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ABSTRACT

The continued and growing interest in supercritical fluid chromatography (SFC) has given rise to a
need for a better understanding of the solute retention mechanism. One facet of research has aimed at a
theoretical description of solute retention using equation of state models based on statistical mechanics and
thermodynamic descriptions of the P, V, T relationship for a fluid. A second approach has involved studies
of the physico-chemical interaction of the supercritical fluid with the solute molecule and the stationary
phase. Solute retention in SFC has been demonstrated to be a dynamic process of intermolecular interac-
tions between the solute and the fluid mobile phase and between the solute and the bonded polymeric
stationary phase. This qualitative statement is supported by spectroscopic studies of solvent cluster forma-
tion about a solute molecule in a supercritical fluid, partial molar volume studies and isotherm mea-
surements of the fluid in different stationary phases under various conditions in SFC. Progress made to
date in determining the sorption isotherms of mobile phase components in SFC is reviewed.
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1. INTRODUCTION

The understanding of the solute retention mechanism in supercritical fluid
chromatography (SFC), as in all chromatographic systems, is dependent on deter-
mining the complex interaction between multiple chemical processes. These physico-
chemical processes involve the intermolecular interactions of the solute molecule with
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the mobile and stationary phases. Various methodologies have been used to study the
mobile and stationary phases in SFC and many excellent papers have been published
in these areas [1-8].

The understanding of the molecular dynamics of the retention process in the
stationary phase hinges on the ability to study the interactions between the super-
critical fluid and the bonded polymeric phase. The investigation of the sorption iso-
therms of the supercritical fluid mobile phase components in the stationary phase and
their effect on solute retention will lead to a more complete understanding of the
retention process in SFC.

There are numerous methodologies for the determination of adsorption iso-
therms in chromatographic systems. Conder and Young [9] presented an excellent
discussion of these techniques for gas chromatography, but these methodologies are
of equal importance for both liquid and supercritical fluid chromatography. Super-
critical fluids present an interesting challenge because of the compressible nature of
the solvent and the higher working pressures, but most methodologies are readily
amenable to SFC.

The purpose of this paper is to review the progress in determining the sorption
isotherms of mobile phase components in SFC and to discuss their relevance to the
understanding of retention in SFC. This area is still in its infancy, but already some
interesting results have been obtained.

2. METHODOLOGIES

In initial studies, Sie er al. [10] 25 years ago measured the solubility of near-
critical and supercritical carbon dioxide in squalane and glycerol using a gas volu-
metric and titration method. These methodologies are better suited for bulk ad-
sorption studies and do not lend themselves readily to in situ investigations on a
chromatographic column.

In more recent work, Springston et al. [11] developed a chromatrographic tech-
nique to measure the swelling of bonded polymeric films used in modern capillary
columns in a supercritical fluid. It is based on the change in elution time of a non-
retained marker as the film thickness in the capillary varies. This hydrodynamic
method of determining stationary phase swelling was used to investigate thick-film
coatings in capillary SFC. The advantage of this technique lies in its ability for in situ
measurements of stationary phase swelling in capillary SFC. Disadvantages of this
method arise from practical constraints on film and column preparation and their
resulting impact on the precision of such measurements.

Lochmiiller and Mink [12,13] measured the adsorption isotherm of ethyl ace-
tate, methanol and 1-hexanol on silica from supercritical carbon dioxide using the
peak maxima method. In this chromatographic technique, the capacity factors of the
peak maxima were determined for various solute concentrations injected into the
column. The analysis of the chromatographic retention data can be used to obtain the
sorption isotherm of the solute molecule [14]. The integration of the first-derivative
plot in this technique could prove difficult in multi-component systems.

Janssen et al. [15] studied the adsorption isotherms of different supercritical
fluid modifiers on octadecyl-modified silica using the breakthrough method. This
technique involves the determination of the breakthrough profile of the solvent mod-
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ifier from the chromatographic column. The stationary phase coverage of the mod-
ifier can then be easily determined as a function of pressure, temperature and fluid
modifier concentration [16]. The ease of studying multiple simultaneous isotherms is
questionable with this technique.

Selim and Strubinger [17,18], Yonker and Smith [19,20] and Parcher and co-
workers [3,21-23] used tracer pulse chromatography to study the adsorption iso-
therms in SFC. The advantage of this technique is that multi-sorbate isotherms can be
readily determined. The basic requirement for a solute is a detectable difference be-
tween itself and the background solvent. This is readily accomplished through the use
of either mass isotopes or radioisotopes. There are several excellent discussions of
tracer pulse chromatography in the literature, as applied to high-pressure gas chro-
matography, that describe the technique and theory [24-27].

3. DISCUSSION

The adsorption of high-pressure gases on solid surfaces under both near-critical
and supercritical conditions has been studied since the early 1930s [28-31]. The work
of Coolidge and Fornwalt [28] investigated the adsorption of carbon dioxide, nitrous
oxide and silicon tetrafluoride on charcoal under various temperature and pressure
conditions. Their results using a gravimetric technique based on the quartz spring
balance showed S-shaped adsorption isotherms for carbon dioxide on charcoal. A
successful fitting of the carbon dioxide adsorption data using the Polanyi treatment of
multi-layer adsorption was completed.

The next high-pressure gas adsorption study was reported by Jones et al. [32],
who investigated the adsorption of carbon dioxide and nitrogen on porous plugs of
lamp black. Again a gravimetric technique was used. At 32°C, they reported a sharp
maximum in the carbon dioxide adsorption data as the pressure increased. The pres-
sure of this adsorption maximum was reported at 74 atm. Above this pressure the
adsorption isotherm was seen to rapidly decrease.

When measuring adsorption isotherms, one either determines the absolute ad-
sorption or the differential adsorption. Differential or Gibbs adsorption is defined as
the excess solute present in a volume on the surface, beyond that which would be
present owing to the normal density of the solute at that temperature and pressure. If
measured at sufficiently high pressures, Gibbs adsorption isotherms always show a
maximum. The simple explanation of this phenomenon is that as the background
pressure increases, the density of the bulk solvent approaches that of the adsorbed
solvent. This can continue until the bulk and adsorbed densities are equal; according
to definition, at this point the adsorbed amount becomes zero. Therefore, high-pres-
sure Gibbs adsorption isotherms must exhibit a maximum by definition, as reported
by Jones et al. [32]. Menon’s review [33,34] of high-pressure adsorption data further
clarifies this point and demonstrates the difference between absolute and differential
isotherm measurements for different systems.

Kobayashi and co-workers [35,36] described the high-pressure adsorption of
methane and propane on silica gel (Porasil A) and the use of a chromatographic
technique (tracer pulse chromatography) for the experimental study of these systems.
The Gibbs adsorption isotherm obtained for methane on Porasil A first increased as a
function of density and then decreased with continued increases in solvent density.
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Values for the absolute adsorbed amount of methane and the density of the sorbate
were determined from the Gibbs isotherms. This investigation was the first work
employing tracer pulse chromatography on a chromatographic stationary phase.

Findenegg and co-workers [37,38] later studied the physical adsorption of kryp-
ton and propane on graphitized carbon black. The differential molar enthalpy of
adsorption was derived from the temperature dependence of the Henry’s law con-
stant. Gibbs adsorption isotherms for supercritical fluids at the critical temperature
were seen to pass through an adsorption maximum between 0.5p, and the critical
density, p..

The initial studies of high-pressure gas adsorption on solid surfaces demon-
strated the important result of a maximum being reached in the Gibbs isotherm as a
function of pressure. This adsorption maximum appeared to occur between a reduced
density of 0.5 and 1.0. The use of tracer pulse chromatography for the determination
of Gibbs adsorption isotherms demonstrated the applicability of this technique to
SFC. In SFC, the chromatographic surface consists of a bonded polymer (capillary
SFC) or a bonded hydrocarbon chain (packed-column SFC). The chromatographic
stationary phase adds complexity to the sorption mechanism and increases the in-
termolecular dynamics between the fluid solvent and the stationary phase.

The initial work of Sie et al. [10] investigated the solubility of the supercritical
fluid in a typical bulk stationary phase. This study demonstrated that supercritical
carbon dioxide was soluble in a coated liquid stationary phase. The swelling of a
bonded polymeric stationary phase in capillary SFC was demonstrated by Springston
et al. [11] for SE-30 using supercritical butane and carbon dioxide. Butane expanded
SE-30 to nearly three times its initial thickness, whereas the swelling observed with
carbon dioxide was much less. These interactions between the fluid mobile phase and
the stationary phase could alter the chromatographic retention mechanism for SFC.

Lochmiiller and Mink [12,13] studied the adsorption isotherms of ethyl acetate,
methanol and 1-hexanol on silica from supercritical carbon dioxide with the peak
maxima method. Their results of fitting the adsorption isotherms to the Langmuir
equation suggest monolayer adsorption for the fluid modifier. Modifier surface cov-
erage was determined as a function of temperature at constant density and was seen
to decrease with increasing temperature. The retention of substituted and unsub-
stituted aromatic solutes was determined in the presence of methanol modifier (0—1%,
w/V) in supercritical carbon dioxide. For methoxynaphthalene and nitronaphthalene,
the retention was lower than expected owing to competition between the solute and
methanol for the active sites on the silica surface. For chloronaphthalene, the reten-
tion increased in the presence of methanol on the silica surface. This behavior was
ascribed to either an increase in dispersive interactions with the modified silica surface
because of covered active sites or lateral interactions between the solute molecule and
the adsorbed methanol. The selectivity for a given solute pair was studied in the
methanol-modified fluid, in which one solute molecule competed with methanol for
the active sites on the silica surface and the other did not. The selectivity between
these two solutes reached a maximum as a function of methanol modifier concentra-
tion (ca. 0.4%, w/v) and decreased with increasing methanol concentration. The
relationship between surface site coverage and methanol modifier concentration con-
trolled the change in selectivity for this system. 1-Hexanol was more effective in
covering active sites on the silica surface because of its greater molecular surface area.
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The retention data and adsorption data presented by Lochmiiller and Mink [13]
demonstrate that for certain solutes competitive solute—modifier active site adsorp-
tion occurs with silica in packed-column SFC.

The work of Janssen et al. [15] was similar to that of Lochmiiller and Mink,
except they studied an octadecyl-modified silica stationary phase. Various polar mod-
ifiers in supercritical carbon dioxide were investigated using the breakthrough meth-
od to determine the modifier surface coverage. The adsorption isotherms were fitted
to a Langmuir-type adsorption equation and solute retention was based on a dual
retention mechanism. Overall solute retention was considered to be a combination of
selective interactions with the silanol surface sites and the chemically bonded surface.
Retentions of various solutes were monitored as a function of modifier concentration,
and their results were similar to those reported by Lochmiiller and Mink [13]. The
maximum amount of modifier sorbed on the surface was clearly correlated with
molecular size and structure. Solute retention correlated with the amount of polar
modifier adsorbed on the surface, leading to the conclusion that the modifier serves to
deactivate residual silica surface sites in the chemically modified stationary phase.
The interaction of the polar modifiers with the surface silanols was found to be
important in altering the extent of the individual contributions to the dual retention
mechanism.

Mass isotope tracer pulse chromatography (MITPC) has recently been applied
to the investigation of the dynamic stationary phase sorption process for bound
polymeric systems in SFC. Selim and Strubinger [17] first reported the use of MITPC
for the study of sorption isotherms of supercritical n-pentane on SE-30 and SE-54
stationary phases in SFC. They reported a high solubility of »-pentane near its critical
temperature in both the SE-54 and SE-30 stationary phases, which decreased with
increasing pressure. A minimum in the adsorption isotherm was reported at a pres-
sure of 650-700 p.s.i. for both stationary phase studies. At higher temperatures (250—
300°C), the total amount of n-pentane sorbed into the stationary phases was appre-
ciably lower than that measured at 220°C, and pressure had a minimal effect on the
sorption behavior. The effect of film thickness of the stationary phase on sorption
behavior was investigated at these higher temperatures. Enhanced sorption or solu-
bility of the fluid in the thicker stationary phase was a general phenomenon seen
under constant conditions.

Strubinger and Selim [18] also studied the isotherms of n-pentane in an SE-54
stationary phase using a mobile phase that contained various amounts of methanol as
a polar modifier in supercritical n-pentane. The trends obtained were similar to those
in their previous study using pure n-pentane as the supercritical fluid. The amount of
sorbed n-pentane in the stationary phase decreased with increasing pressure and tem-
perature. The presence of the polar modifier, methanol, had a slight effect on the
amount of n-pentane sorbed into the stationary phase, the postulated reason for this
effect being the direct interaction between methanol and any residual active sites on
the capillary surface. The coverage of these sites by methanol changed the surface
activity, making the surface less polar, which increased the amount of n-pentane
sorbed into the stationary phase. They also proposed a thermal relaxation process as
the possible mechanism through which the amount of n-pentane taken up by the
stationary phase decreases with increasing temperature and pressure.

Yonker and Smith [20] studied the Gibbs adsorption isotherms of carbon diox-
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Fig. 1. Plot of mg adsorbate (CO,) per mg of stationary phase (SP) versus bulk fluid density for temper-
atures of (1) 45, (+) 65, (A) 85, (x) 110 and (W) 130°C.

ide as a function of density on a bonded SE-54 stationary phase in capillary SFC. The
results of these investigations are shown in Fig. 1. The Gibbs isotherms exhibit a
maximum with density over a range of 0.5p. < p <1.0p,, where p., the critical density
for carbon dioxide, is 0.468. This supports the findings of Findenegg and co-workers
[37] in their studies of the adsorption of krypton on graphitized carbon black. As
density (pressure) continues to increase the measured differential adsorption iso-
therms for carbon dioxide decrease. This effect arises as the density of the bulk
solvent approaches the density of the adsorbed carbon dioxide. As the two densities
approach one another, the differential adsorption isotherm for carbon dioxide on the
surface approaches zero [32-34]. As the temperature increases, the excess amount of
carbon dioxide sorbed in the stationary phase decreases. This result was comparable
to that seen for n-pentane on SE-54 as reported by Selim and Strubinger [17,18]. The
enthalpy of sorption of carbon dioxide in the polymeric stationary phase was deter-
mined to be ca. —4 kcal/mol (at a density of 0.23 g/ml) and —2.0 kcal/mol (at a
density of 0.38 g/ml). The isosteric heats of adsorption (determined at constant vol-
ume) for propane, butane and acetone on graphitized carbon black were — 5.6, — 7.7
and — 7.5 kcal/mol, respectively [39]. The isosteric heats of adsorption on graphite for
propane and butane are —6.26 and — 8.10 kcal/mol, respectively [40]. Findenegg and
co-workers [37] reported an isosteric enthalpy for krypton on graphitized carbon
black of —2.95 kcal/mol, whereas Ross et al. [40] reported a value of — 3.20 kcal/mol.
The enthalpy values reported by Yonker and Smith [20] compare favorably with the
isosteric enthalpies in the literature for high-pressure adsorbate isotherms on solid
surfaces.

Further work by Yonker and Smith [19] involved the study of the Gibbs ad-
sorption isotherms of the polar fluid modifier 2-propanol in SE-54 as a function of
temperature, density and modifier mole fraction. The general trend in the Gibbs
isotherm data can be seen in Fig. 2. At each temperature studied, the amount of
2-propanol adsorbed into the stationary phase decreased with increasing density and
converged to a limiting value. The temperature effect shown in fig. 2 is pronounced at
the lower densities. The increase in temperature could contribute enough thermal
energy to the system to begin to overcome the attractive interactions between 2-
propanol and the stationary phase, thus contributing to the decrease in the amount of
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Fig. 2. Plot of weight of 2-propanol (IPA) per weight of stationary phase (SP) versus bulk fluid density for a
constant mole fraction of 0.0258 2-propanol in CO, at (O) 110, (W) 120, (O) 130 and (@) 140°C.

2-propanol absorbed into the stationary phase as temperature increases. The 2-pro-
panol was determined to be partitioning into the stationary phase based on the calcu-
lation of 2-propanol monolayer surface coverage relative to the amount of 2-propa-
nol absorbed in the stationary phase, which was at least two orders of magnitude
greater than that needed for monolayer coverage. In this study the authors demon-
strated that the weight percentage of 2-propanol in the stationary phase was greater
at lower bulk densities and decreased as the bulk density increased. A proposed
explanation for this observation is the increase in solvent strength of the supercritical
fluid as density increases. Similar results were observed in spectroscopic investiga-
tions of the local composition of the binary modifier in the cybotactic region of the
probe molecule as a function of density for supercritical fluids [41]. The local compo-
sition of the binary modifier was found to be substantially enriched at lower pres-
sures. The local composition of the modifier decreased and approached the bulk
composition as density increased, reflecting the increasing solvent strength of the bulk
fluid as density increased. At constant temperature, an increase in mole fraction of the
polar modifier 2-propanol in the bulk fluid resulted in an increase in the amount of
2-propanol sorbed into the stationary phase. These results are shown in Fig. 3. The
trend shown in Fig. 3 again demonstrates the effect of bulk solvent strength. At
constant modifier mole fraction for lower bulk fluid densities, the polymeric station-
ary phase is a better solvent for 2-propanol than the supercritical fluid. As the bulk
fluid density increases and its solvent strength increases, the amount of 2-propanol
sorbed into the stationary phase concomitantly decreases.

Yonker and Smith [19] determined the enthalpy of sorption for 2-propanol into
the polymeric stationary phase for densities of 0.35 and 0.40 g/cm>. The heats of
sorption for these densities at increasing mole fractions of 2-propanol in the bulk fluid
(0.04-0.07) ranged from —3.5to —4.7 kcal/mol and —2.8 to — 3.8 kcal/mol, respec-
tively. Again, these values are comparable to those reported by Ross et al. [40]. The
heat of vaporization of 2-propanol is — 9.5 kcal/mol at its boiling point of 82.2°C [42).
If 2-propanol were adsorbing in multi-layers on the stationary phase surface, then
one might expect the heat of adsorption to approach the heat of vaporization. The
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measured experimental enthalpies reflect the intermolecular interaction between 2-
propanol and the bound polymeric stationary phase. As the amount of 2-propanol
sorbed into the stationary phase increases, the enthalpy of sorption for 2-propanol
approaches the limiting value, the heat of vaporization.

Parcher and co-workers [3,21,22] studied the Gibbs adsorption isotherms of
carbon dioxide on typical adsorbent materials used in packed-column SFC. These
materials included silica and octadecyl-, cyano- and diol-modified silica. Their work
demonstrated no major difference between the Gibbs adsorption isotherms for these
four adsorbent materials. Multi-layer adsorption of carbon-dioxide above the critical
pressure was observed independent of surface preparation. In packed-column SFC,
the effect of the pressure drop down the length of the column must be taken into
consideration. Parcher and Strubinger meticulouosly avoided any pressure drop in
their columns during isotherm determination. The general trends seen in these iso-
therms were similar to those found in capillary SFC. At temperatures and pressures
above the critical point, these workers reported that the amount of carbon dioxide
sorbed decreased with increasing pressure at constant temperature and decreased
with increasing temperature at constant density. Maxima in the Gibbs isotherms were
seen near the critical pressure and temperature. The shape of the isotherm is due to
the contribution of several interrelated factors, the high density of the adsorbate,
temperatures close to the critical temperature and only the excess amount of carbon
dioxide sorbed can be determined experimentally. A near-critical isotherm at 30°C
showed the expected behavior at the vapor pressure for carbon dioxide (71.8 atm). A
discontinuity was observed in the adsorption isotherm. Below this pressure, typical
gas—solid adsorption behavior was noted; above this pressure, normal liquid-solid
adsorption was encountered. Parcher and Strubinger attempted to calculate the abso-
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lute adsorption isotherms based on the parameters of the specific surface area of the
adsorbent and the thickness of the adsorbed layer. The accuracy of their results is
limited by the assumed values of these parameters. These investigators also deter-
mined the effect of carbon dioxide adsorption in the stationary phase on the retention
of benzene. At pressures below the critical pressure for carbon dioxide, benzene was
highly retained on the surface at the temperatures investigated. As the pressure in-
creased, the solute retention showed the expected exponential decrease with increas-
ing density. At fixed pressure, the retention of benzene increased with temperature,
which was postulated to occur as a result of the decreased sorption of carbon dioxide
on the surface and the decreased density of the carbon dioxide mobile phase as
temperature increases.

Parcher and co-workers {22,23] further studied the adsorption isotherms for
supercritical carbon dioxide on an SE-30 bonded capillary column and the adsorp-
tion isotherms of a binary supercritical fluid composed of methanol in carbon dioxide
on silica and octadecyl-bonded silica. They measured the specific volume of carbon
dioxide in the polysiloxane bonded phase and showed that it increased with the
concentration of carbon dioxide in the polymer. Further, the maxima determined in
the adsorption isotherms as a function of density for supercritical carbon dioxide
supported the earlier findings of Findenegg and co-workers [37] that the maxima
occurred in the range 0.5p.<p<p.. A comparison of carbon dioxide sorption be-
tween silica and octadecyl-modified silica showed that the bare silica adsorbed more
carbon dioxide than the modified surface, the difference being the decrease in surface
area on surface modification. A qualitative relationship between Pg™**/p™* (the re-
duced pressure at maximum adsorption/density at the adsorption maximum) versus
reduced temperature was seen to be a common straight line for all systems studied.
They also developed a similar qualitative relationship between the reduced maximum
adsorption versus reduced temperature. This qualitative relationship is similar to the
quantity discussed earlier by Menon [33], in which P,,,, = P_.T.? is constant for all
high-pressure adsorption studies (where P, is the pressure of maximum adsorption
and P, and T, are critical pressure and reduced temperature of the adsorbate, respec-
tively).

The work of Parcher and co-workers [23] on the adsorption of binary super-
critical fluid mobile phases on silica and octadecyl-modified silica represents an initial
attempt to define the roles of temperature, pressure and composition on the retention
mechanism in packed-column SFC. At the three temperatures investigated, the ad-
sorption of carbon dioxide with methanol present was enhanced relative to the ad-
sorption of pure carbon dioxide, and the adsorption maxima were shifted to higher
densities. Therefore, in this system the adsorption process was interpreted to be a
cooperative process. The amount of methanol adsorbed at 50°C increased with de-
creasing pressure as one approached the critical point. The composition of methanol
in the stationary phase was much greater than that present in the bulk binary fluid.
This result is similar to that reported earlier by Yonker and Smith [19] with an SE-54
stationary phase in capillary SFC. The amount of methanol adsorbed on the bare
silica surface was greater than that on the modified surface owing to the greater
number of polar adsorption sites.

The retention of two solutes were monitored during the adsorption isotherm
studies and the general chromatographic trend in retention for supercritical fluids was
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observed with increasing fluid density of the solutes. However, the addition of metha-
nol to the mobile phase increased the retention of benzene at a fixed density on the
octadecyl-bonded phase. The increased solvent strength of the mobile phase with
methanol addition should decrease solute retention. Parcher and co-workers postu-
lated that the increased retention was due to the following: (1) the adsorbed methanol
increases the stationary phase volume while decreasing the mobile phase volume,
which results in a net increase in the phase ratio for the separation; assuming a
constant distribution coefficient, then solute retention will increase; (2) the distribu-
tion coefficients for the solutes may be greater in methanol than in either octadecane
or liquid carbon dioxide; and (3) the increase in volume of the stationary phase with
methanol leads directly to an increase in the distribution coefficient, if the solute
molecule partitions directly into the sorbed phase.

4. CONCLUSIONS

The understanding of the retention mechanism in supercritical fluids is depen-
dent on continuing efforts to investigate the dynamics of stationary phase solvation
through the determination of the adsorption and absorption isotherms in both
packed-column and capillary SFC. The physico-chemical interaction between the
solute and the sorbed fluid in the stationary phase, as shown with MITPC studies and
other techniques, directly impacts on retention in SFC. High-pressure adsorption
processes have been studied for near-critical and supercritical fluids on both solid and
polymeric surfaces. The classical methodologies are surpassed by the speed and flex-
ibility of tracer pulse chromatographic techniques under such conditions. The ability
to study simultaneously multiple adsorbates in one experiment is a distinct advantage
of mass isotope tracer pulse chromatography. The determination of the exact extent
of interaction between the fiuid and the silica surface or the polymeric stationary
phase still remains to be elucidated, but initial studies on sorption isotherms are
beginning to address these questions. The understanding of the solute-sorbed fluid
interactions and the extent of these interactions with fluid modifier concentration and
bulk fluid density are necessary to obtain a greater insight into the retention mecha-
nism in SFC. The studies reviewed here have attempted to understand the physico-
chemical interactions involved during solute retention in SFC. The determination of
adsorption isotherms in supercritical chromatography will contribute to the goal of
understanding the retention mechanism in both SFC and LC. Further efforts are
required to increase the ability to derive both qualitative and quantitative contribu-
tions of the intermolecular interactions in the solvated stationary phase and their
effect on solute retention in SFC.
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