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SUMMARY 

The influence of temperature, pressure, and density, as well as type and com- 
position of the mobile phase on capacity factors and on resolution was studied. In 
general, a shorter analysis time and lower values for the resolution were observed 
when increasing either pressure, density or modifier content or when working at 
temperatures just below the critical point. However, there are combinations of dis- 
tinct values for temperature, pressure, and composition, where capacity factors and 
resolutions reach maximum values. Knowledge of these combinations of values opens 
a variety of possibilities to optimize separations. 

INTRODUCTION 

Recently, interest in supercritical fluid chromatography (SFC) has grown sig- 
nificantly, and a need has arisen for methods to optimize separations. For that pur- 
pose, knowledge is required of the influence of chromatographic parameters on re- 
tention and separation efficiency. 

Studies have been reported on the influence of the type of mobile’-l2 and sta- 
tionary phasel-3,13-1*, temperaturel.2.6,7,'0,16,19--27, pressure2,3,7.20,23~29, and den_ 

sity of the mobile phase7*25,2s*30-32. D ue to this variety of parameters, the possibilities 
for optimizing SFC separations are considerable. Moreover, the analyst has to pay 
attention to the mutual interdependences between the different parameters. As an 
example, by varying the eluent composition at a given temperature and pressure, not 
only the critical temperature and the critical pressure of the mobile phase are affected, 
but also its chemical nature and the free volume between the eluent molecules33. 

In this work, the influence of temperature, pressure, density, and type and 
composition of the mobile phase on simple test separations is demonstrated, using 
packed columns. Their effects on the capacity factors (k’) and the resolution (R) will 
be discussed with respect to the possibilities for optimizing SFC separations. 

EXPERIMENTAL 

The apparatus, columns and chemicals used were described previously34. 
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Fig. 1. Variation of the capacity factor with column temperature at four different column outlet pressures: 
6 bar ( x ), 20 bar (0), 36 bar (+), 70 bar (#). Eluent: pentane. Solute: pyrene. 

perature when working under isobaric conditions, especially at low pressures (Fig. 
1). On increasing the temperature from ambient, where the mobile phase is a liquid, 
k’ values decrease and reach a minimum. At temperatures above the boiling point 
of the eluent and pressures below critical (i.e., at pe = 6 and 20 bar) or above the 
critical temperature at pressures above critical the k’ values increase. This increase 
is the more pronounced the lower the pressure and the higher the molecular weight 
of the solutes21J3,24. All curves in Fig. 1 pass through a maximum, except the one 
at pe = 70 bar. Thereafter the k’ values decrease to values comparable to those at 
low temperatures. 

The occurrence of maxima in k’ vs. T plots is caused by the combined action 
of two opposing effects. First, when the temperature increases from a low value the 
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eluent density and, thereby, the solute concentration in the mobile phase decreases. 
Second, at higher temperatures the vapour pressure of the solute increases and, more- 
over, the adsorption power of the stationary phase decreases. The second effect ov- 
ercompensates the first if the temperature exceeds a certain level, which is consider- 
ably above the temperature of either the boiling point or the critical point. At high 
pressures, the density decrease is too small for the first effect to become efficient and, 
therefore, the capacity factors do not show a maximum. 

The strong increase in the k’ values with increasing temperature is accom- 
panied by an increase in the resolution between two adjacent peaks and in the mean 
resolution, R,, of the four PAHs (Fig. 2). In previous studies we found that the 
maxima in R, were mainly caused by maxima in the number of theoretical plates24. 
When the pressure is not too high, R, values also pass through maxima, the positions 
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Fig. 2. Variation of the mean resolution with the temperature at four different column outlet pressures 
(symbols as in Fig. 1). Eluent: pentane. Solutes: naphthalene, anthracene, pyrene, chrysene. 
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Fig. 3. Variation of the capacity factor with the column outlet pressure. Eluent: pentane. Solutes: na- 
phthalene ( x ), anthracene (0), pyrene ($: ), chrysene (#). Column temperature: 24o’C. 

and intensities of which depend on the pressure. The temperature at which maxima 
occur for R, and k’ are about the same. Like the capacity factors, the resolution 
decreases with increasing pressure and at a column exit pressure (p,) of 70 bar, no 
maximum was observed for mobile phases containing pentane within the temperature 
range of this study. Like the maximum k’, the maximum R, is shifted to higher 
temperatures with increasing pressure. 

In SFC, pressure plays a role comparable to that of temperature in GC. By 
changing or programming the pressure, SFC separations can be varied considerably. 
As Fig. 3 shows for pyrene as the solute, capacity factors decrease upon increasing 
the pressure under isothermal conditions (240°C). Thus, analysis times are shortened, 
i.e. separations are accelerated. The influence of the pressure on the mean resolution, 
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Fig. 4. Variation of the average resolution with the column outlet pressure. Eluent: pentane. Solutes: 
PAHs. Column temperature: 240°C. 

R,, is shown in Fig. 4 for the same conditions as in Fig. 3. Resolution is seen to 
decrease considerably with increasing pressure. The effects as illustrated in Figs. l- 
4 for temperature and pressure are similar for other mobile phases and for other 
solutes of low molecular weight. High-molecular-weight solutes usually require rather 
high pressures (densities) to be eluted. 

The three parameters pressure, temperature, and density are related by an 
equation of state, i.e. every combination of temperature and pressure defines the 
density. For the most common eluents, especially for alkanes and carbon dioxide, 
density data are available in the literature. The density is more directly related to 
solubility, viscosity and to the diffusion coefficient than is the pressure for a given 
mobile phase. Therefore, k’ may be plotted VS. density (p) rather than VS. pressure. 
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Fig. 5. Variation of the capacity factor with the density. Eluent: pentane. Solutes: PAHs (symbols as in 
Fig. 3). Column temperature: 240°C. 

As shown in Fig. 5, the plots of the logarithm of capacity factors versus density at 
a constant temperature of 240°C using pentane, show more or less straight lines. 
The negative slope reflects a decrease in retention with increasing density and a con- 
current decrease in the distribution ratio. The variation of the capacity factor with 
the density is a function of the temperature and of the solute. 

The influence of the density on the mean resolution is similar to that of the 
pressure, as is shown in Fig. 6 using the same conditions as in Fig. 5. Thus, upon 
increasing the column pressure and thereby the mobile phase density, separations are 
speeded up at the expense of resolution. Since the liquid volume flow-rate was always 
1 ml/min, a twofold increase in density entails a twofold decrease in linear velocity 
in the column. As Fig. 6 shows, this decrease does not suffice to prevent a strong 
decrease in R,. 
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Fig. 6. Variation of the average resolution with the density. Eluent: pentane. Solutes: PAHs. Column 
temperature: 24o’C. 

As is the case in HPLC, the type of mobile phase has a decisive influence on 
the separation behaviour in SFC. By choosing different eluents, the solvating power 
for a given solute can be varied considerably. Besides carbon dioxide, which is fre- 
quently used because of its low critical temperature of 31.3”C, alkanes are common 
eluents in SFC. Homologues of pentane, e.g. butane and propane yield results similar 
to pentane for the effects of temperature and pressure. The k’(T)-isobars at similar 
reduced pressures (Fig. 7) also show maxima. Indeed maxima were obtained with all 
other eluents examined. However, differences exist with respect to the positions and 
the magnitudes of these maxima. Due to the decreasing critical temperatures, they 
are shifted to lower temperatures in the order pentane, butane, and propane. More- 
over, the smaller the solvent molecule, the higher the maximum. 
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Fig. 7. Variation of the capacity factor with the column temperature, comparing three homologous alkanes 
at similar reduced pressures. Eluents and column outlet pressures: propane (+) at p. = 43 bar, butane 
(0) at pr = 39 bar, pentane ( x ) at pe = 36 bar. Solute: pyrene. 

The same statements can be made with regard to the chromatographic reso- 
lution (IQ comparing different alkanes. Using propane, significantly higher resolu- 
tions at lower temperatures can be obtained than using pentane (Fig. 8). Conse- 
quently, the use of lower members of a homologous series permits working at lower 
temperatures and provides increased resolution at the same time. On the other hand, 
if a higher solvent strength of the eluent is needed, one may increase the pressure 
(density) of the same eluent, or else one may change to a higher homologue. This 
applies also if one desires a shorter analysis time. 

Not only by changing the mobile phase, but also by adding a second compo- 
nent to a primary eluent, can the properties of the mobile phase be altered consider- 
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Fig. 8. Variation of the average resolution with the column temperature, comparing three homologous 
alkanes. Eluents: pentane, butane, propane (symbols and column outlet pressures as in Fig. 7). Solutes: 
PAHs. 

ably. If the second component dioxane shifts the distribution of the solute towards 
the mobile phase, then the capacity factors decrease with increasing dioxane content 
in the eluent mixture at constant temperature (Fig. 9). Eventually at high dioxane 
concentration, coelution of the sample components may be observed. The capacity 
factors of larger molecules are reduced more than those of smaller molecules. For 
the chromatographic analysis of a homologous series, this implies that the elution of 
the higher members will be accelerated more strongly than that of the lower members. 

With packed columns, especially with modified (bonded) silica, it has fre- 
quently been observed that small modifier concentrations (below 1%) already show 
a considerable reduction in k’ due to the interaction of the modifier with the sta- 
tionary phase. The effect is larger than what may be expected from a change in mobile 
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Fig. 9. Variation of the capacity factor with the mobile phase composition. Eluent: pentane-1,4-dioxane. 
Solutes: PAHs (symbols as in Fig. 3). Column temperature: 240°C. Column outlet pressure: 36 bar. 

phase composition alone 8,g. This “modifier effect” has been ascribed to interactions 
with highly active sites of the stationary phase. This has been confirmed by the work 
of Wright and Smith12, who failed to obtain similar effects on polysiloxane coated 
capillary columns. In our present work, these “modifier effects” have not been studied 
explicitely; the experiments concentrated on studying variations in solvent strength. 

The shape of the curves of resolution VS. dioxane content (Fig. 10) is more 
complex than those for the capacity factors. Adding small amounts of dioxane not 
only led to shorter analysis times, but also to a decrease in peak widths. Therefore, 
the resolution reached a maximum at about 10% (v/v) of 1,4-dioxane for the ex- 
ample shown here. A further increase in the amount of dioxane then causes resolution 
to decrease considerably. 
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Fig. IO. Variation of the average resolution with the mobile phase composition. Eluent: pentane-1,4- 
dioxane. Solutes: PAHs. Column temperature: 240°C. Column outlet pressure: 36 bar. 

With mixed eluents, maxima are observed in the temperature dependence of 
capacity factors and resolution, just as described above for pure eluents. Thus, with 
mixed eluents, for a given composition and pressure, capacity factors and resolution 
show maxima at certain temperatures. These temperatures are shown in Fig. 11 for 
the capacity factors of pyrene and in Fig. 12 for the resolution of the peak pair 
anthracene-pyrene. The mobile phase was a mixture of pentane and 1,Cdioxane. 
With increasing dioxane concentration and with increasing pressure, the maxima in 
the capacity factors and the resolution are shifted to higher temperatures. Above a 
certain dioxane concentration, no maximum in k’ and R, could be observed within 
the examined temperature range. From the graphs of Fig. 12, conditions of maximum 
resolution can be deduced as follows. For a given set of two parameters (e.g., eluent 
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Fig. 11. Temperature of the maximum in the plots of capacity factor vs. eluent composition. Eluent: 
pentane-1,4-dioxane. Solute: pyrene. 

composition and pressure), the value for the third parameter (temperature) can be 
read from the diagram. Although the diagram gives no information about the ab- 
solute resolution values, it represents the location of the maxima. The figure can be 
applied for optimizing multiple gradient separations. 

CONCLUSION 

SFC offers a wide range of possibilities for optimizing separations by improv- 
ing resolution as well as by reducing analysis time. The resolution increases with 
decreasing pressure (Figs. 2 and 4) or density (Fig. 6) and is highest at the temperature 
of the resolution maximum (Figs. 8 and 12). The reduction of capacity factors can 
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Fig. 12. Temperature of the maximum in the plots of VS. duent composition. Eluent: pentane-1,4-dioxane. 
Solutes: anthracene, pyrene. 

be achieved by increasing pressure and, thereby, density (Figs. 1, 3 and 5), or by 
choosing a mobile phase with enhanced solution power, e.g., applying higher mem- 
bers of a homologous series (Fig. 7) or binary eluents (Fig. 9). 
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