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a b s t r a c t

Considering the global energetic context, diversifying fuels is of growing importance and many new
alternatives are promising. Coal liquefaction products definitely appear among the new generation sub-
stitutes. These product’s characteristics are very far from fuel specifications as they are mainly composed
of naphthenes, aromatics, polycondensed naphthenic and aromatic structures and heteroatomic com-
pounds (nitrogen and oxygen), with a very low paraffin content. Identification and quantification of
oxygen-containing species in coal-derived liquids are of considerable importance to understand their
behaviors in further processing. However, these species have not been characterized as fully as the pre-
dominant hydrocarbon components. Literature shows that these compounds consist mainly in alkylated
phenolic and furanic structures. Therefore, comprehensive two-dimensional gas chromatography has
been investigated to provide enhanced molecular characterization of these complex samples. Several
different configurations involving innovative column configurations were tested. Each of them was opti-
mized by testing different column lengths, modulation periods, and oven conditions. A comparison of the
contribution of each column configuration was carried out regarding four main criteria: individual sep-
aration of oxygenates, group type separation, resolution, and space occupation. One of them enabled an

outstanding separation of paraffins, naphthenes, monoaromatics, diaromatics and targeted O-compounds
in a direct coal liquefaction product. It was therefore subjected to further experimentations using a
time-of-flight mass spectrometer to validate the identification and unravel more than fifty oxygenated
molecular structures. A group-type quantification was also established for four column arrangements
and gives the distribution of paraffins, naphthenes and aromatics. It can be concluded from this study
that a non-orthogonal arrangement involving a highly polar column in the first dimension was the most

adapted one.

. Introduction

The need to diversify energy sources in the transportation
eld has sparked great interest in direct coal liquefaction prod-
cts. Before processing, these liquid properties and compositions
re far from fuel specifications and upgrading must be applied
o the gasoline and atmospheric gasoil cuts. In fact, they con-

ist mainly of aromatic hydrocarbons (polycondensed), insaturates
naphthenes), and heteroatomic compounds especially oxygenated
pecies [1–5]. To consider their co-refining with petroleum cuts,
t is crucial to study their chemical and physical properties. The

∗ Corresponding author. Tel.: +33 4 78 02 20 20; fax: +33 04 78 02 20 76.
E-mail addresses: badaoui.omais@ifp.fr, marion.courtiade@ifp.fr (B. Omais).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.12.049
© 2010 Elsevier B.V. All rights reserved.

requirements in terms of molecular characterization improve-
ment concern hydrocarbons as well as oxygenated compounds
which belong to many different chemical families and are present
in relatively high concentrations before hydrodeoxygenation
(HDO).

Gas chromatography has been broadly used for the charac-
terization of coal oils [6]. GC-AED has been of great interest to
reach a selective identification of oxygenates in these unconven-
tional charges [7–13]. A mass spectrometer was also used as a
detector to come up to this problematic [14–18]. Two classes of oxy-

genated compounds are emphasized in these researches: phenols
and furans. For preparative or analytical purposes, liquid chro-
matography allowed the identification of many species belonging
to these two families [19–22] as well as 31P NMR which permitted
a selective identification of compounds containing a OH functional

dx.doi.org/10.1016/j.chroma.2010.12.049
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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Table 1
Compounds contained in the test sample.

No. Compounds No. Compounds No. Compounds

1 nC7 13 nC27 25 Phenol
2 nC11 14 nC28 26 Ethylphenol
3 nC13 15 nC29 27 Dimethylphenol
4 nC17 16 Toluene 28 Trimethylphenol
5 nC18 17 Trimethylbenzene 29 P-cresol
6 nC19 18 Isobutylbenzene 30 M-cresol
7 nC20 19 Triisobutylbenzene 31 Furan
8 nC21 20 Tetraisobutylbenzene 32 Benzofurane
234 B. Omais et al. / J. Chroma

roup (especially phenols) [20,23–27]. Phenols can also be isolated
y ion-exchange chromatography [28] or by open tubular liquid
hromatography [29].

Multidimensional gas chromatography has never been at stake
o surmount this challenge. Yet, this powerful tool allows the
nalysis of complex samples and offers a high peak capacity by
ombining two different stationary phases with different separa-
ion mechanisms [30,31]. Many applications to oxygenated species
n complex hydrocarbon matrixes showed the benefits of this tech-
ique in terms of peak capacity and sensitivity. In fact oxygenated
pecies were unravelled for Fischer Tropsch products containing
cids, alcohols, and esters [32,33]; biodiesels containing methylic
atty esters [34–36], and modified petroleum containing alcohols
37,38].

Moreover, GC × GC has been broadly used for the analysis
f hydrocarbons in petroleum middle distillates using FID and
oF/MS detectors [31], and in lignin combustion gases using ToF/MS
etection [39]. For this purpose, a non-polar × polar column config-
ration is generally used and enables the separation of the different
ydrocarbon families. Concerning heteroatomic compounds in
il samples, they consist in S-containing and N-containing com-
ounds. These molecules are identified respectively using a SCD
nd NCD.

The need to use multicoupled systems and to integrate a
re-separation can be explained by the complexity of these
amples. Even if GC × GC has been used to characterize the
redominant hydrocarbon compounds, no applications of this
yphenated system are found for oxygenated species characteri-
ation. There is however important past chromatography research
hat accounts for the polar components in coal liquids middle
istillates.

This paper presents the strategy to develop a method dedicated
o these feedstocks. On the one hand, the selection of the most
dapted column configuration will be described (Solgelwax × DB-
). On the other hand, a semi-quantitative study will be shown and
iscussed for the selected configuration.

. Experimental

.1. Samples

.1.1. Test mixtures
The solvent used for the elaboration of test samples was ethyl

cetate and was supplied by VWR. Chemicals were provided by dif-
erent suppliers: Sigma–Aldrich, Merck, Alpha Aesar, TCI, and Fluka.
ifferent family mixtures and a global mixture including all families
ave been established. In fact, sample P composed of 16 n-paraffins,
composed of 9 aromatics, and O composed of 13 oxygenates were
ixed into a standard mixture SM.
Sample P contains 15 n-paraffins (from C7 to C29) at concentra-

ions varying from 0.6% (w/w) to 1.3% (w/w). Sample A includes
romatics and naphteno-aromatiques: toluene, trimethylben-
ene, isobutylbenzene, triisobutylbenzene, tetraisobutylbenzene,
iphenyl, phenanthrene, ethylanthracene, and fluorene with
oncentrations ranging from 1 to 2.6% (w/w). To finish, O
as constituted by phenol, 4-ethylphenol, 2,4-dimethylphenol,

,4,6-trimethylphenol, p-cresol, m-cresol, ditertbutylmethylphe-
ol, 6-tert-butylcresol, furan, benzofuran, dibenzofuran, naphtol,
nd fluorenol at contents ranging from 0.9% (w/w) to 2.98% (w/w).

hese choices were oriented by a literature survey that had been
stablished to give the most accurate vision of a coal oil composi-
ion [15–28]. All these compounds were solubilised in ethyl acetate
nd SM consists of 1/6 of A, 1/6 of P, 1/6 of O and 1/2 of ethyl acetate.
hese data are summarized in Table 1.
9 nC22 21 Biphenyl 33 Dibenzofurane
10 nC24 22 Phenanthrene 34 Naphtol
11 nC25 23 Ethylanthracene 35 Fluorenol
12 nC26 24 Fluorene

2.1.2. Real sample: direct-coal liquefaction product
The coal-derived oil used was provided by IFP New Energy. It

consists of a middle distillate (boiling points range = 200–350 ◦C)
of a coal oil produced by direct liquefaction. The sample used in
this study has a hydrogen content of 11.4% (w/w) (by NMR), N con-
tent equal to 0.24% (w/w) (measured using NF07058), S content
provided by FX of 0.0072% (w/w), and an oxygen content equal to
0.80% (w/w). The refractive index and density of the sample are
respectively 1.5129 (ASTM D1747) and 0.9330 g/cm3 (NF EN ISO
12185).

2.2. GC × GC-FID setup

For optimization and quantification purposes, experiments
were achieved with a Trace GC (Thermo, Italy). In fact, hydrocarbons
FID response depends only on the mass of carbon in a molecule.
Thus quantification of hydrocarbons can be performed even if no
individual standards are available.

The injection was carried out using a split injector (Thermo)
at 320 ◦C (0.3 �L) with a split ratio varying from 1:40 to 1:100
depending on the injected sample. Detection was established with
a flame ionization detector (FID) system set at 380 ◦C. H2, air, and He
makeup were set respectively at 35, 450, and 25 mL/min. Helium
(99.99% Air Liquid, France) was used as a carrier gas. Oven tem-
perature was programmed from 50 ◦C (0.5 min) to the maximum
temperature (2 min) allowed by the columns (Solgelwax: 280 ◦C,
DB-1: 325 ◦C, DB-17: 280 ◦C, PONA: 325 ◦C, SLB IL-100: 230 ◦C). Dur-
ing the whole analysis a ramp of 2 ◦C/min was selected because it
corresponds approximately to the inverse of the dead time of the
columns. The same temperature programming which allows the
elution of all the compounds was used for all the columns con-
figurations for comparison purposes. A constant pressure set at
100 kPa was used and the modulation period was usually set at 12 s
and variations of this value will be specified throughout the article
to cope with the differences of retention power of each investi-
gated column. Many dimensions were tested in the study involving
orthogonal and non-orthogonal conditions. All of them are referred
in Table 2 as well as investigated modulation periods.

2.3. GC × GC-ToF/MS

In order to identify targeted compounds, a LECO Pegasus IV
(LECO, St. Joseph, MI, USA) GC × GC-ToF/MS system was used.
Experiments were carried out using a HP 6890 chromatograph
which was equipped with a split injector (Agilent Technologies).
Operating conditions were the same as those described in the pre-

vious paragraph. Concerning the modulation, it was performed by
a liquid nitrogen cooled gas jet cryogenic modulator. The acquisi-
tion frequency was set at 100 Hz in a mass range of 75–500 amu.
Electron impact was achieved at 70 eV and a multiplate voltage of
−1450 V was used.
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Table 2
Experimental conditions.

1D column Dimensions 2D column dimension Dimensions Modulation

Solgelwax (30 m × 0.25 mm × 0.25 �m) DB-1 (1.1 m × 0.1 mm × 0.1 �m) 10, 12, 15, and 20 s
Solgelwax (30 m × 0.25 mm × 0.25 �m) DB-5 (1.1 m × 0.1 mm × 0.1 �m) 12 and 15 s
SLB IL-100 (30 m × 0.25 mm × 0.2 �m) DB-1 (1.0 m × 0.1 mm × 0.1 �m) 12 and 20 s
BPX-90 (30 m × 0.25 mm × 0.25 �m) DB-1 (0.8 m × 0.1 mm × 0.1 �m) 12 and 15 s
DB-17 (30 m × 0.25 mm × 0.25 �m) DB-1 (1.0 m × 0.1 mm × 0.1 �m) 12 s

(1.0 m × 0.1 mm × 0.1 �m) 12 s
(1.0 m × 0.1 mm × 0.1 �m) 10 s
(1.0 m × 0.25 mm × 0.2 �m) 10 and 20 s
(1.0 m × 0.1 mm × 0.1 �m) 12 s
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∆ 2tr
DB-17 (30 m × 0.25 mm × 0.25 �m) Solgelwax
DB-1 (30 m × 0.32 mm × 0.1 �m) Solgelwax
DB-1 (30 m × 0.32 mm × 0.1 �m) SLB IL-100
PONA (30 m × 0.2 mm × 0.5 �m) Solgelwax

.4. Data handling

When acquired by Polycard software (Thermo), the raw data of
ID signals are exported as a csv file. A home-made software called
DChrom displays GC × GC contour plots with retention times axis,
s well as 1D and 3D-plots. A defined area called “blob” can be
reated by the user to circle each 2D peak. Blob creation and peak
ntegration also allow to reach a quantification and a report can be
enerated. Intensity of peaks is displayed with a colour gradient
arying from light blue to dark blue. To finish, this software helps
eaching a reproducible and accurate integration by finding peaks
utomatically and fitting blobs.

Concerning ToF/MS data treatment, it was performed by the
hromaTOF software of the Pegasus 4D platform. This interface
lso allows peak finding. Identification of compounds is achieved by
omparing the acquired spectra with the NIST database (National
nstitute of Standards and Technology, Gaithersburg, MD, USA ver-
ion 2002). Peak intensities are displayed with a colour gradient
arying from pale green to blue.

.5. Two-dimensional decisive factors

The exploitation of data must be achieved by using theoretical
ariables which can illustrate by means of figures the potential of a
eparation. The resolution will be expressed by using Giddings for-
ulae [40], the peak distortion by the means of the 2D asymmetry

ormulae [41], and space occupation will be represented thanks to
rthogonality formulas [42–44].

.5.1. 2D resolution
A common method developed by Giddings [40] for determin-

ng the resolution between two compounds in a 2D contour plot
onsists in defining it as the Euclidian norm of the resolutions
alculated for each dimension. Thus, considering 1Rs and 2Rs as
espectively the resolution in the first and second dimension can
e written down (Eq. (1)):

s2D =
√

1Rs2 + 2Rs2 (1)

In a developed form Rs2D can be expressed as in Eq. (2) [40],
here 2ωA and 1ωA are respectively the peak widths of compound A

n the second and first dimension, 2ωB and 1ωB are respectively the
eak widths of compound B in the second and first dimension, and
here �2tr and �1tr are the differences of retention times between

he apexes of A and B respectively along the second and the first
imensions. For more transparency these values are illustrated in
ig. 1.

s =

√
2(�1tr)2

+ 2(�2tr)2

(2)
2D
(1ωA + 1ωB)2 (2ωA + 2ωB)2

To calculate 1ω, it appears judicious to consider it as the prod-
ct of the number of modulations separating these two peaks and
he modulation period. In this paper, to approach the propensity
Fig. 1. Scheme showing variables referred in the two-dimensional peak resolution
formulae.

of a column configuration to separate oxygenates from hydrocar-
bons, the resolution between fluorene and dibenzofuran will be
estimated. These two molecules were selected because their only
difference consists in one atom in the central ring (carbon for fluo-
rene and oxygen for dibenzofuran). An intrafamily resolution will
also be calculated for two paraffins (nC17 and nC18).

2.5.2. 2D space occupation
Throughout this paper, occupation of the 2D space will be

expressed thanks to two criteria. However as these values reflect
the separation orthogonality and some of our configurations are
not orthogonal, the term “space occupation” will rather be used.

The first graphical expression consists of the ratio between the
area of the separation plane and the area occupied by the ana-
lytes without considering the space of the free-area caused by the
columns dead time [42].

A unique new concept of chromatographic space occupation
is introduced in this paper. It consists in determining the space
occupations in the first and second dimensions through two dimen-
sionless numbers 1SO and 2SO. These two variables are defined in
Eqs. (3) and (4) where 1trn and 2trn are the retention times of the
last compound eluted respectively in the first and second dimen-
sions, 1tr1 and 2tr1 are the retention times of the first compound
eluted respectively in the first and second dimensions, Tanalysis cor-
responds to the total running time, and PMod is modulation period:

1SO = (1trn − 1tr1)
Tanalysis

(3)

2SO = (2trn − 2tr1)
PMod

(4)

Thus, one can estimate the 2D space occupation SO2D as the

Euclidian norm of these two values (Eq. (5)).

SO2D =
√

(1trn − 1tr1)2

2Tanalysis
2

+ (2trn − 2tr1)2

2PMod
2

(5)
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ig. 2. 2D contour plot of SM, numbers refer to Table 1 (top); 2D contour plot (l
onditions: PONA (30 × 0.2 × 0.5) × Solgelwax (0.8 × 0.1 × 0.1) with a scale ranging
A: tri-aromatics; and O: oxygenated suspected elution zone.

. Results and discussion

.1. Investigated configurations

As previously mentioned, the objective of this study is to
haracterize oxygenates in a coal-derived product by using com-
rehensive two-dimensional gas chromatography. For this purpose
any dimensions have been investigated and optimization for each

rrangement was achieved. In this study, orthogonal and non-

rthogonal configurations will be exposed.

.1.1. Orthogonal separations
Two orthogonal column configurations have first been investi-

ated. The first one consisted in coupling DB-1 (15 m × 0.32 mm ×

ig. 3. 2D contour plot (left), and 3D contour plot (right) of a direct coal liquefaction produc
ith a scale ranging from 15 to 126 min. P: paraffins; N: naphthenes; and A + O: aromatic
nd 3D contour plot (right) of a direct coal liquefaction product using orthogonal
30 to 126 min. P: paraffins; N: naphthenes; 1A: mono-aromatics; 2A: di-aromatics,

0.1 �m) column with a ionic liquid column SLB-IL 100
(1 m × 0.25 mm × 0.2 �m). As the second dimension station-
ary phase has a great affinity with highly polar compounds like
aromatics and phenols, it was almost impossible to obtain a
separation without wrap-around effect. This phenomenon was
also due to the large diameter of the second dimension column,
and even with a high modulation period of 20 s a clear separation
has not been reachable.

Thus, a more conventional configuration has been tested. It

consisted in coupling a PONA (30 m × 0.2 mm × 0.5 �m) with a
Solgelwax (0.8 m × 0.1 mm × 0.1 �m). This configuration using con-
ditions presented in part 2 led to a good separation. In fact
hydrocarbons have been separated and different group types have

t using non-orthogonal conditions: DB-17 (30 × 0.25 × 0.25) × DB-1 (1.5 × 0.1 × 0.1)
s and oxygenates.
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ig. 4. 2D contour plot of SM, numbers refer to Table 1. Conditions Solgelwax × DB-1.

een identified using the test mixture presented in part 2. As shown
n Fig. 2, paraffins, naphthenes, mono, di, and tri-aromatics have
een separated. The elution zones are consistent with those gener-
lly obtained in petroleum samples [31]. As far as oxygenates are
oncerned, phenols are suspected to elute in the circled zone. In
act the injection of sample O highlighted the elution of phenols in
his dedicated area. Hypothetically this column arrangement per-

its the characterization of hydrocarbons and oxygenates in one
ingle run and appears as an appealing solution to unravel the sam-
le molecular composition. However oxygenates still elute with the
ther aromatic compounds.

.1.2. Non-orthogonal separations
Four non-orthogonal configurations have then been investi-

ated. This column configuration has the advantage to extend the
ccupation space [45]. It has been used to unravel many oxy-
enated structures in biodiesels [36] or in Fischer-Tropsch products
32]. An ionic liquid column SLB-IL 100 (30 m × 0.2 mm × 0.2 �m)
as been set up in the first dimension coupled with a DB-

(1 m × 0.1 m × 0.1 �m). The injection of oxygenated model
olecules showed that only ditertbutylmethylphenol and 6-tert-

utylcresol could be eluted and other oxygenates like phenol,
enzofuran, or cresols were trapped in the column. The extremely
igh polarity of this column is consequently not adapted to oxygen-
ontaining compounds. The two eluable species had in common a
igh steric hindrance of the functional group –OH which involves

ess interaction with the stationary phase. This phase was therefore
eglected and replaced by a DB-17 (30 m × 0.25 mm × 0.25 �m)
oupled with a DB-1 (1.5 m × 0.1 mm × 0.1 �m). Operating con-

itions are described in part 2. The 2D contour plot has a
ery high interfamily resolution and paraffins are well separated
Fig. 3). However no distinction is possible between mono, and
i-aromatics and oxygenated species elute in the same zone as

ig. 5. 3D plot of a coal-derived liquid using GC × GC. Configuration: Solgel-
ax × DB-1. P: paraffins; N: naphthenes; 1A: mono-aromatics; 2A: di-aromatics;

nd 3A: tri-aromatics.
Fig. 6. 2D contour plot of a coal-derived liquid using GC × GC. Configuration: Sol-
gelwax × DB-1. P: paraffins; N: naphthenes; 1A: mono-aromatics; 2A: di-aromatics;
and 3A: tri-aromatics.

hydrocarbons. A more polar first dimension is thus necessary to
improve the separation.

Among the many non-orthogonal tested configurations, one
stands out from the other as it enables to fully separate
oxygenates from hydrocarbons and also offers a good sep-
aration between mono and di-aromatics (Figs. 4–6). In fact
Solgelwax (30 m × 0.25 mm × 0.25 �m) coupled with a DB-1
(1 m × 0.1 mm × 0.1 �m) is of great interest. This configuration
deserved further experiments in particular a precise identification
of targeted species using GC × GC-ToF/MS (see next paragraph). In
fact, in the first the stationary phase has a great affinity with oxy-
genated compounds, in particular phenols. The model mixture 2D
chromatogram shows that aromatics and phenols are clearly sepa-
rated. This is confirmed by the 2D chromatogram of the real sample.

3.2. Selection of the most adapted configuration

3.2.1. Resolution and space occupation
To evaluate the performances of each arrangement, resolution

between dibenzofuran and fluorene was calculated as well as the
one between two n-paraffins. Space occupation was also calculated
using the formula detailed in the previous paragraph and Ryan
criterion. Resolution results are summarized in Fig. 7. They show
that n-paraffins separation is resolutive for the four cases. How-
ever, to separate dibenzofuran and fluorene, DB-17 × Solgelwax
and DB-1 × DB-17 configurations are not adapted. As far as 2D
space occupation is concerned, both Ryan criterion and our equa-
tion show that PONA × Solgelwax and Solgelwax × DB-1 are the
most interesting configurations (Fig. 8). Results obtained using Eq.

(5) are in good agreement with those deduced from Ryan graphi-
cal method. However this formula consists in the Euclidian norm
between the space occupation of each dimension, whereas Ryan
criterion is a graphical method giving the occupied area. Thus, if the

17,28 17,24 17,5

25,2

10,6

2,48 2,5

9,7

0

5

10

15

20

25

30

PONA x
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DB-1 x DB-17 Solgelwax x
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ne/Fluorenol

Fig. 7. Resolutions between two paraffins and between fluorene and dibenzofuran
for four column configurations: PONA × Solgelwax, DB-17 × Solgelwax, DB-1 × DB-
17, and Solgelwax × DB-1.
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Table 3
Selection criteria for four column configurations: PONA × Solgelwax, DB-
17 × Solgelwax, DB-1 × DB-17, Solgelwax × DB-1.

Column configurations Selection criteria

PONA × Solgelwax 823.1
DB-17 × Solgelwax 176.1
DB-1 × DB-17 147.5
Solgelwax × DB-1 985.4
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Fig. 8. 2D space occupation using Ryan criterion and the 2D space occupation
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Table 4
Oxygenated molecular structures identified by GC × GC-ToF/MS.

No. Phenolic compounds

1 Phenol
2 Cresol
3 Dimethylphenol
4 Propylphenol
5 Trimethylphenol
6 Propylmethylphenol
7 Propylethylphenol
8 Methylethylphenol
9 Diethylephenol

11 Dimethylethylphenol
14 Tertbutylmethylphenol
16 Butylphenol
17 (Methylpropyl)phenol
18 Thymol
20 (Methylethyl)phenol
21 Methylindanol
22 Allylmethylphenol
29 Methylphenylphenol
32 (Methylethyl)phenol
34 Allylphenol
35 Methylindanol
36 Ethylbutylphenol
37 Pentylphenol
45 Dimethylnaphthol
47 Cyclohexylphenol
53 Methylinden-ol,dihydro
56 Phenylphenol

No. Dibenzofuranes

25 Dibenzofurane
26 Methyldibenzofurane
57 Tetramethyl,dihydrobenzofurane

No. Ketones

10 Methylfuranon
12 Indenone
13 Heptenone
24 Trimethylnaphthalenone
31 Dimethylbenzofuranon
38 Dimethylbenzofuranon
46 Ethylmethylene-indanone
54 Dimethylbenzofuranone
55 Hydroxy, dihydronaphthalenon
15 Naphthalenonedihydro

No. Alcohols

39 Naphthalenol-tetrahydro
40 Dimethylbenzenediol
41 Methylbenzenediol
42 Resorcinol
43 Naphthalenol
44 Methylnaphthalenol

No. Other oxygenates
ormula for four column configurations: PONA × Solgelwax, DB-17 × Solgelwax, DB-
× DB-17, and Solgelwax × DB-1.

rst dimension occupation is null and the second maximal, then the
pace occupation using our criteria will be 0.50 whereas Ryan cri-
erion will give a value close to zero. Moreover if there is only two
ell-separated peaks in each dimension of the chromatogram then
yan criterion will give a bad space occupation and the equation
eveloped in this work a good one. Thus, results can be compared
nly for a product which contains a large number of molecules. In
his case where the matrix is quite complex, this novel concept of
pace occupation offers accurate results but would be limited in the
ase of a model mixture which does not contain enough molecules.

To conclude, a quantitative measure called selection criterion
aking into account the resolution and the 2D space occupation
as calculated and systematically applied to each configuration.
n average 2D space occupation was calculated between the two
alues (Ryan criterion and 2D space occupation equation) and
ultiplied with the resolution between dibenzofurane and fluo-

enol. The values are reported in Table 3. DB-17 × Solgelwax and
B-1 × DB-17 configurations have low selection criteria whereas
ONA × Solgelwax and Solgelwax × DB-1 ones are more than four
imes higher. In definitive Solgelwax × DB-1 configuration was
elected as it shows the best product between space occupation

nd resolution.
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55,4

40,3

35,6

0

0

0

0

0

0

0

PONAx Solgel DB-17xSolgel DB-17 x DB-1 SolgelxDB-1

Paraffins

Naphthenes 

Aromatics

ig. 9. Group type quantification in a coal-derived product for four column
onfigurations: PONA × Solgelwax, DB-17 × Solgelwax, DB-1 × DB-17, and Solgel-
ax × DB-1.

19 O and S compound
50 Oxygenate
51 Ethylvinylanisole
52 O and N compound
27 Xantene

28 Lilial
30 Methoxynaphthalene

3.2.2. Semi-quantification
As some of the configurations do not allow the separation of oxy-

genates from aromatics, a general family semi-quantification has
been established (Fig. 9). Although results obtained are not accu-
rate considering that no response factors have been used, it allows

a global vision of families distribution. Oxygenated compounds are
thus underestimated because their response factors are superior
to 1. Results obtained by each column arrangement are in agree-
ment. Basically, naphthenes are present in majority in this sample
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ig. 10. 2D contour plot obtained from coal liquid analysis. Numbers refer to Table 4.
onditions: Solgelwax × DB-1

nd aromatics and naphtheno-aromatics are also of high concen-
ration. Concerning paraffins, they are of low content comparing to
etroleum gas oil. These results must be complemented by further

nvestigations aiming to apply an average response factor for each
amily and reach a more precise quantification.

.3. GC × GC-ToF/MS analysis of the selected configuration

To confirm identification data obtained from model mixtures
nalysis the sample was injected using optimal chromatographic
onditions previously described (Solgelwax × DB-1) and a time-
f-flight mass spectrometer (Fig. 10). This technique allowed the
dentification of oxygenated compounds and confirmed the expec-
ations deduced from model mixtures previously detected with a
ame ionization detector. However, modulation performed by a

iquid nitrogen cooled gas jet cryogenic modulator and the vac-
um created inside the detector may have a slight influence on the
eparation. Targeted oxygenated compounds were clearly identi-
ed at the bottom of the chromatogram and are well separated

rom the hydrocarbon matrix. The 57 identified molecular struc-
ures (Table 4) mainly belong to six families: phenolic compounds,
aphthols, indanols, naphthalenons, diols, and benzofurans. Spec-
ra deconvolution was also applied in order to identify oxygenates
nd led to a good selectivity although it does not have a real mean-
ng considering that the selected m/z ratio (121) is not common to
ll oxygenates.

These results are in total agreement with other studies involving
C-AED [9,13,14] and GC–MS [1] while other compounds belonging

o ketones (naphthalenons, furanone) and alcohols (benzenediols
esocinol) have been identified for the first time in these kind of
atrices. Nitrogenated compounds can also be found in oxygenates

rea but this does not compromise their identification.
This non-orthogonal system is adapted to oxygen speciation in

uch matrices but also gives access to nitrogenates and hydrocar-
on identification in one single run. Although distinction between
wo position isomers cannot be properly established, it can be
pproached with steric hindrance considerations. In fact, in the
ase of phenolic compounds which are predominant, the more the
unctional group –OH is surrounded by alkyl groups the earlier it

lutes in the first dimension, because interactions with the station-
ry phase are inhibited. Concerning non-oxygenated compounds,
hese results reveal the presence of n-paraffins from C11 to C24, of
aphthenes with up to five rings, many naphthenoaromatics, and
romatics with up to four ring (pyrene). As far as nitrogenates are

[
[
[

[
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concerned, they mainly consist in anilines, quinolines, indoles, and
nitriles.

4. Conclusion

Correlation between results obtained using GC × GC-FID and
GC × GC-ToF/MS enabled to unravel molecular structures of oxy-
genated compounds in coal-derived materials. It shows that
oxygenated structures mainly consist in phenolic compounds, ben-
zofurans, naphthols, and indanols. It also revealed the presence of
diols and naphthalenons which has never been demonstrated so far.
Compared to more conventional configurations, a non-orthogonal
system involving a highly polar column in the first dimension and
a nonpolar one in the second enables the characterization of oxy-
genates but also nitrogenates and hydrocarbons in one single run.
In fact, 2D contour plots obtained in these conditions exhibit good
resolution and high space occupation which was estimated using
an innovative equation. Nevertheless, nitrogenates elute in the
same zone as oxygenates. A separation involving SFC, LC or GC can
be of great interest upstream from the GC × GC system in order
to trap these compounds and exalt oxygenates. This stage would
lead to a generic method for unraveling O-compounds in hydro-
carbon matrices contained in coal-derived materials and could be
extended to similar products. These results lead to a better under-
standing of these matrices and represent a springboard towards
conversion processes enhancement.
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