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A high-temperature coal tar (HTCT) was extracted by petroleum ether (PE) and the extract (denoted by PE-
HTCT) was characterized using threemass spectrometers to obtain and compare molecular compositional infor-
mation. Gas chromatography/mass spectrometry detected molecules with low molecular weight and polarity
such as hydrocarbons. A time-of-flight MS coupled with an atmospheric solids analysis probe ion source realized
rapid and in-situ analysis of compounds with mid-polarity in PE-HTCT without sample pretreatment.
An electrospray ionization (ESI) Orbitrap MS was used to characterize heteroatom-containing compounds in
PE-HTCT. Most heteroatomic species identified by ESI-Orbitrap MS contained oxygen, nitrogen, or both atoms,
and the total percentage of both Oo and Nn species was approximate 13%. Ketene and furan derivatives were
identified in Oo class, as well as aliphatic amine compounds, azoles, aniline and pyridine derivatives for Nn

class. The combination of three mass spectrometers gave a detailed characterization of coal tar and provided a
full view of the corresponding constituents.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Coal tar, a byproduct of coal carbonization/gasification, contains
complex chemicals that are otherwise difficult to acquire from other
fossil fuels such as gas and oil [1]. In general, a wide variety of aromatic
chemicals including phenols, polycyclic aromatic hydrocarbons (PAHs)
and heterocyclic compounds exist in coal tar, depending on the reaction
temperature and the nature of original coals [2]. The complex composi-
tions make coal tar an important feedstock for value-added substances
and materials [3]. Meanwhile, carcinogenic components, PAHs, have
become one of the most widely measured groups of environmental
pollutants [4]. Therefore, to efficiently utilize coal tarwith less pollution,
it is necessary to first arrive at accurate molecular mass estimate and
evaluation of structural features of the coal-derived liquids. Great efforts
have been contributed to characterize themass distribution andmolec-
ular structure of coal-derived liquids. The molecular size distributions
and functional groups of coal-derived liquids were analyzed by size
exclusion chromatography [5] and Fourier transform infrared spectros-
copy [6], respectively. The ratio of aromatics/saturates and heteroatom
eering and Technology, China
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distribution were determined by X-ray photoelectron spectroscopy
[7], nuclear magnetic resonance [8], and X-ray absorption near edge
structure [9]. Although the achievements of these analytical methods
are really remarkable, revelation of the compositions of coal tar at
molecular level is remaining a challenge. International Energy Agency
reported coal could rival oil as the world's largest source of energy by
2017 due to the booming demand for steel and cement production, as
well as electricity generation [10]. The tremendous demand for coal
will facilitate the utilization of coal tar in high efficient ways and re-
investigation of molecular compositions of coal tar with recently devel-
oped analytical instrumentation and methodology.

Mass spectrometry (MS), in association with a variety of sample
inlet systems, has revolutionized the analysis of complex components
and should be the most rapidly developed analytical technology in the
last 20 years [11]. Around 45% of Pittcon Editors' Awards have honored
the inventions in MS field since its establishment in 1996. Various ion
sources and mass analyzers have developed that dramatically increase
the sensitivity, accuracy and resolution of mass spectrometers.

Herod and co-workers have developedMSmethods such as laser de-
sorption (LD)-MS and matrix-assisted laser desorption/ionization
(MALDI)-MS for the characterization of heavy hydrocarbons from coal,
petroleum and kerogen [12–16]. Broader molecular mass distributions
were detected from coal-derived liquids compared to other mass spec-
trometric techniques [17], because laser desorption ionization could
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Table 1
Proximate and ultimate analyses of HTCT from Qitaihe (wt.%).

Proximate
analysis

Ultimate analysis (daf)

Mad Ad C H N S Odiff

1.53 0.13 90.61 6.09 0.99 0.59 1.72

Daf: dry and ash-free base;Mad:moisture (air dried base); Ad: ash (dry base, i.e., moisture-
free base); and diff: by difference.
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ionize molecules with relatively higher molecular mass [18]. Compared
to LD-MS, MALDI-MS improves the sensitivity to high-mass material
and expands the detection range of molecular mass up to m/z 270,000
for fossil fuels [14,19,20]. At the meantime, the type of mass analyzer
most widely used with LD and MALDI is time-of-flight (TOF), which can
well separate ions with relative high mass-to-charge ratio (m/z). Herod
et al. also investigated two-dimensional gas chromatography (GC × GC)
coupled to TOF-MS in the characterization of heavy hydrocarbons.
Compared with GC/MS, the procedure certified particularly effective in
identification of n-alkanes and other saturates, which accumulate in the
recycle solvent [21].

The difficulty in characterization of complex components in coal tar
is converting molecules with different polarities into gaseous ions that
can be detected while at the same time preserving the properties of
interest [22]. In this work, three MS systems with different ion sources
and mass analyzers developed in recent years were used to analyze
the petroleum ether extract of a high-temperature coal tar (HTCT),
which is obtained in the coking process at 1000 °C. GC/MS is a relative
traditional MS technique for the analysis of chemicals from fossil fuels
[23]. Sample has to be gasified (up to 300 °C) before injecting into
electron ionization (EI), the ion source. Thus EI is especially suitable
for analyzing small, volatile and thermally stable molecules with low
polarities such as the light fraction of coal tar [24]. For nonvolatile and
thermally labile components with relatively higher polarities in coal
tar, electrospray ionization (ESI) equipped in Orbitrap MS and atmo-
spheric solids analysis probe (ASAP) coupled with TOF-MS applied in
this work are better choices. ESI is especially suitable for the ionization
of polar heteroatomic species in fossil fuels [25]. ASAP, an ambient
ionization technique invented in 2005, can provide in-situ analysis of
samples with mid-polarity in various phases with minimum or without
sample pretreatment [26]. The characteristics of coal tar suchas high vis-
cosity and heterogeneity make a challenge for MS ionization, but can be
well resolved by ambient ionization because of its noninvasiveness in
sampling [27,28]. The combination of three mass spectrometers gives
an overview of the components in coal tar as much as possible.

For the analysis of complex mixture like coal tar, mass analyzer with
enough qualitative ability is required. Although the resolving power of
quadrupole mass analyzer in GC/MS is much lower than that of TOF
and Orbitrap, the fragmentation patterns induced by a highly energetic
process in the ion source of GC/MS can facilitate accurate determination
of structural features of the compounds [29]. TOF and Orbitrap provide
high and ultrahigh resolving power, respectively, for accurate mass
measurement to assign elemental compositions of fossil fuels [30,31].
Compared to TOF, Orbitrap is a relatively new mass analyzer commer-
cialized by Thermo–Fisher Scientific as a part of hybrid LTQ Orbitrap in-
strument in 2005 [32].

Historically, analysis of constituents in coals and coal derivatives
required prior time-consuming isolation and involved difficult sepa-
ration schemes. Fractional distillation and chromatography separate
components according to the difference in boiling point and distri-
bution ratio, respectively. Nevertheless, it is hard to distinguish and
identify individual component in complex mixtures like coal deriva-
tives [33]. The ultrahigh resolving power of mass analyzer such as
Orbitrap (100,000–240,000 at 400m/z) enables separation and iden-
tification of elemental compositions (including isotopem/z peaks) of
complicated mixtures. Orbitrap has been proven a powerful mass
spectrometer for the examination of a variety of types of chemical sys-
tems due to high resolution, high-mass accuracy (2–5 ppm) and good
dynamic range (over 10) [34]. Compared to separational methods, MS
with ultrahigh resolving powermay distinguish compounds atmolecu-
lar level.

In this paper, GC/MS, ASAP-TOF MS and ESI-Orbitrap MS were ap-
plied for the analysis and comparison of the components in an extract
of HTCT. The combination of three MS systems gave a detailed
characterization of coal tar and provided a full view of the correspond-
ing constituents.
2. Experimental

2.1. Sample preparation

HTCT was collected from Qitaihe Coking Plant (Heilongjiang, China)
and the corresponding proximate and ultimate analyses of HTCT are
shown in Table 1. At room temperature, 2 g HTCT was exhaustively ex-
tractedwith100mLpetroleumether (PE, boiling range 60–90 °C) under
ultrasonic condition for half an hour. PE used in the experiments was
commercial analytical reagent (Xilong Chemical Co., Ltd, Guangdong,
China) and distilled prior to use with a rotary evaporator (R-134,
Büchi Labortechnik AG, Flawil, Switzerland). The extractable species
were collected and condensed using the rotary evaporator to remove
the solvent and obtain the extract (PE-HTCT).

2.2. Calculation of extraction yield

E ¼ W1

100−Mad−Aadð Þ �W=100
� 100% ð1Þ

The extraction yield was calculated using Eq. (1) as follows: E is the
extraction yield, %;W is theweight of HTCT, g; Aad is the ash of HTCT, %;
Mad is the moisture of HTCT, %; and W1 is the weight of PE-HTCT, g.

2.3. Mass analysis

The first MS system applied to the sample analysis was a GC/MS
(Model 7890/5975, Agilent Technologies, USA) equippedwith a capillary
column coatedwith HP-5MS (cross-link 5% PHME siloxane, 60m length,
0.25 mm inner diameter, and 0.25 μm film thickness) and a quadrupole
analyzer with anm/z range from 33 to 500. Helium was used as the car-
rier gas at a flow rate of 1 mL/min and a split ratio of 20:1.The capillary
column was heated at a rate of 5 °C/min from 60 to 300 °C and held at
300 °C for 5 min. The ion source temperature of GC/MS was set at
230 °C and operated in electron impact (70 eV) mode. Data were ac-
quired and processed using Chemstation (E.02.02.1431).

An ASAP (Model ASAP™, IonSense, USA) ion source coupled with a
TOF MS (Model G6210, Agilent Technologies, USA) was also used to
analyze the coal tar extract. The configuration of ion source has been de-
scribed previously [35]. A melting point (mp) capillary with 25 mm
length and 1.7 mm outer diameter was fixed on the center of a probe.
Sample was dipped on the end of the mp capillary and introduced di-
rectly into the ion sourcewith the ASAPprobe. Coronadischarge current
and capillary voltage were set to 4.0 μA and 4000 V, respectively. The
temperatures of desolvation and drying nitrogen gas with flow rate of
9 L/min were set to 350 °C and 300 °C, respectively. Positive ion mode
was chosen and the mass spectra were acquired with m/z from 60 to
1000. Data were processed using the software of Agilent MassHunter
WorkStation Qualitative Analysis (Version B.06.00).

An ultrahigh resolution MS (LTQ-Orbitrap XL, Thermo-Fisher Sci-
entific, USA) coupled with an ESI source with positive ion mode was
the third MS system to analyze the sample. The source voltage was
set to 4.0 kV, the capillary voltage to 35 V, the capillary temperature
to 150 °C, and the tube lens voltage offset to 125 V. Flow rates of the



Fig. 2.Mass spectra of selected compounds in the PE-HTCT obtained by GC/MS.

Fig. 1. Total ion chromatograms of the PE-HTCT (37: part of peak).
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Fig. 3. Mass spectra of the PE-HTCT obtained using ASAP-TOF MS.
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aux gas, sweep gas and sheath gas were set to 0.02, 0.01 and 7 arbi-
trary unites. The temperatures of vaporizer and capillary were
164.6 °C and 150 °C, respectively. The detected mass weight ranged
from 50 to 1000 Da. Thermo Xcalibur 2.2 SP1.48 was used for data
processing.

3. Results and discussion

3.1. Characterization using GC/MS

Non-aqueous phase were separated through the ultrasonic extrac-
tion for the following GC/MS analysis [36]. According to Eq. (1), the ex-
traction yield of PE-HTCT is around 40%. The total ion chromatograms of
PE-HTCT obtained by GC/MS are shown in Fig. 1. A total of 160 com-
pounds were detected and the corresponding chemical information is
listed in Table S1. The molecular mass of identified species distributed
from 92 to 252 Da andmolecular structures for the selected compounds
with relatively high content are shown in Fig. 2. Polycyclic aromatic
compounds were the major components in PE-HTCT and the three
most highest content compounds were naphthalene, phenanthrene
and indene. The aromatics were primarily 1 to 4 aromatic-ring com-
pounds due to depolymerization of macromolecules during coal tar
production. The amount of heteroatom-containing compounds was
relatively low, which was consistent with the characteristics of GC/MS,
not a good detector for polar organic compounds. Some heteroatom-
containing compounds with medium polarity such as benzofuran,
p-cresol, and dibenzo[b,d]furan (in Fig. 1) were relatively abundant.

Mass spectra fromGC/MS include the information of bothmolecular
ions and fragmentation patterns, which can determine the structural
formula of ionized molecules, especially molecules with low polarity.
Shown in Fig. 2 is the mass spectra of selected compounds, PAHs, in
the PE-HTCT obtained by GC/MS. Anthracene, 1-methyl-1H-indene,
and phenanthrene were precisely recognized with m/z 128.0, 130.0
and 178.1, respectively. Pyrene, triphenylene, and benzo[e]pyrene
were also identified. These PAHs were also detected using ASAP-TOF
MS (shown in Fig. 3). Sixty seven percent of identified species in
the PE-HTCT using GC/MS were non-heteroatomic compounds,
which might not reveal the full composition of PE-HTCT due to the



Fig. 5. Relative abundance of heteroatomic compounds in the PE-HTCT detected by ESI-
Orbitrap MS.

Fig. 4.Mass scale expansion atm/z 287 from the spectrum of ESI-Orbitrap MS.
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measurement limit of GC/MS. From the analytical results of ASAP-TOF
MS, only nine hydrocarbon compounds were detected. At the mean-
time, the characteristics of ASAP-TOF MS such as noninvasiveness in
sampling canwell analyze samples with high viscosity and heterogene-
ity like PE-HTCT.

3.2. Characterization using ASAP-TOF MS

The temperature of desolvation gas (N2) in ASAP ion source played
a significant role to the response signal of analyte [37]. At low tempera-
ture, the signal strength of analyte was low and there were many
background signals in themass spectrum,which hampered the identifi-
cation of analyte peaks. With the increase of temperature, the signal
strength of both associated ions and fragment ions gradually increased.
However, if the desolvation gas temperature was too high, molecular
association appeared. Therefore, the temperature of desolvation gas
was optimized at 350 °C in this work. Temperature of the melting
point capillary end loading sample increased from room temperature
to 350 °C in 0.5 min, which induced an interesting temperature depen-
dence of mass spectra like the temperature programming in GC/MS.
However, unlike GC/MS and other mass spectrometric techniques
such as MALDI-MS, the routine time for sample analysis is only tens of
seconds for ASAP without sample pretreatment.

The ionization process of ASAP is trigged by corona discharge and
the possible ionizationmechanismvia nitrogen is through the following
reactions [38], where A stands for the analyte molecules. Nitrogen rad-
ical cation (N2

+•) is formed via corona discharge, then N2
+• can react fur-

ther with N2 to generate N4
+• (Eqs. (2)–(3)). The following ionization

reactions for the analyte may involve either proton transfer
(Eqs. (4)–(7)) or charge transfer (Eq. (8)) depending on the trace levels
of water vapor in the source region [35].

N2 þ e−→ N2
þ• þ 2e− ð2Þ

N2
þ • þ 2N2→N4

þ• þ N2 ð3Þ

N4
þ• þ H2O→H2O

þ• þ 2N2 ð4Þ

H2O
þ• þ H2O → H3O

þ þ OH• ð5Þ

H3O
þ þ n H2Oð Þ→ Hþ H2Oð Þn þ H2O ð6Þ

Hþ H2Oð Þn þ A→ AHþ þ n H2Oð Þ ð7Þ
N2
þ•
=N4

þ• þ A→ Aþ• þ 2N2 ð8Þ

As shown in Fig. 3, compounds with low polarities (hydrocarbons)
incline to be ionized to obtain radical cations through theway of charge
transfer. Compared to ESI, ASAP ionization is not so “soft”, because there
are a certain number of fragment ions generated in the ionization pro-
cess, especially from the break of bridged bonds widely existing in
HTCT. Therefore, radical cations, protonated molecules and fragment
ions increase the complexity of mass spectra of ASAP-MS [35,39].

Shown in Fig. 3(a) is the background spectrum after less than 5 s of
the ASAP being inserted into the ion source. The mass spectrum in
Fig. 3(b) is similar to that in 3(a), but partial species with molecular
weight between 100 and 200 Dawere desorbed fromHTCT and ionized.
With the extension of time up to 27 s (Fig. 3(e)),m/z range of identified
species gradually shifted from 100–200 to 200–300. After 27 s, mass
spectrum tended to be stable, indicating that the sample temperature
reached 350 °C.

Comparing the mass spectra in Figs. 2 and 3, there are both similar-
ities and differences. Although GC/MS and ASAP-TOF MS could detect
the same compounds, the later took far less time than the former one.
As listed in Table S1 to S5, more compounds were identified under
ASAP-MS mode. There was few hydrocarbon compounds detected by



Fig. 6. Relative abundance and DBE distribution of Oo and Nn classes.
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ASAP-MS, because ASAP-MSwasmore suitable for the ionization ofme-
dium polar species that did not contain hydrocarbons. The composition
of compounds containing heteroatoms was classified according to the
chemical formula as Oo, Nn, Ss, OoNn, OoSs, NnSs, and OoNnSs. The molec-
ular formula was limited to a maximum of 50 12C, 102 1H, 5 14N, 10 16O,
and 2 32S atoms. The total relative abundance of both Oo and Nn species
identified by ASAP-TOFMSwas approximately 13%, but Ss class was not
found. The polarity of Ss class is low, and therefore it was relatively dif-
ficult to be ionized by ASAP ion source. Since the introduction of oxygen
and nitrogen atoms increased the molecular polarity, sulfur-containing
compounds (OoSs, NnSs, and OoNnSs classes) were detected by ASAP-
TOF MS and the total relative abundance of them was about 18%. The
top 3 highest content compounds (C8H14N2O2S, C6H11N5OS,
C4H11N5OS) accounted for approximate 12% of the total content under
ASAP-TOF MS mode and none of them were identified using GC/MS.
Fig. 7. Relative abundance of NnOo species in t
3.3. Characterization using ESI-Orbitrap MS

As the resolving power (atm/z 400) of mass analyzer increases from
~15,000 for TOF to N100,000 for Orbitrap, separation and identification
of elemental compositions can be realized at molecular level. Thus iso-
tope peaks can be identified by Orbitrap-MS. Shown in Fig. 4 is a mass
scale expansion atm/z 287. Nine components were distinctly separated
within 0.5 Da, which could not be realized by GC/MS and TOF-MS.

Fig. 5 shows the relative abundance of heteroatomic compounds in
the PE-HTCT detected by ESI-Orbitrap MS. Due to the ionization selec-
tivity of ESI source, the relative abundance of sulfur-containing com-
pounds was much less than that of oxygen- and nitrogen-containing
compounds. Shown in Fig. 6 is the relative abundance of selected
heteroatomic compounds (Oo and Nn classes) in PE-HTCT detected by
Orbitrap MS. The relative abundance distribution is determined by
he PE-HTCT detected by ESI-Orbitrap MS.



Fig. 8. DBE versus carbon number of various heteroatom-containing compounds in the PE-HTCT.
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dividing the abundance of a specified class of compounds by the sum of
abundance of the corresponding heteroatomic class. The accurate
molecular formulas are obtained from the mass spectra with high reso-
lution and in turn indicate the degree of unsaturation for molecules,
denoted as double bond equivalent (DBE). Each double bond or alicyclic
ring increases a DBE number and eliminates two hydrogen atoms.
Fig. 6(a) provides detailed information of the relative abundance distri-
bution for oxygen-containing species and shows the DBE distributions
for the top 2 Oo classes. Compounds with DBE 2 and 3 were the most
abundant organic species identified in O1 and O6 classes, respectively.
It indicated that most identified species in O1 and O6 classes were not
aromatics because the minimum DBE number for aromatics is 4.
Hence, the unsaturated compounds might be ketene and furan deriva-
tives, respectively, and the former ones were not detected by GC/MS.
As shown in Fig. 6(b), the contents of N4 and N5 classes were obviously
higher than those of other Nn classes. The most abundant species in N4

class was the saturated ones, which might be aliphatic amine com-
pounds [40]. In N5 class, most aromatic species were identified with
DBE between 3 and 4, which were possibly azoles and aniline/pyridine
derivatives, respectively. Anilines and azoles were detected by neither
GC/MS nor ASAP-MS.

Fig. 7 provides a detailed fingerprint of the distribution of relative
abundance for OoNn class in the PE-HTCT. Evidently most of the OoNn

compounds mainly contain nitrogen rather than oxygen (N4O, N4O2,
N4O3, and N3O2), and are therefore more basic to exhibit a higher effi-
ciency of ionization under positive ion mode [41,42]. Basic nitrogen
compounds (BNCs) mainly include pyridine, quinolone, amide and
amine, etc. OoNn class should be the predominant BNCs in PE-HTC
as shown in Fig. 5. In all of the OoNn groups, a series of species with
DBE b 4 were detected, suggesting that amines and/or amides exist in
each NnOo group. N4O groups are the most abundant components in
OoNn class, which contains possible amide (DBE b 4) or amine
(DBE b 4) in accordance with the DBE value. Oxygen atoms of N4O
may be present in amide or hydroxyl groups.

Analytical results obtained from the threeMS systems are compared
in Fig. 8. The least amount of compounds was indentified using GC/MS
and most of them were hydrocarbons. Although much more species
were detected byASAP-TOFMS and ESI-OrbitrapMS, only a tiny portion
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of the species was hydrocarbons. Unlike previous report analyzing coal
derived liquids usingMALDI-MS [17], carbon number of the compounds
detected by GC/MS and ASAP-TOFMSwas less than 20 (a relatively low
molecularweight compared tomolecules identified byMALDI-MS), and
the corresponding DBE mainly distributed between 0–10. Furthermore,
there was an approximate linear relationship between the DBE value
and carbon number, which was also found in middle-temperature coal
tar due to the increase of double bond or aromatic ring [43]. Compared
to GC/MS and ASAP-TOFMS, ESI-OrbitrapMSwas equippedwith an ion
source specified for polar compounds and a mass analyzer with ultra-
high resolution power. Thus much more heteroatomic compounds
were detected by ESI-Orbitrap MS, which highly extended the measure-
ment range in both carbon number (mass weight) and DBE (degree of
unsaturation) in Fig. 8. In previous work, MALDI-TOF-MS could improve
sensitivity to high-mass material but with loss of resolution [20]. For
ESI-Orbitrap MS, components with enough molecular weight (up to m/
z 6000) could be identified and the sensitivity was kept a high level at
the meantime [44].

High-resolution MS can provide a detailed fingerprint of chemical
composition for complex mixtures like petroleum and coal derivatives.
Both TOF and Orbitrap are high-resolution MS, and it is necessary to
compare them for better application in coal chemistry. Shown in
Fig. S1 is the comparison of physical and analytical features of TOF and
Orbitrap. Theoretically, the resolving power of TOF is unlimited if the
flight path for ions is prolonged. But the flight path extention is limited
by instrumental design. Multipass TOF are capable of ultrahigh resolu-
tion (R ≥ 100,000), which is very close to that of Orbitrap. However, a
certain degree of ions can be lost during themulti-reflection process, in-
ducing themissing ofMS peaks for trace components in coal derivatives.
Thus the resolving power of TOF is inversely proportional to the detec-
tion limit. Compared to TOF, Orbitrap can realize the characterization of
more abundant species in complex mixtures like petroleum and coal
derivatives as a routine method [45,46].

4. Conclusions

Three MS systems were applied in the characterization of PE-HTCT
to give an overview of the components as much as possible. Sixty
seven percent of identified species in the PE-HTCT using GC/MS were
hydrocarbons, but only a tiny portion of hydrocarbons was detected
by ASAP-TOF MS and ESI-Orbitrap MS, which were better choices for
the identification of heteroatom-containing compounds. The relative
abundance of sulfur-containing compounds (OoSs, NnSs, and OoNnSs
classes) indentified by ASAP-TOF MS was about 18%, but Ss class was
not found. It indicates that the introduction of oxygen and nitrogen
atoms increased the molecular polarity. With ultrahigh resolving
power, Orbitrap MS isolates and identifies individual compounds in
coal tar without prior time-consuming separation. Much more molecu-
lar information was obtained and highly extended the measurement
range in both carbon number (mass weight) and DBE (degree of
unsaturation). Due to the ionization selectivity of ESI source, the relative
abundance of detected sulfur-containing compounds was much less
than that of oxygen- and nitrogen-containing compounds. Each analyz-
er has both advantages and defects, and complementary advantages can
promote better understanding of heteroatomic compounds at molecu-
lar levels.
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