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Abstract

With method development in one-dimensional GC already being a tedious task, developin@G@ethods is even more laborious. The
majority of the present G& GC applications are derived from previously optimised 1D-GC methods, from which especially the carrier gas
flow settings are copied. However, in view of the high pressure inside the first-dimension column (high flow resistance of the narrow-bore
second-dimension column), diffusion in the first column is much slower than in 1D-GC. Proper optimisation of the column combination and
the carrier gas flow can considerably improve separations ix@&C. To assist in the process of selecting column dimensions and flow rate
optimization, we have developed a computer programme, based orf Etkilenables quick and simple calculation for all types of column
combinations. The programme merely needs column dimensions and carrier gas type as input parameters and calculates all resolution anc
velocity parameters of the G GC separation by using flow rate and plate height equations. From the calculations a number of interesting
conclusions can be drawn. As an example, the calculations clearly show that the majority of column combinations reported up till now have
been operated at a far from optimal flow — and, consequently, a far from optimal resolution. Probably even more important is the conclusion
that the majority of column combinations used so far, i.e. those with.h®0.D. second-dimension columns, are not necessarily the best
choice for GCx GC.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction determining the separation in a GGGC system. Beens et
al. [2] developed a calculation programme with which the
Comprehensive two-dimensional gas chromatography outcome of a GG GC separation can be predicted, Digk
(GC x GC) now exists for over a decade. It has been demon- et al.[1] published optimization procedures and Ong et al.
strated that the technique provides highly structured separaq3] reported on flow measurements for GG C separations.
tions with a high degree of resolution produced by an unprece-But a comprehensive description of the events taking place

dented peak capacity. Over a hundred interesting<G&C inside GCx GC columns has not yet been presented.
separations of complex samples from different areas of appli- Method development and column selection in &GC
cation have been reported so fa}. GC x GC is, obviously, is still largely empirical. With trial-and-error method
on the brink of a widespread acceptance as a separation techdevelopment already being a tedious task in ‘normal’
nigue for real samples. one-dimensional GC (1D-GC), it is evident that method
From all papers published so far covering &GC, only development in two-dimensional techniques will be even

a limited number have been dedicated to the developmentmore laborious. Analogous to 1D-GC, the dimensions and
of methods and optimisation based on the thermodynamicsflow settings of the column combination in GOGC are of
utmost importance. The majority of the present &GC

* Corresponding author. Tel.: +31 20 444 7525; fax: +31 20 444 7543, @pplications are, however, derived from previously opti-
E-mail addressadahchou@few.vu.nl (M. Adahchour). mized 1D-GC methods, where especially the carrier gas flow
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settings were copied from these methods. But in view of the  According to the nomenclature proposed by Schoenmak-
high pressure level generally encountered in the first column ers et al[8], %to, 2t, and2k are the dead-time, retention time
(as a result of the high flow resistance of the narrow-bore, and retention factor in the second-dimension column, respec-
i.e. 100um 1.D., second-dimension column), diffusion tively; 1o is the standard deviation of a peak eluting from the
coefficients in the first column and, consequently, also the first-dimension column. We have used Kt to define our
optimum velocity are far lower than in 1D-GC. Rohwer et modulation criterion ?t,/*c < 1.5, which has to be fulfilled
al. [4] already indicated that the diffusion inside the high- for a two-dimensional separation.
pressure first column in G& GC is rather low and that, as a Below, the procedure to calculate band widths, reten-
consequence, adapted flow conditions should be used. Caretion times and plate numbers in coupled-column systems
ful selection of the column dimensions and the carrier gas is described. A full mathematical treatment is only possi-
flow rate will considerably improve G& GC separations. ble for isothermal operation. In routine GCGC, isothermal
This paper intends to describe the separation phenom-operation will be applied hardly at all and temperature pro-
ena in GCx GC and how they differ from those in 1D-GC, gramming is standard practice. For the latter situation zone
and to provide a simple means to optimize separations in broadening can only be estimated. Fortunately, as shown by
GC x GC. Guidelines will be presented to select column Schutjes et al[10], the general conclusions regarding the
dimensions and optimum carrier-gas flow settings for the influence of pressure, column dimensions, flow rates, etc. on
coupled-column system. This means that, next to the separaband width in programmed operation are identical to those
tion optima, viz. plate height{) and separation speed, also in isothermal operation.
the necessary number of modulations and sample capacity The width of the bands eluting from the first-dimension
will be taken into account. The software programme devel- column o, if operated under isothermal conditions, is given
oped to do so is easy to use and only requires the carrierby:
gas type, some solute properties and the column dimensions

as input parameters. For the time being it is only applica- , 1H1:2

ble for ambient outlet conditions. A second version in which 7 = 11, )
also vacuum outlet conditions can be used, will follow in due

course. Here IH is the plate height andL the length of the first-

dimension columntt; is the retention time in the first column.
1H can be written af9]:

2. Theory
lg — i ((21Dm,o + f(lk)ldg 1“0) 1fl
Giddings[5] defined the conditions that a separation sys- ICE tug 1Dm,o
tem has to fulfil in order to be truly multidimensional: (i) the
. : g(tk) d? 1u
components of a mixture are subject to two or more separa- + %1& (4)
tion steps or mechanisms, in which their displacements are Ds

dependent on different factors, and (ii) when two or more 1 . . L )
components are substantially separated in any single step,Here Dm,o is the analyte diffusion coefficient in the mobile

they will always remain separated until the completion of the Phasein thefirst-dimension column under column outlet con-
total separative operation. ditions, i.e. at the modulatotu, is the outlet linear velocity

As for (i), if all components of a sample pass through the ?f the first golumn, i.e. thg velocity at the modglator pressure,
two independent separation columns in §GC, this crite- deis the diameter of the first coIqm%df the stationary phase
rion is met. As for (ii), if from a peak as it elutes from the first 1IM thickness of the first-dimension column aﬁdsthe ana-
dimension, the cuts that are made are equal to about 25% of itdY € dlffulsmn_ coefficient in the stationary phase in the first
peak width (at least four cuts over a peak), one may concludec‘ilum”' ClE is the coating efficiency of the first column, and
that any substantial separation that has been achieved in th&("K) @ndg(*K) are functions of the retention factor:

first colgmn will be preserved during the second-dimension L (@ 6%k + 1114?)
separatiorf6,7]. fCk) = "y (5)
The second requirement can, in GG5C, be expressed 96(1+ )
as follows: if we assume that we have four second-dimension gnd
cuts over the width of a first-dimension peak and if we fur- 1
ther set the width of a peak at the baseline equabtotite 1y — 2k 6
. : _ g(Ck) = 3 (6)
following equations hold: 3(1+ k)
% <15x 1o (1) 1f, andf, are pressure correction factdid]:
or 9(pg - 1)(tp5—1)
lp= ° S (7)

20(1 + %) < 1.5% ) 8(Lp3 — 1)°
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and After some rewriting we finally obtain:
1,2
o2(p3-1) out 24411, 414422
where: Since we now know the in- and output pressures of both
1 columns, the average linear velocities and the residence times
Lpo = Pin ) can be calculated from:
0~ 1
Pout 1p
! (14)

Here 1pin and lpou: are the inlet and outlet pressures of '° (71/4)td2
the first-dimension column, respectively. For the second-
dimension column the equations describing band width and
plate height are analogous. Y="tutfo (15)
All parameters in Eqgs(1)—(9) are relatively easy to

obtain, with the exception ofpoy (Which is identical to and

2pin). Ypout Or 2pin is the midpoint pressure, i.e. the pres- 1 1r(1+ %)

sure in the modulator of the coupled-column set. Knowl- “r = 1 (16)

edge of this pressure is crucial to describe the flows in — _ o _ ) _
both columns. Because it cannot be measured nor calcyWhereu is the average linear velocity in the first-dimension

lated directly, a detailed insight in the gas flows in §GC column. Identical equations hold for the second-dimension
columns was never available. To provide it, we have to con- column.

sider that this pressure can be calculated indirectly from ~ Fromthe above equations we can calculate the plate height
the inlet and outlet pressure of the column combination curves and band widths in GEGC. To this end a computer

using the Poiseuille equation and the fact that the mass flowProgramme was written in Microsoft Exéel The required
through both columns is the same (columns are coupled in VISCosities were calculated from the equations given by Ettre
series). According to the Poiseuille equation, the volumet- [12]; stationary-phase diffusion coefficients were calculated

ric flow rate through the first-dimension column is equal from[13]:

to be

to: Dm
2tdd N\ (TP2 12 \ [ Tood Ps= 50000 (7

1F:( c )( in 0ut>( mo> (10) 1 )

256711 Lpout 1T Dm,o Was calculated from:

2 2
HerelF is the volumetric flow through the first-dimension 1Dm,0 = M (18)
column under modulator conditions,is the dynamic vis- Pout
cosity of the carrier gas andimoq and 'T are the tem-  Here2p,, , the analyte diffusion coefficient in the mobile
peratures in the modulator and first-dimension column, phase at atmospheric outlet pressure, was obtained from the
respectively. models proposed by Fuller et §14].
For the second-dimension column the equation is slightly

different:

3. Experimental
2p _ ( ﬂzdé ) (2]?%1 —ngut> (Tmod> <2P0ut> P
= 2 2 2 1
256n°L 2put T Pout ) 3.1. Chemicals and samples

Solutions of dodecane and benzothiophene were made in
freshly distilled hexane (J.T. Baker, Deventer, the Nether-
lands) at a concentration of 2@/mL.

Olive oil extracts in diethyl ether or in pentane
were obtained from Unilever Research and Development
(Vlaardingen, the Netherlands). High-vacuum degassing
(HVD), which is a suitable technique to isolate flavour com-
(1d§> (117% _ 1P§ut> pounds from fat or oily matrices under mild conditions, was

Here the additional termPpou pout) is needed to convert
the velocity in the second-dimension column to modulator
conditions. Under steady-state conditiditsis equal to?F.

If we further assume that the temperature in the two columns
and the modulator is the same, E¢0) and (11) can be
combined to give:

used to isolate the volatile flavours from the extifa&]. The

L “pout olive oil samples were subjected to HVD at room temper-
24 2pﬁ1 —2p2 2pout ature and_ under high vacuum (x6L0~6 mbar). After 5_h _

= <2L> 5 (1 > (12) of extraction, the solid material trapped by means of liquid
Pout Pout nitrogen (-185°C) was dissolved in 2 mL of diethyl ether or
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pentane. In order to avoid losses of volatileg,L1of each
final extract was injected in the GC system without any pre-
concentration.

Input data

Column set dimensions: 'L, d,, 'd;, 2L, 2d., %d;
Temperature "D and 2D column: 'T, 2T
Column coating efficiencies: 'CE, °CE

- Retention factors: 'k, %k

3.2. GCx GC conditions Range of inlet pressures

Molecular formula of solute

The gas chromatograph used was a Hewlett-Packard

HP6890 (Agilent, Palo Alto, CA, USA) instrument with a —Y
split/splitless injector and a flame ionisation detection sys- Initialisation
tem (FID) capable of producing a digital signal at a rate of Calculate:
200Hz. The 15.5mx 0.25mm 1.D. first-dimension column Retention factor functions #('k) and %K) (Eq. 5).
was coated with a 0.2pm film of BPX-5 (SGE Europe, Retention factor functions g('k) and g(*k) (Eq. )
Milton Keynes, UK). Through a press-fit connector it was Pro  ieesioy
coupled tothe 1 nx 0.1 mm I.D. second-dimension column, ’D; (Eq. 17)
which was coated with 0,4m of BPX50 (SGE Europe).
The carrier gas was helium (99.999% purity; Hoekloos, v
Schiedam, the Netherlands). For the determinatiohi/af ca'°“'a‘,‘; ‘f"(;eacg(;”%‘)" range)
curves, isothermal runs (10CQ) were performed by injecting P, 2/"5'5'(Eq. 9)
1 uL of the standard solution and varying the head pressure 12 ig Egg Q
of the first column between 50 and 690 kPa, which is the 'F (Eq. 10)
maximum pressure that could be applied. The olive oil extract ,U;FZL(E?E;QM
was analysed by applying three selected head pressures, viz. ', 2q (Eq. 15)
100, 200 and 300 kPa (see below). The temperature of the i 1%7’0((5?'117?)
two GC columns, which were housed in the same oven, was 1t o (Eq. 16)
programmed from 40C (2 min hold) to 180C (0.33 min ’I\;’-él\j’Zfr(oEglj)H)
hold) at 3°C/min and, next, to 280C at 20°C/min. Modulation criterion (from Eq. 1)
A dual-stage cryogenic jet modulatfr6] was used at a
modulation time of 4 s.
A Hewlett-Packard Chemstation was applied for data
acquisition. For data transformation and visualization two Increase py by 10

additional programmes were used, a programme to convert
the raw data into a two-dimensional array (Ph. J. Marriott,
Melbourne, Australia) and a programme to generate contour
plots from this array (“Transform”, part of Noesys software
package; Research Systems International, Crowthorne, UK). READY

kPa
Does p,, exceed final

) ) Fig. 1. Algorithm for the calculation dfi/u curves and related parameters
4. Results and discussion for GC x GC column sets for a range of inlet pressures.

4.1. The computer model
curves. The programme can automatically calculate a series

The computer programme calculates the plate height at aof these points within a given minimum-to-maximum input
specific inlet pressurépin, and a constant ensemble outlet Pressure range. The plate heigHts, and?H, will then be
pressure?pout, of 1 bar (flame ionisation detection). First, the ~ plotted versus the average linear velocities. As will be demon-
programme calculatépoy: using Eq(13). Next, Eqs(7)—(9) strated below, it is more practical to plot the plate heights
provide the pressure correction factors. The volumetric flow versus the inlet pressures (of the column combination) than
rates are calculated from Eq40) or (11). The correspond-  against the individual velocities, because the velocities in the
ing average linear velocities are calculated through Eas. two columns generally are rather different. Residence times
and(15). Eq. (18) finally gives the analyte diffusion coeffi-  in the two columns are obtained from H@6). Substitution
cient for the first column under column-outlet conditions. All - of the values foH, L andt, in Eq.(3) allows calculation of the
these values can now be substituted into @-OIIO give the band width of the peaks eluting from the first- and second-
plate height for the first-dimension column (ortend'CE dimension columns. With these, the modulation criterion can
have been Set)_ By using the Corresponding equa‘[ions and Va|be Calculated.:ig. 1depiCtS the flow scheme of the software
ues for the second-dimension column, the second-dimensionProgramme. The software provides all such calculations and
velocity and plate height are obtained simultaneously. This Plots in a very short period of time, typically on the order of
series of calculations y|e|ds one point of the respedﬂ@ few seconds for the calculations reported’&bles land2
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Table 1
Comparison of performance parameters of sixx6GC column-dimension combinations operated at the optimum flow settings of the first-dimension column
Dimensions of second-dimension pi, (kPa) pmig (kPa) 1w (cms?) 2y (cms?t) IN 2N IN's(s™h)  2N/s(s™h)  2trito
columrf (m x mm 1.D., um df)
0.5x 0.05, 0.05 655 625 8 310 131000 3800 360 23300 0.2
1.0x 0.10, 0.10 305 240 19 180 130000 7100 820 12900 1.3
210 170 11 95° 91500 10500  34Q° 10150 1.2
1.8x0.18,0.18 235 135 28 85 127000 10000 1190 4800 7.0
210 130 23 70° 123400 10600 930 38000 7.
25x0.25,0.25 225 115 31 50 126 000 10700 1280 2120 18
28¢F 12¢ 3% 75 126 000 9600 146C 283C 14°
32¢F 125 4 9C° 126 000 8600° 142C 305¢F 11°
3.2x0.32,0.32 215 110 31 30 125000 10300 1240 930 38
5.3x0.53,0.53 215 100 31 10 125000 8200 1290 175 175

2 First-dimension column, 30 m 0.25mm |.D.x 0.25um ¢. For abbreviations and symbols, g€g. 1and Sectior?.
b performance parameters of the column set operated at the optimum flow settings of the second-dimension column.
¢ 33.6 and 37.3m First-dimension columns operated slightly above their optima tdKkeemstant at 126 000. For details, see text.

4.2. Validation of the computer model against chosen (15nx 0.25mm I.D., 0.2am df) x (1 mx 0.1 mm
experimental data I.D., 0.1pum d), the optimum first-dimension average veloc-
ity was 20.5cmst (N=65000). It should be noted that a
The software programme discussed above has three verrange of 17-24 cnmis can be selected without too much loss
sions, viz. for hydrogen, helium and nitrogen as the carrier of separation power, since at least 96% of the available plates
gas. It only requires the column dimensions with its respec- are then generated. It is, however, advisable to select a low
tive coating efficiencies, the molecular structure of the analyte velocity, e.g. 18—-19 cms, because that is favourable for the

and its retention factors on both columns as the input param-second-dimension separation: the second-dimension column
eters. As discussed above, from these input values it rapldly|s then Operated nearer to its optimum_

calculates the output parameters with which the performance
of any column combination can be described. 4.3. Column optimization

In order to check whether our programme predicts cor-
rect results, we compared for one carrier gas, helium, the  When optimizing a GG GC column set, the separa-
experimentaH/u curves obtained using the benzothiophene tions in the first and second-dimension column should, if
peaks recorded for the GECGC column set with the val-  possible, both be optimized. In addition, the modulation cri-
ues acquired from the programme. The details of the columnterion should be fulfilled in order to preserve the separation
set are given in Experimental. The peak widths of benzothio- of the first column in the second-dimension separation (c.f.
phene on the first column were determined with the same col- Section2).
umn set, but now without using the modulator. The influence  The computer programme provides a complete picture of
of the very fast second-dimension column on the final peak the behaviour of a G& GC column set as a result of the
shape is negligible. The resultsféify. 2show that the calcu-  flow regime and indicates the optima. We therefore, sub-
lated and experimentéi/u curves closely agree for both the jected a very popular G& GC set of column dimensions —
first- and the second-dimension column. For the column set(15mx 0.25mm 1.D., 0.2uwm df) x (1.5mx 0.1 mm I.D.,

Table 2

Comparison of performance parameters of twelvexAGC column-dimension combinations operated at optimum flow settings of the first-dimension €olumn

Dimensions of column Pin Pmid b 2y IN 2N IN/s 2N/s 2tplto

combination (mx mm I.D., um (kPa) (kPa) (cmsl  (cms? shH (Y

dr)

15x 0.25%x 0.25+1.5x 0.15, 0.15+1.8 0.18, 0.18 200 150 28 108 64400 9500 1200 6800 5 6
190 135 32 86 64000 10000 1370 4800 .31

25x 0.25x 0.25+1.5x 0.15,0.15+1.8 0.18, 0.18 230 153 26 109 106 800 9500 1100 6850 .7 4
220 135 29 85 106 100 10000 1230 4750 .08

20x 0.32x 0.32+1.5x 0.15,0.15+1.8 0.18, 0.18 200 170 22 140 67400 7900 760 7300 2 3
170 140 23 94 66 800 9500 790 5050 .75

30x 0.32x 0.32+1.5x 0.15,0.15+1.8 0.18, 0.18 210 165 21 133 100900 8200 700 7250 5 2
190 140 23 102 100400 9200 790 5200 .44

30x 0.53x 0.53+1.5x0.15,0.15+1.8 0.18, 0.18 210 200 12 200 61250 5300 250 7200 .7 0
170 160 14 150 61000 6700 280 5600 .41

50x 0.53x 0.53+1.5x 0.15,0.15+1.8 0.18, 0.18 210 195 11 190 102000 5700 240 7200 6 0
180 164 14 156 101800 6500 280 5600 .01

@ For an explanation of the abbreviations and symbolsTabée 1
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Fig. 2. Comparison of experimental and calculated dat&ifercurves on the G& GC column set specified in Experimental, with benzothiophene as analyte
and helium as carrier gaXCE and®CE are 90%. (A) first column; (B) second-dimension column. The drawn coloured lines depict the calculated, and the black

dots the experimental values.
0.1pm df), used in over 80% of all published separations - of both columns are at widely different input pressures and

to the programme in order to understand its performance. In (ii) the optimum of the first column is at a relatively low linear

order to be able to incorporate the curves of both columns in velocity.
The lower optimal linear velocity of the first column in

one figure, and to simplify the presentation, the curves are
presented a versugin curves. From the results depicted in - Fig. 3 (compared tdrig. 2) is the result of using a longer

Fig. 3two important conclusions can be drawn: (i) the optima second-dimension column, and, therefore, the rather high

70000 ;/
1D-GC first column
N /I\ second column

60000 DA
r “.
! y /
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» H
40000 » : N
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Fig. 3. Nvs.piy curves for (15mx 0.25mm |.D., 0.25um df) x (1.5mx 0.1 mm |.D., 0.Jum df) column combination. Carrier gas, helium. The red line is the
curve for the first, and the blue line that for the second-dimension column. The dotted red line is the curve for the first column when used as a 1D-GC column

The arrows depict the points where the average linear velocities in the first column were calculated as indicated.
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midpoint pressure. This means that the total pressure in the The three chromatograms in the top row show the overall
first column is far higher than when it is used for 1D-GC. separation, while the chromatograms in the centre and bot-
Consequently, since analyte diffusion is inversely propor- tom rows illustrate details of the first- and second-dimension
tional to pressure, the separation process in the first columnseparations, respectively. It should be emphasized that the
is rather slow. This is evident from the calculated values of chromatograms in the centre row are 1D-GC results using
the average linear velocity in the optima of the curves. The the column set, but without modulation - the modulator
average linear velocity at the optimum of the first-dimension is off. Under these conditions (c.f. above), the optimum
column is 18 cms! instead of the normal optimum velocity ~average linear velocity of the first column is 18cnis
of 35cm st if the same column is used as a single column (approx. 300kPa input pressure). The beneficial effect is
in 1D-GC. nicely demonstrated in the central-row chromatogram of
Calculations made by using our software programme Fig. 4b. Separation, especially in the early and final parts
showed that the modulation criterion of @) is met only (circled regions) of the chromatogram is (much) better than
in a very narrow region, viz. whemg, <135kPa. This cor-  in the other flow situationsHigs. 4 and c). On the other
responds to an unacceptably low average linear velocity, i.e.hand, according t&ig. 3the second-dimension column sep-
3.5cmsL This is highly disadvantageous since it causes, aration is best at the lowest inlet pressure (200kPa), as
next to an excessively long analysis time, (very) inefficient the contour plot (top row) oFig. 4a convincingly demon-
separations in both dimensions, as is evident ffFag 3. strates. In order to further illustrate this, second-dimension
In order not to make the first-dimension run too long, chromatograms across the dashed lines in the contour plots
most published papers use higher velocities by applying are presented in the bottom row Bfg. 4 and the separa-
higher input pressures to create, if possible, the necessarytion of two co-eluting pairs — marked 1 @2 — is com-
peak broadening and, thus, to meet the modulation criterion-pared. As expected, their separatiorfig. 4a is much bet-
demand. However, experience shows that such broadening -ter than inFigs. 4 and c. Finally, the separation on both
generated when the normal optimum velocity of 35¢cths  columns is far from its optimum when the first-dimension
as in 1D-GC, is used — does not suffice to reach the goal, velocity of 35cms? (450kPa input pressure) is applied
certainly not when an optimized temperature-programming (Fig. 4c). Both columns are now operated far above their
rate of 10°C/void time is used. In other words, it is nec- respective optimum velocities and there is a distinct loss of
essary to further broaden the first-dimension peaks, whichresolution.
can be achieved by decreasing the temperature-programming The above discussion focuses only on separation quality
rate to 2-3C/min, a range often used in GCGC prac- and does not consider the analysis time, which in aG&C
tice. When assuming the optimum programming rate to be separation equals the time of the first-dimension separation.
10°C/void time, the optimum rate can be calculated to be The time ranges indicated on the X-axes of the top row of
approx. 7C/min. Generally speaking, and certainly also for Fig.4((a) 19—-29 min; (b) 14—23 min and (c) 12—20 min) show
situations such as describedHhig. 3, such a reduced pro- that the mutual differences are on the order of 5-7 min. That
gramming rate will have the beneficial effect of creating is, they can be considered to be of limited importance when
peaks widths for which the modulation criterion will be met. selecting the preferred separation conditions.
However, by doing so the first-dimension separation is far
below its optimum. As a consequence, in many publications 4.4. Speed of analysis
in which column combinations with dimensions similar to
the above have been used, next to a not optimal temperature- In order to illustrate the influence of narrow-bore second-
programming rate, also linear velocities were applied far dimension columns on the performance and speed of a
above the optima calculated by our programme. GC x GC column set, we calculated the optimum input pres-
For an optimum use of the separation power of the sure and resulting separation parameters for a selected set of
GC x GC column set, one will have to find a compromise. column combinations. All second-dimension columns were
One approach is to operate the first column in its optimum; chosen such that they yield about 10 000 theoretical plates
the plate number of the second-dimension column will then when operated under optimum conditions.
be far below its maximum, albeit that the second-dimension  The data reported ifiable 1show that, as a result of the
column will have the necessary speed. If, on the other hand,high flow resistance of the second-dimension column, the use
one prefers to operate the second-dimension column in itsof 0.05 and 0.10 mm I.D. second-dimension columns results
optimum, the price to pay is not only a low plate number in in low optimum linear velocities for the first column, viz. 8
the first dimension, but also a long analysis time. In order or 19cmsL. In other words, the first column now only gen-
to demonstrate the consequences of different velocities, weerates 360 or 820 plates’s instead of about 1300 plates's
compared the chromatograms of an olive oil extract obtained as in the other combinations. This will cause a considerable
at the three velocities of interest, viz. 9 cris(optimum increase of analysis time. Moreover, and possibly more
velocity in second-dimension column), 18 crgoptimum importantly, the linear velocity in the second-dimension
velocity in first-dimension column) and 35 cmis(optimum columnis very high, viz. 180 or even 310 cmisThis causes
as derived from 1D-GC). The results are depicteBim 4. a poor separation performance in the second-dimension
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Fig. 4. Details of GGx GC and GC chromatograms of an olive oil extract analysed at an average linear velocity in the first-dimension column of (&) 9cm's

(b) 18cms? and (c) 35cmst. Parts of the contour plots (top), chromatograms depicting the first-dimension separation (centre) and second-dimension
chromatograms across the dashed lines in the contour plots (bottom) are shown. The circled areas (centre row) and peak pairs (top and bottorkedw) are ma
to facilitate separation performance in the first dimension and second dimension, respectively. For more details, see text.

column, with 7100 or 3800 instead of the usual 10 000  The dilemma one now faces is that, under the present
theoretical plates. From the point of view of analysis time, conditions, only the column combinations which use narrow-
and also with regard to the quality of the second-dimension bore second-dimension columns meet the modulation crite-
separation and sample capacity (see below), the use ofrion with values of 1.3-0.2. The three combinations with
0.05mm I.D. second-dimension columns should hence bewider-bore columns, i.e. 0.18, 0.25 and 0.32mm 1.D., only
discouraged. For 0.10 mm I.D. second-dimension columns meet the modulation criterion when the peaks eluting from
the situation is less extreme but, if a high plate number is the first column are deliberately broadened, e.g. by applying a
needed in the second dimension, the use of a 0.10 mm I.D.very low programming rate. This can be realized more easily
column is not the preferred option: the price to pay here for the 0.18 mm I.D. than for the wider columns. However,
is about 3000 theoretical plates in the second-dimensionby doing so, both the first- and second-dimension separations
column. If now the second-dimension column is operated at are below their optimum. As for combination with a 0.53 mm
its optimum flow conditions, several consequences have tol.D. second-dimension column, most probably even the sug-
be considered. As an example, the results for the 0.10 mmgested low temperature-programming conditions will fail to
I.D. second-dimension column are includedTable 1(see bring the very high modulation criterion of 175 down to the
a row). The value of the modulation criterion is seen to required value.

improve somewhat, but all other performance parametersare In 1D-GC it sometimes is advantageous to increase the
inferior. The average linear velocity in the first-dimension carrier gas flow through the column to a value between
columnis nowonly 11 cmst, which is far fromits optimum. ~ the optimum and twice the optimum value. The number of
The reason why no inlet pressure exists where both columnsplates generated per unit time is then maximig&g]. In
simultaneously yield a close-to-optimum performance is the order to evaluate the consequence of working at a slightly
significant difference in internal diameter of the first- and above-optimum carrier gas flow in GEGC, we performed
second-dimension columns. This is demonstrated when aa series of calculations for one of the column sefahle 1
0.18 instead of a 0.10mm |.D. second-dimension column To compensate for the loss of plates when working at flows
is used. AsTable lindicates, it is better to operate the first- above the optimum, the length of the first column was
rather than the second-dimension column under optimum increased to keep the total number of plates constant. Results
flow conditions. In this case, the two columns simultane- for the 2.5mx 0.25mmx 0.25um second-dimension
ously yield close-to-optimum performance. Unfortunately, column are included ifable 1(seeb row). It is clear that,
however, the modulation criterion is still not met at all. as in 1D-GC, it is advantageous to work at above-optimum
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linear velocities: in both dimensions the number of plates value of the modulation criterion is 18 and, hence, fails by far
generated per unit time increases. There is a maximumto meet the specified maximum of 1.5. Scrutiny of the data
to this increase in speed, as the levelling off fl/s to of Table 1reveals that accepting a somewhat smaller internal
1420-14603s! for the longer first-dimension columns diameter in the second as compared with the first column, i.e.
indicates. As for the second-dimension column, the numbera 0.18 versus 0.25 mm I.D., provides a most acceptable col-
of plates generated per time increases while the absoluteumn set. AdTable 1demonstrates, not only can the optima of
number of plates decreases. As an example, when theboth columns be reached (nearly) simultaneoyshydptima
column length is increased from 30 to 37.33N/sincreases  of 235 and 210 kPa for first- and second-dimension column,
from 2120 to 3050 whiléN decreases from 10 700 to 8600. respectively), they also exist at relatively high linear veloc-
The explanation is that the second-dimension separationities, i.e. of 28 and 85cnT$, respectively. On the other
becomes faster while its efficiency slightly decreases. The hand, with a 0.10 mm I.D. column thpg, optima are 305 and
absolute plate count, on the other hand, decreases because @f10 kPa, respectively. As a consequence, the linear veloc-
the increase of the gas flow above its optimum. For the rest, ity of the first-dimension column is then relatively low, viz.
the modulation criterion is seen to decrease substantially,19cms' and, more importantly, the two columns cannot
but the calculated values are still much too high. be simultaneously run g, values close to their optima.
Admittedly, the value of the modulation criterion is distinctly
better forthe 0.10 mmI.D. as compared withthe 0.18 mm I.D.
second-dimension columitg/lo, 1.3 versus 7). However,

as mentioned above, operating the system at a low program-
ming rate should suffice to bring the latter value down to
<1.5: as was also mentioned above, in &GC, the pro-
gramming rate should be, and ofterji$, around 3 C/min,
compared to approx. X&/min (column dead time, 1 min)

in 1D-GC with a 0.25 mm |.D. column. It is obvious that the
sample capacity of the recommended &GC column set

4.5. Sample capacity

The sample capacity of a GCGC system is another
aspect of interest. It is well known that narrow-bore columns
have a low sample capacity. Ghijsen et[al/] found that,
for columns with equal phase ratios the maximum sample
capacityCmax causing a maximum of 10% peak broadening
can be written as:

Crnax X ¢d§ (19) is substantially higher than that of ‘traditional’ sets with their
0.10 mm 1.D. second-dimension columns.
whereg is a proportionality factor with 0.05¢< 1.8;¢0=1.8 One might consider to use even wider second-dimension

for solutes and stationary phases with similar chemical func- columns than discussed above. This will, however, not bring
tional groups an@ =0.05 for solutes and stationary phases workable solutions in terms of modulation criterion and sepa-
with very different structures. Sample capacity is thus drasti- ration efficiency. AsTable 1demonstrategtr/1o values will
cally reduced &ad.3) for narrow-bore columns. Moreover, be very high, andN/s, very low. In other words, second-
in GCx GC one preferentially selects two columns hav- dimension columns should have internal diameters in the
ing widely different separation characteristics, e.g. a polar 0.10-0.25mm range. As an illustratiomable 2 presents
and a non-polar column. It is therefore expected thaiill data calculated for 0.15 and 0.18 mm |.D. second-dimension
be unfavourable on one of these columns; obviously this columns coupled to various first-dimension columns. As for
preferably should not be the narrow-bore second-dimensionthe modulation criterion, its values are seen to be about twice
column. One option to increase the sample capacity of theas high for the 0.18 mm I.D. situation, irrespective of the
second-dimension column is to use a column with a thicker other experimental conditions. Better, i.e. lower, values are
stationary phase film. However, care should be taken no tfound when the internal diameter of the first-dimension col-
to use too thick a film: at phase ratios below approx. 80 the umn increases. However, this causes tNés values to be
maximum plate number of the columns starts to be affected very low because of the low linear velocity. In addition, with
significantly[19,20]. In this study, only columns with a stan-  such column sets the optima of both columns are far from
dard phase ratio of 250 were considered. each other and cannot be used simultaneously. Finally, it is
From the viewpoint of sample capacity it is clearly advan- interesting to note that with increasing length of the first-
tageous to consider column sets with a relatively wide- dimension column (constant I.D.) not only dd@increase
I.D. second-dimension column. Moreover, it is obvious that as expected, but the value4k/1o also distinctly improves.
when using 0.25 mm 1.D.s in both dimensions, both columns ~ From the above discussion we may conclude that a good
can simultaneously be operated at their optimum velocity. compromise is found when selecting a first-dimension col-
Finally, because the back pressure generated by a not toawimn with a 0.25-0.32mm [.D., and a second-dimension
long second-dimension column of 0.25 mm I.D. is relatively column with a 0.15-0.18 mm 1.D. The length of the first col-
low, the optimal average linear velocity will be close to the umn should be such that enough plates can be generated for
optimal velocity of a single 1D-GC column. However, as the separation at hand (with a relatively long column making
the pertinent data for a 0.25mm 1.D. column seffable 1 it easier to create favouraliz/to values). For such sets, the
indicate — although the average linear velocity in the first- first- and second-dimension columns can be simultaneously
dimension column now indeed is as high as 31 cf she run atpin values which are close to the optimum. In addition,
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such column sets are fully acceptable regarding the sampleof analysis that is longer than in a comparable 1D-GC anal-

capacity issue. ysis. This is mainly the result of slow analyte diffusion in
the first column as a result of an increased average column
pressure.

5. Conclusions Finally, the above recommendations not to use too narrow-

I.D. columnsina GGk GC setin either the first or the second
A validated computer programme has been developed thatdimension, ensure that there will be no undue sample capacity
allows plate heights and column efficiencies in comprehen- problems.
sive two-dimensional GC to be accurately modelled while
using standard plate height and flow equations. The computer
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