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ABSTRACT 

A model for open-tubular supercritical fluid chromatography at constant mass flow-rate, which takes into account the effects of 
temperature, density and pressure drop on solute retention and dispersion, is developed and applied to the elution of normal alkanes 
(Cs-C,,) on a polysiloxane stationary phase using CO, mobile phase at 40 to 120°C. An exact expression for resolution is derived in 
terms of observed chromatographic parameters, and the effect of swelling on solute diffusion coefficients in the stationary phase is 
considered. Plots of apparent plate height vs. temporal average velocity show the onset of gradient-induced band spreading for a variety 
of conditions. Swelling of the stationary phase is shown to be critical to the achievement of acceptable efficiency for heavy solutes at low 
temperatures, and the prediction of a second maximum in resolution at high mobile phase velocities suggests the possibility of extremely 

fast separations by supercritical fluid chromatography. 

INTRODUCTION 

The complex dependence of retention and disper- 
sion processes in supercritical fluid chromatography 
(SFC) on temperature, pressure and pressure drop 
has been the subject of a number of investigations 
dealing with both packed [l-7] and open-tubular 
[8,9] columns. It is generally acknowledged that 
large pressure drops in SFC, especially near the 
critical point of the mobile phase, may lead to 
variations in retention and to a loss of efficiency 
beyond that which is predicted by the simple Van 
Deemter or Golay equations. Recent advances in 
chromatographic theory provide explanations for 
these phenomena. A unified molecular theory of 
chromatographic retention developed by Martire 
and Boehm [lO,l l] has provided a firm theoretical 
basis for the dependence of retention on temperature 
and mobile phase density in SFC. Further work by 
Martire and co-workers [12-141 developed the use of 
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appropriate temporal and spatial column param- 
eters in chromatography, with one specific result 
being that the observed capacity factor is the 
temporal average value. Recently, Poe and Martire 
[15] provided a theoretical basis for the effect of 
pressure drop on efficiency in gas, liquid and 
supercritical fluid chromatography. The theory, 
which is an extension of Giddings’ theory for the 
effect of pressure drop in gas chromatography [ 161, 
was applied to retention and band spreading for 
several solutes in packed column SFC, and the 
prediction from the theory agreed well with experi- 
mental observations. More recently Janssen et al. 
[17], using a similar approach, obtained reasonably 
good agreement between theory and experiment for 
both packed and open-tubular columns. Of particu- 
lar relevance to the present investigation is that they 
obtained well-shaped peaks for elution of n-alkanes 
from an open-tubular column at very high velocities 
and large pressure drops. A general treatment of the 
variance of a zone in a non-uniform medium was 
recently published [ 181. 

The purpose of the present study is to extend the 
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earlier treatment of the theory for apparent plate 
height to provide a model for retention and effi- 
ciency in open-tubular SFC over a wide range of 
operating conditions, and especially to examine the 
effects of pressure drop and stationary phase swel- 
ling of efticiency. The column dimensions selected 
for application of the model represent a typical 
modern-day system, and in some cases the linear 
velocities required to generate large pressure drops 
are much greater than would normally be encoun- 
tered in a typical laboratory setting. It is hoped that 
the data generated by the model will provide a basis 
for further experimental verification of the theory 
for apparent plate height, and will provide insight 
into open-tubular column design and operation for 
SFC. 

THEORY 

The relevant theories for retention and efficiency 
in SFC are provided elsewhere [10,12,13,15]. Some 
of the major arguments are presented here for clarity 
with specific emphasis on open-tubular columns, 
and an exact equation for resolution is developed. In 
the treatment that follows, the following assump- 
tions are made. 

(1) Mass flow-rate is constant. Density program- 
ming is not considered. 

(2) The column is a uniform tube, and except for 
the effect of mobile phase density on film thickness, 
it is coated with a uniform film of stationary phase. 

(3) Temperature is constant, and the column and 
mobile phase are at thermal equilibrium. Tempera- 
ture gradients due to expansion of the mobile phase 
and viscous flow are assumed to be negligible. 

(4) Laminar flow is maintained. In the model, the 
Reynolds number is not allowed to exceed 1400. 

Retention 
The dependence of capacity factor on tempera- 

ture and density in SFC was expressed in general 
form by Martire and Boehm [lo] as 

In k’ = In k” + A + ap, - bpR/TR + c&T, (1) 

where k” is the ideal gas chromatography (GC) 
capacity factor, TR and PR are reduced temperature 
and density of the mobile phase, a, b and c depend on 
solute and mobile phase properties, and A accounts 
for sorption of mobile phase by the stationary phase. 

The apparent capacity factor, which is the value 
observed at the column outlet, has been shown to be 
the temporal average of the local value [12,14] 

l? = tk‘>, (2) 

Details for calculating <k’>, and other average 
quantities are given in ref. 13. 

Efficiency 
For an open-tubular column under conditions of 

laminar flow the Golay equation describes the solute 
dispersion exactly. 

H-20, I u&l +6k’+ ilk”)+ 2ud:k 

u 96D,( 1 + k’)’ 3D,( 1 + k’)’ 
(3) 

where H is plate height, D, and D, are diffusion 
coefficients in the mobile and stationary phases, u is 
linear velocity of the mobile phase, d, is column 
diameter, and df is the stationary phase film thick- 
ness. 

In a previous paper [15] it was shown that the 
variation of k’ and p along the axis of the column 
generates solute velocity gradients, which in turn 
give rise to gradient-induced band spreading 
(GIBS). For a column of uniform geometry oper- 
ated under isothermal, steady-state conditions, the 
apparent plate height observed at the outlet of the 
column was shown to be 

fi= <H(l + k’)‘p2>z 

<(I + k’)p>; 

or the equivalent expression 

A= <H(l + k’)2p>, 

<l +k’>:<p>, 

(4) 

where the subscripts z and t indicate the spatial and 
temporal averages of the quantities in brackets. 

In open-tubular SFC the internal diameter of the 
column may vary due to swelling of the stationary 
phase, resulting in variations in the column perme- 
ability and specific mass flow-rate (F, the mass 
flow-rate per unit area). It may be shown that for 
this case the exact expression for apparent plate 
height is 

As <H(l + k’)2p2/F2>z 

< (1 + k’)p/F> : 
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If the variation in column diameter is on the order of a few percent or less, as it appears to be in open-tubular 
SFC with a typical phase ratio of 50 (see below), this variation will produce no significant effect on the 
apparent plate height, and eqn. 4 or 5 may be used. 

Application of eqn. 5 to the Golay equation yields the desired expression for apparent plate height in 
open-tubular SFC, 

A= 1 

<l+K>?<p>, 
2<D,p(l +k’)Z/~>~+&~&(l +6k’+ llk”)p/D,>,+S<ud,~k’,,!D,z, 1 (7) 

The corresponding expression for the apparent reduced plate height is 

k= 1 

<l +k’>:<p>, 
2<(1 +k’)“p/v>~+~<r(l +6k’+ llk”)l”t+~<vD,d:k’p/n,d,2>, 1 (8) 

where the reduced velocity v is defined 

v = ud,/D,,, (9) 

Eqns. 4-8 may also be written using reduced density, 
PR = p/pa, where pCF is the critical density of the 
mobile phase fluid. 

Resolution 
Because of the significant effect of pressure drop 

on retention and efficiency in SFC, an exact expres- 
sion for the general resolution equation is necessary. 
For a pair of Gaussian-shaped peaks, the resolution 
is 

(10) 

where t, is retention time and z1 is the standard 
deviation of the first eluting peak expressed in units 
of time. In the usual derivation of the general 
resolution equation, an approximate equation is 
arrived at by assuming that for closely spaced peaks 
z1 = r2. This may not be an appropriate assumption 
in SFC, and the following equations are based on 
eqn. 10 as written. The apparent plate height is 

I? = L?/tZ = L/A (11) 

where L is column length and $ is the apparent 
number of theoretical plates. The retention time is 

WJ31 

t, = to(l + R) (12) 

where to is the time required to elute an unretained 
species. 

Combining eqns. 10-12 and rearranging yields 

0.5& - Q/L 

Rs = (1 + &)JA, + (1 + /QJ& (13) 

which is the desired equation expressing resolution 
in terms of apparent capacity factor and apparent 
plate height. 

DEVELOPMENT OF THE MODEL 

Selection of a model system 
Prediction of retention and efficiency from the 

equations presented above requires a knowledge of 
the effects of temperature and density on k’, D,, D,, 
d,, and df. Examination of the literature did not yield 
all of the desired experimental data for a single 
system. The expectation that the effect of density on 
k’ is the most important factor in the generation of 
gradient-induced band spreading led to the selection 
of n-alkanes-CO,-polysiloxane as the solute-mo- 
bile phase-stationary phase system. The effect of 
temperature and density on retention for such 
systems has been treated theoretically [lo], and 
extensive experimental data for a specific system 
have been recently obtained by Riester and Martire 
[19]. These data, for n-alkanes (C3-C22) on SB-octyl 
stationary phase (a methyloctylpolysiloxane, 50% 
methyl, 50% octyl substitution) over a wide range of 
temperature (32G-380 K) and density (0.20-0.75 
g/cm3), were subjected to an empirical lit to eqn. 1 to 
allow precise estimation of local and apparent 
capacity factors. 

Effect of temperature and density on dtffusion in the 
mobile phase 

Solute diffusion coefficients were estimated from 
a modified form of the WilkeChang equation (see 
ref. 20) in which mobile phase density replaces 
viscosity 
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D cc IW~“.~T 

a #o&= 
(14) 

where the subscript a indicates the solute and b the 
solvent, and D, A4 and V represent the diffusion 
coefficient, molecular mass and molar volume, 
respectively. This relation is based on data from 
several studies [21-231 of solute diffusivity in dense 
gases, including supercritical COz, which show that 
the product pD varies in a fairly well-defined 
fashion. Using naphthalene as a model solute, which 
is well-studied, the diffusivity of other non-polar 
solutes may be estimated. 

Effect of temperature and density on film thickness, 
column diameter and diffusion in the stationary phase 

The stationary phase in absorption SFC may 
absorb significant amounts of mobile phase, with 
concomitant changes in film thickness, effective 
column diameter, and the solute diffusion coeff- 
cient in the stationary phase. Changes in k’ are 
reflected in the experimental data used in the model, 
and as such the effect of mobile phase sorption on 
retention will not be addressed directly. The impact 
on efficiency is treated here. 

The swelling of the stationary phase due to uptake 
of mobile phase is represented by the swelling factor 

(SF) 

SF= (V- V”)/V” (15) 

where V and V” are the volumes of the swollen and 
unswollen film, respectively. Since the length of the 
film in an open tube is fixed, and if the thickness is 
small compared to the column radius, the volu- 
metric change is proportional to the change in film 
thickness, and 

SF = (a; - d:)/d; (16) 

where df and df” are the thickness of the swollen and 
unswollen film. The effective column diameter is 

d = do0 - 2d C C f (17) 

where d,O” is the diameter of the uncoated tube. Thus 
both d, and df can be easily estimated if the swelling 
factor is known. 

Springston et al. [24] reported a swelling factor of 
1.0 + 0.6 for SE-30 in the presence of supercritical 
CO2 at 40°C and 88.8 atm (~a = 1.05). Swelling 
factors for SE-30 in the presence of butane were 
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Fig. 1. Effect of CO2 density on swelling of silicone rubber. n = 
35°C; 0 = 75°C; - = model. Experimental data taken from 

ref. 25. 

greater and increased with increasing temperature. 
Shim and Johnston [25] measured the swelling of a 
silicone rubber film in the presence of COz at pres- 
sures up to 300 bar and temperatures of 35°C and 
75°C. Their experimental data are plotted as SF vs. 
reduced density in Fig. 1. The swelling factor 
increases almost linearly up to a reduced density of 
0.5, levels off around a reduced density of 1, 
especially at the lower temperature, and then in- 
creases again with no indication of a maximum 
volume being reached. The swelling can be repre- 
sented approximately by the simple equation 

SF = 0.50~~ (18) 

While this is a much oversimplified expression, there 
is no reason to expect that the silicone rubber used 
by Shim and Johnston would behave identically to a 
polysiloxane stationary phase in an open capillary 
tube. 

While knowledge of the swelling factor yields df 
and d,, it yields no direct information about solute 
diffusion coefficients in the stationary phase. Rath- 
er, D, can be related to the mass fraction of mobile 
phase in the stationary phase, which bears no simple 
relationship to the swelling factor. Fujita [26] has 
shown that for a rubbery polymer impregnated with 
a low-molecular-mass diluent with diffusivity D”, in 
the swollen polymer, a plot of log DS, vs. mass 
fraction of diluent in the polymer, 4, is approximate- 
ly linear. Assuming that this relationship exists 
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Reduced Density 

Fig. 2. Sorption of CO2 by SE-30. 0 = 40°C; 0 = 50°C; - = 
model. Experimental data taken from ref. 28. 

across the entire range of concentrations, we have 
the equation 

1ogDZ = (1 - 4)logD”,O + 4logD:: (19) 

where 0:’ and 0: are the diffusion coefficients of 
the diluent in the pure polymer (stationary phase) 
and pure diluent (mobile phase), respectively. We 
will assume that the equation also applies to solute 
diffusion coefficients in the stationary and mobile 
phases, where 0: and D”,’ are equivalent to D, and 
Dz, the solute diffusion coefficients in the swollen 
and unswollen stationary phase, respectively. 

In order to utilize eqn. 19, we must evaluate $J,D~’ 
and 0:. The value of 0:’ is estimated from the 
equation developed by Kong and Hawkes [27] for 
diffusion of normal alkanes in polysiloxane station- 
ary phases. The estimations of 4 and D!: are 
discussed in the following paragraphs. 

Mass sorption isotherms for COZ in polysiloxanes 
have been reported by several workers [28-301. Of 
these only the report by Strubinger et al. [28] 
provides data for the CO,-SE-30 system at tempera- 
tures and pressures of interest in SFC. Their data for 
40 and 50°C at pressures up to 160 bar are presented 
in Fig. 2 in terms of reduced density as the indepen- 
dent variable. Both sets of data exhibit a maximum 
around the critical density, a phenomenon also 
observed by Yonker and Smith [29] for the C02-SE- 
54 system. At high densities, all curves (including the 
isotherm for 35°C not shown) converge to a value of 
4 = 0.26. These phenomena, especially the occur- 
rence of maxima, are not well understood. Yonker 

and Smith have suggested that surface adsorption 
may play a significant role in these systems. One 
possible explanation is that both absorption and 
adsorption occur, where the sorption of CO2 occurs 
largely by absorption, as represented by the solid line 
in Fig. 2, and the excess sorption is due to adsorption, 
leading to the maxima observed around the critical 
density. Whatever the case, the situation poses some 
uncertainty with regard to the effect of Q, on D,. For 
the purpose of the application of eqn. 19 to the 
model, then, let us choose the simple case repre- 
sented by the solid line in Fig. 2, where 

4 = 2PR&lax (PR G 0.5) (2Oa) 

4 = &,X (PR > 0.5) (2Ob) 

For the COz-polysiloxane system, we set &aX = 
0.26 for all temperatures. 

Next we examine the value of 0: in eqn. 19. DI: in 
this case represents the solute diffusion coefficient in 
the mobile phase at a density corresponding to the 
specific volume of the mobile phase component in 
the swollen stationary phase. Strubinger et al. [28] 
have shown that the specific volume of CO2 in 
SE-30, P,“, is about 1.1 cm3/g at low values of 
pressure and 4, but that it increases significantly at 
increased pressure. This is a result of the fact that, 
while the amount of CO1 sorbed reaches a maximum 
at high pressures (Fig. 2) the swelling factor in- 
creases continuously as pressure is increased (Fig. 1). 
In our model, the value of pf can be calculated from 
the relation 

(21) 

where pi is the density of the pure stationary phase 
[27]. The value of 0: used in eqn. 19 is then 
calculated from the modified Wilke-Chang equa- 
tion (as D, in eqn. 14) at a CO2 reduced density of 

1 
PR = p,“p,, 

The critical density of COZ, pET, is taken as 0.468 
g/cm3. 

The net effect of SF and 4 on D, is shown in Fig. 3 
for CZ4 at 40°C. The model predicts that D, increases 
more than ten-fold as CO2 density is increased from 
pR = 0 to pR = 0.5. While 4 is assumed to be 
constant above pR = 0.5, D, continues to increase 
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Fig. 3. Effect of stationary phase swelling on diffusivity. Predic- 
tions of the model for wC,,H,~ at 40°C. 

slightly due to continued swelling of the stationary 
phase. The value of @ decreases from 1.0 to 0.8 at 
PR < 0.5, in reasonably good agreement with the 
value of 1.1 predicted by Strubinger et al. [28], and 
then rises continuously as density increases due to 
the combined effects of a continuously increasing SF 
while 4 remains constant. The negative slope at low 
densities is an artifact of the treatment, arising from 
a somewhat inexact description of the swelling 
behavior. 

There is a substantial difference between this 
system and those treated by Fujita. In the latter 
systems the penetrants were condensed phases such 
as benzene at room temperature, for which the 
partial molar volume of the penetrant inside the 
polymer is assumed to be equal to the bulk liquid 
value. For the CO*-polysiloxane system, the specific 
volume of CO2 rises dramatically for PR > 0.5. The 
treatment here accounts for this by adjusting the 
value of Db in eqn. 19, so that even though 4 is 
assumed COnStaId at pR > 0.5, log D, COntinUeS t0 

increase with PR at a moderate rate. However, the 
large increase in @ at PR > 0.5 suggests a loosening 
of the cross-linked polymer network, which would 
further enhance diffusion in the swollen polymer. 
Even though the present treatment predicts sub- 
stantial increases in D, at low mobile phase densities, 
it may in fact severely underestimate the values of D, 
at higher densities. 

COMPUTATIONAL APPROACH 

The calculation of temporal and spatial average 

quantities has been described elsewhere [12,13]. 
Computations were performed on an IBM-com- 
patible personal computer with an Intel 80386 
microprocessor and 80387 math coprocessor, using 
an extension of a program written in Microsoft 
QuickBASIC for modelling retention and efficiency 
of packed columns [ 151. 

A Van Deemter plot is typically prepared by 
measuring apparent plate height as a function of 
velocity while maintaining other conditions con- 
stant so that, among other things, l? does not vary 
with flow-rate. This is not possible in SFC because k 
varies along the column. However, at low pressure 
drops /? is approximately a quadratic function of 

<P>t [W 
lnl?=ln<k’> t % Ink” - a<pR>f + b<p,>f 

(231 
In order to obtain results at constant k, at least in 
the low velocity, low pressure-drop region, all 
measurements should be done at the same temporal 
average density. Results obtained in this fashion 
may be compared with results obtained for non- 
compressible fluids. 

The basic computational approach therefore 
mimics a series of isothermal SFC experiments for 
the elution of a pair of n-alkanes in which the mass 
flow-rate, which is held constant for a given experi- 
ment, is incremented while maintaining the same 
temporal average mobile phase density for all ex- 
periments. This is done for <PR > f = 1.0, 1.2, 1.4, 
1.6 and 1.8, at temperatures of 40,80 and 120°C. The 
result is a set of Van Deemter plots, each corre- 
sponding to a single temperature and temporal 
average density. All calculations for this study were 
done for an open-tubular column of 30 m x 50 pm 
I.D. with a 0.25~pm thick film of stationary phase. 
For successive experiments, the mass flow-rate is 
increased by simultaneously increasing the inlet 
pressure and decreasing the outlet pressure so that 
the selected temporal average density is maintained. 
This approach yields Van Deemter plots which, at 
low flow-rates, are similar to those traditionally 
produced for liquid or gas chromatography. 

PREDICTIONS OF THE MODEL 

Mobile phase density, velocity and pressure 
The inlet and outlet pressures required to achieve 
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Fig. 4. Pressure and reduced density at column inlet and outlet 
for COz at 40°C and <us>, = 1.2. Column: open-tubular, 30 
m x 50 nm I.D. x 0.25 nm film, SB-octyl stationary phase. 

Dashed lines are plotted against right axis. 

desired flow-rates while maintaining the same tem- 
poral average density are shown in Fig. 4 for 
< PR > f = 1.2 at 40°C. Values of the corresponding 
inlet and outlet reduced densities (dashed curves) are 
plotted against the right axis. In general, the curves 
for low temperature (40°C) and low density showed 
a non-linearity similar to that in Fig. 4, whereas at 
higher temperatures and densities the curves were 
more linear. Fig. 4 demonstrates that simply main- 
taining the same average column pressure while 
adjusting the flow-rate will not in general result in 
maintaining the same temporal average density. 

Effect of temperature, density andsolute on efficiency 
Fig. 5 shows a family of curves for apparent plate 

5 

RedueedDensHy 

Fig. 5. Apparent plate height vs. temporal average linear velocity Fig. 7. Apparent plate height VS. temporal average linear velocity 
at various mobile phase densities for Cl6 at 40°C. for five n-alkanes at 40°C and <us >* = 1.2. . 

Temperature, C~ISIUS 

,,,,,,,,,..........,...........-... ..“““““’ 

0 20 80 

<wt. cm/s 

Fig. 6. Apparent plate height vs. temporal average linear velocity 

at different temperatures for C16 at <~a>, = 1.2. 

height vs. temporal average linear velocity, < u > f, 
for Cl6 at 40°C and various mobile phase densities. 
The curves at lower < PR > f show significant loss of 
efficiency as the linear velocity is increased. These 
curves are similar to those reported elsewhere [ 1,15, 
171. Extremely large plate height values are observed 
at high velocities, especially at low mobile phase 
densities. The arrows identify the onset of GIBS (see 
below). 

The effect of temperature on fi for elution of Cl6 
at <pR > t = 1.2 is shown in Fig. 6. At elevated 
temperatures it should be possible to operate at 
much higher velocities before GIBS becomes a 
significant problem. This is due to the decreased 
compressibility of COz at the higher temperatures. 

The effect of solute on fi at 40°C and < PR > , = 
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1.2 is shown in Fig. 7. Severe losses in efficiency 
occur for the long-chain alkanes at even moderate 
velocities. These systems are examined in greater 
detail below. 

Contribution of gradient-induced band spreading to 

apparent plate height 
The loss of efficiency at higher velocities in Figs. 

5-7 is attributable to the presence of solute velocity 
gradients [15]. These gradients arise from the ex- 
pansion of the mobile phase and the corresponding 
increases in mobile phase velocity and solute capaci- 
ty factor as the solute band travels along the column. 
An estimate of the relative contribution of this effect 
to the overall dispersion can be obtained by exami- 
nation of the following terms: 

(i) the reduced plate height assuming density is 
constant at < PR > f with no swelling 

h _ _Z + v&l + 6K,, + 1 lK,*) + 
set - 

VW 96(1 + k:,J’ 

bJhmet(df0)*kSet 
+ 3D$‘(d,o)2(1 + k&t)* 

(24) 

(ii) the reduced plate height assuming constant 
conditions at k’ = <k’>, with no swelling 

he,, = $ + v&l + 6<k’>, + 11 <k>i2) 

96(1 + <k’ > 1)2 
+ 

2dLset(dt’)* <k’ > z 

+ 3D:(dc”)*(l + <k’ > t)2 
(25) 

(iii) the reduced plate height assuming mobile 
phase GIBS with no swelling 

h - 
1 

set*_ <l +k’>f<p,>. C 
A<(1 + k')*pR>t+ 

+%<(I +6k’+ llk’*)pR>t+ 

+ &&4’)* 
3D,o(d,o)* 

-=L &nP~k'>t 1 (26) 
The subscript “set” sets the corresponding mobile 
phase parameter to its value at a reduced density 
equal to <pR >t, and the superscript “O” sets the 
stationary phase parameter to its value in the 
absence of swelling. The subscript “set2” indicates 
that the mobile phase parameters are allowed to 
vary, but the stationary phase parameters are con- 

stant with no swelling. Both h,,, and h,,, are esti- 
mates of the reduced plate height which would be 
obtained in the absence of GIBS and stationary 
phase swelling, i.e., all column parameters are 
constant. These two terms differ only in that h,,, 
employs kLet, whereas h,,, employs <k’ > f as the 
value of the capacity factor. hset2 provides an 
estimate of the apparent plate height which would be 
observed due to mobile phase GIBS only, with no 
swelling of the stationary phase. 

The dependence of h, heSt, hSet, hset2 and <k’ > f on 
reduced velocity is shown in Fig. 8 for the elution of 
Cl6 at 40°C and <PR >t = 1.2. [Note. To facilitate 
comparison with other ,figures, the point at which 
<u>, = 5 cm/s is indicated in Figs. S-10. The 
relationship between < u > t and < v > t may be taken 
as approximately linear.] At <v>, = 2900, h^ 
reaches a value of 5000, about 50 times greater than 
h,,,, and about 18 times greater than h,,,. In contrast, 
hsef2 is essentially identical to h^ over the entire range 
of velocities, indicating that the increased band 
spreading (relative to h,,, or h,,,) is due almost 
entirely to mobile phase GIBS. For this system, 
then, GIBS is by far the major contribution to 
dispersion at high velocities for this system, and 
essentially all of the GIBS is due to changes in the 
mobile phase. 

An estimate of the onset of GIBS is given by the 
ratio of hset2 over h,,, or by hset2 over h,,,. The point 
at which the ratio h,,,2/h,,t exceeds 1.1 is marked by 
an arrow on each of the curves in Figs. 5-7. The 
onset of GIBS occurs at higher velocities as < PR > f 

Fig. 8. Estimates of reduced plate height for elution of C16 at 
40”Cand <~a>, = 1.2. Dashed line is plotted against right axis. 
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is increased (Fig. 5). Higher operating temperatures 
also increase the velocity for onset of GIBS (Fig. 6). 
Fig. 7 shows that GIBS occurs at roughly the same 
velocity for Ci 6-C40 at 40°C and < PR > f = 1.2, but 
at a significantly higher velocity for Cs. 

Contributions from the individual plate height terms 
Under conditions of laminar flow, the apparent 

reduced plate height in open-tubular chromatogra- 
phy is the sum of three terms, 

(27) 

where the subscripts 1, m, and s refer, respectively, to 
longitudinal diffusion in the mobile phase, radial 
mixing in the mobile phase, and resistance to mass 
transfer in the stationary phase. A plot of the 
apparent reduced plate height vs. <v>, for Cl6 at 
40”and <PR>t = 1.2 appears in Fig. 9, along with 
h,,, and <k’ >l. At high reduced velocities, where 
h >> h,,,, the total dispersion is due almost entirely 
to the mobile phase mixing term &,,,; the Ai and h^, 
terms are insignificant and are not visible in the 
figure. This is true also at the lower velocities, and in 
general for Cl6 at other temperatures and densities. 
A much different result is obtained for CX2 at 40°C 
and <PR>t = 1.4 (Fig. 10). At reduced velocities 
below 1500, & is the dominant term. At higher 
velocities 5 becomes the dominant term because of 
the onset of GIBS, and & decreases because of the 
increase in capacity factor. 

500 -1x) 

450 

4oc- 2. L / loo 

Fig. 9. Contributions of individual plate height terms to ap- 
parent reduced plate height for Cl6 at 40°C and <pR>, = 1.2. 
The 6, and !$ terms are too small to be seen. The h,,, curve shows 
expected efficiency in absence ofGIBS and swelling. Dashed line is 
plotted against right axis. 

Fig. 10. Contributions ofindividual plate height terms to apparent 

reduced plate height for Cs2 at 40°C and <pR >, = I .4. Dashed 
line is plotted against right axis. 

Ejjkcts oj’temperature and swelling on the stationary 
phase term 

Note that the h,,, term for C3z in Fig. 10 is much 
larger than the apparent plate height. This large 
value of h,,, is due to the stationary phase term, 
resulting from a very small predicted value of 0,” for 
Cj2 at this temperature [27]. The true magnitude of 
the stationary phase term at low temperatures is 
somewhat questionable because the value of 02 used 
represents an extrapolation of the experimental data 
obtained by Kong and Hawkes. Normally in gas 
chromatography the stationary phase term for Ca2 
would be much smaller due to the higher tempera- 
tures used and better diffusivity in the stationary 
phase; at lower temperatures poor diffusion in that 
stationary phase would be a problem even if reason- 
able retention times could be obtained. These pre- 
dictions of the model suggest that the sorption of 
mobile phase by stationary phase, and the attendant 
swelling which results, may be largely responsible 
for the achievement of acceptable efficiency in the 
separation of high-molecular-mass solutes at low 
temperatures by SFC. 

Retention time and resolution 
Retention time and resolution are two parameters 

which are of great practical importance in chroma- 
tography. Other parameters held constant, a de- 
crease in retention time produced by an increase in 
flow-rate is generally obtained at the expense of 
decreased resolution. The extremely large values of 
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Fig. 11. Retention time for C9 and its resolution from Cs at 40°C 
and -cpR>* = 1.2. Symbols: tr = retention time; alpha = 

separation factor; Rs = resolution. Dashed lines are plotted 
against right axis. 

apparent plate height due to GIBS which are 
generated at high velocities in SFC strongly suggest 
that one should avoid large pressure drops in SFC. 
However, the data presented in Fig. 11 show that it 
should be possible to simultaneously reduce the 
retention time and improve resolution by increasing 
the flow-rate. Fig. 11 shows the predicted retention 
time for C9 and its resolution from Cs for their 
elution at 40°C and <pR >t = 1.2. The resolution 
was calculated using eqn. 13. Two maxima appear in 
the R, vs. < u > f curve; one as expected at very low 
velocity(R, = 5.5at <u>~ = 0.35cm/s, t, = 2.7 h, 
barely visible near the origin), and the other at a very 

60. 

-0.2 

Fig. 12. Estimates of reduced plate height for elution of C9 at 
40”Cand -~p~>~ = 1.2. Dashed line is plotted against right axis. 

high velocity (R, = 3.2 at <u> t = 40 cm/s, t, = 
110 s). The latter resolution is also obtained at 
<u>* = 2.0 cm/s with t, = 1700 s, or about 28 min. 
The second resolution maximum occurs under con- 
ditions where GIBS is the dominant source of 
dispersion and the apparent reduced plate height is 
greater than 100 (Fig. 12). This unusual behavior is 
produced by the simulated experimental conditions 
(see Computational approach section), and appears 
to be due to an increase in the separation factor, a, at 
high velocities, also shown in Fig. 11. The separation 
factor is defined [13] 

ci = QP,; F; > /P, (28) 

While /? for C9 increases at high flow-rates, it 
increases somewhat less rapidly for Cs, leading to 
the increased separation factor and the improved 
resolution at high flow-rates. As the velocity in- 
creases beyond 40 cm/s, CI continues to increase, but 
resolution decreases due to the overwhelming effect 
of GIBS. Resolution curves with two maxima were 
observed for other solutes and at other conditions in 
this study, but in most cases the rapid increase in 
GIBS prevented significant improvements in resolu- 
tion at high velocities. This example does however 
point out the possibility of performing very rapid 
separations by using large pressure drops and flow- 
rates in SFC. 

CONCLUSIONS 

This model takes into account recently developed 
theories for retention and efficiency, as well as the 
observed effects of temperature and mobile phase 
density on system parameters, to produce realistic 
predictions of retention, efficiency and resolution in 
open-tubular SFC. The excessive band spreading 
often observed at high pressure drops, or GIBS, is 
due primarily to mobile phase processes. The maxi- 
mum pressure drop and linear velocity which can be 
used before GIBS becomes significant depends on 
a combination of temperature, temporal average 
density and solute. In general, GIBS may be largely 
avoided by working at densities and temperatures 
well above the critical values. Sorption of mobile 
phase by the stationary phase appears to be critical 
to the achievement of acceptable efficiency in the 
separation of high-molecular-mass solutes at the 
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low temperatures commonly used in SFC, due to the 
improved solute diffusivity in the swollen stationary 
phase. However, a better understanding of the effect 
of swelling on diffusivity is required to accurately 
predict the magnitude of the effect. Finally, the 
effect of density drop on separation factor has the 
potential to make possible very fast separations by 
SFC. 
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