Final product distribution

Fig. 2 compares the products distribution from pyrolysis of
lignite without and with molten salt. When lignite was pyrolyzed
with molten salt, the char yield significantly decreased, and the
liquid yield slightly increased compared to conventional pyrolysis
at the same temperature. The char yield decreased from 58.4% to
43.4% at 800 !C with salt. The significant reduction of char yield
were mainly due to the further promotion of CeH and CeO bond
fragmentation and aromatization of carbon by K2CO3 and Na2CO3
during pyrolysis [19], meanwhile, carbon in the char reacted with
carbonates according to Eq. (5) [20]. The liquid yield first increased
to 27.32% at 600 !C and then decreased to 20.67% at 800 !C with
molten salt, compared to 24.65% at 600 !C and 19.07% at 800 !C
without salt. Besides, with the utilization of molten salt, the higher
the pyrolysis temperaturewas, themore remarkable increase of gas
yield was, which agrees with literature [16]. The gas yield increased
from 28.3% to 46.1% at 800 !C with salt. As stated above, the
introduction of molten salt greatly enhanced gas yield at the
expense of liquid and char yield. Coal pyrolysis with salts occurred
much more effectively compared to that of without salt due to the
enhanced heat transfer [21]. The liquid salt enabled the coal to be
heated quickly and homogeneously due to the thorough dispersion
of coal particles and high thermal conductivity of salts. Further-
more, alkaline metal-based molten salts could catalyze the pyrol-
ysis process thus the reactivity of the coal increased [16].

CO 2#
3 þC/2COþ O2# (5)

Fig. 2. Char, liquid, and gas yields from pyrolysis of lignite without molten salt (shaded
area) and with molten salt (solid area).



3.2. Gas analysis

Fig. 3 shows the yields of H2, CO2, CO and CH4 during pyrolysis of
coal without and with molten salt at different temperatures. As
shown in Fig. 3, the addition of molten salts resulted in much
higher CO2, CO and H2 yields. There was no great change in CH4
yield with the addition of salts. At 800 !C, CO2, CO and H2 pro-
duction increased about 60.43%, 103.42% and 65.2%, respectively.
Besides the reaction of char with carbonates Eq. (5), the enhanced
formation of COwasmainly due to the catalytic activity of the alkali
species in the molten salt for tar cracking Eq. (6) [22].

Tars/Cþ REFRACTORY TARSþ Н2Oþ COþH2 þ CH4

þ CnHm (6)

In addition, with the adoption of carbonates, CO2 and H2O
produced during primary pyrolysis stage would enhance reaction
with carbon bonded with alkali metal cations based on following
reactions [23,24]:

In the presence of CO2

M2CO3 þ2C/2Mþ 3CO (7)

2MþCO2/M2Oþ CO (8)

M2OþCO2/M2CO3 (9)

In the presence of H2O

M2CO3 þ2C/2Mþ 3CO (10)

2Mþ2Н2Ο/2MOHþ Н2 (11)

2MOHþCO/M2CO3 þ H2 (12)

whereM is Liþ, Naþ and Kþ. According to above reactions, the use of
alkali carbonates might increase the CO and H2 yields. The intro-
duction of molten salt could enhance the formation of CO2 and H2O
[16]. However, without introduction of an external and stable
gasifying agent, the extent of coal gasification with CO2 and H2O
was less than that of carbon reacted with carbonates [22]. The Naþ

contained in salts and eCOOH or eOH groups in lignite reacted to
release Hþ (Eq. (13) and Eq. (14)), which enhanced H2 formation
[23,24]. Furthermore, tar cracking Eq. (6) also contributed to the
enhanced formation of H2. It can be observed that the increase
trend of CO and H2 yield became more pronounced with pyrolysis
temperature rising. It was mainly due to the enhancing catalytic
activity of the alkali species in the molten salt for tar cracking re-
action at higher temperatures.

Naþ þ # COOH/# COONaþ Hþ (13)

Naþ þ # OH/# ΟNaþ Hþ (14)

The increased CO2 during coal pyrolysis with salt might come
from several sources. Part of COwas converted to CO2 via water-gas
shift reaction (Eq. (15)). In addition, the increased CO2might also be
due to salts interaction with steam (Eq. (16)) and/or decomposition
(Eq. (17)) according to the following reactions [25,26]:

COþ H2O/CO2þH2 (15)

M2CO3 þH2O/2MOHþ CO2 (16)

M2CO3 /M2Oþ CO2 (17)

where M is Liþ, Naþ and Kþ. However, salt interaction with steam
can be neglected due to the limited steam. Salts decomposition are
impossible to happen because the carbonates other than those of
potassium and sodium can only be decomposed to CO2 and metal
oxides in temperature higher than 800 !C [26]. As stated above, the
increase of CO2 should be mainly attributed to CO conversion.

3.3. Tar analysis

Fig. 4 shows the chemical compounds of oil from pyrolysis of
lignite without and with molten salt. The results showed that the
tars were dominated by aromatics hydrocarbons. Only a few con-
tent of oxygenated compoundswas observed due to the lowoxygen
content of lignite (14.52wt%). The oxygenated compounds
appeared in the form of acetone, phenol, and their derivatives. As
the pyrolysis temperature rises, monoaromatics content (benzene,
toluene and p-Xylene) decreased and polycyclic aromatics

Fig. 3. Gas composition obtained from pyrolysis of lignite without molten salt (shaded
area) and with molten salt (solid area).

Fig. 4. Chemical compounds of oil from pyrolysis of lignite without molten salt
(shaded area) and with molten salt (solid area).



hydrocarbons (PAHs) content (indene, naphthalene, biphenylene,
fluorene, phenanthrene, and their derivatives), especially larger
ringed PAHs content increased because the condensed aromatics
cracked to PAHs and small PAHs condensed to multi-ring PAHs at
high temperature [27,28]. Moreover, In the presence of alkali metal-
based catalyst, oxygenated compound undergo oxygen-aromatic
carbon bond cleavage to form aromatic hydrocarbons [29,30]. It
was observed that the original pyrolytic oil obtained at 500 !C had a
high content of oxygenated compound (about 10.2%). With the
introduction of molten salt, the amount of oxygenates decreased
and hydrocarbons increased from 89.8% to 95.6%. A higher content
of hydrocarbon could suggest a higher conversion of the coal, fol-
lowed by less char production and more volatiles emission, leading
to more hydrocarbons formation. Overall, the presence of molten
salts was capable to improve tar quality by increasing the hydro-
carbon content and decreasing oxygenated compound.

3.4. Char characterization

3.4.1. X-ray diffraction
Fig. 5 shows the XRD patterns of molten salt and conventional

chars prepared during 500 and 800 !C along with that of raw coal.
Thin and distinct peaks were observed in these patterns repre-
senting inorganic minerals in the sample, and most of these peaks

matched SiO2. Two broad carbon peaks were found at around
2qz 25! and 44! and corresponded to (002) and (100) reflections,
respectively. The 002 peak was represented the stacking of parallel
orientation structure of aromatic lamellae, while the 100 peak was
reflected the size of aromatic crystallite within a single plane [31].

Table 2 shows Lc, La and Nav calculated for raw coal and chars
obtained from lignite pyrolysis with and without molten salt at
various temperatures. As the temperature increased, the value of
d002 for all chars generated decreased slightly compared to original
coal. The value of d002 was faintly larger with salt in comparison
with that of without salt at the same temperature. Futhermore, the
value of d002 of well-ordered graphite powder was lower than those
of s-char 800 !C and char 800 !C (between 0.364 and 0.381 nm),
implying that the carbon stacking had not been completed. The
value of Lc and La first increased to a peak value at 700 !C for s-char
and 600 !C for conventional char, and then decreased with the in-
crease of heating temperature. The value of Lc and La were smaller
with salt compared with that of without salt at the same temper-
ature. The increase in Lc might be due to the release of volatiles, and
more cross-linking reactions between coal molecules [32]. The in-
crease in La could be attributed to the removal of many functional
groups such as OH, COOH, C]O, CH3, CH2, Ar-O, etc. [33]. The weak
covalent bond that breaks from the coal molecules caused the
macromolecules to bind, resulting in the growth of La. When the
coal was heated, the functional groups were removed and released
gases such as H2O, CO2, CO, CH4, and C2H2. The pores destroyed the
stacking of aromatic layers and prevented the increase of La. TheNav
value had the same tendency with that of Lc. Themaximumvalue of
Nav the chars was observed at 700 !C for molten salt pyrolysis (3.12)
and 600 !C for conventional pyrolysis (3.94), respectively, which
increased about 19% and 50%, respectively, compared with that of
raw coal (2.62). The value of d002 was larger when coal was pyro-
lyzed with salt at the same temperature. As stated above, the
molten salt generated char has a lower aromaticity, a larger
microcrystalline layer spacing and a smaller crystallite size. Due to
the liquid uniformity and fluidity of molten salts [34,35], molten
salts were able to penetrate the coal structure through the macro
pores and, thus destroying the crystalline structure and increasing
the disorder of char [23].

3.4.2. Surface properties of chars
Fig. 6 plots the N2 adsorption isotherms for obtained chars. All

curves are of type I. It indicates that microporous structure had
been well developed within these chars. Table 3 lists the BET sur-
face area and pore volume of the chars. As can be seen from Table 3,
for both chars generated with and without molten salt, the BET
surface area and the pore volume increased with pyrolysis tem-
perature rising. This increase could be attributed to the removal of
moisture and volatiles during pyrolysis, resulting in the formation
of internal porous structure in the carbon matrix [32]. With tem-
perature rising from 600 to 800 !C, the surface area and pore

Fig. 5. XRD patterns of coal and char (a) with molten salt, (b) without molten salt.

Table 2
Crystallite parameters of raw and char coal obtained from lignite pyrolysis with and
without molten salt at various temperatures.

Char samples d002 (nm) Lc (nm) La (nm) Nav

Raw coal 0.3897 1.02 2.92 2.62
S-char 500 !C 0.3816 1.06 3.15 2.78
S-char 600 !C 0.3783 1.17 3.34 3.08
S-char 700 !C 0.3749 1.18 3.35 3.12
S-char 800 !C 0.3712 1.04 3.26 2.79
Char 500 !C 0.3801 1.42 3.47 3.74
Char 600 !C 0.3731 1.47 3.92 3.94
Char 700 !C 0.3729 1.38 3.46 3.70
Char 800 !C 0.3645 1.21 3.36 3.32



volume of chars obtained from molten salt pyrolysis significantly
increased from 20 to 171m2/g and from 0.016 to 0.134 cm3/g,
respectively, which were larger than those of conventional chars.
The surface area, micropore and total pore volumes of s-char 800 !C
increased about 3.4 times comparedwith that of char 800 !C.When
lignite was pyrolyzed with molten salt, the gas yield significantly
increased. A large number of voids are formed and immediately
occupied by molten salt after the producing gas enter into the salt.
Molten salt was capable to dissolve or react with inorganic com-
ponents of the coal. Therefore, molten salt not only plays the role of
heat and mass transfer medium, but also contributes to the

formation of porous carbon structure and high surface area [36].
However, the surface area and the pore volume of char obtained
with molten salt were observed lower than those of without salt at
500 !C. It was mainly because the salt could enter the inner inter-
space through the surface crack of the coal/char, leading to the
block of some pores and decrease of the surface area [23]. The pore
diameter can be classified into three groups according to IUPAC:
lower than 2 nm (micropore), between 2 and 50 nm (mesopore)
and larger than 50 nm (macropore). The fraction of micro pore
volume first increased to a peak value at 700 !C (71.74%) and then
decreased with the increase of heating temperature in the presence
of molten salt, which is much larger than that of without salt
(maximum of 33.33%). The chars obtained from conventional py-
rolysis were comprised of much more meso pores and macro pores
than micro pores. Generally, with the increasing of pyrolysis tem-
perature, the number of pores formed increases rapidly. At any
temperature studied, the char produced by molten salt always had
higher microporosity than that of conventional char.(see
Table 4tbl4

3.4.3. Surface morphology
Fig. 7 shows the SEM micrograph of chars. the surface of char

generated at 500 !C (Fig. 7(a) and (c)) was relatively smooth, with
few pores and cracks, and the char obtained at 800 !C (Fig. 7(b) and
(d)) was multilayered and porous. The char was characterized by its
microstructure formed from plant wooden fiber. The pores and
cracks on the coal surface meant that the coal particles would
expand and contract during the pyrolysis process. In addition, since
the coal particles release gas/liquid components during the pyrol-
ysis process, some pores are generated [37]. Higher pyrolysis
temperature released more gas/liquid components than lower py-
rolysis temperatures, thus producing more pores [38]. Some small
particles appeared on the surface of the char, which might be the
residue of the salts or the ash of the char. The salts or the ash
resembled a small furry ball (Fig. 7(c) and (d)). As can be seen from
Fig. 7(b) and (d), the as-prepared molten salt generated char had a
more porous structure compared to conventional char.

3.4.4. Chemical structure of char

3.4.4.1. Raman analysis. Fig. 8 shows a typical fitting Raman spectra
of char, which demonstrated that Raman spectra can be success-
fully fitted with these bands. The curve fitting of all other char
samples in this study showed similar success. The variation of ID/IG,
ID/I(GRþVLþVR) and IS/I for chars generated during 500 and 800 !C
with and without molten salt are shown in Fig. 9. The ID/IG ratio has
been widely used to study the crystalline or graphite-like carbon
structures. As graphitization increases, the ID/IG ratio is usually
expected to decrease. However, the ID/IG ratios (Fig. 9(a)) for char
samples increased with increasing pyrolysis temperature. Obvi-
ously, the method of studying graphite-like materials cannot be
directly applied to the chars generated from pyrolysis of lignite,
whichwere far away from forming graphite crystals. Fig. 9(a) shows

Fig. 6. N2 adsorption isotherms for char (a) with molten salt, (b) without molten salt.

Table 3
BET surface properties of chars generated at different pyrolysis temperatures with and without molten salt.

Sample BET surface area (m2/g) Pore volume (cm3/g) Micro-pore volume (cm3/g) Fraction of micro-pore volume (%)

S-char 500 !C 2 0.006 0.001 16.67
S-char 600 !C 20 0.016 0.006 37.50
S-char 700 !C 88 0.046 0.033 71.74
S-char 800 !C 171 0.134 0.048 35.82
Char 500 !C 15 0.016 0.002 12.50
Char 600 !C 16 0.036 0.004 11.11
Char 700 !C 17 0.038 0.006 15.79
Char 800 !C 50 0.042 0.014 33.33



that the ID/IG ratios increased from 500 to 700 !C indicating the
growth of aromatic ring with six or more fused benzene rings grew
during pyrolysis of lignite, which may result from the dehydroge-
nation of hydro-aromatics and the growth of aromatic rings during
pyrolysis in this temperature range. For conventional chars ob-
tained at temperatures above 700 !C, the ID/IG ratio decreased with
increasing temperature due to the formation of additional large (%6
fused benzene rings) aromatic ring systems, which have Raman
activity at the D-band position, accompanied by a reduction in
‘defective’ structures. Particularly, the ratios of ID/IG increased more
gently with molten salt. It suggested that the presence of molten
salt might blocked the formation of large aromatic rings in lignite
pyrolysis.

The ratio of ID/I(GRþVLþVR) can briefly measure the ratio between
the large aromatic rings and small rings. Fig. 9(b) shows that the ID/
I(GRþVLþVR) ratio of molten salt generated chars dropped with
increasing temperature, while it first increased from 500 to 700 !C
and then decreased for conventional chars. The different growth
trend for the ID/I(GRþVLþVR) ratio might be due to the decomposition
of large aromatic ring systems into small ones with molten salt
medium [44].

The S bands represent sp3-rich structures such as alkyl-aryl CeC
structures and methyl carbon dangling to an aromatic ring.
Particularly, the S band can briefly measure cross-linking density
and substitutional groups. The IS/I ratio refers to the ratio of the S
band peak area to the total peak area (I) between 800 cm#1 and
1800 cm#1. Fig. 9(c) shows that the IS/I ratio first increased from 500
to 600 !C and then decreased for molten salt generated chars with
increasing temperature, while it increased from 500 to 800 !C for
conventional chars. The relative S band intensity was about 0.07 at
800 !C in the conventional samples, but about 0.02 at 800 !C in the
molten salt generated samples. These results suggested that the
existence of molten salt might enhance the reaction of these
structures.

With the introduction of molten salt, the number of active sites
increased due to less relative concentration of large aromatic
structures and more small aromatic rings as well as the cross-links
and substitutional groups compared to that of without salt,
resulting in higher reactivity [44,45]. Therefore, Raman spectra
results supported the rising trend of char reactivity with molten
salt.

3.4.4.2. FTIR surface functionality of char. Fig. 10 shows the FTIR
spectrum of coal and char generated at different temperatures.

Fig. 7. SEM images of coal and generated chars: (a) char 500 !C, (b) char 800 !C, (c) s-
char 500 !C, (d) s-char 800 !C.

Fig. 8. Curve-fitting of a Raman spectrum of the char from lignite pyrolysis.



Generally, the spectra can be divided into four main sections: hy-
droxyl (3700-3300 cm#1), aliphatic structures (3000-2800 cm#1),
oxygen-containing functional groups and aromatic structures

(1800-1000 cm#1), and low-wavenumber aromatic structures
(900#700 cm#1). With pyrolysis temperature increasing, the
reduction trend in the band at 3696-3389 cm#1 corresponding to
OeH stretching vibrations for phenols, acids, alcohols, and mois-
ture becameweaker, which might be due to hydroxyl condensation
reaction to form H2O or ether oxygen bonds [39]. The intensity of
aliphatic hydrocarbon peaks (bands at 2975, 2941, 2924, 2919, 2855
and 2852 cm#1) reduced significantly with the increasing temper-
ature [40]. This reduction occurs concurrently with the fracture of
aliphatic side chains to form CH4 or other organic gases [39]. The
band at 1701 cm#1 corresponding to the carboxylic CO groups
decreased due to the evolution of CO2 and H2O during pyrolysis.
With the increase of temperature, the decrease in the band at 1166-
1089 cm#1 corresponding to the CO structure in ether, indicating
that the CO structure was gradually destroyed during the pyrolysis
process. The reduction of oxygen-containing functional groups
might be mainly formed by H2O, CO, acetone, and phenol etc. There
are four bands of aromatic hydrogen CH out-of-plane vibrations:
875 cm#1 corresponds to isolated H per ring, 815 cm#1 corresponds
to two adjacent aromatic hydrogen per ring, 802-698 cm#1 mainly
corresponds to CeH vibration of aromatic rings, and 752 cm#1

corresponds to three adjacent aromatic hydrogen per ring [37,41].
The decrease in their intensity with temperature could suggest the
formation of fused rings during pyrolysis. The band observed at
about 539 and 471 cm#1 may be ash minerals [42]. The decrease in
their absorption intensity with temperature indicated thatminerals
might decomposed at high temperature.

A significant decrease in the absorbance of these chars could be
found as the pyrolysis temperature rose to 800 !C, which might
imply that the carbon skeleton of the char almost completely re-
leases gases, volatiles and tars during conventional or molten salt
pyrolysis. Meng et al. [37], Hu et al. [43], and Zhang et al. [39] ob-
tained similar results. As can be seen from Fig. 10, functional groups
decreased significantly with increasing temperature. Compared
with char produced in molten salt environment at the same py-
rolysis temperature, relatively high concentration of functional
groups was found on conventional char. In addition, the absorption
spectra among s-char 600 !C, s-char 700 !C and s-char 800 !C were
similar. These results showed that the functional groups were
gradually removed under conventional pyrolysis and molten salt
pyrolysis, but faster under molten salt pyrolysis.

Fig. 9. The band ratio as a function of temperature during lignite pyrolysis with and
without molten salt. (a) ID/IG, (b) ID/I(GRþVLþVR) and (c) IS/I.

Fig. 10. FTIR spectra of Hulunbeier lignite and chars generated during 500 and 800 !C
with and without molten salt.



3.4.5. Combustion reactivity of chars
Thermogravimetric analysis (TGA) is utilized to distinguish the

reactivity of chars from different heating modes under oxygen
combustion conditions. Weight loss curves for chars are displayed
in Fig. 11(a). The weight loss process of coal can be divided into two
major stages. The first stage (80e150 !C) was moisture release; the
second stage (350e500 !C) was ignition and combustion of char
particles. Table 4 shows the ignition temperature (Ti) and burnout
temperature (Tf) of the char. Both Ti and Tf were transferred to lower
temperatures from conventional char to molten salt generated char
either at 500 or 800 !C, which indicated that the reactivity of
molten salt generated char is higher than that of conventional char
produced at the same pyrolysis temperature. The non-isothermal
char reactivity index (R) listed in Table 4 was calculated based on
Eq. (18) [37]:

R ¼
0:5
t0:5

(18)

where t0.5 is the time required to achieve a 50wt% fixed-carbon
conversion. The reactivity index represents the average reactivity
rate over 0 to 50wt% char conversion [37]. The R values of these
chars corresponded well with Ti and Tf. These results, supported by
the previous characterizations, confirmed that molten salts
increased the disorder of char, thereby improving its combustion
reactivity. The order of reactivity of chars was s-char 800 !C> s-
char 500 !C> char 500 !C> char 800 !C, which was correlated with
porosity and carbon crystalline structure of the char. Generally, the
reactivity of char decreases with increasing temperature. The
reactivity of molten salt generated char increasedwith temperature
could be due to the increased surface area and pore volume.
Fig. 11(b) presents the weight loss rate of these chars. A maximum
weight loss rate (DTGmax) was observed for s-char 800 !C at 409 !C.
The DTGmax decreased and shifted to higher combustion temper-
atures from conventional char to molten salt generated char,
implying that the reactivity of chars decreased. A higher DTGmax
means a faster combustion rate and more reactive char.

4. Conclusion

Pyrolysis of HulunBuir lignite was studied without and with
molten salt at various temperatures. The pyrolysis product prop-
erties, especially char structural changes were tested and compared
from these two methods. The results showed that the molten salt
pyrolysis helped reduce char yields and enhanced gas (especially
CO2, H2 and CO) and liquid yields compared to conventional py-
rolysis. CO2, CO and H2 production increased about 60.43%, 103.42%
and 65.2% at 800 !C, respectively. Additionally, the presence of
molten salt improved the tar quality by exhibiting more hydro-
carbon content (maximum increase of 5.8%) and less oxygenated
compounds. The addition of molten salt increased the micropo-
rosity (maximum of 71.74%) of the char and also promoted the
decomposition of large aromatic ring systems into small aromatic
ring systems, which enhanced reactivity. Moreover, with temper-
ature rising, char structure became more ordered with aromatic
crystallites, while the microcrystalline layer spacing was larger and
crystallite size was smaller with the introduction of molten salt.
Solar pyrolysis of lignite in molten salt can produce high quality
products due to the intermediates degradation with molten salt.
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