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SUMMARY 

In supercritieal fluid chromatography (SFC), the permanent chemical modi- 
fication of a silica stationary phase whichoccurs when eluent mixtures containing 
l&lioxane are used leads to decreased retention with ethane and carbon dioxide as 
the mobile phases. Contrary to ethane, with carbon dioxide improved resolution is 
obtained on the dioxane-modified silica stationary phase. The chromatographic 
parameters capacity factor, selectivity, and mean resolution for a test mixture of 
aromatic compounds showed maxima as a function of temperature. The intensity of 
these maxima decreased with increasing pressure and increasing amount of 1 ,Cdiox- 
ane in mixtures with carbon dioxide or ethane. Furthermore, their positions were 
shifted to higher temperatures with increasing pressure and with increasing dioxane 
content, the latter effect being due to the much higher critical temperature of dioxane 
compared to carbon dioxide and ethane. The data presented can be used for opti- 
mixing SFC separations with mixed mobile phases. 

INTRODUCTION 

Similarly to liquid chromatography, the solvent strength of the mobile phase 
in supercritical fluid chromatography (SFC) can be increased by using mixed eluents 
in which at least one of the components of the mixture possesses high solvent strength 
for the substrate. In general, the critical temperature, T,, of an eluent mixture is 
located between the critical temperatures of the components. Thus, if one of the 
components possesses a particularly high T,, the T, of the mixture usually increases 
greatly with increasing content of this component. 

Mobile phases with~high solvent strength and high solubility parameter gen- 
erally also have high critical temperatures. In order to work with mixed eluents at 
supercritical, but relatively low, temperatures, it is therefore necessary to choose as 
the primary component of the mixture a compound of low T,. Accordingly, carbon 
dioxide- or ethane-based mixed mobile phases are of particular interest. Carbon diox- 
ide is inexpensive, has low toxicity, a lack of inflammability and a considerable dis- 
solution ability for a variety of compounds. 
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To optimize separations with eluent mixtures, detailed knowledge is needed 
about the relationships between the mobile phase composition and chromatographic 
parameters and the dependence of these parameters on temperature and pressure. 
For characterizing a chromatographic separation, plate numbers, n, plate heights, h, 
and the resolution, R, should be determined in addition to retention times, tR, ca- 
pacity factors, k’, and selectivities, CI. Whereas for the determination of tR, k’ and 
a, only retention, i.e., thermodynamic data are needed, for n, h and R additional, 
kinetic data on the width and shape of the peaks are required. 

For one-component eluents, the dependence of the chromatographic param- 
eters on temperature and pressure has been extensively studied, employing packed 
columns (see ref. 1 and references cited therein). Studies on binary mobile phases 
with pentane as the primary component have also been reportedzp5. For the separa- 
tion of vinyl oligomers with aromatic side groups, 1,Cdioxane has been found to be 
a suitable secondary component for alkane- or carbon dioxide-based mixed mobile 
phases+*. Distinguishable from binary mobile phases, where the second component 
influences the chromatographic process mainly by altering the mobile phase prop- 
erties, are mobile phases where the second component affects the chromatographic 
parameters mainly by interaction with the stationary phase. This type of second 
component is usually needed in much smaller amounts than the first type. The influ- 
ence of such low “modifier” amounts on retention and peak shape has frequently 
been describedg-17. With few exceptions where capillary columns have been em- 
ployed’ 6-1 *, these binary mobile phases have been used with packed columns where 
the peak symmetry was often considerably improved upon addition of a modifier. 
For example, adding 1% methanol to carbon dioxide was found to improve the peak 
shape for the elution of 13H-dibenzo[a&arbazole on a Ci s reversed-phase column1 3. 

In this communication, the results obtained with mixtures of carbon dioxide 
as well as of ethane with 1,Cdioxane are reported. The eluent composition, temper- 
ature and pressure were varied systematically, employing dioxane contents of up to 
30%. As the test substrate, a mixture of the aromatics, naphthalene, anthracene, 
pyrene and chrysene, was used, the stationary phase being silica chemically modified 
by means of dioxane before use. The test mixture simulates a homologous series, and 
the results obtained may therefore be applicable also to the optimization of oligomer 
separations. 

EXPERIMENTAL 

A high-performance liquid chromatography (HPLC) instrument (1084B, Hew- 
lett-Packard), modified for SFC as described6, was used throughout this study. The 
separation column (stainless steel, 25 cm x 4.6 mm I.D.) was packed with LiChro- 
sorb Si 100, 10 pm (Merck, Darmstadt, F.R.G.), using a slurry method’. In addition 
to measurement and control of the volume flow-rate (feed rate) of the liquid eluents 
at the pumps, the flow-rate was also determined at the instrument outlet. For that 
purpose, the eluent stream was depressurized and led into a simple device shown in 
Fig. 1. The secondary component of the eluent mixtures, 1,6dioxane, was condensed 
by cooling and collected in a burette (l), enabling the determination of its volume 
flow per unit time. For measuring the flow of the gaseous primary component, the 
remaining gas stream was led into the top of a gas burette (2) filled with acidified 



SFC WITH CARBON DIOXIDE- AND ETHANE-1 ,4-DIOXANE AS ELUENTS 107 

cooling 
liquid 

effluent 
inlet 

liquid 
outlet 

Fig. 1. Device for flow-rate measurements at the exit of an SFC apparatus (for explanations see Experi- 
mental section). 

water and saturated with carbon dioxide or ethane prior to the measurement. The 
gas flow was measured by displacing water from the burette (2) into the niveau vessel 
(3). 

Carbon dioxide (99.995%) and ethane (99.5%) were obtained from Messer 
Griesheim (Hiirth, F.R.G.). Either eluent was supplied to the pumps as a liquid from 
a pressure cylinder, passing through a cascade of sintered metal filters of decreasing 
pore diameter from 40 to 5 ,um. 1,4-Dioxane was distilled twice from sodium before 
use. 

As in previous studieslP5, an analyte mixture of the polycyclic aromatic hydro- 
carbons naphthalene, anthracene, pyrene and chrysene was employed. 

Capacity factors, k’, selectivities, a, plate numbers, n, and resolutions, R, were 
calculated as described previously19J0: 

kf -= 
tR,i - f0 

(1) 

t0 

aij = kj/ki (2) 

2 

.8 In 2 

R.. = A! + 
u 

dij . JG 
gij wf + w; 

(3) 

(5) 
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TABLE I 

EXPERIMENTAL REGIONS OF ELUENT COMPOSITION, COLUMN OUTLET PRESSURE 
AND TEMPERATURE 

Eluent 

Carbon dioxide- 
1 $dioxane 
Ethane- 
1,4-dioxane 

Composition 

l%) 

O-30 (w/w) 

O-30 (v/v) 

Column end pressure 
(bar) 

150,200,250 

100, 150,200,250 

Column temperature 
(‘C) 

20-2443 

2&240 

Here, to is the elution time of a non-sorbed solute (heptane), fR,i is the retention time 
of solute i,fii is the depth of the valley between two peaks i andj, as measured from 
their average peak height, gij is the average peak height of the two peaks, dii is the 
distance between the baseline intercepts of the two nearest tangents to adjacent peaks 
at the point of inflection, wl is the width of peak i at half height and n is the total 
number of adjacent peak pairs (here: n = 3). 

Experimental ranges of eluent composition, pressure and temperature are com- 
piled in Table I. For ethanedioxane mixtures, the two components were delivered 
separately by two pumps, then mixed in the mixing chamber of the 1084B instrument. 
Dioxane and carbon dioxide, however, were premixed and then delivered to the col- 
umn by only one pump of the chromatograph. Premixing was done by weighing the 
two components into a pressure-resistant cylinder, introducing the dioxane first. 
Thus, for carbon dioxide-dioxane the percentages are given (w/w), while for 
ethane-dioxane the percentages are (v/v). The volume-based ratios are converted into 
weight-based or molar ratios in Table II. The conversion is based on the densities of 
the pure liquid components at 20°C under their own vapour pressures. At different 
pump pressures, variations of the liquid densities with pressure have to be taken into 
account. 

TABLE II 

RELATIONSHIPS BETWEEN % (v/v), % (w/w) AND % (mol/mol) FOR THE MIXED MOBILE 
PHASES 

Data given as % dioxane. Conversion based on the density of the pure liquid components at 20°C under 
their own vapour pressures. 

Mobile phase % Diox&e 

Carbon dioxide-1,4-dioxane 
% (v/v) 3.8 7.7 11.7 15.8 20.0 24.3 28.8 33.3 38.0 42.9 
% (w/w) 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 
% (mol/mol) 2.6 5.3 8.1 11.1 14.3 17.7 21.2 25.0 29.0 33.0 

Ethancl .I-dioxane 
% (v/v) 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 
% (w/w) 13.5 24.8 34.4 42.6 49.8 56.0 61.5 66.5 70.9 74.8 
% (mol/mol) 7.2 14.2 20.8 27.2 33.1 38.8 44.5 49.7 54.8 59.9 
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RESULTS AND DISCUSSION 

As shown recently, the use of binary supercritical eluents containing 1 ,Cdiox- 
ane as the secondary component leads to a permanent chemical modification of a 
silica stationary phase2 l and its properties are greatly changed. For instance, the 
retention of solutes is usually reduced. If carbon dioxide is employed as the primary 
component of the mobile phase, the peak shapes are also definitely improved, in- 
creasing thereby the resolution. This is demonstrated by plots of the capacity factor 
of chrysene, k’ (C) (Fig. 2), and of the average resolution, R, (Fig. 3), for the aro- 
matic mixture versus temperature, using a column packed with a modified and an 
unmodified silica gel, and employing pure carbon dioxide or ethane without dioxane 
as the mobile phases. For both eluents, Fig. 2 shows the decreased retention on the 
modified compared to the unmodified stationary phase over the whole temperature 
range. Contrary to this, the effect of the modification on resolution is different for 
the two eluents (Fig. 3): whereas in carbon dioxide the resolution is considerably 
higher on the modified than on the unmodified stationary phase, the opposite is 
found for ethane. The former improvement is due to the elimination of the consider- 
able peak tailing found on unmodified silica with carbon dioxide as the mobile 
phasezl. Thus, the resolution increases due to the improvement in the peak symmetry. 

*\ 
\ 

\ 
‘II 
\ 

0 , 
0 20 40 60 60 100 120 140 160 160 200 220 240 

TEMPERATURE /‘C 

Fig. 2. Dependence of the capacity factor of chrysene, k’ (C), on the column temperature, T. Column end 
pressure, pe: 250 bar. Eluents and stationary phases: (#) ethane on unmodified silica; (0) ethane on 
modified silica; ( + ) carbon dioxide on unmodified silica; ( x ) carbon dioxide on modified silica. 
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TEMPERATURE /“C 

Fig. 3. Dependence of the mean resolution, R,,,, between naphthalene, anthracene, pyrene and chrysene 
on the temperature, T, at pc = 250 bar. Symbols as in Fig. 2. 

In contrast, ethane yields symmetric peaks on the unmodified stationary phase, and 
the modification of the stationary phase has little effect on the peak widths. Therefore, 
decreasing capacity factors lead to decreasing resolution. 

In order to obtain reproducible results throughout this study, the silica packed 
columns were conditioned with dioxane at elevated temperature (ZOOC) as described 
previously2 l. Such conditioned columns showed long-term stability, both with diox- 
ane-containing and non-dioxane-containing mobile phases. 

In Figs. 4-7 plots are shown for the variation of the chrysene capacity factor 
with temperature for mixtures of carbon dioxide or ethane with 1,Cdioxane at dif- 
ferent column outlet pressures of 150 bar (Figs. 4 and 6) and 200 bar (Figs. 5 and 7). 
The curves show characteristic shapes, similar to those obtained earlier with pure 
eluents’ and binary eluent mixtures 2--5. In particular, with carbon dioxide, the plots 
(Figs. 4 and 5) exhibit capacity factor maxima which shift to lower temperatures and 
become more pronounced with decreasing dioxane content and decreasing pressure. 
These tendencies were confirmed by series of additional measurements at 100 and 
250 bar. The shift of the maximum with decreasing dioxane content is due to the 
concurrent decrease in the critical temperature, T,, of the binary mobile phase. For 
calculating the critical data for mixtures, the procedure of Chueh and Prausnitz2* 
has been used. The calculated data for the critical temperatures and pressures of 
mixtures of carbon dioxide or ethane with 1,6dioxane are shown in Fig. 8. The 
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critical temperatures of the mixtures slope steeply with increasing dioxane content at 
low amounts of dioxane, but decrease in slope at higher amounts. Although the 
critical temperatures of carbon dioxide and ethane are almost identical, the critical 
temperatures of carbon dioxide-dioxane mixtures can exceed those of ethane-diox- 
ane mixtures by about 50 K, at the same molar percentage. For both binary mobile 
phases, the critical pressures show distinct maxima, located at dioxane molar per- 
centages of 25 and 37% for mixtures of dioxane with carbon dioxide or ethane, 
respectively. At its maximum, the critical pressure of the mixture may exceed the 
critical pressure of the pure components by a factor of 2 or more. Thus, in a set of 
experiments at varying eluent composition, but constant column outlet pressure, as 
in Figs. 4-7, the reduced pressure, pr, decreases significantly with increasing dioxane 
content. 

In principle, the variations of k’ with temperature and dioxane content for the 
ethane-dioxane mobile phase resemble those observed with carbon dioxidedioxane. 
There are, however, some differences. As a liquid, pure ethane shows a very low 
transport ability for the aromatic analytes, which is reflected in high k’ values for 
the liquid state, which exceed even those at the k’ maximum under supercritical 
conditions (Figs. 6 and 7). Moreover, the k’ maxima are distinctly less pronounced 
than with carbon dioxide-dioxane and disappear earlier when the pressure and diox- 
ane content are increased. Since the calculated critical pressures for ethane-dioxane 
mixtures are lower than those for carbon dioxidedioxane, the same absolute pressure 
corresponds to a higher reduced pressure, which in part may be connected to the 
differences in behaviour between ethane-dioxane and carbon dioxide-dioxane binary 
mobile phases. For instance, the earlier disappearance of the k’ maxima at the same 
absolute pressure for ethane-dioxane ver.ruS carbon dioxide-dioxane may be con- 
nected with the higher reduced pressure for the former mixed eluent. 

With carbon dioxidedioxane as well as with ethanedioxane, combinations 
of composition, pressure and temperature were observed where reproducible chro- 
matograms could not be obtained. Such conditions were found for carbon 
dioxide-dioxane at 20% (w/w) dioxane and 150 bar at temperatures between 40 and 
24o”C, and at 30% (w/w) dioxane and 150 bar between 100 and 180°C. For 
ethane-dioxane at dioxane contents exceeding 20% (v/v) and 150 bar the temperature 
range was from 200 to 260°C. It is assumed that these results are caused by demixing 
of the supercritical eluent mixture in the column rather than by demixing of the 
mixture in the liquid state. Demixing in the liquid state at ambient temperature would 
have been manifested by an erratic detector response, irrespective of the separation 
temperature in the column, because detection (and pumping) is carried out at ambient 
temperature. / 

Under isothermal-isobaric conditions, the capacity factors generally decrease 
upon increasing the amount of l+dioxane in ethane (Fig. 9) or carbon dioxide (Fig. 
10). At different temperatures the curves differ from each other, this differentiation 
becoming more pronounced at lower pressures (not shown). The plots show some 
differences between ethane-dioxane and carbon dioxide-dioxane. Whereas with 
ethane-dioxane the decrease in k’ is considerable and shows a similar shape at dif- 
ferent temperatures, the carbon dioxide-dioxane plots have a more diverse behav- 
iour. In particular, at 80 and 120°C a strong decrease in k’ is observed when the 
mobile phase attains a critical temperature which is as high as the temperature at 
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10.. I 
1 

01 ,A:\\~* , 

0 5 10 15 20 25 30 

%(wj w) 1,4-dioxane 

Fig. 10. Dependence of k’ (C) on the eluent composition. Eluent: carbon dioxide-1,4-dioxane. p.: 150 bar. 
Column temperature: (X ) 40; (0) 80; (+) 120; (#) 160; (*) 200°C. 

which the isothermal-isobaric experiments were carried out (Fig. 10). At 2OOC, the 
dependence of k’ on the dioxane content is only moderate, and k’ even increases to 
a small extent when going from pure carbon dioxide to a mixture of 5% dioxane in 
carbon dioxide (Fig. 10). In this special case, an eluent composition gradient applied 
under isothermal-isobaric conditions would not lead to lower retention. Similar ob- 
servations were made in a study by RandalP on the dependence of k’ on the amount 
of 2-methoxyethanol in carbon dioxide. It was demonstrated that the k’ values of 
anthraquinone, xanthone and 1,2-dihydroxyanthraquinone do not continuously de- 
crease with increasing modifier amount but, intermediately, remain at a plateau or 
even show a small maximum. 

Like k’, the selectivities, a, exhibit maxima when plotted against T. This is 
demonstrated in Figs. I1 (carbon dioxidedioxane) and 12 (ethanedioxane) for the 
selectivities of the peak pairs naphthalene-anthracene, CI (NA), and anthracene-py- 
rene, c1 (AP). The position and the intensity of these maxima show changes with 
respect to the composition and pressure, like those of k’. There are, moreover, dif- 
ferences between the selectivities of these two peak pairs. The selectivity between the 
homologues naphthalene and anthracene is generally higher and is found to be more 
dependent on temperature. Also, a (NA) assumes higher values with carbon diox- 
ide-based eluents compared to ethane-dioxane mixtures, a difference which is less 
pronounced for a (AP). These observations, exemplified in Figs. 11 and 12 for 95:5 
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mixtures of carbon dioxide or ethane with dioxane at 150 bar, have been found to 
be valid over the whole experimental range of Table I, irrespective of the mobile 
phase composition and the pressure, and they correspond to results with binary mo- 
bile phases comprised of pentane and 1,4-dioxane5 as well as with pentane-diglyme4. 

As is seen from Table III, maxima are also exhibited by the plate numbers, n, 
versus temperature. Examples are given for chrysene in carbon dioxidedioxane mo- 
bile phases at three different pressures. Furthermore, n tends to increase with increas- 
ing dioxane content, especially at higher temperatures. Maxima for n versus temper- 
ature are also observed for ethane-dioxane mobile phases. However, n decreases with 
increasing dioxane content. 

By comparing the plots of the mean resolution, &, versus temperature in Figs. 
13 and 14 to the corresponding plots of k’ (Figs. 4 and 6), it is observed that the 
curves show similar shapes. Maxima occur, the positions of which are shifted to 
higher temperatures with increasing dioxane content in the mixtures. An exception 

TABLE III 

EXPERIMENTAL PLATE NUMBERS FOR CHRYSENE AT DIFFERENT PRESSURES, TEM- 
PERATURES AND CONTENTS OF DIOXANE IN CARBON DIOXIDE 

T (‘C) Dioxune (%, w/w) 

0 5 10 20 30 

150 bar 
20 830 
40 1000 
80 1700 

109 1020 
120 1650 
160 1700 
200 760 
240 - 

200 bar 
20 970 
40 1550 
80 2450 

100 - 

120 1220 
160 1240 
200 1200 
240 - 

250 bar 
20 940 
40 1250 
80 1510 

100 - 

120 1900 
160 1040 
200 950 
240 - 

730 1680 580 1690 
1140 1790 1110 1570 
1340 1520 1650 2020 
2690 1440 2330 - 

1470 1380 2880 - 

1290 1250 6180 - 

1070 350 2560 1640 
400 - 1130 1780 

600 1680 550 
850 1860 900 

1210 1550 1430 
- 1140 - 

1270 1490 1760 
1250 1350 1570 
960 1100 1540 

- - 1010 

1070 
1400 
1940 
2400 
2130 
1570 
1580 
1210 

620 
720 

1040 
- 

1790 610 
1670 1090 
1940 1940 
1620 1830 
1350 1640 
1380 1640 
1200 1210 
730 1140 

840 
250 

1550 
2030 

930 
920 
730 

1780 
1620 
1200 
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Fig. 12. Dependence of the selectivity, 01 (NA) (+) and a (AP) (#), on temperature, T. Eluent: ethane-lJ-dioxat?e (95:5, v/v). pc: 150 bar. 
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Fig. 13. Dependence of the mean resolution, R,, on temperature, T, at different eluent compositions. Eluent: carbon dioxide-1,4-dioxane. For details see Fig. 4 
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Fig. 14. Dependence of R, on temperature, T, at different eluent compositions. Eluent: ethane-l+dioxane. For details see Fig. 6. 
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Fig. 15. Dependence of R, on eluent composition at different temperatures. Eluent: carbon dioxide-1,4- 
dioxane. For details see Fig. 10. 

is that the k’ maxima for the pure eluents carbon dioxide and ethane are located at 
the same (ethane) or at a higher temperature (carbon dioxide) than those for the 
mixtures containing 5% dioxane. The intensity of the maxima decreases with increas- 
ing dioxane content. The dependence of R, on pressure follows the usual pattern’-5, 
an increase in pressure leading to smaller maxima shifted to higher temperatures. 

In Fig. 15, R, is plotted versus dioxane content for the carbon dioxidedioxane 
mobile phase and in Fig. 16 for the ethanedioxane phase, both at 150 bar. On the 
whole, there is a monotonous decrease in R, with increasing dioxane content. How- 
ever, with carbon dioxidedioxane and at certain temperatures, the decrease in R, 
is less strong than the decrease in k’. Particularly at 12O”C, k’ decreases by a factor 
of about 10 and R, only by a factor of 2 when going from pure carbon dioxide to 
a mixture of 20% dioxane in carbon dioxide. Thus, using a mobile phase of 80% 
carbon dioxide and 20% 1,4-dioxane at 120°C fast elution and high resolution are 
obtained. Comparing the R, plots for ethanedioxane (Fig. 16) with the correspond- 
ing k’ plots (Fig. 9), it is seen that a monotonous decrease in R, with dioxane content, 
of the type which has been observed for k’, occurs only at the lower temperatures of 
40-%X (Fig. 16a). At higher temperatures small plateaus or maxima appear, similar 
to those with pentane-based binary eluents3-5. 

To facilitate the optimization of a separation, the resolution data may be plot- 
ted as shown in Fig. 17 for carbon dioxide-dioxane. In this plot, the temperature of 
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Fig. 17. Dependence of the temperature of the mean resolution maximum, n, on eluent composition and 
column outlet pressure: (x) 150; (0) 200; (+) 250 bar. Eluent: carbon dioxide-1,4-dioxane. 

maximum resolution (cJ, Fig. 13) is plotted versus the dioxane content of the mobile 
phase for three different column outlet pressures of 150,200 and 250 bar. This tem- 
perature, Z$‘, increases with increasing dioxane content and also with increasing pres- 
sure. From such plots one may obtain for a given set of two experimental parameters 
the third parameter which allows the maximum resolution of the mixture of aromatic 
compounds on a silica column. Thus for a given pressure and a given mpbile phase 
composition, the temperature of highest resolution can be read from Fig. 17. This 
was exemplified previously 23*24 by superimposing a temperature gradient on a binary 
gradient of eluent composition and pressure in order to maximize the resolution of 
vinylarene oligomers throughout a gradient elution separation. 

In conclusion, the eluent pair carbon dioxide-dioxane appears to be superior 
to the pair ethanedioxane for resolving aromatic compounds on a packed column 
of silica gel. However, at a given eluent composition, the elution with the former 
eluent pair is slower than with the latter pair. As a consequence, the column pressure 
must be higher for carbon dioxidedioxane in order to effect equal retention. In view 
of the higher critical pressure of carbon dioxide and carbon dioxidedioxane mix- 
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tures, as compared to ethane and ethane-dioxane mixtures, lower reduced pressures 
are employed for the former than for the latter, if the absolute pressure is the same. 
At such low reduced pressures, considerable effects of temperature and pressure on 
the capacity factor and resolution are observed. For example, resolution maxima are 
found with carbon dioxide-dioxane at pressures and dioxane contents where the 
curves for ethanedioxane do not show maxima and are flattened. This provides a 
larger variety of possibilities for optimizing a separation when carbon dioxide is used 
as the primary mobile phase. 
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