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Abstract

A novel approach has been established to predict the retention time in operating parameter programmed gas–liquid
chromatography with capillary columns through the use of numerical calculation, which can be applied to multi-ramp
programs for column temperature and/or carrier gas pressure at the column inlet. The results show that a better or, at least
similar accuracy, can be achieved for the prediction of retention time in temperature-programmed gas chromatography with
the approach reported herein, than that obtained with Curvers’ approach, which has been widely utilized up to now. Our
established procedure is particularly suitable for those operating conditions containing an inlet pressure program. In addition,
the prediction of resolution under temperature-programmed conditions from the trajectory of the solute band moving in the
column, column efficiency and other operating parameters is discussed.  1998 Elsevier Science B.V.

Keywords: Retention prediction

1. Introduction become readily available, more and more analytical
approaches were developed for use with TPCGC.

Capillary gas–liquid chromatography (CGC) is TPCGC has the advantage of decreasing the analysis
nowadays universally used for the analysis of various time required and providing improved resolution [1].
complex mixtures containing compounds with a TPCGC can also be proven to be of higher sensitivi-
broad range of boiling points and/or polarities. The ty than isothermal CGC even if the same resolution
column temperature is an important operating param- is acquired. In fact, TPCGC is the most suitable
eter for adjusting retention times in gas chromatog- mode in preliminary experiments during the develop-
raphy. An increase in temperature of 208C to 308C ing of analytical method for analysis of an unknown
probably results in a two- to three-fold decrease in sample, as will be discussed in a forthcoming paper.
retention time. In general, isothermal or temperature- Sometimes, in order to reduce analysis time the
programmed modes can be utilized to perform the adjustment of column temperature will result in
analysis of a specified sample. As commercial instru- unsatisfactory resolution. Pressure programming in
ments for temperature-programmed CGC (TPCGC) CGC (PPCGC) is now staging a comeback in a more

suitable form. An increase in pressure can still
*Corresponding author. reduce the maximum column temperature required
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for an analysis, but it can also be used routinely to column can be expressed with the following equa-
maintain near-optimum chromatographic conditions tion:
throughout a temperature program. In addition, pres-

dx u(x,t)sure programming can be used to improve conditions ] ]]]]S Du (x,t) ; 5 (1)i dt i 91 1 k (T(t))for both injection and detection. As advances have i

been made in commercially available instrumenta-
where x is the distance of the solute band from thetion, pressure programming can now be easily,
column inlet, T(t) is column temperature (K) at timeinexpensively and repeatedly controlled electronical-
t, u(x,t) is the linear velocity of carrier gas at positionly. This technique is gradually being accepted and

9x and at time t, and k (T(t)) is the capacity factor ofiapplied by chromatographers.
solute i at temperature of T(t). Generally, the capaci-With the aim of optimization of GC separation and

9ty factor at temperature T (k (T )) is correlated with Ticonfirmation of eluting components, the prediction of
as follows:retention values in TPCGC from isothermal data

(including retention times and Kovats’ retention
DH DSi iindex) has been carried out by many authors using ]] ]9log k (T ) 5 2 1 2 log b (2)i R ? T Rdifferent methods [2–13]. Factually, the methods

proposed by Curvers [2] and by Akporhonor [6] have where b is the phase ratio of the column used (the
widely been applied. Castello et al. [14] compared volume of gas phase divided by the volume of liquid
several methods. Bautz et al. [15] also presented a phase), R is universal gas constant, and DH and DSi i
method based upon an approximation similar to the are enthalpy and entropy of solute i in the retention
linear solvent strength model for gradient HPLC, process, respectively. According to the Darcy
which was used to predict retention time under theorem for capillary columns the u(x,t) under
various column temperature conditions from data in temperature-programmed and/or programmed-pres-
two linear temperature-programmed modes. So far sure conditions is given by:
empirical methods suggested by several authors [3–

25] have rarely been used to predict chromatographic ddx ≠p9(x,t)c
] ]]] ]]]u(x,t) ; 5 2 ? (3)characteristics in TPCGC. Garcia et al. [16] pre- dt ≠x32h(T(t))

dicted and compared retention times and retention
indices of solutes with various polarities on four where d is the diameter of column, h(T(t)) is thec
unequally polar stationary phases with seven differ- viscosity of carrier gas at temperature T(t), and
ent predicting methods. Wright et al. [17] and p9(x,t) is the carrier gas pressure at position x and at
Gerbino et al. [18] predicted retention values in time t. Let x5f ?L, we have:
either single-column or serially linked capillary

2column systems in TPCGC with the equation of ddx df ≠p9(L ? f,t)c
] ] ]]] ]]]]Curvers. An important approach has been suggested 5 L 5 2 ?dt dt ≠f32Lh(T(t))

by Nogare [12] and by Cavalli [13] based on the
2algorithm used in the numerical solution of differen- d ≠p(f,t)c

]]] ]]; 2 ? (4)tial equations, which allows the calculation of re- ≠f32Lh(T(t))
tention times under various complicated program
conditions. where L is the length of column and f is that

In this paper, we shall discuss the prediction of the fraction of x found in L and its value always varies
retention time in temperature and/or pressure pro- from zero to one. Based on the continuity equation
gramming modes. of fluid, derived from the principle of conservation

of mass, and the state equation for an ideal gas, as
well as Eq. (4), the variation of pressure of carrier

2. Theory gas in a capillary chromatographic column during
temperature and inlet pressure programming can be

The velocity (u (x,t)) of solute i moving in a described with:i
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Eq. (7) and Eq. (8) are simplified to:
≠p(f, t) ≠p(f, t) p(f, t) dT(t)≠

] ]] ]] ]] ]p(f, t) ? C(T(t)) 5 2 ?S D S D ]]≠f ≠f ≠t dTT(t) df C ? C(T ) /2œ
p(f, t) 5 p (t) ] ]]]]5 2i ]]]dt(5) C ? f 1 Dœp(1, t) 5 po

2 2 C(T ) 2 25 ≠ [ p(f, t)] (9)]]C 5 ? ( p 2 p )]]] 5 0 o icpU2 2≠f t50

C(T ) 2]]D 5 ? p icpwhere  2
2d Through the integral of the above equation thec

]]]]C(T(t)) 5 2 corresponding holdup time t (T ) can be theoreticallyM32h(T(t))L
expressed with:

The above partial differential equation is equivalent
3 34( p 2 p )to: icp o

]]]]]t (T ) 5 (10)M 2 2 21 / 22 ≠ 3( p 2 p ) C(T )icp o]] ]p(f, t) 5 ? E E p(f, t) df dfH S DS D ≠tC(T(t))
At the same time, according to Ettre’s suggestion1 / 2dT(t)1

]]2 E E p(f, t) df df 1 C ? f 1 D (6)S D [19] holdup time can be experimentally correlatedJdtT(t)
with temperature T as:

and its initial condition. From the boundary con-
t (T ) 5 a 1 b ? T (11)Mditions in Eq. (5), the constants C and D in Eq. (6)

can be expressed with: where a and b are coefficients calculated from the
linear regression. Combining Eq. (11) with Eq. (10),C(T(t)) ≠2]] ]D 5 [ p (t)] 2 E E p(f, t) df df UH F S D GJi we have:2 ≠t f 50

dT(t)1 3 3 ]]1 E E p(f, t) df df p 2 pS D UH J 4 1icp odtT(t) f 50 ]]]]] ]]]C(T ) 5 (12)2 2 21 3 a 1 b ? T( p 2 p )icp o(7)C(T(t)) ≠2 2]] ]C 5 h p 2 [ p (t)] j 2 E E p(f,t) df dfS Do i F G 2 ≠t By means of the determination of holdup times under0

1 constant inlet pressure p and different isothermalicpdT(t)1 ≠
]]]1 E E p(f,t) df dfS D conditions we can thus obtain the dependence ofF Gdt ≠tT(t)

0 C(T ) on temperature. Although the pressures picp

and p appear in right side of Eq. (12), C(T ) shouldCombining Eq. (4) with Eq. (6), we can thus get: o

not be affected by them as it is only concerned with]]
C(T(t))df d , L and h(T ) according to its definition in Eq. (5).c] ]]5 2

dt œ 2 Theoretically, C(T ) can be also obtained through
dT(t)≠ 1 other means such as measurements of d , L and h(T )] ]]? E p(f, t) df 2 E p(f, t) df 1 C Y cS D S DF G≠t dtT(t) instead of the procedure used above.

≠ When temperature and/or pressure programming] E E p(f,t) df dfF S D
≠t are used, from Eq. (1), Eq. (2), and Eq. (4) we can

1 / 2dT(t)1 obtain the equation of velocity for solute i moving in]]2 E E p(f, t)df df 1 C ? f 1 D (8)S D GdtT(t) a column under temperature and/or pressure pro-
gramming conditions as follows:When inlet pressure, outlet pressure and temperature

are separately kept constant p , p and T, that is:icp o dx L df
] ]]]]]] ]S D 5 ? (13)DH DSi idt i dt≠p(f, t) ]] ]2 1

RR?T(t )(1 1 e /b )]]] 5 0
≠t

dT(t) By rearrangement of Eq. (13), the following equa-5 ]] 5 0dt tion is obtained:
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whereDH DSi idt df]] ]2 1
RR?T(t )] ] *5 (1 1 e /b ) / 5 t (f, t) (14)S D i 1df dti

U(f, t) 5E p(f, t) df 2E E p(f, t) df dfS D*where t (f, t) is the calculated retention time ofi 0 (17)f 1solute i as it moves through the whole column with 5its velocity at time t and position f. As variables f V(f, t) 5E E p(f, t) df df 2 f ?E E p(f, t) df dfS D S D
0 0and t cannot be separated in Eq. (14), it cannot be

transformed to an equation expressed with a simple
As the contributions of the items containing U(f, t)definite integral as proposed by Curvers or Akpor-
and V(f, t) in Eq. (16) are generally very small inhonor. Thus, here we must apply an alternative
comparison with the contribution of other itemsmathematical method. We divide the range of f into
where the programming rates of pressure and tem-n segments which means that the column is divided
perature are not very high, Eq. (16) can be approxi-into n segments and the relative distance of a
mately processed as:segment h to whole column length is computed with

h51/n for all solutes. In accordance with the Euler 2 2
C(T(t))[( p (t)) 2 p ]df i oapproximation method we can easily compute t of ] ]]]]]]]]]¯ (18)k, j ]]]]]]]]2 2 2dt 2 ? [ p 2 ( p (t)) ] ? f 1 ( p (t))solute i as the band moves through the kth segment œ o i i

of column using the following equation:
In Eq. (18), the pressure p(f, t) is changed to p*(f,

k21 1 t):]*t 5O t (f , t ) ? (15)k, j i j j,i nj50 ]]]]]]]2 2 2p*(f, t) 5 ( p (t)) 2 [( p (t)) 2 p ]f (19)œ i i owhere

Suppose that at any time t the distribution off 5 j /n 1 1/n (k 5 1,2, . . . , n 2 1),j
pressure of carrier gas in the column is in equilib-

which has been developed and applied by Nogare rium, Eq. (19) can also be obtained, and here the
[12] and by Cavalli [13]. However, only when the valid conditions of this assumption can be thus
relationship of df /dt with t and f is established to observed theoretically.

*give an unequivocal expression of t (f, t), can thei In fact, carrier gas cannot reach equilibrium at any
above calculation of retention time be performed. given time but it can do so very quickly during

It is impossible to obtain an exact functional temperature and/or inlet pressure programming.
solution of p(f, t) from Eq. (5) directly. Even Therefore, we suggest a trial and error function as:
obtaining a numerical solution is also very difficult

2under temperature and/or inlet pressure program- p(f, t) 5 p*(f, t) 1 A(f, t) ? (f 2 f ) ? t (20)
ming conditions, but we are still able to deduce

Eq. (20) can always satisfy initial and regionalvaluable conclusions on the basis of some assump-
conditions of the above partial differential. There-tive and approximate operations.
fore, when discussing p(f, t) through Eq. (20) weSubstituting Eq. (7) into Eq. (8) and then rewrit-
need not consider limited conditions. Where linearing it as:
programs are used, i.e.,]]

df C(T(t)) C(T(t)) 2 2] ]] ]]F5 2 ? [ p 2 ( p (t)) ]o i p (t) 5 p 1 r ? tœdt 2 2 i io p
(21)H

≠U(f, t) 1 dT(t) T(t) 5 T 1 r ? to T]]] ]] ]]1 2 U(f, t) YG≠t dTT(t)
combining Eq. (20) with Eq. (19) and Eq. (21) and

C(T(t)) 2 2 2 then substituting Eq. (20) into Eq. (5) and ignoring]]F h[ p 2 ( p (t)) ] ? f 1 ( p (t)) jo i i 22 those items containing [A(f, t)] as well as differen-
1 / 2≠V(f, t) 1 dT(t) tial of A(f, t), we can approximately formulate a]]] ]] ]]1 2 V(f, t) (16)G≠t dtT(t) semi-empirical equation as:
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3. Experimental
22

2 ( p 1 r ? t) ? r ? (1 2 f) ? ( p*(f, t)) 1 r /T(t)io p p T
]]]]]]]]]]]A(f, t) 5 (22)

2 21 2 2 2 3 3(f 2 f ) ? ( p*(f, t)) 1 1.5 ? t ? (a 1 b ? T(t)) ? ( p 2 p ) /( p 2 p )icp o icp o Gas chromatographic experiments were carried out
on HP 5890II gas chromatograph equipped withThe second item in Eq. (20) conduces to a slight
electron pressure control valve (EPC) and a flamedecrease of p(f, t) parting from p*(f, t) during

pressure programming, which is contrary to what ionization detector. HP 3365 Chemstation was used
occurs during temperature programming. That is to record chromatograms. Detector and injector
intuitively reasonable. However, whether the approx- temperatures were maintained at 2508C. Helium was
imation used is accurate enough to be accepted can used as the carrier gas and column inlet pressure was
be only examined through experimental results since kept constant at 20 or 25 psi unless operated in
it is very difficult to evaluate the validity of this pressure programming mode. Retention times were
approximation from mathematical theory for the determined at isothermal conditions (for OV-101
above partial differential equation. 608C, 1008C, 1308C, 1608C, and 2008C, respectively,

By the combination of Eq. (14) with Eq. (19), Eq. and for Carbowax 20M with 108C intervals from
*(20) and Eq. (22), t (f, t) is thus obtained. Al- 708C to 1508C, as well as 858C). The relatedi

*though t (f, t) is rather complex in appearance, the programs of temperature and pressure used in thei

calculation is very easily performed using a simple following prediction of retention time are shown in
computer program. The linear programming modes Table 1. The zero value of EPC was carefully
are discussed above, but it can still be applied to adjusted and the inlet pressure was also examined
multi-ramp modes assuming the carrier gas is in with a precise pressure gauge. The pressure of the
equilibrium at the moment when operating parame- carrier gas at the column outlet was set at 1 atm.
ters in the program run are at their turning point. Methane was used to determine the holdup time (t ).M

Certainly, if it was possible to establish a more Two fused silica capillary columns (30 m30.25
accurate approximate function of p(f, t), increasing- mm), which were separately coated with OV-101 and
ly accurate predicted results may be obtained. Carbowax 20M in this laboratory were used. All

Table 1
Programs for temperature and pressure used in the prediction of retention time

Symbol Temperature program Pressure program

OV-101
21OVA 508C→28C min →2508C 25 psi
21OVB 608C→38C min →2508C 25 psi
21OVC 608C→58C min →2508C 25 psi
21OVD 608C→88C min →2508C 25 psi

21OVE 608C→108C min →2508C 25 psi
21OVF 608C→158C min →2508C 25 psi

21OVG 508C (3 min)→58C min →808C (5 min)→
21 2128C min →1008C (8 min)→108C min →1608C 25 psi

Carbowax 20M
21CWA 708C→28C min →1808C 20 psi
21CWB 808C→38C min →1808C 20 psi
21CWC 808C→58C min →1808C 20 psi
21CWD 808C→88C min →1808C 20 psi

21CWE 808C→108C min →1808C 20 psi
21CWF 808C→158C min →1808C 20 psi

21CWG 1008C 20 psi→1 psi min →80 psi
21CWH 1008C 20 psi→2 psi min →80 psi

21 21CWI 808C→38C min →1808C 20 psi→2 psi min →80 psi
21 21CWJ 808C→58C min →1808C 20 psi→2 psi min →80 psi
21 21CWK 808C→38C min →1808C 20 psi→1 psi min →80 psi
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solutes appearing in this paper were analytical 4.1. Prediction of retention time in temperature
reagent grade. The values of retention time are given programmed mode
as the mean values of three determinations and their
relative standard deviations were less than 0.2%. For capillary gas chromatography, constant flow is
Resolution was calculated from retention time and almost impossible to be realized with a mechanical
halfpeak width as given by HP 3365 Chemstation. valve but it is possible with EPC (in fact, the
The calculation programs were written in Qbasic and constant flow carried out with EPC corresponds to
run with an HP Vectra 486/33VL computer. using pressure programming), therefore, the opera-

tion of constant pressure is the most important apect
of TPCGC. When inlet pressure is kept constant
during a chromatographic run (i.e., r 50) Eq. (19)p

4. Results and discussion as well as Eq. (22) are simplified. The experimental
data of retention time for various solutes with

When the inlet pressure was kept constant (i.e. different temperature programs (see Table 1) are
r 50, and p 525 psi for OV-101 column and 20 given in Table 2 (on OV-101) and Table 3 (onp io

psi for Carbowax 20M column) and the column was Carbowax 20M). Based on the two approaches
controlled isothermally (i.e. r 50), the retention separately proposed by us (abbreviated as ‘‘OUR’’)T

time of some solutes and the corresponding holdup and by Curvers (abbreviated as ‘‘CVR’’) these data
time on these two column systems were determined. were precalculated from the isothermal data. The
From these data we can compute the coefficients a corresponding relative errors (E%) are listed in Table
and b in Eq. (11) and the apparent thermodynamic 4 and Table 5. Here E% was computed according to:
parameters in Eq. (2) using least square regression.

t (exp.) 2 t (cal.)Certainly, it is impossible and unnecessary to isolate R R
]]]]]E% 5 3 100 (24)the phase ratio and entropy factors from regression t (exp.)R

coefficients in this work. Some equations modified
from Eq. (2) were proposed in order to correlate From Table 4 and Table 5, we can see that nearly the
capacity factors k9 and temperature T more accu- same accuracy with these two approaches were
rately or conveniently [20,21]. Our experiments given, but the accuracy with ‘‘OUR’’ appears some-
showed that Eq. (2) is accurate only when the what better. And for multi-ramp temperature pro-
temperature range is not very wide. In this paper we gram there is no special difference from single-ramp
use Eq. (23) in place of Eq. (2) in order to eliminate one and good accuracy for prediction of retention
error from Eq. (2). time was realized with our procedure applying

approaches either by Akporhonor et al. [6] (ab-
Z W breviated as ‘‘AKP’’ in Table 4 and Table 5) or by
] ]9log k (T ) 5 1 1 G (23)i 2 us.TT

In general, the values of almost all of the data
where Z, W, G are regression coefficients. All the from prediction are smaller than those from the
regression calculation with Eq. (23) showed that the experimental determination and the errors increase as
correlation coefficients were above 0.9999 for OV- the rate of temperature programming increases. For
101 and also for Carbowax 20M excepting those of this phenomenon non-equilibria of temperature and
2-butanone and n-decane on the latter phase, which pressure are probably the main reason. The larger the
were 0.999. We do not discuss these results in detail r value is the more obviously the problem appears.T

here as they are only used for numerical calculation. With ‘‘OUR’’ although the non-equilibrium of pres-
In this paper p is equal to p , but such conditions sure distribution has been considered, the non-icp io

are not compulsory. No extra parameters were used equilibrium of temperature still exists and it more
to predict retention time, except those regression seriously affects on the accuracy of prediction of
coefficients and parameters described in the ex- retention time in TPCGC. By supposing A(f, t)50
perimental section. (Eq. (22)) the completely same results can be
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Table 2
Experimental retention time (min) for temperature programming on OV-101

No. Compound OVA OVB OVC OVD OVE OVF OVG

1 n-Octane 7.33 5.40 4.88 4.35 4.09 3.63 7.46
2 n-Nonane 12.40 8.69 7.34 6.16 5.64 4.77 11.31
3 n-Decane 18.98 13.00 10.30 8.21 7.34 5.99 17.52
4 n-Undecane 26.27 17.81 13.42 10.28 9.04 7.17 24.94
5 n-Dodecane 33.65 22.74 16.53 12.30 10.69 8.31 34.33
6 n-Tridecane 40.85 27.57 19.56 14.24 12.26 9.39 38.45
7 n-Tetradecane 47.75 32.24 22.44 16.09 13.76 10.42 41.93
8 2-Hexanone 6.13 4.62 4.25 3.86 3.66 3.31 6.41
9 2-Heptanone 10.66 7.58 6.53 5.59 5.16 4.43 9.96

10 2-Octanone 16.89 11.65 9.39 7.60 6.84 5.64 15.43
11 2-Nonane 24.10 16.41 15.53 9.71 8.58 6.86 22.70
12 2-Decanone 31.58 21.40 15.70 11.78 10.28 8.03 31.90
13 Toluene 5.70 4.38 4.07 3.73 3.55 3.23 6.00
14 Ethylbenzene 9.55 6.93 6.08 5.28 4.91 4.26 9.16
15 Isopropylbenzene 13.06 9.23 7.76 6.50 5.94 5.02 11.90
16 Propylbenzene 14.88 10.43 8.61 7.09 6.44 5.38 13.52
17 1,2,4-Trimethylbenzene 17.60 12.25 9.84 7.95 7.16 5.89 16.19
18 sec-Butylbenzene 18.76 13.00 10.37 8.31 7.45 6.10 17.35

Table 3
Experimental retention time (min) for temperature programming on Carbowax 20M

No. Compound CWA CWB CWC CWD CWE CWF

1 n-Decane 5.50 4.42 4.18 3.90 3.75 3.48
2 n-Undecane 8.41 6.38 5.78 5.16 4.87 4.35
3 n-Dodecane 12.62 9.16 7.89 6.72 6.21 5.34
4 n-Ttridecane 17.93 12.66 10.36 8.46 7.66 6.39
5 n-Tetradecane 23.99 16.68 13.05 10.27 9.16 7.49
6 n-Pentadecane 30.36 20.93 15.80 12.09 10.67 8.76
7 n-Hexadecane 36.71 25.19 18.49 13.95 12.39 10.33
8 2-Butanon 4.08 3.28 3.18 3.06 2.99 2.86
9 2-Pentanone 5.20 4.25 4.03 3.78 3.65 3.41

10 2-Hexanone 8.04 6.18 5.63 5.06 4.79 4.30
11 2,6-Dimethyl-4-heptanone 11.73 8.65 7.52 6.48 6.01 5.21
12 2-Heptanone 12.17 8.94 7.74 6.64 6.15 5.31
13 2-Nonanone 23.70 16.59 13.03 10.30 9.21 7.55
14 2-Decanone 30.27 20.98 15.87 12.19 10.79 8.89
15 2-Undecanone 36.90 25.44 18.69 14.17 12.63 10.57
16 1-Propanol 6.27 4.89 4.55 4.18 4.00 3.66
17 1-Butanol 9.87 7.28 6.45 5.65 5.27 4.63
18 1-Pentanol 14.92 10.61 8.88 7.40 6.76 5.73
19 1-Hexanol 20.84 14.53 11.55 9.24 8.30 6.82
20 2-Octanol 24.91 17.20 13.31 10.40 9.27 7.53
21 Cyclohexanol 24.03 16.81 13.16 10.40 9.27 7.61
22 1-Heptanol 27.22 18.78 14.34 11.11 9.83 8.01
23 1-Octanol 33.75 23.15 17.13 12.95 11.45 9.43
24 Di(iso-pentyl)ether 7.29 5.66 5.20 4.72 4.48 4.05
25 Ethylbenzene 10.11 7.66 6.81 5.99 5.60 4.94
26 Dipentyl ether 11.09 8.18 7.15 6.20 5.75 5.01
27 Methyl hexanoate 12.38 9.05 7.80 6.67 6.16 5.32
28 Cholorbenzene 14.15 10.38 8.85 7.49 6.88 5.89
29 Anisol 21.17 15.02 12.04 9.69 8.71 7.21
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Table 4
Comparison of errors (%) from the prediction of retention time for temperature programming on OV-101 with these approaches proposed in
[2] and [6]

No. OVA OVB OVC OVD OVE OVF OVG

OUR CVR OUR CVR OUR CVR OUR CVR OUR CVR OUR CVR OUR APK

1 0.03 0.11 0.65 0.74 0.94 1.13 1.40 1.65 1.52 1.83 1.96 2.40 0.39 0.38
2 0.36 0.43 0.83 0.92 1.01 1.16 1.41 1.62 1.56 1.83 1.95 2.33 0.63 0.74
3 0.86 0.91 1.35 1.43 1.25 1.38 1.61 1.79 1.74 1.97 2.07 2.42 0.91 0.99
4 0.56 0.60 0.97 1.03 0.92 1.02 1.25 1.41 1.40 1.60 1.77 2.06 0.68 0.66
5 0.07 0.11 0.52 0.58 0.62 0.71 1.02 1.15 1.19 1.36 1.60 1.85 0.17 0.19
6 0.29 0.33 0.65 0.69 0.83 0.91 1.05 1.17 1.21 1.36 1.62 1.85 0.59 0.45
7 0.19 0.28 0.60 0.64 0.82 0.89 1.01 1.12 1.18 1.32 1.59 1.81 0.64 0.70
8 20.41 20.33 0.43 0.54 0.61 0.78 1.17 1.42 1.36 1.69 1.82 2.27 20.22 20.28
9 20.06 0.01 0.73 0.83 0.70 0.86 1.27 1.50 1.51 1.78 1.90 2.31 0.33 0.40

10 0.27 0.33 0.90 0.99 0.77 0.90 1.26 1.45 1.49 1.72 1.84 2.20 0.27 0.34
11 0.34 0.39 0.82 0.88 0.68 0.79 1.09 1.26 1.26 1.47 1.66 1.97 0.27 0.37
12 20.33 20.29 0.32 0.28 0.43 0.52 0.94 1.08 1.16 1.33 1.59 1.87 20.75 20.73
13 20.56 20.49 0.27 0.37 0.59 0.76 1.07 1.34 1.27 1.58 1.70 2.20 20.42 20.48
14 20.48 20.21 0.55 0.66 0.71 0.87 1.27 1.51 1.49 1.77 1.90 2.32 0.23 0.25
15 20.03 0.04 0.71 0.81 0.81 0.95 1.31 1.52 1.52 1.78 1.93 2.31 0.72 0.36
16 0.03 0.09 0.75 0.83 0.80 0.84 1.30 1.49 1.49 1.76 1.90 2.27 0.14 0.27
17 20.01 0.05 0.85 0.93 0.67 0.80 1.23 1.42 1.47 1.70 1.87 2.21 20.03 0.06
18 0.17 0.20 0.82 0.89 0.79 0.91 1.26 1.44 1.44 1.68 1.85 2.20 0.13 0.25

obtained with those approaches used in this paper, retention time at pressure program from retention
which means that the effect of non-equilibrium of time under a condition of constant pressure, but here
carrier gas during temperature programming on we still utilize a, b and thermodynamic parameters
retention time could be corrected with our approach used in part 4.1. The results of prediction for two
to some extent. pressure programs (see Table 1) are shown in Table

In addition, although retention mechanism changes 6. Even though rather accurate results are displayed
as temperature varies, which stems from the change in Table 6 there is still small systematic error. In
of adsorption on gas–liquid surface, but in fact we order to observe this systematic error clearly E% was
did not observe a poor accuracy of prediction of plotted against retention time (shown in Fig. 1).
retention time for n-alkanes on polar stationary From Fig. 1 we can observe that the longer retention
liquid column by comparison of Table 5 with Table time (t ) is, the larger relative error (E%) will be andR

4 and of n-alkanes with others in Table 5. We note most of the t (cal.) are smaller than the t (exp.).R R

that here the stationary liquid film is rather thick and Sometimes, the retention time in pressure program
adsorption may be insignificant. needs to be transformed to one at constant pressure

so that the structural information of related chro-
4.2. Prediction of retention time in pressure matographic peaks can be familiarly obtained from
programmed mode retention value, e.g., t (T ) at inlet pressure p andR icp

corresponding temperature T, is calculated from:
Although pressure program almost improbably

2 23t (T )( p 2 p )dt ≠p(f,t)R icp oimproves resolution, it can be used to reduce analysis
] ]]]]] ]]5 2 Y (25)S D 3 3df ≠ftime with the same resolution. As the carrier gas i 4( p 2 p )icp o

pressure at different position in column is very
An iterative equation was developed asdifferent, we cannot accurately precalculate retention

time from the data at different constant pressure by [t (T )] 5 [t (T )] 1 t (exp.) 2 [t (cal.)] (26)R m11 R m R R mfollowing the example of temperature programming.
Nevertheless, with ‘‘OUR’’ we can precalculate where t (exp.) is the experimental value of retentionR
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Table 5
Comparison of errors (%) from prediction of retention time for temperature programming on Carbowax 20M with approaches by us and by
Curvers

No. CWA CWB CWC CWD CWE CWF

OUR CVR OUR CVR OUR CVR OUR CVR OUR CVR OUR CVR

1 1.18 1.25 0.23 0.34 0.60 0.81 0.92 1.26 1.15 1.52 1.58 2.16
2 0.97 1.06 0.34 0.47 0.78 0.97 1.12 1.43 1.38 1.75 1.86 2.54
3 0.78 0.86 0.44 0.56 0.94 1.10 1.32 1.59 1.60 1.92 2.10 2.58
4 0.61 0.68 0.47 0.57 0.98 1.14 1.38 1.62 1.66 1.95 2.21 2.63
5 0.51 0.59 0.52 0.81 1.05 1.19 1.43 1.64 1.70 1.95 2.28 2.83
6 0.48 0.53 0.55 0.64 1.11 1.23 1.48 1.65 1.78 2.06 2.21 2.88
7 0.47 0.51 0.59 0.66 1.11 1.22 1.51 1.76 1.69 2.08 2.04 2.70
8 1.04 1.14 20.34 20.18 20.19 0.00 0.03 0.36 0.23 0.63 0.63 1.22
9 1.42 1.52 0.40 0.54 0.57 0.77 0.82 1.14 1.01 1.42 1.44 2.02

10 1.12 1.22 0.53 0.66 0.73 0.94 1.09 1.38 1.34 1.71 1.86 2.40
11 0.88 0.96 0.58 0.69 0.85 1.02 1.25 1.51 1.53 1.86 2.07 2.57
12 0.89 0.97 0.62 0.73 0.87 1.05 1.27 1.54 1.55 1.89 2.09 2.58
13 0.55 0.61 0.63 0.71 0.94 1.07 1.39 1.59 1.68 1.94 2.25 2.82
14 0.49 0.54 0.64 0.72 0.96 1.08 1.44 1.62 1.77 2.07 2.14 2.80
15 0.47 0.51 0.67 0.74 1.02 1.12 1.50 1.77 1.71 2.12 2.02 2.69
16 1.28 1.37 0.53 1.67 0.79 0.99 1.12 1.43 1.30 1.68 1.78 2.32
17 0.89 0.97 0.60 0.71 0.90 1.09 1.35 1.63 1.57 1.88 2.07 2.59
18 0.66 0.73 0.62 0.73 0.95 1.10 1.42 1.66 1.64 1.94 2.22 2.67
19 0.50 0.56 0.67 0.76 0.95 1.09 1.44 1.67 1.70 1.98 2.29 2.70
20 0.45 0.50 0.64 0.72 1.00 1.13 1.37 1.57 1.94 2.19 2.30 2.84
21 0.44 0.49 0.64 0.73 0.93 1.06 1.45 1.65 1.63 1.89 2.23 2.81
22 0.43 0.48 0.64 0.72 0.96 1.08 1.46 1.65 1.74 1.97 2.25 2.86
23 0.39 0.43 0.64 0.71 0.97 1.10 1.51 1.70 1.80 2.13 2.11 2.75
24 1.11 1.19 0.64 0.76 0.81 1.00 1.19 1.48 1.36 1.72 1.85 2.39
25 0.88 0.96 0.61 0.73 0.81 1.00 1.25 1.54 1.43 1.79 2.01 2.51
26 0.84 0.92 0.70 0.71 0.89 1.08 1.36 1.63 1.53 1.86 2.09 2.57
27 0.79 0.86 0.66 0.77 0.91 1.09 1.38 1.65 1.59 1.91 2.18 2.65
28 0.69 0.76 0.61 0.72 0.88 1.05 1.34 1.59 1.55 1.87 2.12 2.60
29 0.49 0.55 0.61 0.70 0.91 1.05 1.40 1.63 1.65 1.93 2.25 2.76

time in PPCGC, [t (cal.)] is the corresponding easy to predict retention values under both tempera-R m

calculated value using the above approach when ture and pressure program conditions. Some pre-
t (T ) is taken instead of [t (T )] in Eq. (25). If dicted results are listed in Table 8. The relative errorR R m

t (exp.) is used as initial value of [t (T )] and the E% is about 1.5%, and we think that this is accept-R R m

calculation is circulated from Eq. (25), Eq. (15) to able for the prediction of separation.
Eq. (26) the final results of t (T ) can be obtained.R

The predicted results at 1008C and 20 psi separately 4.4. Trajectory of solute band moving in column
calculated from operating programs of CWG and
CWH in Table 1 are listed in Table 7. The errors Sometimes, chromatographers are interested not
(E%) of almost all of the compounds except several only in predicting retention time but also in under-
n-alkanes are less than 1%, which proves that our standing the behaviour of solute band moving in
procedure to be accurate and useful. column so as to optimize separation system as well

as to simulate chromatographic process. According
4.3. Prediction of the retention times under both to the approach suggested by Nogare [12] and
temperature and pressure programmed conditions Cavalli [13] simulated computation can be achieved.

Here we describe the trajectory of solute band when
With the approach proposed in this paper, it is also the gradient of pressure in column is considered
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Table 6 Table 7
Prediction of retention time for inlet pressure programming and Prediction of retention time for constant pressure from data at
isothermal operations on Carbowax 20M with our approach pressure programmed and isothermal operations on Carbowax

20M
No. CWG CWH

No. t (T ) E% (CWG) E% (CWH)R ot (exp.) E% t (exp.) E%R R

1 3.59 20.16 20.24
1 3.31 20.17 3.10 20.05

2 5.12 20.19 0.44
2 4.58 20.14 4.22 0.07

3 7.81 20.34 20.72
3 6.69 0.00 6.02 0.32

4 12.53 20.61 21.14
4 10.07 0.25 8.81 0.64

5 20.86 20.92 21.63
5 15.29 0.44 13.00 0.92

6 35.46 21.32 22.14
6 23.08 0.66 19.05 1.17

7 60.71 21.85 22.60
7 34.21 0.98 27.48 1.39

8 2.81 20.31 20.35
8 2.63 20.56 2.49 20.51

9 3.48 20.33 20.45
9 3.22 20.11 3.02 20.02

10 4.97 20.43 20.65
10 4.47 20.01 4.12 0.17

11 7.27 20.60 0.26
11 6.30 0.16 5.69 0.40

12 7.57 20.64 0.20
12 6.54 0.18 5.89 0.44

13 20.37 21.26 20.68
13 15.05 0.69 12.79 1.03

14 34.80 21.67 21.26
14 22.82 0.97 18.82 1.31

15 60.19 22.13 21.87
15 34.07 1.24 27.34 1.54

16 3.87 20.35 0.67
16 3.56 20.13 3.32 20.05

17 5.83 20.56 0.38
17 5.18 0.10 4.73 0.27

18 9.49 20.82 0.00
18 7.96 0.36 7.08 0.62

19 15.94 21.25 20.54
19 12.35 0.73 10.65 1.01

20 22.56 21.49 20.92
20 16.34 0.91 13.80 1.22

21 20.96 21.52 20.87
21 15.43 0.91 13.08 1.18

22 27.45 21.69 21.17
22 19.06 1.03 15.92 1.34

23 47.93 22.17 21.83
23 28.97 1.30 23.50 1.60

24 4.51 20.46 0.47
24 4.10 20.09 3.79 0.11

25 6.33 20.61 0.25
25 5.58 0.07 5.08 0.33

26 6.75 20.63 0.22
26 5.90 0.14 5.35 0.39

27 7.66 20.70 0.12
27 6.60 0.18 5.95 0.47

28 9.29 20.82 20.04
28 7.82 0.31 6.96 0.62

29 16.67 21.20 20.61
29 12.81 0.62 11.01 0.99

during temperature and/or pressure programming.
With such a numerical procedure the trajectory of
solute band moving in column can be easily acquired
while retention time is re-calculated. As an example,
Fig. 2 describes the relation between position and the
time taken for required solutes (listed in Table 2) to
get to that position during multi-ramp temperature
programming. According to Fig. 2 for the solute
strongly retained, the time on the initial column
segments mainly contributes to the total retention
time but only very slightly contributes to resolution.
Therefore, the longer the retention time is, the less
the resolution is improved through reduction of
initial column temperature.

With our approach, resolution can be predicted
from the trajectory of the moving solute band. The

Fig. 1. The relationship of E% in PPCGC with retention time. effect of operating parameters and the properties of
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Table 8
Prediction of retention time for temperature and inlet pressure programming on Carbowax 20M with our approach

No. CWI CWJ CWK

t (exp.) E% t (exp.) E% t (exp.) E%R R R

1 3.77 0.87 3.60 1.05 4.05 0.69
2 5.24 1.14 4.84 1.32 5.70 0.86
3 7.24 1.37 6.44 1.48 7.97 1.02
4 9.70 1.46 8.29 1.57 10.76 1.09
5 12.51 1.49 10.30 1.58 13.93 1.13
6 15.53 1.50 12.37 1.58 17.29 1.15
7 18.61 1.45 14.46 1.58 20.68 1.12
8 2.88 0.21 2.81 0.32 3.06 0.07
9 3.64 0.99 3.49 1.06 3.90 0.80

10 5.09 1.22 4.73 1.38 5.53 0.96
11 6.86 1.37 6.16 1.51 7.54 1.07
12 7.06 1.39 6.32 1.55 7.78 1.11
13 12.40 1.45 10.27 1.65 13.83 1.18
14 15.49 1.43 12.42 1.64 17.28 1.20
15 18.68 1.39 14.58 1.64 20.81 1.12
16 4.14 1.16 3.90 1.33 4.45 0.97
17 5.90 1.36 5.36 1.53 6.45 1.09
18 8.27 1.47 7.20 1.62 9.14 1.18
19 11.02 1.52 9.22 1.67 12.25 1.22
21 12.56 1.50 10.38 1.66 14.01 1.22
22 14.03 1.50 11.33 1.65 15.62 1.24
23 17.17 1.47 13.47 1.63 19.09 1.21
24 4.70 1.19 4.40 1.34 5.09 0.96
25 6.15 1.32 5.61 1.44 6.74 1.05
26 6.53 1.38 5.89 1.55 7.17 1.10
27 7.15 1.41 6.37 1.55 7.87 1.13
28 8.06 1.43 7.12 1.56 8.92 1.13
29 11.27 1.47 9.51 1.63 12.56 1.19

solutes on column efficiency is ignored. In other
words, the regional widths of solute band at the
column outlet are regarded as the same for different
solutes under differing operating conditions. The
resolution is commonly computed with:

t (2) 2 t (1)R R
]]]]]R 5 (27)s 1 1DW (2) 1 DW (1)] ]

2 2

1where t (i) and DW (i) are the retention time and the]R 2
half peak width for solute i in minutes, respectively.
When R is computed from the solute movings

trajectory, Eq. (28) is applied instead of Eq. (27):

2 2
10.319( p 2 p ) ? pio o o ]
2]]]]]]R 5 ? N ? (1 2 f ) (28)s 3 3 2p 2 pio o

where N is the number of theoretical plates for theFig. 2. Moving trajectory of solutes on OV 101 for column
temperature programming with OVG. column, p and p are pressure values of inlet andio o



316 J. Chen et al. / J. Chromatogr. A 795 (1998) 305 –317

outlet respectively when N is determined, and f is found in TPCGC. We also noted that the difference2

the position for solute 2 in the column as solute 1 between velocities of correcting pressure distribution
just arrives at the outlet of the column. By using Eq. in TPCGC and those obtained without correction was
(28) and the method described above, the prediction not very obvious for the strongly retained solute. The
of resolution is not difficult for any program of phenomena observed in calculations using our ap-
temperature and inlet pressure. Some resolution proach are easily intuitively understood, and we shall
values for three solute pairs under different operating not illustrate them in detail here.
programs (see Table 1) were precalculated with Eq. In a word, our procedure is more convenient and
(28) and are shown in Table 9. Here the column accurate for predicting retention times in OPPCGC.
efficiency was 90 000 theoretical plates in total, At the same time, the resolution in temperature-
tested with 1-heptanol at 1008C and 20 psi for p . programmed CGC can be predicted from solute bandio

These data show that our formula suggested to moving trajectory in the column, column efficiency
precalculate resolution from solute movement in a and other related parameters.
column for temperature-programmed CGC is reason-
able. Obviously, it could not be applied, however, for
operating parameter programs containing pressure
programming as pressure strongly affects the column 5. Conclusion
efficiency N. In addition, N is slightly concerned
with the k9 value, especially when k9 is small. A A novel approach has been established to predict
more accurate precalculation of resolution may be retention time in operating parameter programmed
performed if the effect of k9 value on N is consid- gas-liquid chromatography with capillary columns by
ered. using numerical calculation, which can be applied to

The solute band moves forward to the outlet of the multi-ramp programs including column temperature
column a little more slowly in the head of the and/or inlet pressure of carrier gas. Using this
column, when a correction for the effect of non- procedure the resolution is easily and accurately
equilibrium of pressure distribution in TPCGC on predicted from solute movement in column tem-
retention time is made, more so than when the perature-programmed CGC. However, it cannot be
correction is not made and the reverse is true in the applied to pressure-programmed CGC because col-
outlet part of the column. However, with pressure umn efficiency is seriously affected by the velocity
programming the situation is in contrast with that of carrier gas.

Table 9
Prediction of resolution from the trajectory of the solute band moving in the column on Carbowax 20M

Symbol A B C

R (exp.) R (cal.) E% R (exp.) R (cal.) E% R (exp.) R (cal.) E%s s s s s s

CWA 2.72 2.87 26 4.51 4.25 6 6.49 6.31 3
CWB 2.44 2.58 26 2.71 2.62 3 4.66 4.59 2
CWC 2.30 2.40 24 1.42 1.36 4 3.79 3.77 1
CWD 2.16 2.19 21 0.11 2.81 2.83 21
CWE 2.01 2.08 23 0.43 2.30 2.33 21
CWF 1.85 1.83 1 1.23 1.22 1 1.43 1.44 21
CWG 2.33 2.62 212 4.02 4.63 215 3.38 3.73 210
CWH 2.13 2.76 230 3.66 4.95 235 3.21 3.88 221
CWI 2.22 3.09 239 1.98 2.87 245 4.46 5.42 222
CWJ 2.14 2.87 234 3.09 4.41 243 3.70 4.56 223
CWK 2.33 2.87 223 3.04 3.73 223 4.56 4.95 29

Note A: 2,6-dimethyl-4-heptanone/2-heptanone; B: 2-octanol /cyclohexanol: C: ethylbenzene /di(pentyl)ether.
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