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Abstract 

The retention process in supercritical fluid chromatography 
depends on the solute volatility as well as the strength of the 
mobile phase. When the capacity factor is plotted as a function of 
temperature at constant pressure, the curve passes through a 
maximum point. At higher temperatures, the capacity factor 
decreases as the temperature increases, and at lower temperatures 
the opposite is observed. This makes prediction of the capacity 
factor in supercritical fluid chromatography complicated. Rigorous 
thermodynamic equations to predict retention characteristics 
result in complex equations. A simple empirical approach for 
prediction of the capacity factor as a function of mobile phase 
density and column temperature is presented. 

Introduction 

Supercritical fluid chromatography (SFC) occupies the 
middle ground between gas chromatography (GC) and liquid 
chromatography (LC). Retention in gas chromatography de
pends on the solute volatility and the solute-stationary phase 
interactions. Because both these factors are temperature de
pendent, retention is usually controlled by changing the 
column temperature. In LC, however, it is the strength of the 
mobile phase rather than the temperature which controls re
tention. Retention in chromatography is usually measured as 
the capacity factor (k'): 
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column temperature, and the strength of the supercritical mo
bile phase depends on its state of compression, or density. Typ
ical variation of k' as a function of temperature and pressure is 
shown in Figure 1. At higher temperatures, SFC behaves like 
GC, that is, k' decreases as temperature increases when pres
sure is held constant. This GC-type behavior is attributed to so
lute volatility, which increases with temperature. However, at 
lower temperatures, the opposite is observed: the capacity 
factor increases when temperature is increased and pressure 
remains constant. As the temperature increases, the density of 
the supercritical fluid decreases, reducing its solvent strength. 
In this region, it is the strength of the mobile phase rather than 
the volatility which plays an important role. SFC exhibits LC-
type behavior where k' decreases with increased solvent 
strength. This phenomenon is used in SFC for reverse tem
perature programming (1,2), which serves the same purpose as 
gradient elution in LC. As a result of GC- and LC-type mecha
nisms, a maximum is observed when the capacity factor is 
plotted as a function of temperature at constant pressure. This 
phenomenon has been reported for a variety of mobile 
phase-analyte systems (3-7). 

Several papers in the literature describe attempts to model 
the retention process in SFC, that is, to predict the capacity 
factor as a function of temperature, pressure, or density. GC-
and LC-type behavior are difficult to model, and no compre
hensive predictive model is available at this point. Rigorous 
thermodynamic models using equations of state have been 
proposed (8,9). However, even a simple two-constant equation 
of state results in a complex algebraic equation that may not 
have unique solutions and may have to be solved numerically. 
These models also require the knowledge of certain thermo
dynamic parameters that are not readily available in the liter
ature and need to be determined experimentally. Several re
searchers have reported a linear relationship between the 
logarithm of the capacity factor and density at constant tem
perature (3). At higher densities, some investigators have re
ported (4,10) deviation from the linear relationship and suggest 
a logarithmic relationship: 
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Eql 

where tR is the retention time and t0 is the time required by an 
unretained substance to elute from the column. In GC, de
creases as the column temperature is increased. In LC, k' de
creases with an increase in the strength of the mobile phase. In 
SFC, the solute volatility and the strength of mobile phase 
play important roles. The solute volatility depends on the 

Eq2 
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where a and b are temperature-dependent constants. Luffer 
and co-workers (11) expanded Equation 2 to develop an em
pirical equation for the capacity factor of polycyclic aromatic 
hydrocarbons. The logarithm of the capacity factor was also 
shown to correlate with density (at constant temperature) in a 
quadratic form (12,13). 

Chester and Innis (3) tried to correlate retention in SFC 
and GC. They computed the enthalpy of interaction between 
the solute and the stationary phase from the slope of a van't 
Hoff plot of In kl versus the inverse of temperature (1/T). In 
SFC, this plot is a straight line at the higher temperatures 
where GC-type behavior is observed. At low temperatures (and 
higher densities), when the solvating effect becomes the dom
inant factor (LC-type behavior), deviation from linearity is ob
served. The difference between the extrapolated straight line 
and k' at any given temperature was attributed to solute-mo
bile phase interaction at that point. Berger (4) extended this ap
proach to a model of the following form: 

The first term in this equation accounts for the solute-sta
tionary phase interaction, which was assumed to be same for 
GC and SFC and was computed using van't Hoff plots. H s _ m p 

and H m p _ s p denote enthalpies of solute-mobile phase and 
mobile phase-stationary phase interactions and account for the 
LC-type behavior. The enthapy of interaction between the 
mobile phase and the solute depends on density. Thus, appli
cation of this model requires the knowledge of enthalpy as a 
function of density. Martire (13) proposed a general equation 
that derives the capacity factor: 

Eq4 

where In k'0 is the stationary phase contribution, corre
sponding to the ideal gas-liquid chromatography. The mobile 
phase contribution is accounted for by the second term. The 
model was expanded for retention of n-alkanes in the C 0 2 

mobile phase: 

Eq5 

Eq6 

where G ° v d w is the free energy change contribution to the 
interaction between the solutes and ligand; G°C is the free 
energy of solute transfer between the stationary phase to 
mobile phase based on the creation of a solute-sized cavity in 
mobile phase; and G° i n t accounts for the interaction between 
the solute with solvent. P0 is the pressure; V is the molar 
volume of the solvent; and β is the ratio of the mobile phase to 
the stationary phase volume. G°C is considered negligible 
for SFC, and retention was described as follows: 

Eq7 

Figure 1. The capacity factor of fluoranthene as a function of temperature at different pressures. The 
lines represent experimental data from Reference 4. The points were calculated using Equation 9. 

Some of the previously mentioned models have described 
specific experimental data adequately. Theoretical models based 
on thermodynamic principles are complex and require the 
knowledge of certain parameters and constants that are not 
easily available. As observed in the previous discussion, several 
empirical relationships have described the variation of k1 with 
density at constant temperature, but no comprehensive model 
that predicts k' as a function of density and temperature is 
available. 

The objective of this investigation was to develop a simple 
model that can predict retention in SFC as a function of tem
perature and density. In other words, from the knowledge of k' 
at a few points in temperature and density, k' can be predicted 

at all other operating conditions. The 
models developed here are compared with 
models available from the literature. 

Description of data 
Two sets of data from the literature were 

used for developing empirical correlation: 
k' for hexadecane in C0 2 (3) and k' for flu
oranthene in C 0 2 (4). The C0 2-fluoran-
thene system consisted of six capacity factor 
isobars between 90 and 140 atm measured 
in the range of 35-220°C with a methyl sil
icone capillary column. The C02-hexade-
cane data consisted of four capacity factor 
isobars between 81 and 115.7 atm that were 
measured in the range of 31-70°C with a 
BP-10 capillary column. In each data set, 
the GC-type and the LC-type behavior could 
be seen, and the capacity factor maxima 
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r a and r b are estimated from the ratio of the respective van der 
Waals volumes. 

Sakaki and co-workers (14) applied the retention mecha
nisms of reversed-phase liquid chromatography to SFC. The 
free energy change ( G0) of the solute transfer was expressed 

Eq3 
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was present. Additional sets of data consisting of the capacity 
factor measurements of different organic molecules in ethane, 
N 2 0 , pentane, and C 0 2 (1,3-5,15) were examined to see if they 
showed similar behavior. Data from both packed and capillary 
columns were analyzed. A list of the data sets studied is pre
sented in Tables I and II. 

Data analysis 
Retention in SFC is sensitive to density (16), so accurate 

computation of density at different temperatures and pres
sures was important in this analysis. Experimental values of the 
density of C 0 2 at different temperatures and pressures were 
published by Vuklovich and Altunin (17), but these are in
complete at some temperature ranges, especially near the crit
ical region. Therefore, the density of C 0 2 was computed from 
density tables supplied by the Lee Scientific Division of Dionex 
Corp. (Salt Lake City, UT). The Lee Scientific density tables are 
generated using a two-constant equation of state. There was 
good agreement between the Lee Scientific densities and the 
experimental values of Vuklovich and Altunin (17). The densi
ties of N 2 0, pentane, and ethane were also calculated using the 
Lee Scientific tables. Multiple regression was used to find a re
lationship between the capacity factor, temperature, and den
sity using the Statgraphics statistical analysis package (STSC, 
Inc.; Rockville, MD). 

Results and Discussion 

Of temperature, pressure, and density, only two parameters 
may be considered independent variables. Density of a super
critical fluid is normally computed as a function of temperature 
and pressure using an equation of state. At any given tempera

ture, density increases with an increase in pressure; and at any 
given pressure, density decreases with an increase in temperature. 

The variations of the capacity factor of fluoranthene with 
temperature and pressure are presented in Figure 1. As men
tioned previously, the capacity factor is known to correlate 
more closely with density than with pressure. Therefore, tem
perature and density were chosen as the independent vari
ables. To see what combination of temperature and density 
resulted in the same values, density and temperature were 
plotted against one another at constant capacity factor (see 
Figure 1). The results for retention of fluoranthene in C 0 2 are 
shown in Figure 2. At a certain k' value, the plot of temperature 
versus density results in a straight line. In other words, when 
the column temperature was increased, the density had to be 
decreased to keep the capacity factor constant. A series of par
allel lines was obtained that represented different values of 
log k'. A similar relationship between density and temperature 
at a constant capacity factor was also observed for retention of 
hexadecane in C 0 2 . These data are not presented here for the 
sake of brevity. 

Because density and temperature were linearly correlated at 
a constant k it may be inferred that 

Eq l 

where f(kl) is some function of k1;T and ρ are temperature and 
density, respectively; and a', b', and c' are constants. The rela
tionship between the capacity factor, temperature, and density 
was obtained by multiple regression. The logarithm of the ca
pacity factor correlated with reduced density (density/critical 
density) and reduced temperature (temperature/critical tem
perature in degrees Kelvin) as: 

Table I. Coefficient of Temperature-Density Model (Equation 9): In k' = a + bρR + cTR 

a SE*ofa b SEofb c SE of c r2 Model SE Column Reference 

C02 as mobile phase 
Dodecane (C 1 4) in C 0 2 9.46 0.44 -4.61 0.22 -6.86 0.29 0.98 0.08 Capillary 3 
Tetradecane (C 1 4) in C 0 2 10.7 0.99 -4.54 0.43 -7.21 0.69 0.89 0.20 Capillary 3 
Hexadecane (C 1 6) in C 0 2 15.8 0.41 -6.71 0.18 -10.1 0.28 0.98 0.12 Capillary 3 
Nonanoic acid 12.2 0.93 -3.84 0.40 -8.38 0.61 0.96 0.10 Capillary 3 
Benzol[e]pyrene 11.4 0.66 -4.34 0.25 -5.56 0.37 0.98 0.04 Capillary 3 
Perylene 13.8 0.33 -5.45 0.16 -6.73 0.18 0.99 0.02 Capillary 4 
Fluoranthene 13.4 0.45 -5.82 0.20 -7.12 0.27 0.97 0.11 Capillary 4 
Chrysene 10.5 0.34 -4.01 0.14 -5.44 0.19 0.99 0.02 Capillary 4 
Chrysene 14.6 0.65 -3.45 0.18 -6.53 0.37 0.92 0.15 Packed 15 
2-Nitrotoluene 12.1 0.34 -6.68 0.21 -7.99 0.24 0.99 0.11 Capillary 5 
3-Nitrotoluene 12.6 0.26 -7.36 0.16 -8.09 0.19 1.00 0.24 Capillary 5 
4-Nitrotoluene 12.6 0.25 -6.93 0.17 -8.05 0.18 0.99 0.09 Capillary 5 

C2H6 as mobile phase 
Chrysene 22.0 1.46 -7.75 0.68 -9.55 0.70 0.90 0.21 Packed 15 

N20 as mobile phase 
Chrysene 16.6 0.65 -4.20 0.15 -7.85 0.39 0.99 0.21 Packed 15 

Pentane as mobile phase 
Biphenyl 11.5 3.22 -1.91 0.19 -8.13 3.02 0.94 0.19 Packed 1 

* Standard error. 
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where a, b, and c are constants, and ρR and TR represent mo
bile phase reduced density and reduced temperature, respec
tively. 

Several data sets representing different analyte-mobile phase 
combinations were correlated using Equation 9, and the results 
are presented in Table I. It can be seen in Table I that the ca
pacity factor of both polar and nonpolar solutes may be pre
dicted using Equation 9. The data from packed and capillary 
columns appear to fit this model. The data sets studied here 
represent a reasonably wide range of capacity factors, temper
atures, and densities (or pressures) that one may expect to en
counter in SFC. 

The significance level, expressed as the probability that the 
values of a certain constant (a, b, c) were 0, was less than 5% 
for all the analyte-mobile phase systems. The distribution of 
residuals was also random, indicating that there were no sys
tematic deviations in the model. The square of the multiple re
gression coefficient, r 2, is a measure of variance explained by 
the model. For all the systems studied here, r 2 was found to be 
between 0.89 and 0.99. The high r 2 values obtained for so 
many diverse systems indicate that Equation 9 describes the re
lationship between the capacity factor, temperature, and den
sity adequately. As a result, the model values in Figure 1 using 
Equation 9 are in agreement with the experimental results. 
Equation 9 also appears to predict the position of the maxima 
in Figure 1. 

The term bρR accounts for the solvating effect of the mobile 
phase, and cTR accounts for the volatility effect. The magni
tude of constants b and c determines the relative dependence 
of the capacity factor on temperature and density. These values 
depend on the analyte, the mobile phase, the stationary phase, 
and the type of column (capillary or packed). These constants 
are independent of temperature, pressure, and density. The 

ratio of c to b is the slope of the constant capacity factor line in 
Figure 2. 

In 1991, empirical equations for predicting equilibrium sol
ubility of solutes in supercritical fluids as a function of tem
perature and density were published (18). When density and 
temperature were plotted against one another at constant sol
ubility, parallel lines similar to Figure 2 were obtained (19). 
This showed that when temperature was increased, density 
had to be decreased to keep the solubility constant. It was 
found that the logarithm of solubility correlated with density 
and temperature in a manner similar to Equation 9. Unlike k', 
solubility increases with temperature and density, and the co
efficients b and c have positive values. This demonstrates that 
retention of a certain analyte in SFC is closely related to its sol
ubility in the mobile phase. This is in agreement with the pub
lished hypothesis that the capacity factor is inversely propor
tional to solubility (19,20). 

Equation 9 is applicable only in the temperature-pres
sure-density region studied, although the data used in this 
study included a wide range of k' values (0.2-50). At higher 
densities, stronger intermolecular interactions may cause de
viation from Equation 9. As discussed previously, at high mo
bile phase densities where k' is rather small, the relationship 
between k' and density at constant temperature tends to be 
nonlinear. 

Bartle and co-workers (20) reported that k' and solubility are 
related as follows: 

Eq 10 

where S is solubility and C is a temperature dependent con
stant. C varies as a function of temperature as (21): 

Table II . Coefficient of Temperature-Density Model (Equation 14): In k' = a + b In ρR + cTR 

a SE* of a b SE of b c SE of c r2 Model SE Column Reference 

C02 as mobile phase 
Dodecane (C 1 4) in C 0 2 6.31 0.47 -2.37 0.17 -7.68 0.48 0.95 0.12 Capillary 3 
Tetradecane (C 1 4) in C 0 2 8.24 0.67 -2.69 0.21 -8.84 0.67 0.92 0.17 Capillary 3 
Hexadecane (C 1 6) in C 0 2 11.5 0.46 -3.73 0.15 -11.6 0.46 0.96 0.17 Capillary 3 
Nonanoic acid 10.9 1.03 -2.71 0.36 -10.6 1.06 0.94 0.13 Capillary 3 
Benzo[e]pyrene 11.2 0.51 -4.59 0.21 -9.13 0.45 0.99 0.03 Capillary 3 
Perylene 12.5 0.55 -5.09 0.27 -10.2 0.51 0.99 0.03 Capillary 4 
Fluoranthene 10.6 0.69 -4.38 0.28 -9.61 0.65 0.91 0.21 Capillary 4 
Chrysene 10.1 0.35 -4.05 0.15 -8.53 0.31 0.99 0.02 Capillary 4 
Chrysene 12.0 0.99 -3.42 0.34 -7.31 0.78 0.76 0.26 Packed 15 
2-Nitrotoluene 6.85 0.74 -2.75 0.26 -8.12 0.70 0.93 0.30 Capillary 5 
3-Nitrotoluene 6.84 0.54 -3.08 0.19 -8.25 0.51 0.96 0.24 Capillary 5 
4-Nitrotoluene 7.02 0.55 -2.81 0.20 -7.98 0.51 0.95 0.26 Capillary 5 

C2H6 as mobile phase 
Chrysene 12.8 1.17 -4.52 0.69 -8.17 1.01 0.76 0.32 Packed 15 

N20 as mobile phase 
Chrysene 14.1 1.60 -4.78 0.48 -9.51 1.26 0.89 0.28 Packed 15 

Pentane as mobile phase 
Biphenyl 8.45 0.52 -1.30 0.02 -7.18 0.50 0.99 0.03 Packed 1 

* Standard error. 
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Chrastil and co-workers (22) correlated solubility as a function 
of density (ρ): 

Eq 12 

where C' is constant, and H°m is the enthalpy of solvation and 
vaporization. This was assuming that at equilibrium, one 
molecule of a solute associated with η molecules of solvate 
complex. Replacing the solubility by Equation 12, one can pre
dict the equation: 

Eq 14 

where a, b, and c are constants. The results from this correla
tion are presented in Table II. The same analyte-mobile phase 
systems were studied. The values of r 2 were found to be be
tween 0.76 and 0.99, showing relatively good correlation be
tween k', density, and temperature. The significance levels for 
all the constants a, b, and c were also below the 5% level for all 
analyte-mobile phase systems. 

For a certain analyte-mobile phase system, one of the pre
viously mentioned equations may be more appropriate than 
the other. Based on data presented in Tables I and II, there is 
no clear indication as to which equation is a better model 
overall. Further research is necessary in this area to make a de
termination. Judging by literature reports (4,10), Equation 
14 may be expected to provide a better fit for measurements at 
low k'. However, chromatography is seldom performed at very 
low or very high capacity factors. Consequently, from a prac
tical point of view, Equation 9 may be expected to work well for 
most systems. 

It would be more convenient to have a model in terms of 
pressure rather than density because pressure is an actual 
process parameter, whereas density is not. Density may be 

substituted in Equations 9 and 14 as a function of temperature 
and pressure. However, even simple equations of state such as 
the Peng-Robinson or Redlich-Kwong result in quadratic 
equations with multiple roots, making direct substitution dif
ficult. Therefore, it is easier to simply compute the operating 
pressure from density and temperature. The advantage of 
models such as Equations 9 and 14 is that from a minimum of 
three experimental measurements the constants a, b, and c can 
be computed, and the capacity factor can be predicted in a wide 
range of temperatures and densities (or pressures). Conse
quently, these equations can be useful in optimizing chro
matographic conditions. The simplicity of these equations is an 
added advantage because they can be readily employed in de
veloping other relationships in SFC. 

Two candidate empirical models based on the work by 
Martire (13) and Sakaki and co-workers (14) were also tried. 
The model from Martire presented in Equation 5 may be rear
ranged as follows: 

Eq 15 

where a, b, c, and d are assumed to be constants independent 
of T R and ρR. 

Another model can be developed by modifying the model 
published by Sakaki and co-workers (14). Because density is 
equal to mass (M) divided by volume (V), Equation 7 can be re
duced to the following: 

Eq 16 

Figure 2. Plot of temperature versus density at different capacity factors for fluoranthene in CO2 

where a, b, c, and d are constants independent of temperature 
and density. 

Equations 15 and 17 have four constants and require more 
data points for model validation. Five data sets of fluoran

thene in C 0 2 ; chrysene in C 0 2 , N 2 0 , and 
C 2 H 6 ; and hexadecane in C 0 2 were used 
compare the models because each of them 
contained a relatively large number of mea
surement at multiple pressures. The result 
is presented in Table III. It is seen that 
Equations 9 and 14 provide better fits than 
Equations 15 and 17. The standard errors 
were lower. The model based on Sakaki's 
equation did not hold well for the hexade-
cane-C0 2 system. The standard errors of 
constants were high, and the significance 
levels for two of the constants were as high 
as 0.21. Consequently, this model was re
jected. Martire's model appears to fit all the 
data sets, but the standard errors for the 
hexadecane-C02 and chrysene-C0 2 sys
tems were higher than those obtained by 
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Eq. 17 

Assuming G ° v d w , G ° i n t , and Μ to be constants, Equation 16 
may be rearranged as a function of reduced temperature and 
reduced density: 

which can be rearranged as follows: 
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Table III . Comparison of Various Models 

a SE of a b SE of b c SE of c d SE r 2 Model SE Reference 

Fluoranthene in C02 4, Capillary 
In kl = a + bρR + cTR 13.4 0.45 -5.82 0.20 -7.12 0.27 0.97 0.11 
In k' = a + b In ρR + cTR 10.6 0.69 -4.38 0.28 -9.61 0.65 0.91 0.21 
In k' = a + b In ρR + c/Tr + dIn 7R 31.4 7.81 -30.9 7.81 -4.02 0.33 -35.2 5.54 0.92 0.20 
In kl = a + bρR + cρR/TR+dρR

2/TR 2.14 0.39 -23.3 2.79 31.76 2.88 -8.73 0.74 0.91 0.21 

Chrysene in C02 15, Packed 
In kl = a + bρR + cTR 14.6 0.65 -3.45 0.18 -6.53 0.37 0.92 0.15 
In k' = a + b In ρR + cTR 12.0 0.99 -3.42 0.34 -7.31 0.78 0.76 0.26 
In k'= a + b In ρR + c/TR + d In TR 295 16.9 -2.92 0.16 -46.0 3.20 -43.0 2.41 0.95 0.12 

In kl = a + bρR + cρR/TR+dpR

2/TR 

3.26 0.37 -9.87 1.76 15.7 2.33 -3.62 0.52 0.67 0.31 

Chrysene in N20 15, Packed 
In K' = a + bρR + cTR 16.6 0.65 -4.20 0.15 -7.85 0.39 0.99 0.10 
In kl = a + b In ρR + cTR 14.1 1.60 -4.78 0.48 -9.51 1.26 0.89 0.28 
In k' = a + b In ρR + c/TR + d In TR 54.1 10.5 -4.28 0.40 -50.6 10.8 -50.1 8.15 0.94 0.21 
In k' = a + bρR + cρR/TR+dρR

2/TR 
3.99 0.32 -13.2 1.35 17.9 1.65 -3.22 0.33 0.96 0.17 

Chrysene in C2H6 15, Packed 
In kl = a + bρR + cTR 22.0 1.46 -7.75 0.68 -9.55 0.70 0.90 0.21 
In k' = a + b In ρR + cTR 12.8 1.17 -4.52 0.69 -8.17 1.01 0.76 0.32 
In kl = a + b In ρR + c/TR + d In TR 46.0 7.03 -4.54 0.53 -42.3 7.21 -42.5 5.64 0.85 0.25 
In k' = a + bρR + cρR/TR+dρR

2/TR 4.85 0.39 27.2 1.90 -17.7 1.13 -232 20.4 0.92 0.18 

Hexadecane in C02 4, Capillary 
In k' = a + bρR + cTR 15.8 0.41 -6.71 0.18 -10.1 0.28 0.98 0.12 
In k' = a + b In ρR + cTR 11.5 0.46 -3.73 0.15 -11.6 0.46 0.96 0.12 
In k' = a + b In ρR + c/TR + d In TR 13.5† 10.5 -3.74 0.15 -13.6+ 10.7 -25.4 8.77 0.86 0.17 

In kl = a + bρR + cρR/TR+dρR

2/TR 

1.93 0.43 -30.5 2.70 36.3 2.27 -7.88 1.43 0.92 0.24 

* Standard error 
† Significance level over 0.05 

Equations 9 and 14. Considering all these factors, including the 
additional constant in Martire's model, it was determined that 
Equations 9 and 14 are the most useful empirical models for 
predicting the capacity factor. 

Conclusion 

Empirical equations for predicting the capacity factor as a 
function of reduced temperature and reduced density are pre
sented. Several data sets representing different types of ana
lytes, stationary phases, and mobile phases were studied. The 
equations developed here appear to model all the systems ac
curately. 
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