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Abstract

Characterization of complex petrochemical samples has been a classical subject of comprehensive two-dimensional (2D) gas chromatog-
raphy (GC× GC). Macroscopic properties of these samples can be described accurately by separation of compounds in classes of identical
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olecular functionality. Ring structures in the carbon backbone of these compounds, which can be divided in saturated and unsa
mongst the foremost functionalities affecting samples properties. Unfortunately, GC× GC tuned for separation of both saturated and un
ated ring structures is likely to result in convoluted chromatograms when a distribution of both molecular properties is present in th
n independent liquid chromatographic (LC) separation preceding GC× GC could be used to resolve the mixture based on unsaturated
llowing saturated rings to be resolved separately in the GC× GC separation. This three-dimensional separation (abbreviated LC–GC× GC)
as performed after rigorous evaluation of LC as part of a multidimensional separation using LC× GC. Group-type separation was achie
sing this separation for components with either saturated or unsaturated rings. Results of this separation were used to compare
btained by GC× GC with LC–GC× GC.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Characterizations of petrochemical streams are used to
redict properties and/or behaviour in processes or during
pplication. The amount of effort that has to be put into these
haracterizations depends on the desired level of information.
easurement of physical properties of the sample is one of

he simplest forms of characterization. Indicative information
n the aromaticity of a crude oil, for instance, can already be
btained from a single measurement of the density[1]. More

nformation can be obtained by a separation based on the
olecular properties of components in a sample. The hy-
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drocarbons in a petrochemical sample can be separate
groups according to the number of aromatic rings usi
standardized liquid chromatographic separation method[2],
such as IP391. This characterization provides more info
tion than the sole determination of density or total arom
content, certainly when the quantitative nature of the re
are considered.

With the advent of comprehensive two-dimensional (
gas chromatography (GC× GC) [3], even more informatio
could be obtained compared to the above mentioned I
group type separation. Due to its two-dimensional na
a hydrocarbon type separation can be obtained that
includes the volatility distribution within each class.
appropriate choice of the separation dimensions allows
ponents of similar chemical structure to be readily grou
into bands, allowing rigorous group-type separations acc
ing to chemical class. Highly structured chromatogram
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petrochemical samples are readily obtained using GC× GC
based on separations along the distributions of volatility and
polarity. The target groups of the saturated, mono-, di- and
tri-aromatic species are separated by most commercially
available medium-polar stationary phases applied in the
second dimension, regardless of their type of interaction.
Further classification within a group is difficult and only
possible when specially tuned separation systems are
used.

Only a few researchers have reported on the sub-classes
of saturated cyclic hydrocarbons (naphthenics), despite their
great importance from the petrochemical point of view. Se-
lectivity between linear and cyclic alkanes has only been ob-
served for phases that exhibit phenylic interactions. Applica-
tion of these phases in GC× GC results in chromatograms
that provide detailed group-type separation of both aromat-
ics and naphthenics[4]. However, the gain in selectivity and
resolution between linear alkanes and cyclic alkanes results
in a loss of resolution between saturates and aromatics. In
the chromatogram this becomes evident by overlap of some
of the naphthenic and aromatic compounds. When classes
overlap, structure is lost; if the classes remain separated, a
structured separation pertains.

Overlapping classes and subsequent disordered chro-
matography prevent the efficient use of the unique selectivity
of phenylic phases. Therefore, the separation system needs to
b ined.
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tion based on aromaticity is an attractive candidate for this
dimension. In this separation, the sample dimensionality is
effectively lowered by a group-type separation of the sam-
ple into compound classes with an equal number of aromatic
rings. Systematic elution of naphthenic classes in subsequent
GC× GC can then be achieved, allowing for ordered separa-
tion in a three-dimensional chromatogram. It is known that
the selectivity of LC IP391 is based on interaction between
the amino groups of the stationary phase and the aromatic
�-electrons of specific analytes. However, no work has been
published on the effect of saturated rings on the selectivity of
this separation system. Because of this, the group-type sep-
aration of petrochemical samples containing both aromatic
and naphthenic compounds is rigorously evaluated in this
study. This will improve our understanding on how saturated
rings affect LC elution.

This paper deals with the development of a comprehen-
sive three-dimensional system, capable of separating cyclic
hydrocarbon species in petrochemical samples that contain
both aromatic and naphthenic compounds. At the same time,
more-extensive knowledge is acquired on the retention mech-
anism of the IP391 NPLC method. Finally the feasibility of a
three-dimensional separation system for the ordered separa-
tion of cyclic hydrocarbon group-types will be demonstrated.
The discussion of this separation will include criteria whether
(ordered) three-dimensional separations should be preferred
o
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e re-examined if ordered chromatograms are to be obta
he requirements for a separation system capable of pr

ng ordered chromatograms for specific samples have
undamentally addressed by Giddings[5]. In this approac
ample dimensionality is defined as the number of inde
ent variables that must be specified to uniquely describ
omponents of the sample. Ordered chromatograms are
idered the result of systematic and unambiguous eluti
ample components according to these sample dimen
n multi-dimensional space. Unfortunately, the true dim
ionality of complex samples, such as oil products, is
uch larger than the number of separation dimensions

an possibly be employed. We achieveapparentstructure by
atching themost-relevantsample dimensions with a fe

eparation mechanisms. Although GC× GC using a phenyli
econd-dimension phase succeeds in matching these s
imensions, it fails to give the systematic distribution of a
atic and naphthenic classes. Phenylic phases display

ivity for both sample properties (“naphthenicity” and a
aticity), which results in a convoluted retention order

eflects neither property clearly. However, this convolu
nly results from insufficient resolution between satur
nd aromatics. Within a class of compounds (e.g. satu
romatics) the dimensionality is lower than that of the

ire sample. Therefore, the separation within a class ma
rdered while that of the entire sample is not.

To regain a truly ordered separation according to t
ifferent sample dimensions, without the overlap of diffe
yclic species, a third dimension has to be added. The l
hromatographic (LC) method used for group-type sep
e

-

ver (less-ordered) two-dimensional separations.

. Experimental

.1. Samples, sampling and materials

A system calibration standard solution was prepare
rescribed in the IP391 method[2]. Cyclohexane (>99.9%
-xylene (>99%),n-heptane (>98%) and 9-methylanthrac
>97%) were obtained from Merck. di-Benzothioph
>99%) was obtained from Aldrich. The complex petroch
cal sample used for all separations was diesel fuel, 5�L of
hich was injected undiluted into the LC system. In so
xperiments, diesel with superadded trinaphthenes was
mounts of 3.50 mg perhydroanthracene and 4.60 mg
ydrophenanthrene, obtained from Shell’s Westhollow T
ology Center (Houston, TX, USA) were added to 485
iesel. The purity of both standards was determined t
95% by GC–MS. Manual injection of 0.1�L diesel with
uperadded trinapthenes was used to obtain the GC× GC
hromatogram of diesel.

Off-line coupling of the IP391 separation was perform
y manual sampling of the effluent. Samples for subseq
nalyses were collected after demounting the RI-detec
revent extra-column band broadening. LC× GC sampling
as performed at 0.2 Hz fromt= 2.60 untilt= 11.27, yielding
04 fractions overall. The backflush time (Tb) and resolution
Rs) were determined to be 12.67 and 7.72 min, respect
y separation of the system calibration standard. 1�L of each



14 R. Edam et al. / J. Chromatogr. A 1086 (2005) 12–20

LC fraction was analyzed with 1D-GC. Because equal per-
centages of identically sampled fractions are transferred into
the second dimension, this separation can be considered to
yield a comprehensive chromatogram that is representative
for the entire sample[6].

Group-type separation of diesel with superadded trinaph-
thenes was performed, resulting in collection of the satu-
rates (t= 2.75–3.34), mono-aromatics (t= 3.34–4.48) and di-
aromatics (t= 4.48–6.20). Separation of the system calibra-
tion standard resulted inTb = 7.55 min andRs = 6.54. Sam-
ples of the heart-cuts were injected using a CTC-PAL multi-
purpose sampler (CTC Analytics AG, Zwingen, Switzer-
land). One microliter was injected of the saturated class and
2�L of the mono- and di-aromatic classes.

2.2. Instrumentation

For LC separations, a Shimadzu LC10-AD HPLC pump
(Shimadzu Corporation, Kyoto, Japan) was used to deliver
the mobile phasen-heptane (purity >98%, Merck Darmstadt,
Germany) at a flow rate of 1 mL/min. A Shimadzu DGU-
4A vacuum degasser was used to degas the solvent prior to
use. A Shimadzu SIL-10A auto sampler was used to auto-
matically inject volumes between 5 and 50�L into a six-port
valve equipped with a 50�L sample loop. The LC column
used was a 250 mm× 4.6 mm i.d. Phenomenex SphereClone,
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is cooled back to its standby temperature of 40◦C. A loop-
type cryogenic modulator (ZOEX Corp., Lincoln, NE, USA),
set to a modulation time of 7.5 s, and a second dimen-
sion column oven (ZOEX) were installed to enable flexible
GC× GC. The column-set used consisted of 10 m× 0.25 mm
i.d. DB-1, a dimethylpolysiloxane column with a film
thickness of 0.25�m (J&W Scientific Inc., Folsom, CA,
USA) used as first dimension, a 2 m× 0.1 mm i.d. DPT-
MDS deactivated fused-silica modulation capillary (BGB
Analytik AG, Adliswil, Switzerland) and a 2 m× 0.10 mm
i.d. BPX-50, a 50% (eq.) polysilphenylene-siloxane col-
umn with a film thickness of 0.10�m (SGE, Ringwood,
Australia) as second dimension. Columns were coupled
with press-fits (Techrom, Purmerend, The Netherlands). The
GC oven was programmed from 40◦C (5 min isothermal)
to 300◦C (10 min isothermal) at 5◦C/min. The second-
dimension column temperature was maintained 50◦C above
that of the first-dimension column during the entire
experiment.

2.3. Data processing

The detector signals of all chromatographic methods were
recorded with EZChrom Elite software, Version 2.61, SP1
(Scientific Software Europe, Willemstad, The Netherlands).
The acquisition rate for the RI, UVIS and 1D-GC was set to
5 uffi-
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acked with 5�m particles of amino-bonded silica (Ph
omenex Inc., Torrance, CA, USA). It was kept at 40◦C in a
himadzu CTO-10AC column oven. A Shimadzu SCL-1
ystem controller with option box was used for automa
f the LC runs. RI-detection with a detector from Chromp
Varian Chrompack International, Middelburg, The Neth
ands) was used for the IP391 method; UV detection

MicroUVIS 20 UV detector (Carlo Erba Instruments, R
ano (Milan), Italy) at 254 nm was used for determinatio

he band broadening effect of the RI-detector.
Gas chromatography for the LC× GC experiments wa

erformed on a Mega 5300 series HRGC (Carlo Erba In
ents), equipped with an A200S auto sampler (Carlo

nstruments), Grob-type split-injector (300◦C) and a flame
onization detector (350◦C). One microliter was injected
he hot split injector, using a split-flow of 20 mL/min. Heliu
as used as carrier gas at a constant inlet pressure of 12
C analyses were performed on a 30 m× 0.10 mm i.d. DB-1
olumn with a film thickness of 0.1�m (J&W Scientific Inc.
olsom, CA, USA). The temperature was programmed
0◦C (5 min isothermal) to 325◦C at 10◦C/min.

The GC× GC system consisted of a 6890 series GC (
lent Technologies, Avondale, PA, USA) configured w

CTC-PAL multi-purpose sampler (CTC Analytics A
wingen, Switzerland), a Gerstel CIS-4 PTV injector (G
tel GmbH & Co.KG, M̈ulheim an der Ruhr, German
nd a flame-ionization detector. Split injection was

ormed using an inlet pressure of 250 kPa and total
f 117 mL/min. After injection, the PTV liner was heat

o 250◦C at 12◦C/s. Ten minutes after injection, the PT
.

Hz, GC× GC data was collected at 100 Hz to obtain a s
ient number of data points across a peak. The LC and 1D
hromatograms were processed in EZChrom Elite. Ma
ersion 6.5 (The MathWorks, Natick, MA, USA) was us

or conversion of the linear signal into two-dimensional d
atrices. GC× GC data was processed and visualized

n-house developed software[7]. LC× GC data was visua
zed using Noesys Transform v. 3.0 (Research Systems
oulder, CO, USA).

. Results and discussion

As outlined in the introduction section, the main goa
he current paper is to obtain three-dimensional informa
n complex petrochemical samples in order to resolve c
lkanes from linear alkanes and from aromatic compou
C× GC using a phenylic phase in the second separ
imension was found inadequate for this purpose, becau

he selectivity for both aromatic and naphthenic ring st
ures that prevents separation of the desired classes. O
hromatograms of these samples require independen
ration based on volatility, the number of aromatic ri
nd the number of naphthenic rings. Therefore, LC gr

ype separation based solely on aromatic ring structure
uggested as an independent separation dimension pre
C× GC. Successful application in a multi-dimensional s

em requires totally resolved target groups, which can be
e collected separately. NPLC according to the IP391

ocol, modified for subsequent GC analysis, was studie
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respect of these requirements. Separation of a diesel fuel by
comprehensive LC× GC separation will be demonstrated.

3.1. Evaluation of NPLC as a dimension in a
three-dimensional separation system

The sample used for examination of the IP391 separa-
tion was a diesel fuel. Its significant amount of aromatic and
naphthenic compounds was required to demonstrate the sep-
aration of both classes. According to the IP391 method, the
column was back-flushed after elution of the di-aromatics.
The only deviation from the published method was the undi-
luted injection of the sample, to ensure that concentrations
in the effluent were suitable for split injection in subsequent
GC separations. The injection volume used was close to the
maximum loadability of the analytical column. Experimen-
tal parameters for the LC and the comprehensive LC× GC
separations were kept identical to allow comparison, except
for removing the refractive index detector in the LC× GC
experiment.

A reasonable separation between the saturates, mono- and
di-aromatics in the sample is evident from the LC chro-
matogram inFig. 1. The narrow elution profile of the sat-
urated compounds suggests unretained elution of this class,
while the mono- and di-aromatic classes may be broadened by
secondary retention mechanisms. Lack of chromatographic
r n the
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m The
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y to
g Us-
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result of secondary interactions. The LC effluent was col-
lected until the back-flush point. No poly-aromatic fractions
were analyzed, since the back-flushed effluent does not con-
tain information regarding the LC separation. The GC data
obtained on the individual LC fractions were combined into
a 2D contour plot, similar to those commonly constructed for
GC× GC. The analogy between LC× GC and GC× GC is
further emphasized by plotting the LC dimension along the
y-axis and the GC dimension along the x-axis. This results in
chromatograms with similar separation mechanisms (volatil-
ity versus polarity) along each axis (Fig. 2). Since the main
interest in a comparison focuses on the separation mecha-
nisms, this representation proved to be more convenient than
the standard representation. LC× GC and GC× GC chro-
matograms of the diesel sample are presented inFigs. 3 and 4.

The elution of aromatic classes as observed inFig. 1 is
reflected by the three separate bands in the LC× GC chro-
matogram. The aromatic classes appear to be well separated
using LC× GC, in contrast to the incompletely resolved
groups in LC. Lack of chromatographic resolution inFig. 1,
resulting in the incomplete separation of aromatic classes, can
thus largely be attributed to extra-column broadening in the
backflush valves or refractive-index detector. Only minimal
tailing due to overloading is observed in the LC dimension.
The tailing peaks from some of the saturated compounds in
the LC dimension are those of the linear alkanes, which are
t ffect,
h first
d tics
i

IP
3 m is
t mber
o spe-
c dif-
f s in
G was
s e
t en-

paratio
esolution gives rise to incomplete separation betwee
aturated and mono-aromatic compounds. The poor
atography evident fromFig. 1, however, is most likely exag
erated by extra-column band broadening resulting from

arge amount of injected sample and the large cell vol
f the refractive-index detector. Though, overloaded c
atography cannot be excluded judging from this figure.

eparation between mono- and di-aromatics is almost
lete.

Comprehensive coupling of LC to GC is a rigorous wa
ain insight into the parameters affecting LC retention.

ng LC× GC, we can discriminate between chromatogra
verloading and band broadening in the LC dimension

Fig. 1. Preparative se
he most abundant compounds in the sample. This e
owever, is not a major obstacle for use of LC in the
imension. Any carry-over into the class of mono-aroma

s unlikely to result in co-elution in GC× GC.
A most important prerequisite for application of the

91 LC method in a three-dimensional separation syste
he unambiguous elution of classes according to the nu
f aromatic ring structures. Other functional groups, e
ially naphthenics, should not induce carry-over between
erent aromatic target-groups. Selectivity for naphthenic
C× GC using phenylic phases in the second dimension
hown to result in less ordered separations (Fig. 4). To assur
he indiscriminate elution of naphthenics from the LC dim

n of 5�L diesel by IP391.



16 R. Edam et al. / J. Chromatogr. A 1086 (2005) 12–20

Fig. 2. Separation dimensions in GC× GC, LC× GC and LC–GC× GC as displayed in this paper.

sion, a diesel sample with two superadded trinaphthenic com-
pounds was analysed with LC× GC. A comparison of the
chromatograms with and without superadded trinaphthenic
compounds confirmed that no selectivity for this class was
exerted.

FromFig. 3, which zooms in to the parts of the LC× GC
chromatograms where the tri-naphthenic compounds elute, it
is evident that these compounds elute together with the other
saturated compounds. Different LC peak widths in the figures
are the result of in phase/out phase sampling over the LC elu-
tion profile. This effect is not relevant for the actual separation
and can thus be ignored. All six structural isomers (resulting
from cis/trans isomerism) of perhydrophenantrene and perhy-
droanthracene elute with the saturates. Some of them are well
visible, while others co-elute with (generally higher concen-
trated) saturated-compounds. We conclude from these results

that no selectivity for cyclic alkanes is exerted in a separation
according to the IP391 method.

3.2. Group-type collection of diesel components based
on aromaticity

We have demonstrated that LC according to the IP391
method meets the requirements for application in a multi-
dimensional separation system. Individual aromatic classes
can be collected up to the di-aromatic class by operation of
this method is a heart-cut mode. In this form, LC will be
employed in a three-dimensional separation, in which com-
ponents are resolved according to their aromatic class prior
to analysis by GC× GC. Due to the heart-cutting nature in
which the first dimension is operated, this separation is abbre-
viated as LC–GC× GC [6]. The separation is demonstrated

F up typ ion of
t

ig. 3. LC× GC of diesel fuel. Clear separation between aromatic gro
ri-naphthenics.
es in LC× GC. The magnified part of the chromatogram presents the elut
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Fig. 4. GC× GC chromatogram diesel, identification tentative.

using the same diesel sample with superadded tri-cyclic alka-
nes, which was also separated by LC× GC and GC× GC.
Experimental parameters for the LC separation remained un-
changed, except for the effluent sampling.

In order to obtain the saturated, mono- and di-aromatic
classes from the LC separation, the effluent was collected
continuously from the moment of first elution until most of
the di-aromatic compounds had eluted. Cut-times for the ef-
fluent collection were determined prior to fractionation us-
ing refractive index detection. The valleys between different
classes in the detector signal marked the time for switching
their collection. An issue regarding the LC group-type sep-
aration was the dilution due to selectivity within aromatic
classes. Selectivity within the di-aromatics resulted in nearly
a five-fold increase of its elution volume compared to the
saturates. This dilution increases the concentration differ-
ence between aromatic classes even more since in diesel
fuel components generally become less abundant with in-
creasing aromaticity. Analysis of excessively diluted mono-
and di-aromatic classes would require the optimization of
a large-volume technique for GC× GC, making the separa-
tion overly complex for its purpose. Use of preparative LC
equipment could have solved concentration related issues,
but was also considered as being beyond the scope of this ex-
ploratory research. Therefore, collection of the di-aromatics
was cut off about halfway the elution domain specified by the
I thus
b ligi-
b f
d the
m am-
p f the
I modi-
fi atic

compounds eluting after 4.5 s relative second dimension re-
tention time (Fig. 7).

3.3. Three-dimensional separation performance

GC× GC chromatograms of aromatic classes could be ob-
tained with satisfactory signal-to-noise ratios thanks to mod-
ifications to the LC group-type sampling and increased in-
jection volumes for mono- and di-aromatic compounds for
GC× GC analysis (Figs. 5 through 7). The color scale of
these contour plots has been optimized for maximal contrast
in each chromatogram separately, thus does not represent any
quantitative relation between these chromatograms. Separa-
tion of aromatics classes is observed to be almost complete,
only some linear alkanes are present in the mono-aromatic
fraction. This phenomenon has already been elucidated in the
discussion of the LC× GC results, where extra-column band
broadening was observed to result in carry-over of these com-
pounds into the mono-aromatic elution domain. Because the
linear alkanes are fully resolved from the mono-aromatics,
their presence is irrelevant for conclusions to be drawn about
separation within this class. Information that can only be ob-
tained with LC–GC× GC has been indicated with the line in
Fig. 5, which marks the lower second-dimension retention of
the mono-aromatic class. Compounds eluting above this line
cannot be resolved from mono-aromatics using GC× GC.
M di-
a

s ivid-
u h-
t e lin-
e even
t with
P391 method. The concentration within this class could
e increased by a factor of two at the cost of losing a neg
le amount of di-aromatic compounds. GC× GC analysis o
i-aromatic heart-cuts collected according to IP391 and
odified sampling method confirmed that the modified s
ling did not affect conclusions about the performance o

P391 as part of a three-dimensional separation, as the
cations only affected the concentration of some di-arom
ono-aromatic compounds that were separated from
romatic compounds are presented in a similar way inFig. 6.

Elution-patterns that could not be observed in a GC× GC
eparation are revealed in the chromatograms of ind
al aromatic classes. InFig. 5 the separation of nap

henic classes is demonstrated to extend beyond th
ar and mono-naphthenic alkanes. di-Naphthenic and

ri-naphthenic alkanes, which would have overlapped
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Fig. 5. LC–GC× GC chromatogram of the saturated compounds from diesel.

mono-aromatic compounds in a GC× GC separation, are re-
solved from each other and can be separated according to
the number of naphthenic rings. Another interesting obser-
vation from Fig. 5 relates to the structured elution within
naphthenic classes. Linear and mono-naphthenic saturates
elute in an ordered fashion, but this order appears to have
degraded for the di-naphthenic saturates. Structured elution
in so-called roof tiles, as observed for linear and mono-
naphthenic alkanes, distinguishes components in sub-classes
based on their functional groups and the number of car-
bon atoms. Components eluting in the same roof-tile are
structural isomers, their position in the roof tile depends on
the branching or shape of the molecule[4]. Roof-tiled elu-
tion is also apparent for the di-naphthenics, but the com-

ponents are not sufficiently separated to obtain the same
information compared to linear and mono-naphthenic satu-
rates. Disordered separation, for example as observed for the
C12 and C13 di-naphthenics eluting between 32 and 44 min,
prevents the components to be assigned to either sub-class.
The increased chromatographic disorder presumably finds
its origin in the presence of five and six membered naph-
thenic rings and cis/trans isomerism of these ring structures.
These sample dimensions are not unlikely to result in the de-
graded order of this class, considering the shape selectivity of
the separation. Even though the local disorder observed for
di-naphthenic compounds, separation between naphthenic
classes is preserved. Judging from the observed selectivity
between naphthenic classes higher classes of naphthenics

of the
Fig. 6. LC–GC× GC chromatogram
 mono-aromatic compounds from diesel.
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Fig. 7. LC–GC× GC chromatogram of the di-aromatic compounds from diesel.

could also be resolved using this set-up. Separation of a sam-
ple with enough isomers of these classes is required to prove
this.

The chromatogram of the mono-aromatics (Fig. 6) as a
whole appears less ordered compared to that of the saturates.
Structured elution is only observed for the linearly substituted
aromatic compounds, which appear as the roof-tiles between
2.0 and 2.5 s second-dimension retention time. Above these
compounds, mono-aromatics elute that also contain naph-
thenic rings in the carbon backbone. These bi-functional com-
pounds cannot be resolved from the class of linearly substi-
tuted mono-aromatics and no systematic elution pattern is
observed for this class. Linearly substituted mono-aromatics
can only be recognized, because of the ordered elution within
this class. Obviously, the retention characteristics are affected
beyond the selectivity of this separation system by substitu-
tions of the functional groups. Another argument for the lack
of structure for naphthenic aromatics is that not enough iso-
mers within each group of compounds are available for struc-
tured elution to be apparent. The vague roof tiles observed
for naphthenic mono-aromatics with higher carbon num-
bers are far from ordered sufficiently for any sub-class to be
resolved.

The structure within the di-aromatics did not come unex-
pected since it was already observed in theFig. 4. This is,
of course, implied by the composition of the sample, which
o tics.
B t of
t n
t third
s arat-
i con-
t ping
m

4. Conclusions

The LC method that was identified for group-type separa-
tion of complex hydrocarbon mixtures based on aromaticity
was found suitable for this application. Information obtained
by LC× GC was used for obtaining extensive information
about this LC method. Besides demonstration of aromatic
group-type separation, LC× GC results were used to obtain
critical information on separation of naphthenic compounds
and to explain chromatographic band-broadening of saturated
compounds. Naphthenic compounds were found to have no
interaction with the stationary phase of the LC separation,
thus allowing this separation to be used in an LC–GC× GC
set-up where these compounds are resolved from aromatics
in an independent separation.

LC–GC× GC separation was demonstrated successfully
in providing information on the elution order of naphthenic
and aromatic compounds, which remain partially convoluted
in a GC× GC separation. Group-type separation of naph-
thenic alkanes was obtained for all naphtenic alkanes avail-
able in diesel. The selectivity observed for these classes sug-
gests that separation of tri-naphthenics or even higher naph-
thenics with the current system is plausible. However, re-
moval of the mixed dependency between naphthenic and
aromatic classes reveals new dependencies or sample dimen-
sions, which influence systematic elution of the separation
a ution
o ered
c sum-
a from
C

no-
a this
p ation
bviously does not contain much naphthenic di-aroma
ecause of the simple, non-cyclic substitutions for mos

he di-aromatics observed here (Fig. 7), resolution betwee
he components as well as the groups is excellent. A
eparation-dimension does not add information by sep
ng any of the observed di-aromatic compounds, but
ributes to the separation result by removing the overlap
ono-aromatics.
nd the order observed in resulting chromatograms. El
f di-naphthenic compounds was found to be less ord
ompared to linear and mono-naphthenic alkanes, pre
bly because of the increasing number isomers resulting
5/C6 naphthenic rings and cis/trans isomerism.
Although ordered elution of linearly substituted mo

romatics is apparent, which reveals their identity in
artially convoluted separation, no indisputable separ
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is achieved between these compounds and naphthenic mono-
aromatics. Insufficient selectivity of the phenylic stationary
phase in GC× GC between linearly and naphthenic substi-
tuted mono-aromatics resulted in overlap of both classes of
compounds. Separation of di-aromatic compounds experi-
enced no significant improvement of the three-dimensional
separation due to lack of overlap with naphthenic aromatics.

The value of IP391 LC as an extra separation dimension for
complex (petrochemical) samples other than diesel depends
on whether naphthenic and aromatic target-groups can be sep-
arated. LC–GC× GC can provide structured chromatograms
for naphthenic classes where GC× GC can not. GC× GC
separation requires less time and equipment, while providing
a quantitative overview of the entire sample.
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