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Emerging chromatographic schemes
involve binary mobile phases with CO2.

Chromatographic methods are usually classified accord-
ing to the physical state of the mobile phase—for
example, GC, supercritical fluid chromatography (SFC),

and LC. This admittedly oversimplified classification scheme
exists partly because of the similarity of most chromatograph-
ic stationary phases, which are usually either polymers or solid
adsorbents and are often deactivated by some chemically bond-
ed moiety. Because of the banality of stationary phases, any
attempt to unify the various forms of chromatography will natu-
rally center on the mobile phase. To date, many researchers
consider the most promising approach to unification to be the
use of CO2 as the mobile phase, because of the “tunable” solvent
strength of this fluid.

Unfortunately, neat CO2 alone is not a good mobile phase
because of its poor solvent properties. For this reason, a polar,
organic “modifier” is usually mixed with CO2 to produce a mobile
phase with improved solvent properties for polar solutes with-
out significantly altering the physical properties of the mobile
phase. The development of practical chromatographic schemes
involving binary mobile phases with CO2 as a component is a
promising area of research, and analytical applications of this
technology constitute a significant body of chromatographic liter-
ature. These systems, although chromatographically useful and
interesting, are also very complex, difficult to control experi-
mentally, and often intractable to theoretical modeling and inter-
pretation. For these reasons, a broad discussion of these fasci-

nating systems is both timely and appropriate.
The normally assigned role of the mobile phase in any chro-

matographic system is simply to transport the solutes through
the column. The classical model assumes that all solutes in the
mobile phase travel at the same velocity as the bulk mobile phase
itself. There are exceptions to this simplistic model, such as size-
exclusion and hydrodynamic chromatography, in which various
regions of the mobile phase travel at different velocities. Never-
theless, assuming that all of the solutes spend the same amount
of time in the mobile phase, any observed chromatographic reso-
lution of the solutes must be determined solely by the amount
of time each solute resides somewhere in the column other than
in the mobile phase.

This concept illustrates the normal role of the so-called station-
ary phase. If molecular diffusion is neglected, the stationary phase
provides a place in the column for the solutes to reside without
undergoing axial movement. Researchers, however, should keep
in mind that not all the stationary-phase components must be
fixed within the column. In addition, not all of the mobile phase
must move at a uniform velocity. The analytical solutes may inter-
act with mobile-phase components, stationary-phase compo-
nents, or mobile-phase components dissolved in or adsorbed on
the stationary phase.

Binary Mobile Phases
Binary mobile phases are used often, particularly in HPLC and
SFC. Some very elegant separations have also been achieved
with gradient elution and solvent programming techniques.
Such multicomponent mobile phases are popular primarily
because they can be used to provide continuous control of the
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solvent or elution strength of the mobile phase; provide contin-
uous, external control of the solvent strength of the stationary
phase (i.e., without physically changing the nonvolatile liquid
phase or the column itself ); deactivate the solid support in
packed-column applications; improve the mass transport
properties of the mobile phase; and provide a variable-compo-
sition fluid phase for thermodynamic investigations of phase-
distribution equilibria.

The ability to continuously alter the separating power of a
modern chromatographic system represents a major advantage
of SFC and HPLC over GC, for which temperature is the only
available programming parameter. Although temperature-
programmed GC is a powerful and often-used analytical tool,
gradient elution HPLC methods and the use of modifiers in SFC
have provided an extra dimension for the control of chromato-
graphic selectivity.

The choice of components for binary mobile phases is some-
what restricted, primarily because of problems with chromato-
graphic detection systems and the paucity of physical property
data and theoretical models for binary systems. However, CO2 is
a particularly useful mobile-phase component because it does not

interfere with most chromatographic detectors. It is also well char-
acterized as a pure component, and its binary mixtures are read-
ily modeled with appropriate equations of state. Finally, it is safe
and easy to handle, and has minimal environmental impact and
mild critical constants.

Phase Behavior
Phase separation of binary mobile phases is not generally a prob-
lem for HPLC systems because completely miscible liquid
solvents are the norm. However, if organic modifiers are
added to CO2 or an organic liquid is “enhanced” by adding
CO2 to form a binary chromatographic mobile phase, some
unique situations can occur. The primary problem is that such
binary mobile phases can, under certain conditions, split into
two phases (gas and liquid). This dramatically complicates the
phase distribution equilibria that determine the resolution of
analytical solutes in a chromatographic column. Such CO2-
based binary systems are very complex, and their phase behav-
ior can be quite convoluted, as Eckert showed for a series of
such systems involving several common SFC modifiers with
CO2 (1). Moreover, significant interactions between the mobile-
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Figure 1. Calculated phase diagrams for binary blends of methanol and CO2 at three temperatures: (a) 0 °C,
a temperature below the critical temperatures of both components, (b) 100 °C, a temperature intermediate
between the critical temperatures of the two pure components, and (c) 200 °C, a temperature close to but
below the critical temperature of methanol.



phase components and common chromatographic stationary
phases are usually evident (1).

These mobile- and stationary-phase interactions mean that
some of the mobile phase becomes part of the stationary phase.
Consequently, determining the exact volume and composition
of the stationary phase is very difficult. In this case, the station-
ary phase is created in dynamic equilibrium with the mobile
phase, so any change in the properties of the mobile phase will
be reflected in the stationary phase, most often in a nonlinear
fashion. This dynamic stationary phase is fascinating because it
exists only inside the column and is very difficult to character-
ize, unlike the mobile phase, which can be analyzed in detail
when it exits the column.

To understand the chromatographic implications of such
complex binary systems, a thorough knowledge of their phase

behavior is necessary. This information is best conveyed in the
form of phase diagrams, even though phase diagrams of multi-
component systems can sometimes be very difficult for the analyst
to interpret. A phase diagram for a typical binary SFC–modifier
system is shown in Figure 1. This diagram illustrates the influence
of composition on the phase behavior of a simple CO2–methanol
system at three temperatures. The isotherms were calculated from
the Sanchez–Lacombe model.

Figure 1a shows the calculated phase diagram at 0 °C, which
is below the critical temperatures of both components. The blue
boundary lines—the so-called bubble and dew lines—delineate
the orange two-phase region and are continuous throughout the
composition range. The system contains liquid, gas, or both phas-
es in dynamic equilibrium, but no supercritical fluid state exists
at this temperature. Two phases can coexist over a range of compo-
sitions if the pressure is lower than the vapor pressure of liquid
CO2 at 0 °C (~34 atm) but higher than the vapor pressure of
methanol (<1 atm).

Likewise, at a fixed composition, the bubble-point pressure
is higher than the dew-point pressure. Between these two pres-
sures, two phases will coexist in the system. The two phases will
have different compositions determined by the pressure.

Unlike the vapor–liquid line of single-component systems,

the two-phase region for this binary system can extend over a
relatively wide range of pressures and compositions. Such
conditions are usually avoided in chromatographic practice and,
thus, represent an unpleasant gap in any unification scheme.
On the other hand, it is comparatively easy to maintain a stable,
two-phase system within a chromatographic column without
precise control of the temperature and pressure, if that is the
desired mode of operation.

Figure 1b shows the phase behavior for the same system at
100 °C, which is intermediate between the critical temperature
of pure CO2 (31 °C) and that of pure methanol (240 °C). At
this temperature, the two-phase region does not extend over
the full composition range. That is, at 100 °C, there is a maxi-
mum pressure and a maximum composition where gas and
liquid phases cannot coexist. Likewise, for each composition,
there is a maximum temperature and pressure above which gas
and liquid phases cannot coexist. These maxima can be relat-
ed to the critical points of the binary systems. But the precise
specification of the critical point of a mixture (temperature,
pressure, and composition) can be quite complicated and well
beyond the scope of this article if the maximum temperature,
pressure, and concentration do not exactly coincide, as is often
the case. The practicing chromatographer only needs to know
the minimum temperature and pressure required to ensure a
single-phase carrier fluid (i.e., to avoid the two-phase region).
Surprisingly, the two-phase region extends to relatively high
pressures, well beyond the range at which pure CO2 would be
in a liquid state.

At high concentrations of CO2, a supercritical fluid is formed.
Depending on the pressure, such a fluid can have the properties
of a gas—namely, low density and weak molecular interaction.
It can also act as an intermediate state or as a liquid, which has
high density and strong intermolecular interactions. But the super-
critical fluid is not a separate phase with properties of both a
liquid and a gas.

Figure 1c shows that at 200 °C, the composition range over
which a supercritical fluid can be formed is very large. If the
temperature is raised above the critical temperatures of both
methanol and CO2, the entire system will form a single, homo-
geneous fluid phase. This is not true for all binary mixtures, and
many different types of phase behavior have been observed (2).
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Figure 2. 3D phase diagram for methanol and CO2. The blue lines represent
isotherms from Figure 1, the black lines and circles represent vapor–liquid lines
and critical points for the pure components, and the green circles represent the
critical points at each temperature.

Figure 3. 2D phase diagram showing the critical loci.



Phase Diagrams
To fully exploit the phase behavior of these systems for chro-
matographic purposes, it is necessary to display the phase diagram
in a manner that emphasizes temperature, pressure, and compo-
sition. Three-dimensional phase diagrams are the best means of
displaying the full range of experimental conditions that could
result in the formation of two phases within a chromatographic
column. This type of full-phase diagram for the CO2–methanol
system is depicted in Figure 2. In this diagram, the critical points
are marked with green circles, and the black lines represent the
vapor–liquid lines of the pure components. This figure shows
that two-phase systems can be avoided by working at a high pres-
sure, high temperature, or high mole fraction of CO2. Converse-
ly, the diagram also clearly delineates the exact experimental condi-
tions required to create a two-phase system, if that is desired.

Because of the difficulties of measuring or calculating full-
phase diagrams, multicomponent-phase diagrams are often
displayed in only two dimensions by neglecting the composition
axis, as shown in Figure 3. This 2D phase diagram is particular-
ly valuable for method development for SFC applications to avoid
the inadvertent formation of two phases within a chromato-
graphic column. The heavy line in this diagram represents the
locus of the critical points shown in Figure 2. Page et al. published
an excellent review in 1992 (2) that illustrates the various types
of fluid phase behavior that have been observed for typical
CO2–modifier systems.

Most chromatographic applications involve an organic liquid
modifier that is miscible with liquid CO2 and has higher criti-
cal pressure and temperature than CO2. These systems display
what is called type I phase behavior, in which the critical loci of
the mixtures exist continuously over the full composition range,
as shown in Figures 2 and 3. The critical parameters of the mixture
may be higher than, lower than, or in between the critical
constants of CO2 and the modifier. Extensive compilations of
critical data for mixtures of CO2 and liquid modifiers have been
published (2, 3). For chromatographic purposes, it is often
sufficient to know the range of the critical loci without detailed
knowledge of the composition. Thus, 2D plots showing only the
critical temperatures and pressures without any compositional
detail are sometimes sufficient.

Not all binary mobile-phase combinations are as well behaved
as the methanol–CO2 system illustrated in Figures 1–3. For exam-
ple, mixtures of CO2 with inert gases display type III phase
behavior that is usually observed in mutually immiscible liquids.
In this case, the critical loci are discontinuous. Such phase behav-
ior is illustrated in Figure 4 for the helium–CO2 system at sever-
al temperatures. In this example, the isotherms were generated from
experimentally measured data (4). The critical points were extrap-
olated from experimental data reported by Kordikowski et al. (5).

The phase diagram in Figure 4 is discontinuous in composi-
tion. That is, the two-phase region extends far above the critical
pressure and temperature of either pure component, and there
is no measurable critical point over a wide range of composi-
tion. The system thus displays gas–gas immiscibility of the first
kind (2). In fact, the reported critical points extend as high as
8000 atm and 80 °C. Quite surprisingly, very small concentra-
tions of helium force the helium–CO2 system to break up into
two phases at conditions where pure CO2 would be a single-
liquid phase. In fact, about the only way to avoid the formation
of two phases in such a system is to operate at temperatures greater
than 30 °C or at pressures less than the vapor pressure of pure
liquid CO2, where a single gas phase would be formed. This
unusual phase behavior can result in unexpected problems
when helium head pressure CO2 cylinders are used for super-
critical-fluid extraction and SFC applications.

On the other hand, such systems that have this unusual phase
behavior provide a very simple method for performing gas–liquid
chromatography with a volatile stationary phase. In this case, the

CO2-rich liquid phase can condense on the walls of an empty
capillary column to form a dynamic stationary phase. A helium-
rich gas phase can form under conditions where pure CO2 would
be a liquid, and this gas can act as the mobile phase. The two-
phase systems are experimentally stable because small fluctuations
in temperature and pressure cause only concomitant changes in
the composition of both. Likewise, small variations in the compo-
sition of the binary phase delivered by the pump cause only
small changes in the relative amounts of the gas and liquid phase
in the column. In neither case will fluctuations in the experimental
variables cause a change in the number of phases in the column.

In addition to helium–CO2 mixtures, two phases can be
formed from common SFC modifiers and CO2, such as the
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Figure 4. Full-phase diagram for the helium–CO2 system: red lines (4 ) and
blue lines are data from the literature; the black line is the vapor–liquid line for
pure CO2; and the green line indicates critical points (5).

Figure 5. Chromatogram illustrating the separation of a series of n-alkanes in
an empty column dynamically coated with liquid CO2 and methanol. Column:
500 µm × 760 cm fused-silica-lined stainless steel; mobile phase: methanol–CO2
(20:80 mole%); stationary phase: none; temperature: 50 °C; pressure: 70 atm.



methanol–CO2 systems described in Figures 1–3. For example,
Figure 5 shows a simple chromatogram showing the separation
of a series of hydrocarbons in an empty capillary column dynam-
ically coated with liquid methanol and CO2. In this experi-
ment, a mass-specific detector was used, and the monitored mass-
es are indicated in the figure. In our experience, this unique type
of chromatography is very gentle and avoids all of the problems,
including maintenance and cost, commonly associated with clas-
sical chromatographic stationary phases.

We have outlined a multicomponent, multiphase variant of
gas–liquid chromatography that seems to fill the final major gap
remaining in the unification scheme. Rather than avoiding the
formation of two phases within a chromatographic column, this
approach makes use of them. In fact, the two-phase region can
be explored advantageously to obviate the need for a nonvolatile
stationary phase.

Furthermore, it is possible to develop chromatographic appli-
cations throughout what is called “phase space.” The continuum
can include mobile phases that are gases, liquids, supercritical
fluids, and gases in dynamic equilibrium with liquids. Inert gases
mixed with CO2 are particularly useful binary mobile phases for
this type of application because they do not interfere with any of
the common SFC detectors. However, these are not the only
systems that could be used to create dynamic stationary phases.

Probably the most significant contribution of the idealized
concept of unified chromatography is to reinforce the vital
theoretical and conceptual links between analytical and physical

chemistry. Chromatography can provide the necessary experi-
mental results for the development of solution models for complex
multicomponent, multiphase systems at high pressure. Converse-
ly, solution models can be used to model complex chromato-
graphic systems. Unified chromatography using all phases and
combinations of phases may provide an excellent experimental
method for investigating very complex systems that are not
amenable to more classical gravimetric or volumetric methods.
This synergism is a unique feature of chromatography and, hope-
fully, will lead to the development of new and innovative sepa-
ration methods.

Adapted with permission from Analytical Chemistry, Jan 1, 2003, pp 18A–24A.

References
(1) Vincent, M. F.; Kazarian, S. G.;West, B. L.; Berkner, J.A.; Bright, F.V.; Liotta, C. L.;

Eckert, C. A. J. Phys. Chem. B 1998, 102, 2176–2186.
(2) Page, S. H.; Sumpter, S. R.; Lee, M. L. J. Microcol. Sep. 1992, 4, 91–122.
(3) Occhiogrosso, R. N.; Igel, J. T.; McHugh, M. L. Fluid Phase Equilib. 1986, 26,

165–179.
(4) Burfield, D. W.; Richardson, H. P.; Guereca, R. A. AIChE J. 1970, 16, 97–100.
(5) Kordikowski, A.; Robertson, D. G.; Poliakoff, M. Anal. Chem. 1996, 68,

4436–4440.

Phillip S. Wells is a separation scientist at Dow Chemical. Shuxia Zhou is an associate
scientist at Pharmacia Corp. Jon F. Parcher is a professor at the University of Mississippi. ◆

32 TODAY’S CHEMIST AT WORK AUGUST 2004 www.tcawonline.org

K E Y  T E R M S : GC, LC, sample prep, separation science


