
Journal of Chromatography A, 1050 (2004) 77–84

Comprehensive two-dimensional gas chromatography
coupled with fast sulphur-chemiluminescence
detection: implications of detector electronics
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A large part of this manuscript is based on the bachelor thesis of Toby Riemersma. Unfortunately, Toby did not live to see the publication of his work. After a
courageous but unequal fight of somewhat less than a year, Toby was taken away from us the 21st of May 2004. We will miss his enthusiasm and dedication

he showed towards chemistry, but mostly towards life.

Abstract

Within the petrochemical industry, there has been a growing interest in methods capable of providing detailed information on the distribution
of sulphur-containing compounds in various product streams, going down to the level of separating and quantifying individual sulphur species.
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ince no single capillary gas chromatographic column is able to perform this separation, a refuge to multi-dimensional separation
as to be taken. In this respect, comprehensive two-dimensional gas chromatography (GC× GC) coupled with sulphur chemiluminescen
etection (SCD) has shown to be highly promising. It has been suggested, however, that the detector volume of an SCD restricts

o keep up with the fast second-dimension separations of contemporary GC× GC. In this paper, we will demonstrate that the lack of spee
he SCD does not originate from its physical dimensions, but is largely determined by the speed of the electronics used. Addition
ypical examples will be presented to illustrate the potential of GC× GC coupled with fast SCD.

2004 Elsevier B.V. All rights reserved.
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. Introduction

All petroleum samples, whether this concerns crude oil
r refined products, contain varying amounts of components
ontaining heteroatoms. Of these, sulphur and nitrogen are
he most predominant. Depending on the origin, crude oil
ontains sulphur in between 0, 5 and 140 g/kg[1]. The burn-
ng of petroleum products containing sulphur will lead to the
ormation of SO2.

Since this is an important source of air pollution and acid
ain, many countries have implemented strict regulations on
ulphur content in gasoline and diesel oil. Besides this air
uality related driver, exhaust gas after treatment systems
lso demand low levels of certain elements and components

n the fuel in order to prevent catalyst poisoning. Therefore,
hanges to fuel specifications have also been and are increas-
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ingly driven by the automotive industry, which demands
proved fuel quality to assist in meeting the very tough
exhaust emissions legislations. Moreover, if gasoline
be used as a fuel for fuel cell reformers, S levels dow
1–2 mg/kg may even be required.

A number of laboratory methods for total-sulph
measurements with ASTM, IP or other approval
available that suffice for legislation purposes. Of th
combustion/ultraviolet fluorescence (UVF)1 and wavelengt
dispersive X-ray fluorescence spectrometry (WD-XRF)2 are
gaining popularity.

Some sort of sulphur speciation, however, is often
quired in addition to the determination of the total amoun
sulphur. Different groups of sulphur-containing compou

1 ASTM D5453-93 Standard test method for the determination of
sulphur in light hydrocarbons, motor fuels and oils by ultraviolet fluo
cence.

2 ASTM D2622-98 Standard test method for sulphur in petroleum p
ucts by wavelength dispersive X-ray fluorescence spectrometry.
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generally show a different behaviour with respect to cat-
alyst poisoning, equipment corrosion and sulphur-removal
processes such as hydrodesulphurisation (HDS). Therefore,
an array of sulphur-selective detectors for chromatography
has been developed for the analysis of organo-sulphur com-
pounds in petroleum products, the pulsed flame-photometric
detector[2] being the most recent development.

Several investigators have reported on the chemistry and
kinetics in HDS[3–7]. Generally speaking, in HDS the reac-
tivity of sulphur-containing compounds inmiddle-distillates
(kerosene, diesel, boiling-range 150–450◦C), decreases
strongly in the series thiols > sulphides > thiophenes >
benzothiophenes > dibenzothiophenes[3,7]. Even the reac-
tivity of individual sulphur-species within a group can vary.
Reactivity of benzothiophene, for instance, is lowered sig-
nificantly by substitution especially in the 3-position and less
in the 7-position[3]. Methyl substituents in the 4- and 4,6-
positions (but not in the other positions) significantly reduce
the reactivity of dibenzothiophenes, which can be explained
by mild steric effects[6]. It is for this reason that not merely
the various sulphur-containing groups present, but also those
species particularly refractory to HDS have to be separated
and quantified. Since no single capillary GC column is able
to perform this separation, a refuge to multi-dimensional
separation techniques has to be taken. Beens and Tijssen
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second-dimension separations of contemporary GC× GC
set-ups.

The same goes for the P-FPD[2]. Although this detector
shows excellent selectivity over carbon, equimolar response
and high sensitivity, its physical design limits its sampling
frequency to 4–5 Hz.

Currently, the sulphur chemiluminescence detector (SCD)
is the only realistic detector of choice for the current de-
mands set. Two groups have already reported on GC× GC
coupled with SCD[12,13]. Both groups have observed rela-
tively broad sulphur peaks, which, suggests that the response
characteristics of the SCD differ significantly from that of
the flame-ionization detector (FID) commonly used in petro-
chemical applications. Although in the study of Wang et al.
[12] this might be caused by the relatively large diameter
second-dimension column (3 m× 0.25 mm i.d. bpX-50 Df
0.25�m), Hua et al.[13] unjustly attribute this to the larger
cell volume of the SCD. In this paper, we will demonstrate
that the lack of speed of the SCD does not originate from its
physical dimensions, but is largely determined by the speed
of the electronics used. Additionally, some typical examples
will be presented to illustrate the potential of fast SCD.

2. Experimental
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8] were the first to accommodate for this need when
eported on their on-line coupling of a sulphur group-t
eparation by NPLC with the high-resolution of GC. T
pproach, although very elegant and meeting the req
ents delineated above, has never gained wide accep
robably due to instrumental complexity and requ
perator skills.

In this respect, comprehensive two-dimensional gas c
atography (GC× GC) coupled with sulphur-selective d

ection, especially when utilized with the recent instrume
mprovements, proves to be a viable alternative. The re
evelopments in cryogenic modulation have resulted in
le and robust approaches to enable thermal modulation

ous groups have recognized this alternative. Van Deurse[9]
nd Dall̈uge et al.[10] have reported on sulphur speciat
y GC× GC coupled with time-of-flight mass-spectrome
GC × GC-ToF-MS). With a ToF-MS, ion chromatogra
an be used to selectively extract groups of compound
he basis of their unique masses. ToF-MS also enable
roup-type identifications, making it an ideal tool for met
evelopment.

For quantification purposes, however, a true sulp
elective detector with an equimolar response and, prefe
high selectivity over carbon, is to be preferred. Surprisin

he atomic-emission detector (AED), although limited in
electivity over carbon, has been demonstrated to be h
romising[11]. It is doubtful, however, if the latter is cap
le of revealing the presence of sulphur species at the

evels currently of interest in the studies of desulphurisa
rocesses. Furthermore, the currently commercially avai
EDs lack the speed necessary to keep pace with the
,

.1. Instrumentation

The gas chromatograph used throughout this study
Hewlett-Packard 6890 Series GC (Hewlett-Packard, W
ron, Germany), equipped with an OPTIC I programm

emperature vaporizer (PTV; Ai Cambridge, Cambrid
K), an FID and a SCD equipped with a ceramic (flamel
urner (Sievers Model 350 sulphur chemiluminescence
ector; Sievers, Boulder, CO, USA). For the amplificatio
he SCD’s PMT-signal, a modified FPD electrometer (C
rba FPD-500 electrometer, Carlo Erba Strumentatione
ano, Milan, Italy) was used.

For the initial optimisation of the SCD (linear GC e
eriments), a single 10 m× 0.1 mm i.d., 5% phenyl-methy
olysiloxane column (DB-5, J&W Scientific, Folsom, C
SA) with a 0.1 mm film was used.
In this study, two types of thermal modulators w

sed. Initial experiments (seeSection 3.1) involved a ZOEX
T2000 retrofit kit (ZOEX Corp., Lincoln, NE, USA). Th
as the second prototype built of the first generation so-c
weeper modulators[14]. In this set-up, a 10 m× 0.25 mm

.d., dimethylpolysiloxane column (DB-1, J&W Scientifi
ith 0.25 mm film thickness served as first dimension.
econd dimension consisted of a 17.5 cm×0.10 mm i.d., 50%
henyl (equiv.) polysilphenylene-siloxane column (BPX
GE, Ringwood, Vic., Australia) with 0.05 mm film thic
ess. In between the first- and second-dimension co
piece of 0.09 m× 0.10 mm i.d., 5% phenyl, 1% viny
ethyl-polysiloxane column (SE-54, Quadrex, New Ha
T, USA) with a 3 mm film served as modulation capilla
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The second part of the study (seeSections 3.2 and 3.3) em-
ployed a ZOEX KT2002 LN2 Loop modulator with pulsed
hot jet (ZOEX Corp., Lincoln, NE, USA). The columns used
in this second part of the study were similar to that of the
initial experiments, except for the length of the second di-
mension column. The loop-modulator set-up was equipped
with a separate secondary oven with independent temperature
control, allowing for a 2 m long second-dimension column to
be used. The OPTIC I PTV was replaced by a JAS UNIS 2100
PTV fitted with a JAS 76200 extended heater (Joint Analyti-
cal Systems GmbH, Moers, Germany) for its superior ability
to effectuate selective discrimination.

The data-acquisition was handled by an EZChromElite
Client/Server data system, Version 2.61 (Scientific Software
Inc., Pleasanton, CA, USA). Further data handling was per-
formed with software written in MatLab R13 (The Math-
works, Natick, MA, USA). Data-handling routines were de-
veloped in-house[15]. The contour plots in this paper were
generated using Transform 3.4 (Noesys, Research Systems,
Boulder, CO, USA).

2.2. Materials and standards

The light catalytically cracked cycle oil (LCCCO)–heavy
gas oil (HGO) mixture, the Liverpool Bay Crude and the
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× GC column assembly was located in one oven, which had
an initial temperature of 35◦C. After an initial hold of 5 min,
the oven temperature was programmed at a rate of 2◦C/min
to 300◦C, which was maintained for 5 min. The sweeper-
modulator was operated at a temperature of 100◦C above the
oven temperature. The stroke velocity was 0.25 rev/s and the
pause time 0.5 s. The modulation-period was 7.5 s.

In the GC× GC experiments performed with the loop
modulator, 1�L aliquots of the samples were injected. The
JAS UNIS PTV initial temperature was 40◦C. After injec-
tion, the PTV was heated at a rate of 12◦C/s to 300◦C, which
was maintained for 2 min. Then the temperature of the PTV
was forced down to 125◦C in order to prevent the introduc-
tion of high-boiling material >n-C30 through selective exclu-
sion[16], thus protecting the column-set from contamination.
This allowed a crude-oil sample to be introduced through neat
injection. The column head pressure was 150 kPa, and a split-
flow of 20 ml/min was used. The initial oven temperature for
the first dimension column was 40◦C. After an initial hold
of 5 min, the oven was programmed at a rate of 2◦C/min
to 320◦C, which was maintained for 20 min. The secondary
oven chamber holding the second dimension column had an
initial temperature of 90◦C. After an initial hold of 5 min, it
was programmed at a rate of 2◦C/min up to 350◦C, which
was maintained for 30 min. The hot-pulse of the loop modu-
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esulphurized samples used in this study, all originate
he Shell Research and Technology Centre, Amster
he dibenzothiophene used in the linear GC experim
nd the 2-(3-thienyl) ethanol used as internal standa

he GC × GC analyses had purities of 99% and w
btained from Aldrich (Milwaukee, WI, USA). The 4,
imethyldibenzothiophene used for identification purpo
ad a purity of 97% and was also obtained from Aldrich

The helium and hydrogen used throughout the ex
ents both had a quality of (at least) 6.0. Zero-air was
lied by a Parker–Balston zero-air generator (Parker Han
orporation, Tewksbury, MA, USA).

.3. Conditions

In the linear GC-experiments, 1�L aliquots of 8.8 mg/kg
ulphur (as dibenzothiophene) in xylene were injected
llow for a rapid release from the PTV injector, the latter
n initial temperature of 300◦C. Immediately after injection

he PTV was heated to 350◦C at a rate of 16◦C/s followed
y a 5 min hold. The column head pressure was 250 kPa
splitflow of 100 ml/min was used. The oven had an in

emperature of 200◦C. After an initial hold of 1 min, the ove
as programmed at a rate of 75◦C/min to 250◦C, which was
aintained for 5 min.
In the GC× GC experiments with the sweeper modu

or, 0.2�L aliquots of a high-sulphur kerosene sample w
njected. The PTV initial temperature was 40◦C. After injec-
ion, the PTV was heated at a rate of 16◦C/s to 350◦C, which
as maintained for 5 min. The column head pressure
00 kPa, and a splitflow of 50 ml/min was used. The entire
ator was programmed with an offset of 30C as compared t
he first-dimension column oven temperature. The hot-p
uration was set to 400 ms and the modulation time was

Helium was used as a carrier gas throughout all ex
ents.
The flameless burner of the SCD was operated at a tem

ture of 800◦C and a pressure of 233 Torr (31 kPa abso
ressure). Zero-air and hydrogen were supplied to the b
t 40 and 100 ml/min, respectively. Analog-to-digital con
ion of the detector signal was performed at 50 Hz.

. Results and discussion

.1. Optimisation of the SCD

Initially, the SCD was set based on the recommenda
f the manufacturer. The repeatability and detection li
f the SCD were verified by injecting solutions of dib
othiophene in xylene. The boiling point of xylene (139◦C)
iffers enough of that of dibenzothiophene (332◦C) to stay
lear of possible solvent effects, which, would have a d
ental effect on the peak shape. In order to be able t

ectly compare the speed of the SCD to that of the FID
nstalled a press-fit effluent splitter (Techrom, Purmer
he Netherlands) at the end of the analytical column
ection 2, linear GC experiments). Since the burner of
CD operates under reduced pressure and the FID
ospheric pressure, equal splitting between both dete

alled for a restriction towards the SCD to be installed.
imensions of a capillary restriction can be easily calcul
sing the Poiseuille equation[17]. Performing these calcul
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tions assuming a flow of 0.1 mL/min towards the SCD burner
(column flow 0.2 mL/min), a temperature of 200◦C giving a
gas viscosity of 2.66× 10−4 poise, a SCD-burner pressure of
233 Torr (=3.026e5 dynes/cm2), and a restriction of 2.00 m×
0.10 mm i.d. towards the SCD-burner, this would result in an
inlet-pressure for the restriction of 1.12× 106 dynes/cm2.
This inlet pressure would require a restriction of 39.1 cm
with an i.d. of 0.10 mm to also obtain a flow of approxi-
mately 0.1 mL/min towards the atmospheric (1 atm = 1.012
× 106 dynes/cm2) FID. That installing a 200 cm× 0.10 mm
i.d. restriction towards the SCD and a 39 cm× 0.10 mm i.d.
towards the FID actually results in almost equal splitting be-
tween FID and SCD is demonstrated inFig. 1, where the
chromatograms of an injection of a dibenzothiophene solu-
tion, under identical chromatographic conditions, before and
after the installation of the effluent splitter are presented. At
the same time it must be noted that the effluent splitter does
not contribute to extra band broadening.Fig. 2demonstrates
the possibility to simultaneously record two detector traces
(FID and SCD).

F l-
p efore
(

F
p
d

Fig. 3. Chromatogram obtained from a 1�l split injection of 8.8 mg/kg sul-
phur (dibenzothiophene in xylene). FID trace (red), SCD trace using the
original Sievers amplifier (blue) and SCD trace as recorded with the FPD-
500 electrometer (green).

FromFig. 2, it also becomes clearly evident that the FID
shows a significantly faster response than the SCD. Clearly,
the SCD gives rise to additional band broadening. Strong in-
dications were there, however, that this slow response was
caused by system electronics, rather than dead volumes in
the chemiluminescence chamber and/or PFA transfer line be-
tween burner and reaction chamber[18]. Thanks to the vac-
uum applied to the reaction chamber, the residence time of
the analytes should be approximately 5 ms.

Since the manufacturer Carlo Erba (CE) has the reputa-
tion to build relatively fast electrometers/amplifiers[19], it
was decided to connect an electrometer intended for use with
CE’s flame-photometric detector (CE FPD-500 electrometer,
Carlo Erba Instruments, Milan, Italy) directly to the photo-
multiplier tube (PMT) of the SCD system, thus bypassing
the entire amplifier electronics of the SCD. The results of
this exercise are presented inFig. 3.

Obviously, the FPD-500 electrometer exhibits faster re-
sponse characteristics than the original Sievers amplifier, al-
though still not as fast as that of the FID. With the knowledge
that the analog amplifier electronics would allow for simple
modification to further lower its time constant, it was de-
cided to subject the SCD/FPD-500 combination to a GC×
GC experiment. FromFig. 4, in which both the FID and the
SCD/FPD-500 trace of a single second dimension separation
o mes
e eter
s

ig. 1. Chromatogram obtained from a 1�l split injection of 8.8 mg/kg su
hur (dibenzothiophene in xylene). SCD trace of dibenzothiophene b
red) and after installing a press-fit effluent splitter (blue).
ig. 2. Chromatogram obtained from a 1�l split injection of 8.8 mg/kg sul-
hur (dibenzothiophene in xylene). FID trace (red) and SCD trace (blue) of
ibenzothiophene.

he
F ruc-
t an,
I d in
F sion
s aving
m

D
a CD-
c ndly,
f a GC× GC kerosene analysis is presented, it beco
vident that the time constant of the FPD-500 electrom
till prohibits proper GC× GC analyses.

After this experiment, the amplification circuitry of t
PD-500 electrometer was modified, following the inst

ions kindly supplied by its manufacturer (Carlo Erba, Mil
taly). The effect of these modifications is demonstrate
ig. 5, where the SCD traces of two single second dimen
eparations of a kerosene analysis, before, and after h
ade the modifications, have been overlaid.
In the linear domain, it is difficult to align the SC

nd FID signal, firstly because of the delay between S
hemiluminescence and FID-ionization detection. Seco
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Fig. 4. Chromatogram of a single second-dimension separation of a GC×
GC kerosene analysis. FID trace (blue) and SCD/FPD-500 trace (red).

Fig. 5. Chromatogram of two single second-dimension separations of a GC
× GC kerosene analysis. SCD/FPD-500 trace before (blue) and after modi-
fication (red).

because the FID “sees” the entire matrix, while the SCD
only reveals the S-compounds. To compare the speed of the
two, however, peaks with similar relative second-dimension
retention times, should exhibit similar peak-widths. To
demonstrate the speed of the SCD with the modified FPD-
500 electrometer as compared to the digital FID inFig. 6, the
SCD- and FID-trace of a GC× GC kerosene analysis have
been overlaid.

3.2. Cryogenic modulation

In the experiments discussed thus far, the KT2000 sweeper
modulator was used to study and demonstrate the feasibility
of GC × GC coupled with fast SCD. This type of modu-
lation, however, has a limited application range in terms of
temperature, due to the fact that the refocusing effect in the
modulation capillary has to take place at 100◦C above the
oven temperature. In the experiments discussed thus far, the
maximum allowable temperature of the stationary phase in
the modulation capillary limits the application range for high
boiling compounds to approximatelyn-C28. Although heated
modulation of compounds up ton-C40 through independent

Fig. 6. Single second dimension chromatogram of a GC× GC-FID/SCD
kerosene analysis demonstrating the speed of the modified FPD-500 elec-
trometer. FID trace (blue) and SCD/FPD-500 trace (red).

heating of first- and second-dimension column and the use of
a “thin”-film modulation capillary has been demonstrated by
Frysinger and Gaines[20], this sacrifices the ability to mod-
ulate the more volatile compounds (modulation fromn-C10
upwards).

To enable GC× GC–SCD analyses on ‘real’ samples, the
second part of the study employed a ZOEX KT2002 LN2 loop
modulator with pulsed hot jet (ZOEX Corp., Lincoln, NE,
USA). Generally speaking, the upper limit of the application
range of GC× GC experiments performed with cryogenic
modulation is limited solely by the maximum allowable tem-
peratures of the individual columns used. The use of a low-
flow cold jet, which utilizes nitrogen gas cooled to near liquid
nitrogen temperature, extends the lower limit of the applica-
tion range down to compounds as volatile as methane[21].
Besides this dramatic extension of the application range, the
absence of moving parts in the vicinity of the columns and
the use of a single continuously operated cold jet combined
with a single pulsed hot jet, makes the loop modulator a sim-
ple and robust device. Cryogenic modulation also enables
sharper focussing, allowing for even more resolution[21].

3.3. Group-type separation, identification and
quantification of sulfur-containing compounds with GC
× GC–SCD

in
c phic
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a ing
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f the
c -
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c bands
The superiority of the GC× GC approach is that,
ontrast with most other multidimensional chromatogra
echniques, separations can be made truly and funda
ally orthogonal[22]. As with the different classes of hydr
arbons, the main chromatographic difference betwee
ifferent classes of sulphur-containing compounds is
menability to polarization. Likewise, sulphur-contain
ompounds belonging to the same chemical class can
ore also be expected to form bands of spots along
hromatographic plane. InFig. 7, a GC× GC–SCD chro
atogram of a mixture of a light catalytically cracked cy
il (LCCCO) and a heavy gas oil (HGO) demonstrating su
hemical-class separation is presented. Especially, the
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Fig. 7. GC× GC–SCD chromatogram of an LCCCO–HGO mixture.

formed by the aromatic sulphur-species (benzothiophenes,
dibenzothiophenes and naphtobenzothiophenes) can readily
be discerned. Within these groups, a further speciation ac-
cording to carbon substitution can be made, aided through
the roof-tile effect[23]. Unfortunately the, in some cases
highly desirable, separation between the sulphides and thi-

togram

ols is less clear. Although some structure is clearly present,
apparently the net effect of the molecular interactions be-
tween these species and the stationary phase applied does
not allow for a complete group-type separation. Even more
structure can be found in the GC× GC–SCD chromatogram
of a crude-oil sample from Liverpool Bay, presented inFig. 8.
Fig. 8. GC× GC–SCD chroma
 of a Liverpool Bay crude sample.
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Fig. 9. GC× GC–SCD chromatogram of a desulphurized product stream (25 mg/kg sulphur).

Fig. 10. GC× GC–SCD chromatogram of an HDS product stream (12 mg/kg sulphur) revealing components refractory to HDS.

The enhanced speed of the SCD allows two bands to be read-
ily discerned in the second-dimension relative retention-time
region of 1.00–1.75 s. This suggests the separation of two dis-
tinct chemical classes. In the upper band, intriguing roof-tile
structures can be clearly discerned, even indicating a good
match between separator and sample dimensionalities[24].
Attempts to identify these classes through spiking experi-
ments, however, have not (yet) led to firm conclusions.

Fortunately, these classes are of little interest in the study
of desulphurization processes as they are the most easily
removed. Compounds that are the most refractory to HDS
processes are found among the classes of the benzothio-
phenes and dibenzothiophenes[3,7]. In Fig. 9, a GC ×
GC–SCD chromatogram of a desulphurized product stream
containing 25 mg/kg total sulphur (XRF) is shown. Quanti-
tative analysis by GC× GC–SCD[15] using 2-(3-thienyl)
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ethanol as internal standard (1tR 18 min, not shown in
chromatogram) resulted in 24.3 mg/kg sulphur, which is in
good agreement with the total-sulphur content as measured
through XRF.Fig. 10 shows the GC× GC–SCD chro-
matogram of an even deeper desulphurized product stream
(total sulphur 12 mg/kg, XRF). In this chromatogram, the
position of 4,6-dimethyldibenzothiophene, being one of the
compounds known to be most refractory to HDS, was af-
firmed through spiking experiments. Quantitative analysis
yielded 11.4 mg/kg sulphur, which again is in good agree-
ment with the total-sulphur content as obtained through
XRF.
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