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High-speed gas chromatography: an overview of various concepts
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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 solutes is 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 allows 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.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction ent column types, it is essential to start with the
concept of resolution normalised conditions. This

The principles and theory of fast gas chromatog- means that in the comparison the required number of
raphy (GC) were already established in the 1960s theoretical plates, N , for a given separation prob-req

[1–3]. However, the application in daily routine lem is considered to be constant.
remained limited in the past years. At recent interna- The main criterion for selecting the proper chro-
tional symposia a revival of interest in fast chroma- matographic conditions is the separation of a critical
tography could be observed. Several sessions were pair of components. When the critical pair is sepa-
entirely devoted to fast GC. Separations on a minute rated, so will be all peaks in the chromatogram. The
to even second time scale were shown, using either actual analysis time will be the time needed for the
packed or (multi-)capillary columns. In some situa- separation of the critical pair multiplied by (11nk).
tions flow programming or extremely fast tempera- Where n is the ratio of the retention factor of the last
ture programming was applied. eluting peak and the k-value of the second peak of

Evaluation of the results is difficult because of the the critical pair of solutes [4–6]. From basic GC
widely different conditions in the examples that were theory it follows that the required plate number Nreq

given. to obtain a certain resolution R can be expressed as:s

In this work an overview is given which will allow
2 21 1 k a2a thorough evaluation of the advantages and dis- ]] ]]F GN 5 16R F G (1)req s k a 2 1advantages of several approaches to fast GC. It

includes a comparison of capillary, multi-capillary
with a resolution measured experimentally as:and packed columns, based on reduced (dimension-

less) parameters, which characterise the chromato- DtR
]R 5 (2)graphic and flow phenomena. s 4s

For peaks of equal size baseline separation is
2. Theory achieved at R .1.5, where Dt is the difference ins R

retention time, s is the standard deviation of the
In order to compare the potentialities of the second eluting peak of a critical pair of solutes

different approaches, it is necessary to turn back to expressed in time units, a is the relative retention
chromatographic theory. It is obvious that an analy- a 5k /k , and k is the retention factor of the latter2 1 2

sis requiring only 1000 theoretical plates can be eluting peak.
carried out much faster than the separation of a really When the primary demand for a specific resolution
complex mixture. In order to compare the kinetic between a critical pair of components is fulfilled, a
conditions for optimum speed attainable with differ- second aim is to obtain the analysis in a minimum of
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time. The equation for the retention time, to be selection of the stationary phase. The retention factor
minimised, is given by k can be tuned by selecting appropriate liquid phases,

varying phase ratios and column temperatures. This
t 5 t (1 1 k) (3)R 0 thermodynamic treatment will not be discussed in

this paper.where t is the time required to elute an unretained0
¯The second part H /u5H /u f is the Purnellcomponent: o 2

criterion [7] or the plate duration [8], i.e., the time
L L

spent by the carrier gas to traverse one theoretical] ]]t 5 5 (4)0 ū u fo 2 plate. Minimising the analysis time for a given
required plate number is equivalent to minimising¯where L is the column length, u is the average linear
the peak duration. This gives the highest speed forgas velocity, u is the velocity at the column outleto
N (N , not L is kept constant). Evaluation of theand f is a gas compressibility correction factor req req2
peak duration is difficult, because it is a complex(defined in Table 1).
function of retention factors, gas velocities, pressureL can be replaced by NH with H5L /N being the
drops, particle /column dimensions and solute diffu-theoretical plate height, leading to:
sion coefficients.

H
]]t 5 [N(1 1 k)] (5)F GR u fo 2 2.1. Normalised resolution optimisation; packed

versus capillary columns (negligible contribution ofCombining Eqs. (1) and (4) the analysis time tR the stationary phase term to the plate height)can be expressed as:
3

2(1 1 k) a H Two types of basic equations are needed to the2 ]]] ]] ]]t 5 16R S D (6)FS D G F GR s 2 ¯a 2 1 calculation of the numerical value of H /u to com-u fk o 2

pare packed and capillary columns. (a) Plate height
For baseline separation R 51.5, Eq. (6) yields:s equations which describe the dependence of the

3 experimental plate height upon carrier gas velocity2(1 1 k) a H
]]] ]] ]]t 5 36 S D (7)FS D G and column parameters, e.g., the Horvath–Lin equa-F GR 2 a 2 1 u fk o 2 tion [9] for packed columns and the Golay–Giddings

Eqs. (5)–(7) contain two parts. The first term of equation [10,11] for capillary columns. (b) Flow
the right hand side is equal to the required number of equations, e.g., the Kozeny–Carman [12] and
plates multiplied by 11k. This part reveals the Hagen–Poiseuille [13] equations for packed and
importance of optimising k (between 1.7 and 3 [5,6]) capillary columns, respectively.
and maximising the relative retention a by proper These theoretical relationships can be considerably

simplified, if they are expressed in terms of reduced
parameters (dimensionless numbers) as proposed by

Table 1 ¯a Giddings [14]. In this way the dependence of H on uGas compressibility correction factors
can be approximated by a single curve in reduced

P51 P41 parameters for packed columns and another one for
4 2 capillary columns. This, irrespective of particle size(P 2 1)(P 2 1)9 9

]]]]] ]f 5 11 3 2 or column inside diameter, nature of the mobile8 8(P 2 1)
2 phase or nature of the components, respectively.(P 2 1)3 3

] ]] ]f 5 12 3 Identical curves can be expected only [2], if the2 2P(P 2 1)
following conditions are fulfilled: (1) contribution to1 1

] ]f 5 (P 1 1) 1 P3 plate height of the stationary phase is negligible2 2
(small liquid phase loading in packed columns and

3
]f f 1 thin film open tubular columns). A more concise2 3 4

treatment including arbitrary film thickness in capil-
a P5p /p . lary columns can be found in Ref. [8]. (2) Structurei o
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Table 2 N hnwhDreq m,oDefinition of reduced parameters ]]]]Dp 5 p 2 p 5 (10)i o 2f d3
H
]Reduced plate height h 5
d where h is the mobile gas phase dynamic viscosity.

Combining Eqs. (9) and (10) it follows:u do
]Reduced carrier gas velocity n 5
Dm,o 2 2N h whreq

]]]Dpt 5 (11)0Column resistance factor w (see text, Eq. (8)) f f2 3

t 2 t 2R 0 where h w 5E is defined as the separation impe-]]Retention factor k 5
t0 dance, which represents the elution time per plate

pi (plate duration) for an unretained solute times the]Reduced pressure P 5
po pressure drop per plate, corrected for viscosity.

For ideal gases the relevant compressibility correc-
tion factors f and f are given in Table 1.2 3

Using Eqs. (9) and (10) the appropriate dimen-of the packing in a packed column is independent of
sionless numbers h, n and w have to be included. Inparticle size.
Table 3 the approximate values under optimumThe reduced, dimensionless parameters are defined
separation conditions are given. The consequences ofin Table 2, where d is the characteristic diameter and
working at higher than optimum values of theequals the particle size d in packed columns and thep
reduced velocity will be discussed later.inside column diameter d for open tubular columns;c

u and D represent the linear gas velocity and theo m,o

binary solute /carrier gas diffusion coefficient at
3. Discussioncolumn outlet pressure p ; p is the column inleto i

pressure, and w is the dimensionless flow resistance
Some interesting conclusions can be drawn fromparameter:

Eqs. (9)–(11). These equations show a complex
21 d Dp pressure dependence. The optimum conditions can

] ] ]w 5 ? ? (8)
h L only be calculated numerically. Only under boundaryknl

conditions, such as a very low or very high inlet to
with knl the mean cross sectional fluid flow velocity outlet pressure ratio and a negligible influence of the
[15]. stationary phase, explicit relationships can be ob-

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

3.1. Low pressure drop (slow analysis, low plate
2h d number columns); P51

] ]]t 5 N ? (1 1 k) (9)R req n f D2 m,o

The compressibility correction factors f and f2 3

approach a value of 1. Including the dimensionlessThe flow equations in their reduced form read:

Table 3
Approximated values of the reduced parameters under optimal conditions

Packed column Packed capillary column Capillary column

Reduced plate height, h 2 2 0.8
Reduced velocity, n 3 3 5
Column resistance factor, w ¯1000 ¯500 32
Separation impedance, E ¯4000 ¯2000 20
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numbers relevant for packed and open tubular col- Under high pressure drop conditions (P41) the
umns, it follows from Eq. (9) that the analysis time analysis time t now becomes linearly proportionalR

2 2can be reduced proportional to d for packed col- to the characteristic diameter (d or d ), instead of dp c p
2umns or to d for open tubular columns. As shown as in the low pressure situation. Again separationc

by Eq. (10) the price is a proportionally increasing speed t (t ) is traded off against pressure drop Dp.0 R

pressure drop. A similar relationship for the analysis time (Eq. (12))
Comparing the separation impedance E for packed was reported by Tijssen [16] and Guiochon [4].

(¯ 4000) and capillary (20) columns, it can be Knox and Saleem [2] published equations (Eqs.
concluded that if both column types are operated (12)–(14)) as early as 1969, which led them to the
with the same pressure drop Dp a capillary column very valuable remark: ‘‘The ultimate limitation on
will allow a 2003 faster analysis. The influence of speed is inevitably set by the pressure which the
the selection of the carrier gas on speed of analysis apparatus can tolerate’’. The influence of the carrier
(Eq. (9)) is given in Table 4 for P51, showing the gas type at P41 is reflected now in the mobile
advantage of using hydrogen. As demonstrated phase diffusion coefficient and the carrier gas vis-
above chromatographic performance in terms of cosity (Eq. (12)). Using diffusion coefficients ac-
speed of analysis for a fixed plate number can be cording to Fuller et al. [17] and dynamic viscosities
substantially improved by miniaturisation: decreasing [18] the relative analysis times are given in Table 4.
the characteristic diameter and increasing the pres-
sure drop proportionally. Therefore in fast GC, 3.3. Speed of analysis by packed and capillary
especially for larger required plate numbers, N , the column systemsreq

assumption P51, f 5f 51 becomes invalid.2 3

Some interesting conclusions can be drawn from
Eqs. (12) and (13) about the speed of packed and

3.2. High pressure drop ( fast analysis, higher capillary column systems. Substituting the optimum
plate number columns); P41 values of h and n from Table 3, it follows that the

ratio d /d at which the analysis times are equal isc pAs can be seen from Table 1, f can now be2 29. Inserting the proper values of h and n and
replaced by 3/2P and f f equals 3 /4. Substitution of2 3 d 529d in Eq. (13) shows that under equal analysisc pthese values now leads to the following expressions: time conditions the pressure drop of a packed

column system is 200-times larger. The same conclu-3 / 2 1 / 2
1 / 2h w h2 / 3 sion also directly follows from the ratio of the]]] ]]t 5 N d (1 1 k) (12)R req 1 / 2 S DD pn m,o o separation impedances E /E (Eq. (14)).packed capillary

Under optimum conditions the column length
1 / 2 1 / 2 1 / 2N (hnw) (hD p )4 req m,o o required to separate a critical pair is given by the

]]]]]]]]]Dp 5 (13)3 d product of N and H or:req min

L 5 N hd (15)4 4 req2 2 2] ]Dpt 5 N h wh 5 N Eh0 req req3 3
If N is assumed to have the same value for thereq5 constant at a given temperature (14)

packed and the open tubular system, it follows that
under the equal analysis time conditions (d /d 5c pTable 4
29), using values for h and n from Table 3:Analysis time for different carrier gases relative to hydrogen min opt

Carrier gas P51 P41 Lcapillary1 / 2
~1/D (Eq. (9)) ~(h /D ) (Eq. (12)) ]]] 5 11.6 (16)m,o m,o Lpacked

H 1 12

He 1.2 1.6 Fast separations of simple mixtures with packed
N 4.0 2.82 columns were already achieved in the 1960s. An
CO 5.6 2.82 example of extreme speed has been published by
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Jonker et al. [19]. They showed a separation of four relatively low plate number in this case) and for the
components in only 0.15 s (Fig. 1) with a 3.2 cm open tubular column Eq. (9) with f 51 becomes2

long column packed with 10 mm particles. The plate valid.
number was 650 with a pressure drop of 63 bar. The The column diameter d giving 1600 theoreticalc

column was operated under the conditions h54.9 at plates, a retention time of 0.23 s for a solute with
n 56.4 with He as the carrier gas. retention factor 2 can be calculated, if D ism,o

Under optimum conditions (h52 and n 53) this included. It appears that an open tubular column with
column would have yielded 1600 plates with an an inner diameter of 70 mm and a length of 9 cm
analysis time of 0.23 s (k52) and a pressure drop of gives exactly the same analysis time and plate
43 bar (according to Eqs. (12) and (13)). These number (see Table 5). The pressure drop (Eq. (10),
equations also show that a capillary column, oper- f 51) is now only ¯0.1 bar. This example clearly3

ated under vacuum outlet conditions (P41), can illustrates the great superiority of capillary columns
generate the same required plate number of 1600 as compared to packed columns from the viewpoint
using a 290 mm inside diameter column with a of speed of analysis related to pressure drop. A
length of 37 cm, and a pressure drop of only 0.21 representative example of a high speed separation of
bar. For this open tubular column, operated at some hydrocarbons on a coated fused-silica capillary
atmospheric outlet pressure, however, the require- column is shown in Fig. 2 [20].
ment P41 is not valid anymore (caused by the It should be emphasised again that in the above

Fig. 1. Fastest packed-column separation to date. n-Alkanes (C1–C4) at 1008C. Column, 32 mm31.19 mm I.D.; particle size, 10 mm,
Lichrosorb Si-60; inlet pressure, 64 bar; carrier gas, helium, 1.5 ml 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 film columns the (reduced) plate height is increased
Comparison of packed and capillary columns (t 50.23 s for k52;R and the corresponding optimal (reduced) velocity is
N51600; carrier gas He)

decreased considerably.
Packed column Open tubular column
Atmospheric 3.4. Alternative approaches to fast GC

Atmospheric Vacuum

Lp (cm) 3.2 9 37o 3.4.1. Turbulent flow conditions
d (mm) d 10 d 70 d 290p c c Another way to obtain very small analysis times in
Dp (bar) 43 0.1 0.1

a a capillary GC is to create turbulent flow. Only a fewT (K) 373 215 200
experimental results on turbulent flow in GC area In the data presented in this Table, k52 is kept constant. For
known, some dating about 30 years ago. The resultsthin-film open tubular columns this theoretical exercise leads to
were not as promising as expected, possibly due tosub-ambient column temperatures. In the calculation of pressure

drop by using Eq. (14) the accompanying change in carrier gas instrumental contributions or a not negligible in-
viscosity with temperature is accounted for. fluence of the stationary phase [21,22]. With turbul-

ent flow the velocity profile is largely flattened.
Furthermore, the effective radial dispersion is con-

treatment the stationary phase term in the plate siderably increased by convective contributions.
height equations is neglected. For capillary columns Experiments show that low plate heights can be
this means that thin film columns are considered. obtained under very high speed conditions ( p 550i

4¯For fast analysis this is obvious, since for thick bar, u¯15 m/s; Re ¯10 ) [23]. Unfortunately, the

Fig. 2. Fastest narrow-bore capillary-column separation to date. Hydrocarbons (C6–C9) at 728C. Column, 30 cm350 mm I.D., OV-1; inlet
pressure, 4.5 bar; carrier gas, helium. Reinjection by rapid heating (40008C/s during 50 ms) after cold-trapping at 2758C. (Reprinted from

¨Ref. [20], with kind permission from the authors and Huthig, Heidelberg, Germany.)
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Table 6dependence of the plate height on the retention factor
Gain in speed of analysis by vacuum outlet operation as a functionis significantly higher than under laminar flow
of the optimum inlet pressure ( p ) at atmospheric pressurei,opt,atmconditions, limiting the use of turbulence to solutes outlet

with a low retention factor. Also the instrumental
P (bar, absolute) P (bar, absolute) Gain Gi,opt,atm i,opt,vacrequirements with respect to time constants of sam-
1.01 0.14 10.6ple introduction and detection are very severe in
1.05 0.32 4.8turbulent GC.
1.1 0.46 3.4

Taking into account the high pressure drop re- 1.5 1.12 1.7
quired for turbulent flow, a reduction of the column 2.0 1.73 1.35
diameter is a better approach to increase the analysis 3.0 2.83 1.15

4.0 3.87 1.08speed in capillary GC.

3.4.2. Vacuum outlet conditions
meability (open tubular) columns, with a large innerAs demonstrated by Giddings in the 1960s [3,24]
diameter and/or a short length.true time optimisation will require vacuum column

For narrow-bore capillary columns and packedoutlet conditions. This can directly be concluded
columns requiring high inlet pressures the gain infrom Eq. (5). Under vacuum outlet conditions P5p /i
speed of analysis becomes negligible. The subject ofp 41, f can be replaced by 3/2P yielding:o 2
vacuum outlet gas chromatography is extensively

22 h d treated by the authors in Ref. [25].] ]]]t 5 N (17)R req3 n D As pointed out above under vacuum outlet con-m,i

ditions always the condition P5p /p 41 is meti owhere D is the binary solute carrier gas diffusionm,i and therefore Eqs. (12)–(14) have to be used.
coefficient at inlet pressure.

According to Eqs. (12)–(14) it appears that the same
The largest value of D will be obtained, if am,i analysis time as observed by Jonker on a packed

given column is operated at vacuum outlet conditions
column with microparticles (N 51600, t 0.23 s,req Rgenerating N theoretical plates, where the absolutereq Dp543 bar) can be produced by an open tubular

value of the column inlet pressure will be minimal.
column under vacuum outlet conditions, with the

The gain in speed of analysis by vacuum outlet
following dimensions: L537 cm; 290 mm I.D., inlet

pressure conditions compared to atmospheric outlet
pressure 0.1 bar absolute (see Table 5).

pressure conditions of a given column can be
Using the computer program [26,27] for time

expressed by [25]:
optimisation of capillary columns developed in the

3 authors’ laboratory, these conditions could be ver-p 2 1i,opt,atm
ified. This program is based on the underlying]]]]]G 5 (18)2 3 / 2p 2 1s di,opt,atm theory; no simplifications are made, except from the
assumption of ideal gas behaviour.where p is the absolute inlet pressure (in bar)i,opt,atm

under optimal conditions at atmospheric outlet pres-
3.4.3. Effect of carrier gas velocities larger thansure ( p 51 bar).o under optimum conditions (n.n ) for capillaryoptThe optimum absolute inlet pressure under vac-
columnsuum outlet conditions p expressed in bar cani,opt,vac The theoretical relationships presented beforebe found from:
proceed from the assumption of GC performed at the

2 2p 5 p 2 1 (19) optimum carrier gas velocity. At higher velocities thei,opt,vac i,opt,atm

analysis time is reduced, but simultaneously the
column plate number will decrease due to a largerG is seen to increase with decreasing values of
plate height. In order to restore the ensuing loss inp (Table 6). The largest gains are obtainedi,opt,atm

peak resolution a longer column has to be selected,with sub-atmospheric inlet pressures. Thus, vacuum
thus re-establishing the original plate number. How-outlet will be of particular interest for high per-
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ever, this opposes the decreased analysis time. It can in the column length. The retention time will remain
be concluded that the speed of analysis will be constant when N is kept constant.req

improved as long as the increased carrier gas ve- Moreover, GC columns operated at very large
locity overrules the required column length incre- carrier gas velocities will necessarily require a large
ment. This subject was already recognised by Scott pressure gradient making the assumption f 51 in-2

and Hazeldean in 1960, introducing the concept of valid. Furthermore, fast analysis of rather complex
‘‘optimum practical gas velocity’’ [28]. mixtures will require long columns with a small

For thin film open tubular columns again two internal diameter and thus will operate under high
boundary conditions can be distinguished: P51 (Eq. pressure drop.
(9) with f 51) and P41 (Eq. (12) with f 53/2P). For large values of P Eq. (12) has to be used;2 2

Introducing the dimensionless quantities: including the defined values of j and V yields (N 5req

constant):
h
]]j 5 (20)

3 / 2h 1 1min
3 / 2 ] ]F S DG1Vt jR 2 V

]] ]] ]]]]]5 5 (26)and 1 / 2 1 / 2t V VR,opt

un o
] ]]V5 5 (21) This function assumes a minimum value of 0.92n uopt o,opt ] ]Œ Œfor V5 2 or u 5 2u [30]. Compared to ao o,opt

it follows from Eq. (9) for low pressure drop, thin column length L operated under optimal conditions
film columns: an 8% faster analysis can be obtained (N 5req

constant) with a column of length 1.06 L (as follows
t ]h /n jR Œfrom Eq. (24) for V5 2: H /H 51.06). From this]] ]]] ]5 5 (22) mint h /n VR,opt min opt ¯ ¯ ¯ ¯it follows that u /u¯0.87 or u51.15u .opt opt

Blumberg in a series of publications [8] on the
Starting from the Golay equation, it appears [28]

theory of fast capillary GC came to the same
that:

conclusions.
Using Eq. (26) it can be seen that the plate heightfH 1 1 1

]] ] ] ]]S Dj 5 5 V 1 (23) and column length are already almost doubled forH 2 V fmin 1,opt
V52. Hence we can come to the following conclu-
sion: fast narrow bore, thin film open tubular col-or for P51 (and for P41):
umns require a high pressure drop, P41. These

H 1 1 columns should be operated close to or slightly
]] ] ]S Dj 5 5 V 1 (24)H 2 V above optimum conditions (1#V ,1.4).min

The validity of both boundary expressions Eqs.
For P51 it follows from Eq. (23): (25) and (26) were checked by comparing with

experimental plate height data. Excellent agreementt j 1 1R
]] ] ] ]S D5 5 V 1 (25) was observed between theory and experiment [29].t V 2V VR,opt If a fixed column length is used, a comparison of

]Œoptimum conditions and conditions of u 5 2uWhen V52, j 51.25. Thus the plate height is o o,opt]Œ(V5 2) gives according to Eq. (12) withincreased by 25%; if the required plate number is
3 / 2 3 / 2 3 / 2 3 / 2(N h )5(N h ) :kept constant the column length has to be increased req opt

by 25%. The carrier gas velocity is however doubled,
t 1 1 1resulting in t /t 50.625. At V54, t /t 5 RR R,opt R R,opt ]] ] ] ]]5 5 ¯ 5 0.84] ]4Œ Œt 1.190.53. V 2R,opt

For larger values of V the ratio j /V assumes a
constant value of 0.5. Increasing the carrier gas A 16% reduction in analysis time is obtained at
velocity above V54 results in a proportional increase the cost of a 6% loss in efficiency (Eq. (24)).
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3.4.4. Effect of carrier gas velocities larger than in a packed column is the same in both isothermal
under optimum conditions (n.n ) for packed and linear temperature-programmed analysis.opt

columns At P51 the analysis time, t in the programmedR,
2In contrast to the situation for capillary columns mode will be proportional to d (d or d ), whereasc p

no exact analytical plate height equation is available at values of P41 a linear dependence on d will be
for packed columns. One of the expressions describ- found. For the programming rate r5(≠T /≠t) it
ing the H–u relation for packed columns was followed:
developed by Horvath and Lin [31]. For k52 and

1neglecting the stationary phase term the equation can ]]r~ (28)t0,isobe written in the reduced form:

Or for columns that are operated with the same1.4
2]h ¯ 1.5 1 1 0.08n (27) phase ratios, stationary phase and carrier gas: r~1/dn

for and P51, r~1/d for P41
or h 52.2 at n 54.2.min opt Consequently, in linear temperature-programmed

analysis the programming rate has to be significantly3 / 2 1 / 2With t ~h /n the effect of increasing n aboveR increased when using narrow-bore (or small particle)
values of n can be numerically approached foropt columns as compared to standard ones, requiring
large values of P. The equation describing the

instrumentation offering these high programming
situation for P51 is not relevant for packed col-

rates (e.g., by resistive heating [33,34]). The validity
umns, due to their intrinsically high inlet pressures.

of this theory was confirmed by several experiments
The results are given in Table 7. For V52.9 the

[32]. It should be emphasised here again, that
ratio t /t is minimal and approaches a value ofR R,opt extreme high speed of analysis both in isothermal
0.75. It can be concluded that packed columns can be

and programmed-temperature analysis can only be
operated under 3–4-times the optimum conditions,

obtained if N is relatively small (Eqs. (9) andreqbut also here the gain in speed is marginal, approxi-
(12)).

mately 25%. It should be kept in mind, however, that
the required inlet pressure for packed columns is

3.6. Sample capacityoften already the limiting factor. Increasing the flow-
rate and thus column length to keep N constant, isreq

Another important factor is the effect of charac-not an attractive approach.
teristic diameter reduction on the sample capacity of
fast columns. In principle this is not a problem for3.5. Temperature-programmed conditions
packed columns; the speed of analysis is related to(constant-pressure mode)
d , but the sample capacity can be varied at will byp

increasing the column diameter. A large advantage inIn the foregoing treatment, analysis time optimi-
this respect for packed columns. In open tubularsation was discussed for isothermal analysis. From
columns the speed as well as the sample capacity arethe viewpoint of practical GC this assumption is too
related to the inside column diameter d .crestrictive. It has been estimated that 80% of all

In an extensive theoretical and practical study onGC-users include temperature-programming. In an
the sample capacity of open tubular columns Ghijsenextensive treatment Schutjes et al. [32] proved that
et al. [35] came to the following conclusion: thethe dependence of the analysis time on the column
maximum sample capacity, C for columns withmaxinside diameter for a capillary column or particle size
an equal phase ratio leading to maximally 10% peak
broadening is given by:Table 7

Packed columns with carrier gas velocities larger than n (P41)opt 3C ~bd (29)max c
n 4.2 8.4 12.2 16.8 42
V 1 2 2.9 4 10 where b is a proportionality factor: 0.05,b ,1.8,
t /t 1 0.77 0.75 0.77 1.05R R,opt b ¯1.8 for solutes and stationary phases with similar
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structures and b ¯0.05 for solutes and stationary It should be emphasised here, however, that also
phases with very different structure. for a single narrow-bore column with an I.D. of 50

The sample capacity is thus drastically reduced mm or less, it is very difficult to obtain a minimum
3[~d ] for narrow-bore columns. This is a serious value of h of 0.8.c

limitation for narrow-bore open tubular GC. A real impact of the concept of multi-capillary
columns can only be anticipated, if more flexibility

3.7. Multi-capillary columns can be offered. This applies to available column
lengths, inside diameters and number of columns in

A very interesting development in column technol- the parallel configuration.
ogy is the introduction by Alltech of the multi-
capillary column [36]. A parallel configuration con-
sisting of 919 coated capillaries with an I.D. of 40 4. Conclusions
mm and a length of 1 m.

Speed and pressure drop are dictated by the 40 mm The basic principle of decreasing analysis times in
inner diameter. Flow-rate and sample capacity are GC is miniaturisation: a decrease of the particle size
however theoretically 919 larger because of the in packed columns or the column diameter in
parallel operation. The separation of a mixture of capillary column. This implies that for a given
aromatic compounds within 50 s is shown in Fig. 3. required plate number, N , the column diameter canreq

From literature data [37–39] it follows that due to be decreased proportional to the decrease in charac-
very slight inequalities in the parallel columns h ¯ teristic diameter. Reduction of the characteristicmin

1.8–2.0 instead of h ¯0.8 for an ideal thin film diameter heavily increases the demand on the pres-min

open tubular column. sure capability of the instrumentation. For packed

Fig. 3. Separation of a mixture of aromatic compounds on a multi-capillary column; L51 m, 900 parallel capillaries of 43 mm I.D.; d 50.2f

mm; SE-30. Inlet pressure: 375 kPa (helium); column flow5200 ml /min; temperature program: 408C (0.5 min) to 2008C at 258C/min.
Detector: FID. Injection: headspace 30 ml; splitflow5800 ml/min.
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columns this implies that higher plate numbers at average diffusion coefficient in the mobile phase and
high speed are outside reach. thus a shorter analysis time. This effect is most

It should be emphasised that it is assumed that the pronounced for wide bore and/or short columns. For
contribution of the stationary phase term to the plate longer narrow-bore columns the inlet (and average
height can be neglected (thin films/ low liquid phase pressure) is hardly affected by a change in outlet
loading). This assumption is correct, when discus- pressure from atmospheric to vacuum and no gain in
sing fast GC. analysis time is obtained.

The effect of characteristic diameter reduction on For a well optimised column (L5L ), just able toreq

sample capacity is very pronounced for capillary separate the critical pair, increasing of the carrier gas
columns and in principle non-existing in packed velocity to higher values than u is counterproduc-opt

columns. Multi-capillary columns take in this respect tive: the resolution will decrease.
an intermediate position. Increasing the column length to counteract the loss

Table 8 summarises the dependence of analysis in resolution will yield a marginal reduction of 8%
time, pressure drop, sample capacity and volumetric faster analysis time. The general conclusion is that
flow-rate at column outlet conditions and linear high speed open tubular columns should be operated
temperature-programming rate on the characteristic very close to the optimum conditions.
diameter. If a given column, e.g., offers a resolution of

High speed GC involves high pressure drops if R 53 for the critical pair, of course increase of thes

N is not too small, therefore, for this Table the flow-rate above the optimum can drastically reducereq

condition P41 is used (Eqs. (12) and (13)). the analysis time. Situations as this are often de-
Turning back to Eq. (12) it appears that the scribed in literature. However, a reduction of the

analysis time is very dependent on the required plate length of that column to a value where the resolution
3 / 2number (N ). Extremely fast analysis can only be is decreased to 1.5 would yield under optimumreq

obtained, if N is small. Minimisation of N is conditions the same analysis time as the (too long)req req

therefore always a primary task, this is done by column described above.
proper stationary phase and column temperature If linear temperature programming is used the
selection (k ¯2); this optimisation is not subject of programming rate of the column has to be increasedopt

this paper. proportionally to the reduction in the characteristic
For fast analysis hydrogen is the carrier gas of diameter, requiring ovens that allow for very high

choice, with helium as second best (about 60% programming rates.
slower). Vacuum outlet operation also enhances the On the instrumental side also the reduction of
diffusivity in the carrier gas, since the column inlet analysis times by miniaturisation must be accom-
pressure is lowest for p →0. This implies a larger panied by a proportional decrease of the timeo

Table 8
aDependence on characteristic diameter in high speed GC (P41)

Capillary column Multi-capillary column Packed column

Analysis time d d dc c p

1 1 1
] ] ]Pressure drop
d d dc c p

3 3Sample capacity d nd Column diameterc c

Volumetric flow-rate d nd Column diameterc c

1 1 1
] ] ]Temperature programming rate (r)
d d dc c p

a n5The number of parallel capillaries.



C.A. Cramers et al. / J. Chromatogr. A 856 (1999) 315 –329 327

constants of the instrument (a.o. detection and sam- 5. Trends and future perspectives
ple introduction systems). For very fast analysis this
requires adapted instrumentation. As increasing the speed of a gas chromatographic

Fig. 4. Reconstructed chromatogram of a hydrocarbon mixture (400 spectra / s). Separation of six alkanes. Column: L52 m; 50 mm I.D.;
d 50.1mm; OV-1. Inlet pressure5500 kPa (helium); splitflow5400 ml/min. Isothermally at 808C. Detector: TOF-MS (LECO, MI, USA).f

In order of elution: 152,3-dimethylbutane, 25hexane, 35heptane, 45methylcyclohexane, 552,3,4-trimethylpentane, 65octane.
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separation is economically advantageous, it will also industrial hygiene applications. Micro-machining
be introduced in routine analysis. In most applica- techniques allow the production of sampling valves
tions open tubular columns of 100 to 150 mm inner and TCD (thermal conductivity detectors) devices
diameter will be used. These columns offer a com- compatible with the special needs of microbore
promise with respect to analysis time and instrument columns. The even more stringent environmental
compatibility. Commercial instrumentation that can regulations will necessitate the development of sam-
operate with such columns is now available from ple preparation and more sensitive detection tech-
different manufacturers. A significant amount of niques for field portable instruments.
work has been done on methods for faster chroma- Considering the growing importance of quality
tography during the last decades. Even more work, issues in analysis, the use of GC–mass spectrometry
however, remains to be done. (MS) for positive identification will grow. In addi-

Up till now in the analytical chain: sampling– tion to improving the integrity of the analytical
sample pretreatment–sample introduction–separa- results, this adds additional selectivity to the system:
tion–detection most attention has been paid to GC–MS can rapidly and automatically detect and
understanding and optimising the kinetic aspects of resolve overlapping peaks, thereby further reducing
separation as summarised in this overview. The analysis times.
effects of miniaturisation are well understood for Furthermore, it can be anticipated that the use of
both packed and open tubular systems. (ultra) high-speed GC is accompanied by a decrease

As has been shown open tubular columns are in reproducibility of retention data, certainly if high
superior to packed systems with respect to analysis speed temperature or pressure programming is used.
times. The only exception being the application to This makes the combination with mass spectrometry
simple mixtures, where both systems can be used. even more important. Due to the small peak widths

In recent history the emphasis in open tubular in high speed GC, conventional scanning mass
column technology has been on columns with a high spectrometers are not compatible. Time-of-flight
resolving power. Analytical problems were tackled (TOF) MS or spatial array detection are the methods
by a mere overshoot of theoretical plates. The need of choice [42]. An example of contemporary high-
for very specific stationary phases was dramatically speed GC–TOF-MS analysis is shown in Fig. 4.
reduced, compared to the packed column period
during the start of GC.

For fast GC there will be a revival of interest in
Referencestailoring stationary phase selectivity for target sepa-

rations (see discussion below Eq. (7)). The logical
[1] D.H. Desty, A. Goldup, W.T. Swanton, in: N. Brenner et al.choice of packed systems thereby is of limited

(Eds.), Gas Chromatography, Academic Press, New York,interest due to the required high inlet pressures and
1962, p. 105.

activity of the support materials. [2] J.H. Knox, M. Saleem, J. Chromatogr. Sci. 7 (1969) 614.
Improved column technology (e.g., sol /gel tech- [3] J.C. Giddings, Anal. Chem. 34 (1962) 314.

nology) will allow the production of a wider choice [4] G. Guiochon, Anal. Chem. 50 (1978) 1812.
[5] G. Guiochon, Anal. Chem. 38 (1966) 1020.of selective open tubular columns.
[6] E. Grushka, G. Guiochon, J. Chromatogr. Sci. 10 (1972)Fine tuning of selectivities can be obtained by

649.(electronically) adjusting the mid point pressure
[7] J.H. Purnell, Gas Chromatography, Wiley, New York, 1962.

between two serially connected columns with widely [8] L.M. Blumberg, J. High Resolut. Chromatogr. 20 (1997)
different selectivities [40]. In this way flexibility can 679.

[9] C. Horvath, H.J. Lin, J. Chromatogr. 126 (1976) 401.be built in the one-dimensional column system: and
[10] M.J.E. Golay, in: D.H. Desty (Ed.), Gas Chromatography,selectivity tuning can be performed automatically

Butterworths, London, 1958, p. 36.instead of tedious column replacement.
[11] J.C. Giddings, S.L. Seager, L.R. Stucky, G.H. Stewart, Anal.

High-speed GC using open tubular columns in the Chem. 32 (1960) 867.
future certainly will be important in field-portable [12] P.C. Carman, Flow of Gases Through Porous Media, Butter-
GC instruments [41] for on-site, environmental and worths, London, 1956.



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

[13] A.E. Scheidegger, The Physics of Flow Through Porous [30] T.H.M. Noij, Ph.D. Thesis, Eindhoven University of Tech-
Media, University of Toronto Press, Toronto, 1960. nology, Eindhoven, 1988.

[14] J.C. Giddings, J. Chromatogr. 13 (1964) 301. [31] C. Horvath, H.J. Lin, J. Chromatogr. 149 (1978) 43.
[15] J.C. Giddings, Dynamics of Chromatography, Part 1. Princi- [32] C.P.M. Schutjes, E.A. Vermeer, J.A. Rijks, C.A. Cramers, J.

ples and Theory, Marcel Dekker, New York, 1965. Chromatogr. 253 (1982) 1.
[16] R. Tijssen, Anal. Chem. 59 (1987) 1007. [33] M.v. Lieshout, R. Derks, J.G.M. Janssen, C.A. Cramers, J.
[17] E.N. Fuller, P.D. Schittler, J.C. Giddings, Ind. Eng. Chem. 58 High Resolut. Chromatogr. 21 (1998) 583–586.

(1966) 19. [34] E.U. Ehrmann, H.P. Dharmasena, K. Carney, E.B. Overton,
[18] L.S. Ettre, Chromatographia 18 (1984) 243. J. Chromatogr. Sci. 34 (1996) 533–539.
[19] R.J. Jonker, H. Poppe, J.F.K. Huber, Anal. Chem. 54 (1982) [35] R.T. Ghijsen, H. Poppe, J.C. Kraak, P.P.E. Duysters, Chro-

2447. matographia 27 (1989) 60.
[20] A.J.J. van Es, J.G.M. Janssen, C.A. Cramers, J.A. Ryks, J. [36] W.S. Cooke, Today’s Chemist at Work, ACS, January (1996)

High Resolut. Chromatogr. Chromatogr. Commun. 11 16.
(1988) 852. [37] P. Sandra, B. Denoulet, F. David, in: Proceedings of the 18th

[21] J.C. Giddings, W. Man Waring, M. Myers, Science 154 International Symposium on Capillary Chromatography, Vol.
(1966) 146. ¨I, Riva del Garda, Huthig, Heidelberg, 1996, p. 479.

[22] F. Doue, G. Guiochon, Sep. Sci. 5 (1970) 197. [38] I.R. Pereiro, V.O. Schmitt, R. Lobinski, Anal. Chem. 69
[23] A.J.J. van Es, J.A. Rijks, C.A. Cramers, J. Chromatogr. 477 (1997) 4799–4807.

(1989) 39. [39] M. van Lieshout, M. van Deursen, R. Derks, J.G.M. Janssen,
[24] J.C. Giddings, Anal. Chem. 36 (1964) 741. C.A. Cramers, J. Microcol. Sep. 11 (1999) 155–162.
[25] C.A. Cramers, P.A. Leclercq, CRC Crit. Rev. Anal. Chem. [40] H.L. Smith, R.D. Sacks, Anal. Chem. 69 (1997) 5159.

20 (1988) 117. [41] H. Pham Tuan, H.-G. Janssen, C.A. Cramers, Ph. Mussche,
[26] P.A. Leclercq, C.A. Cramers, J. High Resolut. Chromatogr. J. Lips, A. Handley, N. Wilson, J. Chromatogr. A 791 (1997)

Chromatogr. Commun. 8 (1985) 764. 197–202.
[27] P.A. Leclercq, J. High Resolut. Chromatogr. 15 (1992) 531. [42] P.A. Leclercq, C.A. Cramers, Mass Spectrom. Rev. 17
[28] R.P.W. Scott, G.S.F. Hazeldean, in: R.P.W. Scott (Ed.), Gas (1998) 37–49.

Chromatography 1960, Butterworths, London, 1960, p. 144.
[29] C.P.M. Schutjes, P.A. Leclercq, J.A. Rijks, C.A. Cramers, C.

Vidal-Madjar, G. Guiochon, J. Chromatogr. 289 (1984) 163.


