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Abstract

An overview is given of existing methods to minimise the analysis time in gas chromatography (GC) being the subject of
many publications in the scientific literature. Packed and (multi-) capillary columns are compared with respect to their
deployment in fast GC. It is assumed that the contribution of the stationary phase to peak broadening can be neglected (low
liquid phase loading and thin film columns, respectively). The treatment is based on the minimisation of the analysis time
required on both column types for the resolution of a critical pair of solutes (resolution normalised conditions). Theoretical
relationships are given, describing analysis time and the related pressure drop. The equations are expressed in reduced
parameters, making a comparison of column types considerably simpler than with the conventional equations. Reduction of
the characteristic diameter, being the inside column diameter for open tubular columns and the particle size for packed
columns, is the best approach to increase the separation speed in gas chromatography. Extremely fast analysis is only
possible when the required number of plates to separate a critical pair of solutesis relatively low. Reducing the analysis time
by reduction of the characteristic diameter is accompanied by a proportionally higher required inlet pressure. Due to the high
resistance of flow of packed columns this seriously limits the use of packed columns for fast GC. For fast GC hydrogen has
to be used as carrier gas and in some situations vacuum-outlet operation of capillary columns alows a further minimisation
of the analysis time. For fast GC the columns should be operated near the conditions for minimum plate height. Linear
temperature programmed fast GC requires high column temperature programming rates. Reduction of the characteristic
diameter affects the sample capacity of the **fast columns”. This effect is very pronounced for narrow-bore columns and in
principle non-existing in packed columns. Multi-capillary columns (a parallel configuration of some 900 narrow-bore
capillaries) take an intermediate position. [0 1999 Elsevier Science BV. All rights reserved.

Keywords: Reviews, High-speed gas chromatography; Analysis time; Speed optimisation; Packed columns; Capillary
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1. Introduction

The principles and theory of fast gas chromatog-
raphy (GC) were already established in the 1960s
[1-3]. However, the application in daily routine
remained limited in the past years. At recent interna-
tional symposia a revival of interest in fast chroma-
tography could be observed. Several sessions were
entirely devoted to fast GC. Separations on a minute
to even second time scale were shown, using either
packed or (multi-)capillary columns. In some situa
tions flow programming or extremely fast tempera-
ture programming was applied.

Evaluation of the results is difficult because of the
widely different conditions in the examples that were
given.

In this work an overview is given which will allow
a thorough evaluation of the advantages and dis-
advantages of several approaches to fast GC. It
includes a comparison of capillary, multi-capillary
and packed columns, based on reduced (dimension-
less) parameters, which characterise the chromato-
graphic and flow phenomena.

2. Theory

In order to compare the potentialities of the
different approaches, it is necessary to turn back to
chromatographic theory. It is obvious that an analy-
sis requiring only 1000 theoretical plates can be
carried out much faster than the separation of areally
complex mixture. In order to compare the kinetic
conditions for optimum speed attainable with differ-

ent column types, it is essentia to start with the
concept of resolution normalised conditions. This
means that in the comparison the required number of
theoretical plates, N,.,, for a given separation prob-
lem is considered to be constant.

The main criterion for selecting the proper chro-
matographic conditions is the separation of a critical
pair of components. When the critical pair is sepa-
rated, so will be al peaks in the chromatogram. The
actual analysis time will be the time needed for the
separation of the critical pair multiplied by (1+nk).
Where n is the ratio of the retention factor of the last
eluting peak and the k-value of the second peak of
the critical pair of solutes [4—6]. From basic GC
theory it follows that the required plate number N,
to obtain a certain resolution R, can be expressed as:

Nreq=16R§[1J|2k]2[ al]z (1)

o —

with a resolution measured experimentaly as:

Aty
R =2 )

For peaks of equal size baseline separation is
achieved at R,>1.5, where At is the difference in
retention time, o is the standard deviation of the
second eluting peak of a critica pair of solutes
expressed in time units, « is the relative retention
a=k,/k,, and k, is the retention factor of the latter
eluting peak.

When the primary demand for a specific resolution
between a critical pair of components is fulfilled, a
second aim is to obtain the analysis in a minimum of
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time. The equation for the retention time, to be
minimised, is given by

tg = t,(1+K) (©)]

where t, is the time required to elute an unretained
component:

L oL
u uf,

o

t= (4)
where L is the column length, u is the average linear
gas velocity, u, is the velocity at the column outlet
and f, is a gas compressibility correction factor
(defined in Table 1).

L can be replaced by NH with H=L/N being the
theoretical plate height, leading to:

te = [N(1+K)] [uifz] (5)

Combining Egs. (1) and (4) the analysis time tg
can be expressed as:

| ()2 ][] o

For baseline separation R,=1.5, Eq. (6) yields:

oo (SH)E ] [RE] @

Egs. (5)—(7) contain two parts. The first term of
the right hand side is equal to the required number of
plates multiplied by 1+k. This part reveds the
importance of optimising k (between 1.7 and 3 [5,6])
and maximising the relative retention « by proper

Table 1
Gas compressibility correction factors®
P=1 P>1
. 9P -)P-1) 1 9
17 8 (P3 _ 1)2 8
3P . 3
272 pP-1) 2P
f=aP+1 1 25
37 2( ) 2
3
f,f; 1 2
“P=p/p,.

selection of the stationary phase. The retention factor
k can be tuned by selecting appropriate liquid phases,
varying phase ratios and column temperatures. This
thermodynamic treatment will not be discussed in
this paper.

The second part H/u=H/u,f, is the Purnell
criterion [7] or the plate duration [8], i.e., the time
spent by the carrier gas to traverse one theoretical
plate. Minimising the analysis time for a given
required plate number is equivalent to minimising
the peak duration. This gives the highest speed for
Nieq (Niegs NOt L is kept constant). Evaluation of the
peak duration is difficult, because it is a complex
function of retention factors, gas velocities, pressure
drops, particle/column dimensions and solute diffu-
sion coefficients.

2.1. Normalised resolution optimisation, packed
versus capillary columns (hegligible contribution of
the stationary phase term to the plate height)

Two types of basic equations are needed to the
calculation of the numerical value of H/u to com-
pare packed and capillary columns. (8) Plate height
equations which describe the dependence of the
experimental plate height upon carrier gas velocity
and column parameters, e.g., the Horvath—Lin equa-
tion [9] for packed columns and the Golay—Giddings
equation [10,11] for capillary columns. (b) Flow
equations, eg., the Kozeny—Carman [12] and
Hagen—Poiseuille [13] equations for packed and
capillary columns, respectively.

These theoretical relationships can be considerably
simplified, if they are expressed in terms of reduced
parameters (dimensionless numbers) as proposed by
Giddings [14]. In this way the dependence of H on u
can be approximated by a single curve in reduced
parameters for packed columns and another one for
capillary columns. This, irrespective of particle size
or column inside diameter, nature of the mobile
phase or nature of the components, respectively.
Identical curves can be expected only [2], if the
following conditions are fulfilled: (1) contribution to
plate height of the stationary phase is negligible
(small liquid phase loading in packed columns and
thin film open tubular columns). A more concise
treatment including arbitrary film thickness in capil-
lary columns can be found in Ref. [8]. (2) Structure
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Table 2
Definition of reduced parameters
. H
Reduced plate height h= q
. . u,d
Reduced carrier gas velocity =D

Column resistance factor

Retention factor k=

Reduced pressure p=—

of the packing in a packed column is independent of
particle size.

The reduced, dimensionless parameters are defined
in Table 2, where d is the characteristic diameter and
equals the particle size d,, in packed columns and the
inside column diameter d_ for open tubular columns;
u, and D, , represent the linear gas velocity and the
binary solute/carrier gas diffusion coefficient at
column outlet pressure p,; p, is the column inlet
pressure, and ¢ is the dimensionless flow resistance
parameter:

1 d* Ap .
T L ®
with () the mean cross sectional fluid flow velocity
[15].

The retention time Eq. (5) can now be written in
terms of reduced parameters:

2

tr=N (1+Kk) (9)

v 1D,

The flow equations in their reduced form read:

Table 3

N eghvenD,, o

e (10)
3

Ap = pi - po =
where 7 is the mobile gas phase dynamic viscosity.
Combining Egs. (9) and (10) it follows:

Nreih?en

Apt, = X

(11)
where h’p=E is defined as the separation impe-
dance, which represents the elution time per plate
(plate duration) for an unretained solute times the
pressure drop per plate, corrected for viscosity.

For ideal gases the relevant compressibility correc-
tion factors f, and f, are given in Table 1.

Using Egs. (9) and (10) the appropriate dimen-
sionless numbers h, v and ¢ have to be included. In
Table 3 the approximate values under optimum
separation conditions are given. The consequences of
working at higher than optimum values of the
reduced velocity will be discussed later.

3. Discussion

Some interesting conclusions can be drawn from
Egs. (9)—(11). These equations show a complex
pressure dependence. The optimum conditions can
only be calculated numerically. Only under boundary
conditions, such as a very low or very high inlet to
outlet pressure ratio and a negligible influence of the
stationary phase, explicit relationships can be ob-
tained.

31 Low pressure drop (dlow analysis, low plate
number columns);, P=1

The compressibility correction factors f, and f,
approach a value of 1. Including the dimensionless

Approximated values of the reduced parameters under optimal conditions

Packed column

Packed capillary column Capillary column

Reduced plate height, h 2
Reduced velocity, v 3
Column resistance factor, ¢ ~1000

Separation impedance, E ~4000

2 0.8
3 5
~500 32
~2000 20
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numbers relevant for packed and open tubular col-
umns, it follows from Eq. (9) that the analysis time
can be reduced proportional to ds for packed col-
umns or to d? for open tubular columns. As shown
by Eq. (10) the price is a proportionally increasing
pressure drop.

Comparing the separation impedance E for packed
(= 4000) and capillary (20) columns, it can be
concluded that if both column types are operated
with the same pressure drop Ap a capillary column
will alow a 200X faster analysis. The influence of
the selection of the carrier gas on speed of analysis
(Eqg. (9)) is given in Table 4 for P=1, showing the
advantage of using hydrogen. As demonstrated
above chromatographic performance in terms of
speed of analysis for a fixed plate number can be
substantially improved by miniaturisation: decreasing
the characteristic diameter and increasing the pres-
sure drop proportionally. Therefore in fast GC,
especialy for larger required plate numbers, N, ., the
assumption P=1, f,=f,=1 becomes invalid.

req’

3.2, High pressure drop (fast analysis, higher
plate number columns); P> 1

As can be seen from Table 1, f, can now be
replaced by 3/2P and f, f, equals 3/4. Substitution of
these values now leads to the following expressions:

req

h3/2¢1/2d< N

t. = N2/3
R V1/2 Dm,o po

)”2(1 1K) (12)

4 NiZ¥(hwe)''? (D, o Py)*"?

Ap=7 5 (13)
4 5 2 4

AptO = §N reqh 9077 = §Nrqun

= constant at agiven temperature (14)
Table 4
Analysis time for different carrier gases relative to hydrogen
Carrier gas P=1 P>1

*<1/D,,, (EQ. (9)) *(1/D,,0)""* (EQ. (12))

H, 1 1
He 1.2 1.6
N, 4.0 2.8
Co, 5.6 2.8

Under high pressure drop conditions (P > 1) the
analysis time t; now becomes linearly proportional
to the characteristic diameter (d, or d,), instead of d?
as in the low pressure situation. Again separation
speed t, (tg) is traded off against pressure drop Ap.
A similar relationship for the analysis time (Eq. (12))
was reported by Tijssen [16] and Guiochon [4].
Knox and Saleem [2] published equations (Egs.
(12)—(14)) as early as 1969, which led them to the
very valuable remark: **The ultimate limitation on
speed is inevitably set by the pressure which the
apparatus can tolerate’’. The influence of the carrier
gas type a P> 1 is reflected now in the mobile
phase diffusion coefficient and the carrier gas vis-
cosity (Eg. (12)). Using diffusion coefficients ac-
cording to Fuller et a. [17] and dynamic viscosities
[18] the relative analysis times are given in Table 4.

3.3 Speed of analysis by packed and capillary
column systems

Some interesting conclusions can be drawn from
Egs. (12) and (13) about the speed of packed and
capillary column systems. Substituting the optimum
values of h and v from Table 3, it follows that the
ratio d./d, a which the analysis times are equal is
29. Inserting the proper values of h and » and
d.=29d, in Eq. (13) shows that under equal analysis
time conditions the pressure drop of a packed
column system is 200-times larger. The same conclu-
sion aso directly follows from the ratio of the
separation impedances E,.cieq/Ecapiniary (EQ- (14)).

Under optimum conditions the column length
required to separate a critical pair is given by the
product of N, and H_. or:

req min

L =N, hd (15)

If N, is assumed to have the same vaue for the
packed and the open tubular system, it follows that
under the equal analysis time conditions (d./d,=

29), using values for h,,;, and »,, from Table 3:

Lc illar
LL”V =116 (16)
packed
Fast separations of simple mixtures with packed
columns were aready achieved in the 1960s. An
example of extreme speed has been published by
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Jonker et al. [19]. They showed a separation of four
components in only 0.15 s (Fig. 1) with a 3.2 cm
long column packed with 10 wm particles. The plate
number was 650 with a pressure drop of 63 bar. The
column was operated under the conditions h=4.9 at
v=6.4 with He as the carrier gas.

Under optimum conditions (h=2 and »=3) this
column would have yielded 1600 plates with an
analysis time of 0.23 s (k=2) and a pressure drop of
43 bar (according to Egs. (12) and (13)). These
equations also show that a capillary column, oper-
ated under vacuum outlet conditions (P> 1), can
generate the same required plate number of 1600
using a 290 um inside diameter column with a
length of 37 cm, and a pressure drop of only 0.21
bar. For this open tubular column, operated at
atmospheric outlet pressure, however, the require-
ment P> 1 is not valid anymore (caused by the

]
6.
N

(A)
1.0
| S—

2.0

1.0

=] -
S

relatively low plate number in this case) and for the
open tubular column Eg. (9) with f,=1 becomes
valid.

The column diameter d, giving 1600 theoretical
plates, a retention time of 0.23 s for a solute with
retention factor 2 can be calculated, if D, is
included. It appears that an open tubular column with
an inner diameter of 70 um and a length of 9 cm
gives exactly the same analysis time and plate
number (see Table 5). The pressure drop (Eq. (10),
f;=1) is now only =~0.1 bar. This example clearly
illustrates the great superiority of capillary columns
as compared to packed columns from the viewpoint
of speed of analysis related to pressure drop. A
representative example of a high speed separation of
some hydrocarbons on a coated fused-silica capillary
column is shown in Fig. 2 [20].

It should be emphasised again that in the above

J N

Lad.  JAA
T

13 LS
0.20 0.02 g.04 0.06

1

v 1] 1
0.[08 0.10 g.12 g.14 0.16

TIME (S)

Fig. 1. Fastest packed-column separation to date. n-Alkanes (C1-C4) at 100°C. Column, 32 mmX1.19 mm |.D.; particle size, 10 pm,
Lichrosorb Si-60; inlet pressure, 64 bar; carrier gas, helium, 1.5 pl splitless injection by rotary valve. (Reprinted from Ref. [19], with kind
permission from the authors and the American Chemical Society, copyright 1982.)
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Table 5
Comparison of packed and capillary columns (t;=0.23 sfor k=2;
N=1600; carrier gas He)

Packed column Open tubular column

Atmospheric
Atmospheric Vacuum
Lp, (cm) 32 9 37
d (pm) d, 10 d. 70 d. 290
Ap (bar) 43 0.1 0.1
T (K) 373 215% 200°

®In the data presented in this Table, k=2 is kept constant. For
thin-film open tubular columns this theoretical exercise leads to
sub-ambient column temperatures. In the calculation of pressure
drop by using Eq. (14) the accompanying change in carrier gas
viscosity with temperature is accounted for.

treatment the stationary phase term in the plate

height eguations is neglected. For capillary columns

this means that thin film columns are considered.
For fast analysis this is obvious, since for thick

film columns the (reduced) plate height is increased
and the corresponding optimal (reduced) velocity is
decreased considerably.

34. Alternative approaches to fast GC

34.1. Turbulent flow conditions

Another way to obtain very small analysistimesin
capillary GC is to create turbulent flow. Only a few
experimental results on turbulent flow in GC are
known, some dating about 30 years ago. The results
were not as promising as expected, possibly due to
instrumental contributions or a not negligible in-
fluence of the stationary phase [21,22]. With turbul-
ent flow the velocity profile is largely flattened.
Furthermore, the effective radial dispersion is con-
siderably increased by convective contributions.

Experiments show that low plate heights can be
obtained under very high speed conditions (p, =50
bar, u=15 m/s; Re =10 [23]. Unfortunately, the

0 100 200 300

400 500 600 700

Time (msec)

Fig. 2. Fastest narrow-hore capillary-column separation to date. Hydrocarbons (C6—C9) at 72°C. Column, 30 cmX 50 pm I.D., OV-1; inlet
pressure, 4.5 bar; carrier gas, helium. Reinjection by rapid heating (4000°C/s during 50 ms) after cold-trapping at — 75°C. (Reprinted from
Ref. [20], with kind permission from the authors and Huthig, Heidelberg, Germany.)
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dependence of the plate height on the retention factor
is dgnificantly higher than under laminar flow
conditions, limiting the use of turbulence to solutes
with a low retention factor. Also the instrumental
reguirements with respect to time constants of sam-
ple introduction and detection are very severe in
turbulent GC.

Taking into account the high pressure drop re-
quired for turbulent flow, a reduction of the column
diameter is a better approach to increase the analysis
speed in capillary GC.

3.4.2. Vacuum outlet conditions

As demonstrated by Giddings in the 1960s [3,24]
true time optimisation will require vacuum column
outlet conditions. This can directly be concluded
from Eqg. (5). Under vacuum outlet conditions P=p,/
p, > 1, f, can be replaced by 3/2P yielding:

2 h e 17
tR - 3 req g Dm,i ( )
where D,,; is the binary solute carrier gas diffusion

coefficient at inlet pressure.

The largest value of D,,; will be obtained, if a
given column is operated at vacuum outlet conditions
generating N, theoretical plates, where the absolute
value of the column inlet pressure will be minimal.

The gain in speed of analysis by vacuum outlet
pressure conditions compared to atmospheric outlet
pressure conditions of a given column can be
expressed by [25]:

3
pi,opt,atm - 1

(piz,opt,atm - 1)3/2

where p; ;. am 1S the absolute inlet pressure (in bar)
under optimal conditions at atmospheric outlet pres-
sure (p,=1 bar).

The optimum absolute inlet pressure under vac-
uum outlet conditions p; ;. €XPressed in bar can
be found from:

G= (18)

piz,opt,vac = piz,opt,alm -1 (19)

G is seen to increase with decreasing values of
Pioptam (TADIE 6). The largest gains are obtained
with sub-atmospheric inlet pressures. Thus, vacuum
outlet will be of particular interest for high per-

Table 6

Gain in speed of analysis by vacuum outlet operation as a function
of the optimum inlet pressure (P, oy 4m) @ amospheric pressure
outlet

Pi.opl,atm (bar' ameUte) Pi,opt.vac (bar’ ameUte) Galn G
101 0.14 10.6
1.05 0.32 4.8
11 0.46 34
15 112 17
20 1.73 1.35
3.0 2.83 115
4.0 3.87 1.08

meability (open tubular) columns, with a large inner
diameter and/or a short length.

For narrow-bore capillary columns and packed
columns requiring high inlet pressures the gain in
speed of analysis becomes negligible. The subject of
vacuum outlet gas chromatography is extensively
treated by the authors in Ref. [25].

As pointed out above under vacuum outlet con-
ditions always the condition P=p,/p,> 1 is met
and therefore Egs. (12)—(14) have to be used.
According to Egs. (12)—(14) it appears that the same
analysis time as observed by Jonker on a packed
column with microparticles (N,o, =1600, t; 0.23 s,
Ap=43 bar) can be produced by an open tubular
column under vacuum outlet conditions, with the
following dimensions; L =37 cm; 290 pm 1.D., inlet
pressure 0.1 bar absolute (see Table 5).

Using the computer program [26,27] for time
optimisation of capillary columns developed in the
authors' laboratory, these conditions could be ver-
ified. This program is based on the underlying
theory; no simplifications are made, except from the
assumption of idea gas behaviour.

34.3. Effect of carrier gas velocities larger than
under optimum conditions (v>1,, ) for capillary
columns

The theoretical relationships presented before
proceed from the assumption of GC performed at the
optimum carrier gas velocity. At higher velocities the
analysis time is reduced, but simultaneously the
column plate number will decrease due to a larger
plate height. In order to restore the ensuing loss in
peak resolution a longer column has to be selected,
thus re-establishing the original plate number. How-



C.A. Cramers et al. / J. Chromatogr. A 856 (1999) 315-329 323

ever, this opposes the decreased analysis time. It can
be concluded that the speed of analysis will be
improved as long as the increased carrier gas ve-
locity overrules the required column length incre-
ment. This subject was already recognised by Scott
and Hazeldean in 1960, introducing the concept of
““optimum practical gas velocity’’ [28].

For thin film open tubular columns again two
boundary conditions can be distinguished: P=1 (Eq.
(9) with f,=1) and P> 1 (Eq. (12) with f,=3/2P).
Introducing the dimensionless quantities:

&= h_ (20)
and
vt (21)

opt uo,opt

it follows from Eq. (9) for low pressure drop, thin
film columns:

te  hlv ¢
PV (22)

opt

t

R,opt

Starting from the Golay equation, it appears [28]
that:

A )

min 1,0pt

or for P=1 (and for P> 1):

feitod(oed)

min

For P=1 it follows from Eg. (23):

i:£:i<v+i> (25)
tR opt vV V

When V=2, £=1.25. Thus the plate height is
increased by 25%; if the required plate number is
kept constant the column length has to be increased
by 25%. The carrier gas velocity is however doubled,
resulting in tg/tg,,,=0.625. At V=4, t./t
0.53.

For larger values of V the ratio £/V assumes a
constant value of 0.5. Increasing the carrier gas
velocity above V=4 results in a proportional increase

R,opt =

in the column length. The retention time will remain
constant when N, is kept constant.

Moreover, GC columns operated at very large
carrier gas velocities will necessarily require a large
pressure gradient making the assumption f,=1 in-
valid. Furthermore, fast analysis of rather complex
mixtures will require long columns with a small
internal diameter and thus will operate under high
pressure drop.

For large values of P Eqg. (12) has to be used;
including the defined values of ¢ and Vyields (N, ., =
constant):

I: 171 ]3/2
e _ & 2(+v) (26)
thopt V1/2 V1/2

This function assumes a minimum value of 0.92
for V=v2 or u,=v2u,, [30]. Compared to a
column length L operated under optimal conditions
an 8% faster analysis can be obtained (N,o,=
constant) with a column of length 1.06 L (as follows
from Eq. (24) for V=+/2: H/H_, =1.06). From this
it follows that U, /u~0.87 or u=1.15U,,,.

Blumberg in a series of publications [8] on the
theory of fast capillary GC came to the same
conclusions.

Using Eqg. (26) it can be seen that the plate height
and column length are already almost doubled for
V=2. Hence we can come to the following conclu-
sion: fast narrow bore, thin film open tubular col-
umns require a high pressure drop, P> 1. These
columns should be operated close to or dlightly
above optimum conditions (1=V <1.4).

The validity of both boundary expressions Egs.
(25) and (26) were checked by comparing with
experimental plate height data. Excellent agreement
was observed between theory and experiment [29].

If afixed column length is used, a comparison of
optimum conditions and conditions of u,=2u, 4,
(V=+v2) gives according to Eqg. (12) with
(N3/2h3/2)=(Nr39/qzh3/2)

opt*

te 1 1 1
teom WV 42 119

A 16% reduction in analysis time is obtained at
the cost of a 6% loss in efficiency (Eq. (24)).
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34.4. Effect of carrier gas velocities larger than
under optimum conditions (v>1,, ) for packed
columns

In contrast to the situation for capillary columns
no exact analytical plate height equation is available
for packed columns. One of the expressions describ-
ing the H—u relation for packed columns was
developed by Horvath and Lin [31]. For k=2 and
neglecting the stationary phase term the equation can
be written in the reduced form:

14
h=~15+—=+0.08r (27)
orh,,=22a v, =42

With t,=h*?/»"'? the effect of increasing » above
vaues of ,, can be numerically approached for
large values of P. The equation describing the
situation for P=1 is not relevant for packed col-
umns, due to their intrinsically high inlet pressures.

The results are given in Table 7. For V=2.9 the
ratio t/tg IS minimal and approaches a value of
0.75. It can be concluded that packed columns can be
operated under 3—4-times the optimum conditions,
but also here the gain in speed is marginal, approxi-
mately 25%. It should be kept in mind, however, that
the required inlet pressure for packed columns is
often already the limiting factor. Increasing the flow-
rate and thus column length to keep N, constant, is
not an attractive approach.

3.5. Temperature-programmed conditions
(constant-pressure mode)

In the foregoing treatment, analysis time optimi-
sation was discussed for isothermal analysis. From
the viewpoint of practical GC this assumption is too
restrictive. It has been estimated that 80% of all
GC-users include temperature-programming. In an
extensive treatment Schutjes et a. [32] proved that
the dependence of the analysis time on the column
inside diameter for a capillary column or particle size

Table 7
Packed columns with carrier gas velocities larger than ,, (P> 1)
v 4.2 84 122 16.8 42

1 2 29 4 10
te/t 1 0.77 0.75 0.77 1.05

R,opt

in a packed column is the same in both isothermal
and linear temperature-programmed analysis.

At P=1 the analysis time, t; in the programmed
mode will be proportional to d? (d. or d,), whereas
at values of P> 1 alinear dependence on d will be
found. For the programming rate r=(oT/at) it
followed:

1

[ges

t (28)

0,iso

Or for columns that are operated with the same
phase ratios, stationary phase and carrier gas: rec1/d?
for and P=1, rocl/d for P> 1

Consequently, in linear temperature-programmed
analysis the programming rate has to be significantly
increased when using narrow-bore (or small particle)
columns as compared to standard ones, requiring
instrumentation offering these high programming
rates (e.g., by resistive heating [33,34]). The validity
of this theory was confirmed by severa experiments
[32]. It should be emphasised here again, that
extreme high speed of analysis both in isothermal
and programmed-temperature analysis can only be
obtained if N, is relatively small (Egs. (9) and
(12)).

3.6. Sample capacity

Another important factor is the effect of charac-
teristic diameter reduction on the sample capacity of
fast columns. In principle this is not a problem for
packed columns; the speed of analysis is related to
d,, but the sample capacity can be varied at will by
increasing the column diameter. A large advantage in
this respect for packed columns. In open tubular
columns the speed as well as the sample capacity are
related to the inside column diameter d..

In an extensive theoretical and practical study on
the sample capacity of open tubular columns Ghijsen
et a. [35] came to the following conclusion: the
maximum sample capacity, C,,, for columns with
an equal phase ratio leading to maximally 10% peak
broadening is given by:

Crnax 803 (29)

where B is a proportionality factor: 0.05<8<1.8,
B=1.8 for solutes and stationary phases with similar
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structures and B=~0.05 for solutes and stationary
phases with very different structure.

The sample capacity is thus drastically reduced
[ocdi] for narrow-bore columns. This is a serious
limitation for narrow-bore open tubular GC.

3.7. Multi-capillary columns

A very interesting development in column technol -
ogy is the introduction by Alltech of the muilti-
capillary column [36]. A paralel configuration con-
sisting of 919 coated capillaries with an 1.D. of 40
pm and a length of 1 m.

Speed and pressure drop are dictated by the 40 pm
inner diameter. Flow-rate and sample capacity are
however theoretically 919 larger because of the
parallel operation. The separation of a mixture of
aromatic compounds within 50 s is shown in Fig. 3.

From literature data [37—39] it follows that due to
very dight inequalities in the parallel columnsh_ ;=
1.8-2.0 instead of h,,~0.8 for an idea thin film
open tubular column.
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It should be emphasised here, however, that aso
for a single narrow-bore column with an 1.D. of 50
pm or less, it is very difficult to obtain a minimum
value of h of 0.8.

A real impact of the concept of multi-capillary
columns can only be anticipated, if more flexibility
can be offered. This applies to available column
lengths, inside diameters and number of columns in
the parallel configuration.

4. Conclusions

The basic principle of decreasing analysis timesin
GC is miniaturisation: a decrease of the particle size
in packed columns or the column diameter in
capillary column. This implies that for a given
required plate number, N,.,, the column diameter can
be decreased proportional to the decrease in charac-
teristic diameter. Reduction of the characteristic
diameter heavily increases the demand on the pres-
sure capability of the instrumentation. For packed

m- + p-xylene

ethylbenzene | |

|

ml
1un \
/M’\ |

Y

[ o-xylene

S A A R
05 06 0.7 08 min

Fig. 3. Separation of a mixture of aromatic compounds on a multi-capillary column; L=1 m, 900 parallel capillaries of 43 um |.D.; d,=0.2
wm; SE-30. Inlet pressure: 375 kPa (helium); column flow=200 ml/min; temperature program: 40°C (0.5 min) to 200°C at 25°C/min.

Detector: FID. Injection: headspace 30 pl; splitflow=2800 ml/min.
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columns this implies that higher plate numbers at
high speed are outside reach.

It should be emphasised that it is assumed that the
contribution of the stationary phase term to the plate
height can be neglected (thin films/low liquid phase
loading). This assumption is correct, when discus-
sing fast GC.

The effect of characteristic diameter reduction on
sample capacity is very pronounced for capillary
columns and in principle non-existing in packed
columns. Multi-capillary columns take in this respect
an intermediate position.

Table 8 summarises the dependence of analysis
time, pressure drop, sample capacity and volumetric
flow-rate at column outlet conditions and linear
temperature-programming rate on the characteristic
diameter.

High speed GC involves high pressure drops if
N.eq s not too small, therefore, for this Table the
condition P> 1 is used (Egs. (12) and (13)).

Turning back to Eq. (12) it appears that the
analysis time is very dependent on the required plate
number (Nfe’qz). Extremely fast analysis can only be
obtained, if N, is smal. Minimisation of N, is
therefore always a primary task, this is done by
proper stationary phase and column temperature
selection (k,,,=~2); this optimisation is not subject of
this paper.

For fast analysis hydrogen is the carrier gas of
choice, with helium as second best (about 60%
slower). Vacuum outlet operation also enhances the
diffusivity in the carrier gas, since the column inlet
pressure is lowest for p, — 0. This implies a larger

opt

average diffusion coefficient in the mobile phase and
thus a shorter analysis time. This effect is most
pronounced for wide bore and/or short columns. For
longer narrow-bore columns the inlet (and average
pressure) is hardly affected by a change in outlet
pressure from atmospheric to vacuum and no gain in
analysis time is obtained.

For awell optimised column (L =L,,,), just able to
separate the critical pair, increasing of the carrier gas
velocity to higher values than u,,, is counterproduc-
tive: the resolution will decrease.

Increasing the column length to counteract the loss
in resolution will yield a margina reduction of 8%
faster analysis time. The general conclusion is that
high speed open tubular columns should be operated
very close to the optimum conditions.

If a given column, eg., offers a resolution of
R,=3 for the critical pair, of course increase of the
flow-rate above the optimum can drastically reduce
the analysis time. Situations as this are often de-
scribed in literature. However, a reduction of the
length of that column to a value where the resolution
is decreased to 1.5 would yield under optimum
conditions the same analysis time as the (too long)
column described above.

If linear temperature programming is used the
programming rate of the column has to be increased
proportionally to the reduction in the characteristic
diameter, requiring ovens that alow for very high
programming rates.

On the instrumental side also the reduction of
analysis times by miniaturisation must be accom-
panied by a proportional decrease of the time

Eéezfngmce on characteristic diameter in high speed GC (P > 1)*
Capillary column Multi-capillary column Packed column

Analysis time d, d. d,
Pressure drop di di di

c c P
Sample capacity d? nd? Column diameter
Volumetric flow-rate d, nd, Column diameter
Temperature programming rate (r) di di di

c c P

®n=The number of parallel capillaries.
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constants of the instrument (a.o. detection and sam-

5. Trends and future perspectives

ple introduction systems). For very fast analysis this

reguires adapted instrumentation.
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As increasing the speed of a gas chromatographic
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Fig. 4. Reconstructed chromatogram of a hydrocarbon mixture (400 spectra/s). Separation of six akanes. Column: L=2 m; 50 pm 1.D.;
d;=0.1um; OV-1. Inlet pressure=500 kPa (helium); splitflow =400 ml/min. Isothermally at 80°C. Detector: TOF-MS (LECO, MI, USA).

In order of elution: 1=2,3-dimethylbutane, 2=hexane, 3=heptane, 4=methylcyclohexane, 5= 2,3,4-trimethylpentane, 6= octane.
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separation is economically advantageous, it will also
be introduced in routine analysis. In most applica-
tions open tubular columns of 100 to 150 pm inner
diameter will be used. These columns offer a com-
promise with respect to analysis time and instrument
compatibility. Commercia instrumentation that can
operate with such columns is now available from
different manufacturers. A significant amount of
work has been done on methods for faster chroma-
tography during the last decades. Even more work,
however, remains to be done.

Up till now in the analytical chain: sampling—
sample pretreatment—sample introduction—separa-
tion—detection most attention has been paid to
understanding and optimising the kinetic aspects of
separation as summarised in this overview. The
effects of miniaturisation are well understood for
both packed and open tubular systems.

As has been shown open tubular columns are
superior to packed systems with respect to anaysis
times. The only exception being the application to
simple mixtures, where both systems can be used.

In recent history the emphasis in open tubular
column technology has been on columns with a high
resolving power. Analytical problems were tackled
by a mere overshoot of theoretical plates. The need
for very specific stationary phases was dramatically
reduced, compared to the packed column period
during the start of GC.

For fast GC there will be a revival of interest in
tailoring stationary phase selectivity for target sepa-
rations (see discussion below Eg. (7)). The logical
choice of packed systems thereby is of limited
interest due to the required high inlet pressures and
activity of the support materials.

Improved column technology (e.g., sol/gel tech-
nology) will alow the production of a wider choice
of selective open tubular columns.

Fine tuning of selectivities can be obtained by
(electronically) adjusting the mid point pressure
between two serially connected columns with widely
different selectivities [40]. In this way flexibility can
be built in the one-dimensional column system: and
selectivity tuning can be performed automatically
instead of tedious column replacement.

High-speed GC using open tubular columns in the
future certainly will be important in field-portable
GC instruments [41] for on-site, environmental and

industrial hygiene applications. Micro-machining
techniques allow the production of sampling valves
and TCD (thermal conductivity detectors) devices
compatible with the special needs of microbore
columns. The even more stringent environmental
regulations will necessitate the development of sam-
ple preparation and more sensitive detection tech-
niques for field portable instruments.

Considering the growing importance of quality
issues in analysis, the use of GC—mass spectrometry
(MS) for positive identification will grow. In addi-
tion to improving the integrity of the analytical
results, this adds additional selectivity to the system:
GC-MS can rapidly and automatically detect and
resolve overlapping peaks, thereby further reducing
analysis times.

Furthermore, it can be anticipated that the use of
(ultra) high-speed GC is accompanied by a decrease
in reproducibility of retention data, certainly if high
speed temperature or pressure programming is used.
This makes the combination with mass spectrometry
even more important. Due to the small peak widths
in high speed GC, conventional scanning mass
spectrometers are not compatible. Time-of-flight
(TOF) MS or spatia array detection are the methods
of choice [42]. An example of contemporary high-
speed GC-TOF-MS analysis is shown in Fig. 4.
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