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Abstract

Comprehensive two-dimensional gas chromatography (GC× GC) is based on a coupling of two GC columns of different characteristics
by means of a device that allows portions of the effluent from the primary column to be injected onto the second dimension column for an
additional separation. The time available for the separation in the second-dimension column is very short. Thus, this separation should be very
efficient. The vast majority of GC× GC practitioners use very narrow bore columns for the second dimension. While this approach is justified
in principle, if peaks in the second dimension overload this column, its peak capacity is severely reduced. A series of second-dimension
c
o cating
t
©

K

1

(
i
G
t
s
r
s
v

G
e
t
o
d

f

sion
the
se as

ble in
and,
nt, it

pro-
sam-
time.
di-

mary

at
st be
itions

that
this,

am-
ary
ult is
over

0
d

olumns of varying internal diameters, but similar phase ratios, were used to study these effects. The results indicate that 250�m columns
ften provide comparable second dimension peak widths to 100�m columns, while at the same time being less prone to overloading, indi

hat they may often be a better choice than smaller diameter columns in the second dimension of GC× GC systems.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Comprehensive two-dimensional gas chromatography
GC× GC) is receiving more and more attention recently ow-
ng to its vastly improved separation power over conventional
C. The improvement is accomplished through coupling of

wo GC columns coated with different stationary phases by a
pecial GC× GC modulator, which helps preserve the sepa-
ation achieved in the first column while enabling additional
eparation in the second column. The technique has been re-
iewed recently in a number of contributions (see e.g.[1,2]).

In order to maintain the “comprehensive” nature of a
C× GC separation, the second dimension must operate fast
nough for the separation accomplished in the first-dimension

o be preserved. To achieve the most faithful representation
f this primary separation, each peak eluting from the first
imension column should be sampled as often as possible.
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However, in practice, the sampling rate in the first dimen
is limited by the duration of a single separation cycle in
second dimension. Thus, it would be advantageous to u
short a time for second-dimension separation as possi
order to achieve high sampling frequency. On the other h
for the separation in the second dimension to be efficie
is advantageous to use longer time. Consequently, a com
mise usually has to be struck between the first dimension
pling frequency and the second dimension separation
Theoretical studies indicated that the optimum primary
mension sampling frequency is achieved when each pri
dimension peak is sampled three to four times[3].

With typical peak widths for 1-D GC being about 6 s
the base, either a modulation period of at most 2 s mu
used, or the analysis must be carried out under cond
that broaden the primary peaks to 12–18 s (or more) so
modulation periods of 4–6 s may be used. To accomplish
thick-film primary columns, slow oven temperature progr
ming rates, slow carrier gas linear velocities in the prim
column, or a combination of these are used. The net res
an analysis time that is usually increased substantially
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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that for a 1-D GC analysis. If one wishes to shorten anal-
ysis times, the second-dimension separation must be made
faster. This means shortening the secondary column, which
decreases its separation power, or using narrower secondary
columns, which allow for higher linear flow rates, greater
speed, and lower loss of efficiency with the increased speed.
This allows for very rapid separations to be performed in the
second dimension, with the losses in separation efficiency
from choosing a short secondary column and a very fast lin-
ear flow rate being compensated for by the gains in efficiency
from the narrow column diameter. The most extreme example
of the narrow second-dimension column found in the litera-
ture is that presented by Adahchour et al., who used a 50�m
diameter second-dimension column[4].

The idea that a narrower column should be used in the sec-
ond dimension has become the conventional wisdom when
choosing column sets for GC× GC separations, as evidenced
by the experimental sections of the vast majority of papers
published in the literature. However, relatively little work has
been done to prove that it is in fact the best choice under any
and all circumstances. While the line of reasoning presented
above is generally correct, problems may arise when the sec-
ond dimension column becomes overloaded, which happens
frequently in GC× GC with thermal modulation. Modulators
of this type are currently the most widely used. They collect
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were obtained from PolyScience Corporation (Niles, IL).
Regular unleaded gasoline was obtained from a local gas
station. The linear alkane test mix was prepared as a
neat mixture with the following concentrations: pentane
(65.9�g/�l), hexane (72.4�g/�l), heptane (76.0�g/�l), oc-
tane (78.5�g/�l), nonane (79.8�g/�l), decane (81.6�g/�l),
undecane (82.8�g/�l), dodecane (83.2�g/�l), and tride-
cane (84.6�g/�l). This mixture was then diluted from 10
to 100,000 times in CS2 (Fisher Scientific).

The primary dimension column was a 30 m× 0.25
mm× 0.25�m VF-5MS, an arylene stabilized equivalent
of 5% phenyl/95% methyl polydimethylsiloxane (Varian
Inc., Middelburg, The Netherlands). The second-dimension
columns that were tested had diameters (and stationary phase
film thicknesses) of 0.32 mm (0.25�m), 0.25 mm (0.15�m),
0.15 mm (0.1�m) and 0.10 mm (0.1�m). All these columns
were one metre in length and were coated with VF-23MS
stationary phase, which is a stabilized >70% cyanopropyl
polysiloxane (Varian Inc.). This combination of columns can
be used up to 290◦C. Connections between the columns were
made with press-fit connectors (Chromatographic Special-
ties, Brockville, ON). The trapping capillaries were made
of 0.10 mm i.d. deactivated fused silica tubing (Polymicro
Technologies, Phoenix, AZ), and the delay loop between the
two trapping stages was a segment of 0.25 mm i.d. deactivated
f ille,
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nd focus portions of the effluent from the primary colu
nto very narrow, concentrated bands. It has been show
nder such circumstances, second dimension column ca

ly become overloaded, even when the primary dimen
olumn is not overloaded[5]. This results in reduced pe
apacity in the second dimension. Since the amount of
nd dimension separation space is highly limited, any lo
ere, including those due to overloading, could seriously
air the performance of the system.

The goal of this study was to compare the performa
f second-dimension columns of different internal diame
nder the conditions of different mass loadings in orde
ssess how easily they become overloaded, and to ev
hether this phenomenon is of any significant importanc
C× GC separations. To the best of our knowledge, this
rst comprehensive study of this kind. Presented in this
er are preliminary results obtained for four different sec
imension column diameters and the same primary col

. Experimental

The separations were performed using an Agilent 689
Agilent Technologies, Mississauga, ON) fitted with a liq
itrogen-based single cryojet modulator described elsew

6].
The samples analyzed included a linearn-alkane tes

ix consisting ofn-pentane throughn-tridecane, and un
eaded gasoline. Pentane was obtained from Sigma–Al
Oakville, ON). Hexane was obtained from Fisher S
ntific (Toronto, ON), and the remaining linear alka
-

used silica tubing (Chromatographic Specialties, Brockv
N).
The separations were conducted with hydrogen carrie

nder conditions of constant flow of 2.0 ml/min measu
ith a flow meter at 45◦C. The oven was programmed fro
5 to 180◦C at 3◦C/min. The detection was performed
ID at 100 Hz, and the samples were injected in split m
ith a split ratio of 1:100 to 1:200 for gasoline.

. Results and discussion

The study was carried out by comparing the widths
he symmetry of peaks eluting from the second dim
ion columns of different diameters for progressively lo
mounts of the analytes injected on column. The colu
sed in the study were custom-made for the project to
s similar phase ratios as possible. For the 0.1 mm colu
inimum film thickness of 0.1�m had to be used, as thinn

lms result in surface interactions changing the polarit
he column. All other parameters, including the carrier
olume flow rate and the second dimension column len
ere kept constant in all experiments. While certain im

ant parameters (e.g. elution temperatures of the ana
iffered somewhat from one column to another under t
onditions, this approach was chosen because in our op
t reflected everyday practice in the best way. The experim
llowed the evaluation of the useful range of mass load

or each column, resulting in little or no overloading. Norm
lkanes were chosen as model compounds for the stud
esults were verified by analyzing gasoline in the GC× GC
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mode with the second dimension columns used in the
study.

Initially, the peak widths at the base and the asymmetries
were measured and calculated manually. This was overly time
consuming, and the results were poorly reproducible with
peak start and stop points assigned arbitrarily. To solve this
problem, software was written in Matlab (Mathworks, Nat-
ick, MA) that would import the raw chromatographic data
from a .CSV file and allow the user to zoom in on the major
slice for each ID peak. The user would have to select a point
near the apex of the peak, and a point on the baseline away
from the peak. The software would then find the apex of the
peak and calculate its height above the baseline noise. The
width of the peak at 10% of its height above the noise was
then measured, and the asymmetry of the peak was calculated
based on this width. While the peak widths reported in this
manner are smaller than widths at the base, the method de-
scribed produces much more robust results in a significantly
shorter time. The code for this piece of software is available
from the authors upon request.

Even though it was a vast improvement, the approach
proposed encountered problems sometimes due to the
insufficient data acquisition rate, as illustrated inFig. 1 By
choosing the highest data point, some of the narrower peaks
may have been reported to be fronting or tailing unfairly.
T may
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Fig. 2. Major undecane slices from the experiments with the neat mixture.
The peaks eluting from the 100 and 150�m columns were much broader
than peaks eluting from the larger diameter columns. The masses refer to the
mass of analyte in that particular slice, estimated by comparing the fraction
of the total peak area (sum of all the slices) contained in the single major
slice and the mass of the compound on column.

Once the software for peak evaluation was developed, the
study commenced as described above. When the neat mixture
was analyzed, several of the slices for each analyte were over-
loaded. This is exemplified inFig. 2, which shows the major
undecane slice for each of the columns tested with the neat
mixture. While all of the columns were overloaded, the effect
was much smaller for the 0.32 and 0.25 mm columns than for
the 0.15 and 0.10 mm columns, for which the peak widths
at the base approached 1 s. As the experiments proceeded to
lower and lower concentrations of analyte on column, the
peak shapes improved as they became less overloaded. At a
dilution of 10,000×, the peaks were no longer overloaded
and had a narrow, Gaussian shape, with the exception of the
peak from the 0.32 mm secondary column, which was quite
broad (Fig. 3). Though the peak eluting from the 0.10 mm
column was slightly narrower than the others, the peak from
the 0.25 mm column was only 120 ms at the base, which is
usually considered more than adequate for GC× GC work.
Peaks eluting from the 0.32 mm column were significantly

F ftware ( ere the a
i g than
he error of the determination of the peak apex position
e as large as±5 ms with data collected at 100 Hz. Thus
eak with a width of 100 ms that is perfectly symmetr
ould be reported to have an asymmetry of 0.8–1.2. Ide
he software would fit a curve across the top of the pea
stimate where the apex is, but to do this one should a

non-symmetrical Gaussian model, which requires
symmetry of the peak – precisely what is being meas
solution to this problem is being developed for use

uture studies of these phenomena.

ig. 1. Peaks showing (A) where the apex is reported early by the so
s reported later than it actually is (the peak is reported to be less tailin
the peak is reported to be more tailing than it actually is), and (B) whpex
it actually is).
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Fig. 3. Major undecane slices from the experiments with the 10,000× di-
lution of the neat mixture. None of the columns were overloaded, and with
the exception of the 320�m column, they all produced peaks of compara-
ble widths. The masses refer to the mass of analyte in that particular slice,
estimated by comparing the fraction of the total peak area (sum of all the
slices) contained in the single major slice and the mass of the compound on
column.

broader, mainly because the separation was done with a pri-
mary column that was narrower than the secondary column.
Consequently, the carrier gas linear velocity in the secondary
column was reduced substantially. The increased dead time
combined with the small number of theoretical plates avail-
able in a 1 m segment of a 0.32 mm i.d. column resulted in
broad peaks.

The results obtained for three of the compounds used in
the study are summarised inTables 1 and 2, which show the
peak widths at all of the loading levels and their asymme-
tries, respectively. Peaks which were overloaded are high-
lighted in the tables. In order to determine which peaks were
overloaded, the asymmetry and the change in peak width in

going to the next lower concentration level were considered.
If a peak was clearly fronting (as evidenced by its asymmetry)
and became significantly less broad at the next dilution level
(a decrease in width by more than 30%), it was marked as
overloaded. If the peak became less broad, but its asymmetry
was within the bounds of uncertainty given the data rate, it
was marked as possibly overloaded.

It should also be pointed out that the results for the
100,000× dilution were likely characterized by greater un-
certainty than the remaining results, because they were close
to the limits of detection of the system. Worth emphasizing
is the fact that the concentrations of all the analytes in this
solution were at sub-ppm levels, yet the analytes could still
be detected easily with a simple FID detector at a split ratio
of 1:100, resulting in the absolute mass of the analyte in a
single slice on the order of single pg. This in itself is a great
testament to the improved detectability offered by modern
GC× GC systems.

Fig. 4demonstrates what happens in the two-dimensional
retention plane when chromatographic peaks are overloaded.
The overloaded peaks can be seen to occupy a much larger
area of the retention plane, but the overloaded peak from the
100�m secondary column has a much larger footprint than
the overloaded peak from the 250�m secondary column. The
different retention times of the peaks seen inFig. 4A and B
v fer-
e the
1 ar-
r the
2 nd
ersusFig. 4C and D can be easily explained by the dif
nt diameters of the second dimension columns. With
00�m i.d. column (A and B), the linear velocity of the c
ier gas in the first dimension column was lower than with
50�m i.d. column for the same volumetric flow rate, a
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Fig. 4. Undecane peaks from the neat mixture (A, C) and the 1000× dilution (B, D) run on the 100�m secondary column (A, B) and the 250�m secondary
column, (C, D). Note how the neat mixture overloads both column sets in both dimensions, but the consequences are much more severe for the 100�m secondary
column. When the columns are not overloaded, the 100�m capillary gives slightly better performance than the 0.25 mm capillary.

consequently the first dimension retention time was longer.
At the same time, the linear velocity in the second dimen-
sion column was much higher for the 100�m column, and
the retention time in this dimension was much shorter. Worth
noticing is the fact that overloading of the 100�m column
was more severe than that of the 250�m column in spite
of the fact that the analyte elution temperature from the for-
mer column was higher. It should also be pointed out that
the 100�m trapping capillaries used in the modulator helped
reduce the differences in the linear velocities in the first di-
mension column caused by the different restrictions posed by
the second dimension columns of different diameters. With-
out the trapping capillaries, the linear velocities of the carrier
gas in the first dimension column would vary to a greater
extent.

When gasoline was separated using 0.25 and 0.10 mm
second dimension columns, more differences could be seen.
Fig. 5 shows the same region (C3 alkylbenzenes) from the
separation of gasoline obtained with the two columns. The

peaks were approximately of the same width, but the sep-
aration of the major peaks from the band of peaks below
them (barely visible in the 0.25 mm plot) was better with
the larger diameter column. When individual 1-D slices from
the two regions were compared, the resolution obtained for
a sample pair of peaks was 2.47 with the 0.25 mm col-
umn, but only 1.50 with the 0.10 mm column. Since none
of the peaks was large enough to overload either of the two
columns, this was exclusively due to the significantly in-
creased linear velocity of the carrier gas in the second di-
mension when the 0.10 mm column was used. It should be
pointed out that the resolution could be easily improved for
the smaller diameter column by reducing the volume flow
rate of the carrier gas throughout the entire column assem-
bly, which would bring the linear velocity of the carrier gas in
the second dimension column closer to optimum. However,
this could result in a suboptimal carrier gas linear velocity in
the first column and in a significantly longer overall analysis
time.
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Fig. 5. A portion of the GC× GC chromatogram of gasoline using a 100�m i.d. second dimension column (A), and a 250�m column (B). The 1-D traces from
these regions are shown for the 100�m i.d. second dimension column (C), and the 250�m column (D). The resolution obtained for this pair of compounds
was 1.50 for the 100�m column, but 2.47 for the 250�m column.

4. Conclusions

Overloading of the second-dimension column in GC×GC
separations can have a very significant effect on the avail-
able separation space in this dimension. When columns
become overloaded, the peaks rapidly get very broad, espe-
cially with narrow diameter columns. Though it was possi-
ble to overload the 0.25 mm column, overloading was much
more likely with the 0.10 mm column. In addition, the ef-
fects of overloading were less severe for the larger diameter
columns. On the other hand, narrower columns also have
significant advantages, most important of which is the sep-
aration speed. It is much easier to obtain a very fast sepa-
ration in the second dimension with a narrow column. They
also provide narrower peaks under conditions of no over-
load. Thus, in situations where ultimate speed is required
and there are no large matrix peaks eluting in the vicinity
of trace or ultra-trace analytes, a 0.10 mm column would
likely be the best choice. However, when analyzing sam-
ples in which the concentrations of the analytes or matrix
components are unknown and may be high, it may be better
to use larger diameter columns in the second dimension, as
this will lessen the chances and consequences of overload-

ing in the second dimension. In addition, this may lead to
better overall resolution in the second dimension, unless the
carrier gas flow rate in a system with the narrower second
dimension column is reduced significantly (which lengthens
the overall analysis time and might result in less efficient
separation in the first dimension). The evidence that it may
actually be better to use columns with the same diameter
in both dimensions also puts forth a challenge for column
manufacturers to produce proper GC× GC columns: a sin-
gle length of column, with a non-polar coating and a po-
lar coating in two separate regions, without any couplings
required.

A downside to using larger diameter second dimension
columns is the increased dead time in this dimension, which
may easily lead to the undesirable phenomenon of peak
“wraparound”. One possible way to deal with this problem
is to account for the dead time in the second dimension
when plotting the chromatograms, in which case adjusted
retention times are used in the second dimension rather
than the actual retention times. However, since this may
make direct comparisons of GC× GC chromatograms
less straightforward, some users may opt against this
approach.



J. Harynuk et al. / J. Chromatogr. A 1071 (2005) 21–27 27

It should also be noted that there are numerous other pa-
rameters that can affect the separation in GC× GC, such as
linear velocity, elution temperature from the primary column,
etc. The effects of these parameters will be the subject of fu-
ture research.
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