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Organic matter in Xiaolongtan lignite (XL) from Southwest Chinawas analyzed by direct characterization instru-
ments (including solid-state 13C nuclear magnetic resonance spectrometer, X-ray photoelectron spectrometer,
and Fourier transform infrared spectrometer) and pyrolytic tools (including thermogravimetric analyzer and
Curie-point pyrolyzer-gas chromatograph/mass spectrometer). Organic carbons in XLmainly consist of aliphatic
and aromatic carbons. Specifically, methylene dominates in the aliphatic carbons and average carbon number in
themethylene chains is ca. 5. Each aromatic cluster contains 2 rings and each aromatic ring has 4 substituents on
average. XL is rich in oxygen-functional moieties (OFMs), including Cal–O, Car–O, NC_O, and –COOH, among
which Cal–O and Car–O are predominant and thereby cleaving Cal–O and Car–O bonds facilitates the
devolatilization of organic matter in XL. Phenols are the richest components in the volatiles from flash pyrolysis
of XL, whichmay result from the cleavage of Car–O in the organicmatter. The pyrolytic analyses imply that selec-
tively cracking these bonds would greatly facilitate converting XL into liquid fuels or fine chemicals.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The reserve of lignites is significantly huge over the world [1].
However, the low calorific value and high water content seriously
hinder the direct fuel use of lignites [2]. Besides combustion, lignites
are usually subjected to gasification, liquefaction, and pyrolysis to afford
gaseous, liquid, and solid products [3–5]. The yield and quality of these
resulting products not only depend on the various processing
parameters of the conversion technologies, but also mainly rely on
the intrinsic structures of lignites. Moreover, the abundant oxygen-
functional moieties (OFMs) in lignites have an inherent advantage in
manufacturing the oxygen-containing organic chemicals [6–8]. There-
fore, an insight into the organic structures of lignites is not only greatly
important for understanding the basic chemistry involved in lignite liq-
uefaction, gasification, and pyrolysis, but also especially for cultivating a
novel and potential method to efficiently use lignites [9].

The direct characterization tools can directly and conveniently
analyze the whole, unaltered, and solid coals. The solid-state (SS) 13C
nuclear magnetic resonance (NMR) spectrometer has been successfully
used to determine the carbon skeletal structure aswell as OFMs in coals
[10–12]. Organic functional groups in coals could be revealed by Fourier

transform infrared (FTIR) spectrometer [13–15]. For elemental analysis,
X-ray photoelectron spectrometer (XPS) is a powerful tool to investi-
gate the forms of organic heteroatoms, such as oxygen, sulfur, and nitro-
gen in coals [11,16–18].

Most of current coal utilization processes involve in thermal
reactions. Hence, thermogravimetric analysis (TGA) of coals is
usually conducted to understand coal pyrolysis behavior [19,20]. Liu
et al. proposed a new method to study coal structures and pyrolysis
reactions by correlating mass loss during TGA of coals and cleavage of
covalent bonds in coals [19]. Because flash pyrolysis could effectively re-
duce secondary reactions [21,22], the resulting compounds in the
volatiles could represent some original structural features of macromo-
lecular portions (MMPs) in coals [23,24]. Curie-point pyrolyzer (CPP) is
a qualifiedflash pyrolysis device because of its rapid heating rates (up to
5000 °C·s−1) and precise control of temperature as determined by the
Curie-point temperature of the used ferromagnetic alloy [25–27]. Gas
chromatograph/mass spectrometer (GC/MS) succeeds in quantitatively
andqualitatively analyzing complex organicmixtures [28]. Therefore, CPP
combined with GC/MS (CPP-GC/MS) is an important tool to deduce
original organic structure information on coals at the molecular level
[25,29].

In the paper, Xiaolongtan lignite (XL), a typical lignite in Southwest
China, was subjected to direct characterization by SS 13C NMR, XPS, and
FTIR and pyrolytic analyses with TGA and CPP-GC/MS to explore the
organic structures of XL.
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2. Experimental

2.1. Materials

XLwas collected from Xiaolongtan Coal Mine in Yunnan Province of
China. It was pulverized to pass through a 200 mesh sieve (particle size
of b74 μm) followed by desiccation in a vacuum oven at 80 °C for 24 h
prior to use. Table 1 lists its proximate and ultimate analyses.

2.2. Analyses of XL with SS 13C NMR, XPS, and FTIR

A Bruker Avance III NMR spectrometer was used to record SS 13C
NMR spectrum of XL. It is equipped with a 4 mm cross-polarization
magic angle spinning double-resonance probe and operating at a 13C
frequency of 100.63 MHz at room temperature. About 0.2 g XL was
packed into a 5 mm diameter zirconia rotor with a spin rate at 14 kHz.
The contact time, recycle delay time, and spectral width were set to
1 ms, 0.5 s, and 10 kHz, respectively. Organic functional groups in XL
were analyzed with a Nicolet Magna IR-560 FTIR spectrometer using
KBr pellet technique by collecting 50 scans at a resolution of 4 cm−1

in reflectance mode with measuring region of 4000–400 cm−1. The el-
emental analysis of XL was performed with a Thermo Fisher ESCALAB
250Xi XPS equipped with a monochromatized Al Kα X-ray source and
operated at 150W. The spectra of XPSwere demonstrated in a fixed an-
alyzer transmission mode and corrected by a reference to the C1s peak
at 284.8 eV.

2.3. Analyses of XL with TGA and CPP-GC/MS

TGA of XL was conducted on a Mettler Toledo TGA/SDTA851e

thermogravimetric analyzer. XL (ca. 15 mg) was put into a ceramic
crucible, which was heated at 10 °C·min−1 with a constant argon
flow of 60 mL·min−1 from room temperature to 110 °C and held at

the temperature for 0.5 h to remove moisture, then from 110 to
900 °C to release volatiles.

About 1mgXLwas collected in ametal cruciblewith 500 °C of Curie-
point temperature and pyrolysed for 5 s using a JHP-5 CPP with a
constant helium flow of 1.0 mL·min−1. The resulting volatiles were
online analyzed using an Agilent 7890/5975 GC/MS equipped with a
HP-5MS capillary column (60 m length, 0.25 mm inner diameter,
0.25 μm film thickness).

2.4. Data processing

The result of differential thermal gravity (DTG) analysis was obtain-
ed by the first derivative of the thermogravimetric curvewith respect to
temperature. PeakFit software was used for curve fitting of the SS 13C
NMR spectrum and DTG curve to afford the distributions of different
carbon types and chemical bonds, respectively. XPS PeakFit software
was adopted for peak fitting and semi-quantitation of the XPS spectra.
Chemstation software for Agilent GC/MS was used for the qualitative
and semi-quantitative analyses of the compounds in the resulting vola-
tiles during Curie-point pyrolysis of XL.

3. Results and discussion

3.1. Direct characterization of XL

As Fig. 1 shows, the aliphatic (0–90 ppm) and aromatic (90–
170 ppm) carbon bands are predominant, while carbonyl carbon band
(170–220 ppm) is weak in the SS 13C NMR spectrum of XL, suggesting
that the carbon skeletal structure of XL mainly consists of aliphatic
and aromatic carbons with small amounts of carbonyl carbons. Refer-
ring to previous studies [30,31], the spectrum could be further fitted
into 16 individual sub-curves, representing 16different types of aliphat-
ic, aromatic, and carbonyl carbon types (Fig. 1 and Table 2). Methylene
(f al3 ) centered at 31.6 ppm is the most abundant aliphatic carbon, some
of which may exist as methylene in alicyclic moieties, while protonated
aromatic (f aH) and aromatic bridgehead (f aB) carbons dominate in the ar-
omatic carbon region followed by alkylated ortho-oxyaromatic carbon
(f aO2). Noteworthily, OFMs exist as various forms in XL, such as Cal–O
(f alO1, f alO2 and f al

O3), Car–O (f aO1/f aO3 and f a
O2), –COOH (f aCC1), and NC_O

(f aCC2), which is related to the high oxygen content of XL. Among these
OFMs, Car–O is predominant followed by Cal–O, suggesting that the
abundant ethers, alcohols, and phenols exist in XL.

Carbon structural parameters were summarized in Table 3 on the
basis of data in Table 2 for better elaborating carbon skeleton of XL.
The aromaticity (fa) and aliphaticity (fal) indexes imply that there are
ca. 47 aromatic and 46 aliphatic carbons in 100 carbon atoms, while
the rest exist as carbonyl carbons in XL. The molar fraction of aromatic
bridgehead carbon (xb) is a key parameter for estimating the aromatic
cluster rings [10]. The xb of XL is 0.19, which is nearly equal to the xb
(0.20) of naphthalene, indicating that each cluster has 2 aromatic
rings on average in XL. The average carbon number (Cn) in methylene

Table 1
Proximate and ultimate analyses of XL (wt.%).

Proximate analysis Ultimate analysis (daf) St,d

Mad Ad VMdaf C H N Oa

21.40 7.55 38.50 59.94 5.24 1.82 N30.73 2.27

daf: dry and ash-free base;Mad: moisture (air dried base); Ad: ash (dry base, i.e., moisture-
free base); VMdaf: volatilematter (dry and ash-free base); St,d: total sulfur (dry base);α: by
difference. Fig. 1. SS 13C NMR spectrum and its fitting curves of XL.

Nomenclature

CPP Curie-point pyrolyzer
CPP–GC/MS Curie-point pyrolyzer–gas chromatograph/mass

spectrometer
DTG differential thermal gravity
FTIR Fourier transform infrared
GC/MS gas chromatograph/mass spectrometer
MMPs macromolecular portions
MSPs methoxy-substituted phenols
NMR nuclear magnetic resonance
OFMs oxygen-functional moieties
OSs other species
PAPs phenol and alkylphenols
SS solid-state
TGA thermogravimetric analysis
XL Xiaolongtan lignite
XPS X-ray photoelectron spectrometer
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