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Abstract. The effects of modifiers on the mobile-phase and the stationary-phase 
properties in packed-column supercritical-fluid chromatography were studied. 
Modifiers, may affect retention and improve peak shapes and efficiencies, be- 
cause of (i) increased mobile-phase polarity, (ii) increased mobile-phase density, 
(iii) stationary-phase deactivation, and (iv) increased solvation or swelling of the 
stationary phase. In this paper these four parameters are evaluated and evidence 
to establish their relative importance is considered. 

The introduction of a modifier can lead to a substantial increase in the 
density of the mobile phase. The reliability of several methods for calculating 
the critical properties and densities of binary fluids is investigated. The Chueh 
and Prausnitz method gives the most accurate results for the calculation of the 
critical properties. The Lee and Kesler equation of state yields accurate density 
estimates. 

Adsorption isotherms have been measured on several stationary phases for 
packed-column SFC. These data suggest that stationary-phase deactivation is 
the most important effect of adding modifiers. Adsorption data on different 
stationary phases can also be used to judge their applicability. Relevant indica- 
tors are the maximum amount of modifier that can be adsorbed on the surface 
(saturation level) and the initial steepness of the isotherm (surface activity). The 
latter parameter can be related more closely to the peak shape observed in the 
absence of modifiers. 

All silica-based materials studied so far give rise to broad and highly asym- 
metrical peaks for certain classes of polar solutes. Different silica-based materials 
appear to differ in degree of activity, but the kind of interactions are the same. 
On a polystyrene-divinylbenzene stationary phase the mobile-phase modication 
effect could be studied without the interference of active sites. 

Key words: supercritical-fluid chromatography, mobile phase, stationary phase, 
carbon dioxide, modifiers. 
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The problems often experienced when trying to elute and separate polar solutes with 
SFC are a major factor obstructing the progress of this technique. Potentially, the 
use of supercritical fluids as mobile phases in chromatography offers some distinct 
advantages over gases and liquids. The chromatographically relevant properties of 
supercritical fluids generally are somewhere between those of gases and liquids. 
Hence, SFC forms a continuous transition from GC to LC. Diffusion in supercritical 
fluids is faster than in liquids, whereas the viscosity of the supercritical fluid is closer 
to that of a gas. A high-density supercritical fluid has a liquid-like solvent strength. 

Potential advantages of carbon dioxide-based SFC in comparison with LC 
include the compatibility with various GC detectors and the increased speed of 
analysis. Although the combination of LC with various GC detectors has been 
demonstrated [1], coupling of SFC with these detectors is more straightforward and 
usually gives a better detector performance [2]. An additional advantage of SFC is 
the reduced time needed for programmed analyses. In LC composition gradients 
are required to elute a wide range of components in one analysis. This inherently 
means that every analysis has to be followed by a gradual reverse and an equilibra- 
tion step to allow the system to return to the initial conditions. In SFC density 
gradients can be used so that components of different molecular weights can be 
eluted by programming an instrumental parameter, the pressure. In comparison 
with GC, SFC is advantageous for the analysis of high molecular weight or thermally 
labile components. 

The advantages of SFC over LC, especially regarding detector compatibility, 
largely vanish if modified mobile phases have to be used. For the elution of polar 
solutes, polar mobile-phase modifiers are often mandatory. Instrument simplicity 
and detector compatibility are adversely affected if modifiers are used. The use of 
modifiers is more often needed in packed-column SFC. However, highly polar 
components require modified mobile phases to be eluted from capillary columns 
also. 

The aim of the present work is to describe the fundamental aspects of modifier 
addition in SFC. The effects of modifiers on the properties of the mobile and the 
stationary phase will be discussed. The suitability of various stationary phases for 
packed-column SFC will be evaluated. Adsorption isotherms of various modifiers 
on several stationary phases have been measured. A model will be described to 
correlate the adsorption behaviour of modifiers and the retention behaviour of 
solutes. Critical properties and densities of carbon-dioxide/modifier mixtures have 
been estimated. The reliability of methods to calculate these parameters is evaluated. 

Theory 

Retention in Chromatography 

Retention in chromatography is governed by the partitioning of the solute over the 
mobile and the stationary phase. The retention time t r of a solute is given by 

t, = to(1 + Kfl). (1) 

Here t o is the retention time of an unretained component. The product Kfl is the 
capacity factor (k). For the distribution coefficient K we can write 

K = CJCm, (2) 
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where C~ and C m are the concentrations of the solute in the stationary and the mobile 
phase, respectively. The phase ratio/~ can be expressed as 

= v /vm, (3) 

where V~ and Vm are the stationary- and mobile-phase volumes. In gas chromatog- 
raphy the mobile phase acts as an inert carrier. The influence of the nature and the 
pressure of the carrier gas on the capacity factors of the solutes is usually negligible. 
The only way to change the capacity factor is to change the operating temperature. 
By (positive) temperature programming, components with increasingly high boiling 
points can be eluted. In liquid chromatography the effect of temperature on reten- 
tion is much smaller. Retention is a very strong function of the nature and the 
composition of the mobile phase. Mixed mobile phases are used almost exclusively. 
By varying the composition of the mobile phase, retention and selectivity can be 
varied. The situation in SFC shows a close resemblance to LC. Retention in SFC 
can be varied by changing the properties of the mobile phase. This is in analogy 
with LC, but in contrast to GC. 

Retention in SFC 

Retention in SFC is a complex function of the operating temperature, the density 
(or the pressure) and the mobile-phase composition. Even with single-component 
mobile phases, the effects of pressure and temperature are quite complicated. A 
number of models to describe retention in SFC as a function of the temperature and 
pressure (or density) have been published in the literature I-3-7]. The effect of the 
density of a pure supercritical fluid on retention at constant temperature is relatively 
simple. An increase in density always leads to lower capacity factors. At constant 
density, capacity factors decrease regularly with temperature. The effect of tempera- 
ture on retention at constant pressure is more complicated. Depending on the 
operating pressure and temperature, a temperature increase can either lead to an 
increase or a decrease in k. If Cm is mainly determined by the solute vapour pressure, 
a temperature increase will lead to a reduced retention. If the solubility in the mobile 
phase is the main parameter determining C,,, then a temperature increase will reduce 
the mobile-phase density and, hence, the solvent strength. In this case the capacity 
factors of the solutes increase. 

The Effects of  Modifiers 

When modifiers are added to the mobile phase, the retention mechanism becomes 
even more complicated. The effects of the modifier are not necessarily restricted to 
the mobile phase. Like the solutes, the modifier can partition into the stationary 
phase, thereby altering its properties. This means that the overall effect of adding a 
modifier to'the supercritical mobile phase is a combination of mobile-phase modifi- 
cation effects and stationary-phase effects. The possible effects of the modifier on a 
chromatographic system are schematically depicted in Fig. 1. Mobile-phase prop- 
erties affected by the introduction of a modifier include the density and the polarity. 
The polarity effect comprises all (physico-)chemical interactions between the solute 
and the mobile-phase components. In the stationary phase, modifier molecules can 
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mobile phase stationary phase 
/ ",, j "-,, 

Fig. 1. Schematic illustration of 

deactivate adsorptive sites present on the surface of the packing material or the 
column wall. Furthermore, the uptake of modifier molecules into the stationary 
phase can lead to "swelling". This leads both to an increased volume and an 
increased (or decreased) polarity of the stationary phase. 

Mobile-Phase Effects of Modifiers 

Density effects. To differentiate between the density and the polarity effect of modi- 
fiers, accurate data on the densities of carbon-dioxide/modifier mixtures are neces- 
sary. In the literature, however, such data are very scarce. When experimental data 
are not available, one has to resort to estimation methods, which are based on the 
so-called principle of corresponding states. According to this principle, the density 
of every fluid is the same at identical reduced temperature and pressure. The reduced 
properties are defined by Eqs. (4) and (5), respectively, 

T~ = TITs, (4) 

P, = PIPe, (5) 

where T~ and Pr are the reduced temperature and pressure, T and p are the operating 
conditions, and T~ and Pc are the critical properties, respectively. An extended form 
of the principle includes a third parameter, the acentric factor, co. The acentric factor 
can be obtained from the vapour pressure of a pure substance at T~ = 0.7. The 
density of the supercritical fluid can now be obtained from an equation of state 
(EOS) relating the density of the fluid to these three parameters. Below, a brief 
summary of the principle of corresponding states and of the use of equations of state 
is given. For a more detailed description the reader is referred to the original articles. 

The EOS can be described by 

p = f(T~, p,, co), (6) 

where p is the fluid density. Two well-known equations of state are the one described 
by Lee and Kesler [8] and that of Peng and Robinson [-9]. These equations of state 
can be used for pure and for mixed fluids. The application of these equations to 
mixed fluids is based on the "pseudo-critical" method. In this method it is assumed 
that a mixture can be described similar to a pure fluid by using appropriate values 
for the pseudo-critical properties of the mixture (T~m, Pcm, and corn). The pseudo- 
critical properties often differ considerably from the experimentally found critical 
properties of the mixture and they have no direct physical meaning. Both the true 
critical properties and the pseudo-critical values are important in SFC with mixed 
mobile phases. The true critical properties of the mixture must be known in order 
for the operating pressure and temperature to be selected in such a way that the 
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Fig. 2. Comparison of methods for the estima- 
tion of (pseudo-)critical properties of CO2/ 
methanol mixtures. Methods: LK = Lee and 
Kesler, KK- -Kreg lewsk i  and Kay, CP = 
Chueh and Prausnitz. The experimental data 
were taken from ref. [13]. The symbols in the 
theoretical curves represent the mole fraction of 
methanol in the carbon dioxide 

mobile phase is a homogeneous, supercritical fluid, whereas the pseudo-critical 
properties are required for density calculations. Several methods for the estimation 
of critical and pseudo-critical properties have been described in the literature (for a 
review see ref. [10]). Three important estimation methods for estimating properties 
of mixed fluids are those of Chueh and Prausnitz [11], Kreglewski and Kay [12] 
and Lee and Kesler [8]. The first two methods estimate the critical properties, 
whereas the latter method yields pseudo-critical properties. In Fig. 2, a comparison 
of the results is given. The three methods were used to estimate the critical loci of 
carbon dioxide/methanol mixtures. 

As can be seen in this figure the values calculated using the three different 
methods differ appreciably. A comparison with the experimental critical properties 
measured by Brunner [13] shows a relatively good agreement with the values 
calculated using the Chueh and Prausnitz method. The Kreglewski and Kay method 
yields estimates that are too low, mainly with regard to the critical pressure. The 
pseudo-critical properties calculated using the Lee and Kesler method are con- 
siderably different from the true critical parameters. 

The Lee and Kesler and the Peng and Robinson equations of state are known to 
yield accurate density data for binary mixtures of different alkanes and alkenes, 
when used with the appropriate pseudo-critical properties as input parameters [10]. 
Data on the reliability of these methods for fluids containing carbon dioxide are, 
however, not available. In Table 1 a comparison is made between recent experimen- 
tal literature data [14] and data calculated using the Lee and Kesler equation, using 
the corresponding pseudo-critical values. Table 1 shows a relatively good agreement 
between the estimated values and the experimental data. The maximum error is 
about 5~. It should be noted that this comparison is performed in the direct vicinity 
of the critical point where the effects of the pressure, temperature and the modifier 
concentration on the density are relatively large. Further away from the critical 
point even smaller errors can be anticipated. 

Polarity effect. Interactions between the solute and the modifier can enhance the 
solubility of polar solutes in supercritical fluids significantly. These interactions can 
include dipolar, hydrogen bonding and dispersive interactions. Independent evi- 
dence for the occurrence of changes in the nature of the interactions between a solute 
and a mixed mobile phase can be obtained from spectroscopic measurements of 
solvatochromic shifts [14, 15]. The solubility of various classes of compounds in 
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Table 1. Comparison of experimental and esti- 
mated densities of carbon dioxide/methanol mix- 
tures. Temperature---40~ Experimental data 
taken from Deye and Berger [14] 

(a) 1.27o Methanol 

Density (g/ml) 
Pressure Error 
(bar) Exp. Calc. (70) 

101 0.650 0.665 2.3 
112 0.700 0.715 2.1 
120 0.725 0.738 1.7 
131 0.750 0.763 1.4 
144 0.775 0.807 0.99 
160 0.800 0.831 0.73 
181 0.825 0.853 0.35 
207 0.850 0.856 0.71 

(b) 2.370 Methanol 

Density (g/ml) 
Pressure Error 
(bar) Exp. Calc. (70) 

97.4 0.650 0.676 4.0 
108 0.700 0.720 2.9 
116 0.725 0.743 2.5 
128 0.750 0.768 2.4 
139 0.775 0.787 1.5 
156 0.800 0.809 1.1 
177 0.825 0.831 0.73 
203 0.850 0.854 0.47 

(c) 4.6~o Methanol 

Density (g/ml) 
Pressure Error 
(bar) Exp. Calc. (70) 

101 0.700 0.736 5.1 
109 0.725 0.755 4.1 
120 0.750 0.776 3.5 
132 0.775 0.794 2.5 
149 0.800 0.814 1.8 
171 0.825 0.835 1.2 
199 0.850 0.857 0.82 
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carbon dioxide modified with polar and non-polar cosolvents has been the subject 
of a study by Dobbs and Johnston [16]. The modifier-induced solubility enhance- 
ment could be understood qualitatively using dispersion, orientation and acid-base 
solubility parameters. For example, the solubility enhancement for benzoic acid in 
CO2/modifier mixtures was significantly greater with methanol as the modifier than 
with n-octane. The solubility of hexamethylbenzene was twice as high in CO2/n- 
octane compared with CO2/methanol. All solubilities were measured at the same 
density. The greatest enhancement in solubility was obtained when the nature of 
the modifier matched that of the solute. 

Stationary-Phase Effects of Modifiers 

Small amounts of modifiers are generally found-to have a drastic effect on retention 
and efficiency in packed-column SFC, but only a minor one in open (capillary) 
columns. This indicates that a major part of the modifier effects originates from 
stationary-phase effects. Open columns for SFC are typically prepared by coating 
highly deactivated fused-silica columns with a relatively thick film of a densely 
cross-linked polymeric stationary phase. For packed-column SFC, chemically- 
bonded phases originally developed for LC are typically used. These latter materials 
are prepared by the reaction of the proper silylating reagent with hydroxyl groups 
on the surface of small size silica particles. If only because of the size of the silylating 
reagent, the reaction can never be more than about 50% complete. By subsequent 
"end-capping", some of the residual silanols can be removed. A considerable fraction 
of the silanols, however, will remain. The free silanol groups that are accessible for 
solute molecules can contribute to a mixed retention mechanism, in which the 
retention of a solute is partly determined by adsorption on the silanol groups and 
partly by partitioning into the chemically bonded phase (CBP). Hence, the retention 
mechanism is a combination of adsorption chromatography and partition chro- 
matography. The observed capacity factor kobs can now be written as 

kob s = k s i  I a t- k c B p ,  (7) 

where ksi I is the capacity factor due to interaction with the silanol groups and kcB P 
is the capacity factor for interaction with the chemically bonded phase. The contri- 
bution of the silanols may cause long retention times as well as poor peak shapes 
due to non-linear distribution isotherms [17]. When small amounts of polar (e.g. 
hydrogen-bonding) modifiers are added to the mobile phase, the modifier molecules 
will adsorb on the silanol groups. If this interaction is much stronger than that of 
the solutes or if the modifier is present in a much higher concentration, the effects 
of the silanol groups are suppressed. Because silanol groups are acidic, molecules 
with hydrogen-accepting properties are expected to exhibit the strongest interaction 
with the silanols. Hence, such compounds are likely to be good modifiers. If we 
assume that a site occupied by a modifier molecule no longer contributes to reten- 
tion, Eq. (7) can be rewritten as 

kob ~ = (1 - -  O)ks~ + kcm,, (8) 

where 0 is the fraction of  silanol groups occupied by the modifier and k~~ is the 
contribution of the silanols to retention at zero modifier concentration. 
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In addition to the deactivation effect, the modifier can cause swelling or increased 
solvation of the stationary phase layer. For stationary phases consisting of alkyl 
chains chemically bonded to a silica support material, these effects, however, are 
believed to be relatively small in comparison with the deactivation effect. 

Experimental 

Because the use of modifiers is more often necessary and easier in packed-column SFC, all experiments 
have been performed on packed columns. The columns were obtained from different manufacturers. 
The octadecylsilane modified silica column (Rosil Ci8 ) was purchased from Alltech (Eke, Belgium). 
The poly(methylsiloxane) column (db-C1) was obtained from Keystone Scientific (Bellefonte, PA, 
USA). An alkyl-modified polystyrene-divinylbenzene column (ACT-l) was obtained from B6tron 
(Rotterdam, The Netherlands). A column packed with porous carbon in situ coated with polyethyl- 
eneglycol resulting in what we describe as a "carbonwax" column was prepared in house. The totally 
porous carbon was obtained from Prof. J. Knox (University of Edinburgh). The polyethyleneglycol 
had an average molecular weight of 14,000 and was obtained from Aldrich (Milwaukee, WI, USA). 
More details on the preparation of the carbonwax columns have been published elsewhere [18]. A 
column packed with poly(dimethylsiloxane)-coated silica (Encaps. pol.) was obtained as a gift from 
Prof. G. Schomburg (Max Planck Institut fiir Kohlenforschung, Miilheim a/d Ruhr, FRG). All columns 
were 150 m m x  4.6 mm i.d., except the carbonwax column, which had a length of 100 ram. 

Results 

Interaction of the Modifier with the Stationary Phase 

The interaction of the modifier with the stationary phase can be quantified by 
measuring the number of modifier molecules adsorbed on the surface of the packing 
material. An accurate way to do so is to use the "break-through" method [19]. This 
method involves equilibrating the column with pure CO2 followed by rapidly 
switching from pure CO2 to a CO2/modifier mixture. From the time required for 
break-through of the modifier, the amount of modifier adsorbed on the surface can 
be calculated. 

Fig. 3 shows adsorption isotherms for the adsorption of ethanol on various 
stationary phases for packed-column SFC. As can be seen in this figure, saturation 
of the silanol sites occurs at relatively low modifier concentrations. The measured 
adsorption isotherms can be accurately described by a Langmuir equation, i.e. 

.3 
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Fig. 3. Adsorption isotherms for ethanol on 
various stationary phases; db-Ci = delta- 
bond poly(methylsiloxane), ODS = octa- 
decylsilane, HD-Cls = h i g h  density octa- 
decylsilane column; encaps, pol. = poly- 
(methylsiloxane) encapsulated silica. Condi- 
tions: T = 45~ pi~ = 179bar, pout = 162bar 
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NsmaXbCm~ (9) 
Ns-- 1 + b C m o  d " 

Here N s is the number of modifier molecules adsorbed on the surface and Cmoa is 
the concentration of the modifier in the mobile phase, b and N~ "* are constants 
which generally depend on the substrate, the modifier, the temperature and the 
pressure. The constant N m'~x represents the maximum number of modifier molecules 
that can be adsorbed on the surface. 

Characterization of Stationary Phases 

From the adsorption equation two important properties of the stationary phase can 
be derived. The limiting value at high modifier concentrations N ma* reflects the total 
number of accessible active sites at the surface. The initial slope of the isotherm is 
a measure for the affinity of the modifier molecules for the active sites. The surface 
activity A s is given by 

dO 
A s =  lim - - - b ,  (10) 

C,,o,--. 0 dCmod 

where 0 is the fraction of accessible silanol sites occupied by a modifier. 0 is given by 

bCm~ (11) 0 1 1 

N~ ~ x  1 + bCmo d 

The number of sites and their adsorptive strength together will determine the 
contribution of the silanol groups to the observed retention. A good stationary 
phase possesses a low number of active sites with low adsorptive strengths. Table 2 
lists the total number of accessible silanol sites and the relative adsorption strengths 
for the stationary phases from Fig. 3. 

Fig. 4 summarizes the elution characteristics of a number of test solutes on two 
of the stationary phases studied above. It provides a summary of the peak shapes 
obtained for 26 solutes on the two columns (ODS and db-C1) [18]. In each case 
pure CO 2 was used as the eluent. The peaks were classified in four categories: (i) 
good, symmetrical peaks, (ii) broadened and possibly asymmetrical peaks, (iii) poor, 
very broad and asymmetrical peaks and (iv) not eluted with a capacity factor of 30 
or less. On the ODS column, 13 out of the 26 solutes were either eluted as very 
broad, asymmetrical peaks, or were not eluted at all. The Deltabond column showed 
some degree of improvement over the ODS column. A number of solutes, however, 

Table 2. Experimentally determined number of accessible active sites 
and relative adsorptive strengths. Modifier: ethanol, T = 45~ Pin = 

179 bar, Pout = 162 bar 

Stationary phase 

Number of sites 
(#mol/m 2) Adsorptive strength 

ODS 0.081 28.6 
db-C1 0.21 4.7 
Hd-Cls  0.27 12.8 
Encaps. pol. 0.13 13.9 
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Fig. 4. Schematic representation of the elution characteristics of 26 test solutes on the ODS (left bar) 
and the db-C1 column (right bar). Conditions: T = 50~ Pi, -= 142 bar and Pout = 128 bar for ODS 
column; Pi, = 117 bar and Pout = 106 bar for db-C 1 column. Solutes: dichloromethane, benzene, 
toluene, ethylbenzene, n-propylbenzene, s-butylbenzene, phenol, p-nitrophenol, o-nitrophenol, 2,4- 
dinitrophenol, benzoic acid, bromobenzene, chlorobenzene, N,N-dimethylaniline, o-nitrotoluene, 
benzaldehyde, benzylalcohol, methyl benzoate, nitrobenzene, dimethyl phthalate, naphthalene, 
biphenyl, 2-hydroxyethylmethacrylate, diheptyl ether, 2-tridecanone, cyclohexanone 

were still not eluted from this column. Apparently, surface silanols play a smaller, 
but  still significant role in the retention mechanism. This is in accordance with Table 
2, which gives the results from the adsorption isotherm measurements. F rom these 
measurements it was concluded that the number of accessible sites was highest on 
the Del tabond column. The higher number  of active sites, however, is more than 
compensated for by their much lower activity. As a net result the performance of 
the db-C 1 column is better than that of the ODS column. 

Effect of Deactivation on Retention 

If the deactivation of strongly interacting sites is the predominant  effect of the 
modifier, a correlation should exist between the number  of modifier molecules 
adsorbed on the packing material and the observed capacity factors. Assuming such 
a correlation, a model can be derived that relates the capacity factor of a solute to 
the concentration of the modifier [19]. Combinat ion of Eqs. (8) and (11) yields 

kobs(Cmod) = kcB P -I- (1 -- O)ks~ = kc. P + k~~ (12) 
1 + bCmo d " 

Fig. 5 shows the observed capacity factor of 2-hydroxyethyl-methacrylate 

modif ier:  THF 
solute: 2-HEMA 

10! 

5 r,~ / k = kCBP + (1-O)ksil 

0 1 2 3 4 

X m o d  (%) * 

Fig. 5. Experimental variation of the capacity factor of 
2-HEMA with the modifier concentration. The drawn line 
represents the theoretical line given by Eq. (12). Modifier: 
THF, stationary phase: ODS, further conditions as in 
Fig. 3 
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Fig. 6. Modifier effect on the peak shape. Solute: 
2-HEMA. Modifier: ethanol; concentrations: a 
0~o, b 0.013~, e 1.1~. Stationary phase: ODS. 
Further conditions as in Fig. 3 

(2-HEMA) on the ODS column as a function of the modifier concentration. The 
solid line represents Eq. (12). The constant b was obtained from Fig. 3. A good 
agreement between the shape of the curve predicted by Eq. (12) and the experimental 
points is observed. This indicates that the major effect of the modifier is deactivation 
of active sites. 

Fig. 6 illustrates the effect of the modifier on the peak shape for 2-HEMA on an 
ODS column. At zero modifier concentration (Fig. 6 a), the peak is hardly discernible 
from the noise. Only 0.013~ ethanol (Fig. 6b) suffices to make the component  
appear as a peak, although still highly asymmetrical. At 1.1~ ethanol (Fig. 6 c) all 
accessible groups are deactivated and a sharp, symmetrical peak is obtained. 

In Fig. 7 the variation of the capacity factor of 2-HEMA with the modifier 
concentration is compared for two different stationary phases. The effect of the 
modifier is most pronounced on the ODS column. This indicates that the contribu- 
tion of the silanol groups to retention is largest on this column, although it is evident 
that a considerable interaction with the silanols also occurs on the db-C 1 column. 
The two phases show a difference in the degree of interaction. T h e  nature of the 
interactions, however, appears to be identical. 

In Fig. 8 the effects of a polar and a non-polar modifier on the capacity factor 
of quinoline on a db-C 1 column are compared. For ethanol, a sharp initial decrease 
is observed followed by a more gradual reduction of the capacity factor at higher 
modifier concentrations. For  hexane no sharp initial decrease, but only a gradual 
reduction of the capacity factor occurs. The deactivation effect appears to be absent. 
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The gradual reduction of the capacity factor can be explained by the increasing 
density of the mobile phase or by the changed polarity of the mobile phase. 

Non-Silica-Based Stationary Phases 

So far, all experiments were carried out on columns packed with silica-based 
materials. The interaction with the underlying silanols was shown to differ in degree 
but not in kind. By using packing materials based on adsorbents other than silica, 
interactions with silanol groups can be avoided. In our laboratories, several such 
alternative stationary phases based on other materials have been evaluated [18]. 
The results obtained on a C18-modified alumina column were disappointing. This 
column gave poor peak shapes, low plate numbers and extremely high retention of 
hydrocarbons.  An unmodified polystyrene-divinylbenzene (PS-DVB) column gen- 
erally yielded more symmetrical peaks. However, this was accompanied by exces- 
sively long retention times for many solutes. Better results were obtained on the 
carbonwax column. On the modified PS-DVB column, asymmetrical, fronting 
peaks were often observed. The packed bed is apparently not stable under SFC 
conditions. In Fig. 9 the differences between the carbonwax column and an ODS 
column are demonstrated. The carbonwax column shows a different selectivity and 
improved peak shapes. 

Fig. 10 a shows a comparison of the effects of a polar and a non-polar modifier 
on the capacity factor of quinoline on the alkyl-modified PS-DVB column. Both 
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Fig. 10. Comparison of the effects of polar and non-polar modifiers on a non-silica-based stationary 
phase. Solute: quinoline. Column: alkyl-modified PS-DVB, EtOH = ethanol, Hx = hexane. Condi- 
tions: T = 55~ Pl. = 179 bar, Pout ----" 162 bar 

modi f ie rs  give rise to  a cons ide rab le  r educ t ion  of  the  capac i ty  factor ,  bu t  the s h a r p  
initial  decrease  of  r e t en t ion  as obs e rved  for  e thano l  on  the d b - C l  c o l u m n  (see Fig. 8), 
does  no t  occur  here. This  indicates  tha t  the  s t a t i o n a r y  phase  deac t iva t ion  effect is 
less p r o n o u n c e d .  No ,  or  negligible in t e rac t ion  be tween  e thano l  and  the  surface 
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appears to occur. In Fig. 10b the data are replotted against the mobile-phase 
density. The densities of the binary fluids were calculated using the Lee and Kesler 
method. All experiments were performed at the same inlet and outlet pressures. The 
density increased when the modifier was added. For the sake of comparison, the 
third line shows the measured capacity factors versus the density of pure CO 2. Here, 
the density variation was obtained by varying the pressure. From Fig. 10b the 
mobile-phase density and polarity effects can be readily separated. If a stationary- 
phase deactivation effect is assumed to be absent on this stationary phase, all effects 
must be due to changes in the mobile-phase properties. The non-polar modifier 
hexane gives a slightly lower capacity factor in comparison with CO2 at an equiv- 
alent density. This must be due to molecular interactions between the hexane- 
containing mobile phase and the solute molecules. The interactions between the 
basic quinotine and the hydrogen-donating alcohol are more pronounced. This 
results in a larger reduction of the capacity factor. 

Conclusions 

Modifiers may affect the retention process in four different ways. Mobile-phase 
properties liable to change upon the addition of a modifier include the density and 
polarity. In the stationary phase the modifier can be adsorbed on active sites or, if 
adsorbed in large quantities, can result in swelling. 

The relative magnitude of the mobile and the stationary phase effects of a 
modifier cannot easily be established. When the stationary-phase effect can be 
assumed absent, the relative effects of the modifier through the mobile-phase polar- 
ity and the density can be estimated from plots of the capacity factor versus the 
density of the mixed fluid. 

The critical properties and the densities of binary mixtures can be estimated from 
the critical properties of the pure components and an appropriate equation of state. 
The Chueh and Prausnitz method gives the most accurate results for the calculation 
of the true critical properties. The Lee and Kesler estimation method for estimating 
the pseudo-critical properties in combination with the Lee and Kesler equation of 
state yields the best density estimates. 

On silica-based materials the main effect of small amounts of modifiers is 
deactivation of residual active sites. In the low-concentration range, the effect of the 
modifier can be described accurately by a model derived from the adsorption 
isotherm. 

Adsorption data of modifiers on stationary phases can be used to judge the 
applicability of these phases in packed-column SFC. Important indicators are the 
initial steepness of the isotherm and the saturation level. The first parameter is a 
measure of the adsorptive strength, whereas the latter indicates the total number of 
accessible active sites on the packing material. 

Different silica-based stationary phases appear to differ in degree of activity, but 
the kind of interactions are the same. To overcome the problem of residual active 
sites in packed-column SFC, stationary phases that are not based on silica are 
desirable. 
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