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a  b  s  t  r  a  c  t

In  Supercritical  Fluid  Chromatography  (SFC),  the  key  chromatographic  parameters  of  any  compound,  its
retention  and  efficiency,  are  known  to strongly  depend  on  the  density  of the  mobile  phase.  This  indicates
that  iso-density,  also  called  isopycnic,  plots  drawn  on  the  pressure–temperature  plane  can  provide  an
effective  tool  to analyze  how  SFC  systems  may  operate  under  different  combinations  of inlet  and  outlet
eywords:
sopycnic plot
FC
upercritical chromatography
perating conditions

pressures  and  column  temperature.  To  effectively  use  these  isopycnic  plots  in  designing  the  operations  of
SFC systems,  however,  a deeper  understanding  of  the  factors  behind  the  dependence  of  the  performance
of  these  systems  on  the  mobile  phase  density  is  required.  The  nature  of  this  density  dependence  is
explored  with  reference  to  the  key  physical  properties  of the  mobile  phase,  its viscosity,  diffusivity  and
solubility.  This study  is  focused  on  the  use  of  pure  carbon  dioxide  as  the  mobile  phase,  but  this  method
of  investigation  is  applicable  for other  mobile  phase  combinations  as  well.
. Introduction

Supercritical Fluid Chromatography (SFC) is the general name
ommonly used to refer to a mode of chromatography performed
ith a mobile phase that uses carbon dioxide as its main com-
onent, whether this fluid is liquid and subcritical or under the
upercritical state. Therefore, the word SFC, which is the acronym
f SFC, has now acquired an independent, broader meaning, making
ts use more correct than the full name.

Although Klesper et al. [1] used supercritical dichlorodifluo-
omethane and monochlorodifluoromethane as the mobile phases
n their first demonstration of SFC, CO2 was soon identified as a
ar more attractive fluid because it is relatively inexpensive, is not
ammable, is not toxic at concentrations below ca. 2% in air, and,
eing manufactured as the byproduct of other industrial processes,

s generally considered as carbon neutral. Furthermore, the crit-
cal properties of CO2 (Pc = 73.773 bar, Tc = 304.13 K) are close to
mbient conditions. So, it is more convenient to reach supercrit-
cal conditions with CO2 than with most other competing fluids.
lthough many current applications of SFC use standard organic

olvents like methanol or acetonitrile as modifiers to CO2, in order
o improve the solubility of sample components and increase the
pplicability of SFC, the analysis and discussions presented in this
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work will be limited to neat CO2 and the words “mobile phase” and
CO2 will be used interchangeably. Although neat CO2 is now rarely
used in SFC, understanding the role of CO2 in the various physico-
chemical aspects of SFC is critical to further its usefulness and ease
of application because the typicality of SFC operations originates
from this behavior.

Within the temperature and pressure ranges normally
employed in current SFC operations, the physical properties of CO2
can be widely modulated, leading to very different values of the
retention factors and the column efficiencies of the analytes. In
contrast to what happens in HPLC, changing the operating pres-
sure in SFC may  considerably affect retention factors and column
efficiencies. Understandably, this tunability of the mobile phase
in SFC has drawn considerable attention from the beginning and
much effort was made to understand the effects of the primary
operating variables – temperature and pressure – on the retention
and efficiency. However, Van Wasen and Schneider [2] noted quite
early that when retention factors are plotted against the density
of the mobile phase (neat CO2), the isothermal curves are almost
parallel, much simpler than the convoluted curves obtained when
the same data are plotted against the pressure. Peaden and Lee [3]
observed that it is the density, not the pressure of the mobile phase,
which controls the retention behavior in SFC. They proposed a lin-

ear relationship between the logarithm of analyte retention factors
and the density of CO2. They stated that, at constant mass flow
rate along the column, the column efficiency should remain nearly
constant, even if the pressure decreases significantly, because the

dx.doi.org/10.1016/j.chroma.2011.05.038
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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fficiency should not vary much when the product of the mobile
hase velocity, its viscosity and its density remains constant along
he column, which is approximately true when the column is oper-
ted at constant mass flow rate. Martire [4] developed an elaborate
heory on adsorption chromatography in which solute retention is
redicted to be a function of the reduced temperature and den-
ity of the eluent. He observed that the mobile phase density is a
ore convenient and natural state variable than pressure to deter-
ine and investigate isothermal distribution functions in all the
odes of chromatography, gas, liquid or supercritical. Poe and Mar-

ire [5] developed a general expression for the column efficiency
s a function of the capacity factor and the mobile phase den-
ity. Lou et al. [6] investigated in detail the effects of temperature
nd pressure on retention in SFC and showed that, up to a cer-
ain pressure, the retention factors of three PAHs increase rapidly
nd continuously with increasing temperature. At higher pressures,
owever, these retention factors decrease first, then increase with

ncreasing temperature. They observed a relationship between the
ature of the changes in the solubility of these solutes when chang-

ng the operating conditions and that of their retention factors.
ased on this observation, they suggested that retention factors
re inversely proportional to solubility and directly proportional
o an affinity factor of the solute for the stationary phase. Lauer
t al. [7] investigated the retention behavior of several solutes in
he near-critical region. These authors reported that, at constant

obile phase density, the logarithm of their capacity factors vary
inearly with the reciprocal of the temperature, with no change
f the slope of ordinate of these straight lines across the critical
sotherm. They also pointed out that, within the pressure and tem-
erature ranges that are useful to SFC operation, changes in mobile
hase viscosity can be avoided along the constant density lines.
hester and Innis [8] experimentally demonstrated the utility of
lotting the logarithm of retention data against reciprocal temper-
ture, at constant density rather than constant pressure, to develop

 linear relationship. Wu et al. [9] worked with relatively volatile
ompounds, like phenyl-ethanol, and detected that retention fac-
ors in SFC, at pressures near 150 bar, decrease with increasing
emperature from the ambient to the critical temperatures. Above
he critical temperature, however, retention factors increase signif-
cantly, reach a maximum at a higher temperature, and then drop.
t increasing temperatures, the competing effects of the decreas-

ng eluent density and the increasing solute vapor pressures explain
his behavior.

In conclusion, the literature suggests that, although density
lays a strong role in controlling retention and efficiency, solu-
ility also affects retention, as shown by Lou et al. [6].  Even at
onstant mobile phase density, retention factors vary with tem-
erature, as confirmed by published results [2].  The intricacy of this

nterdependence deserves clarification. The goal of this work is a
lose investigation of the relative importance of the roles of den-
ity and temperature in controlling solute retentions and column
fficiencies.

. Properties of the mobile phase which influence SFC
peration

Fundamentally, chromatographic separations result from the
ombined influences of all the interactions between the solute
olecules, the surface of the stationary phase and the molecules of

he mobile phase. While solute molecules are introduced into the
hromatographic system through the mobile phase, they become

ore or less strongly associated with the stationary phase with
hich they interact with different energies. This leads to the selec-

ivity of the system and to the eventual separation of the sample
omponents. The transport of solute molecules by the mobile phase
ogr. A 1218 (2011) 4569– 4575

may, on the other hand, have consequences that reduce selectivity
to a degree, depending on how much the mobile phase velocity may
affect band broadening, hence the column efficiency, a function of
diffusion and of the mass transfer resistances. In Gas Chromatogra-
phy (GC) the role of the mobile phase is limited to being the carrier
of solute molecules, which have to be volatile because carrier gases
have no dissolution power and exhibit only very weak molecular
interactions. Liquid Chromatography (LC), on the other hand, sepa-
rates only solute molecules that are dissolved in the mobile phase.
In SFC, the situation may  vary from gas-like to liquid-like behavior,
depending on the operating conditions, particularly the density. A
medley of chromatographic interactions can take place. Although
the states of the solute molecules, which are successively associated
with the stationary and the mobile phases, are controlled by their
chemical potentials in their respective states, such interactions can-
not be measured directly. For practical purposes the solubility of
a solute in the mobile phase provides direct indications on the
intensity of its interactions with this phase in the absence of the
stationary phase. The adsorption isotherm on the other hand pro-
vides a measure of the overall interactions with both the mobile
and the stationary phases. In LC the role of solubility is seldom
explored, as it generally does not vary significantly during elution
under isocratic conditions, and solute interactions are generally
measured through the “adsorption” isotherms. In SFC, however,
solubility may  vary significantly with the local density and thus can
be used as a reliable indicator of the retention behavior. Apart from
solubility, two  other basic physical properties of the mobile phase
directly control its chromatographic properties, its viscosity and
the solute diffusivity. The viscosity determines the pressure drop
for the selected flow rate, hence the density profile and the state
conditions along the column. This is important because the state
conditions determine all the other properties of the mobile phase.
So, understanding the role of viscosity is significant. The solute dif-
fusivity on the other hand controls directly all the mass transfer
phenomena inside the column, be it axial diffusion, mass transfer
over the stagnant film around the particles, or diffusion inside the
pores.

The above discussion shows that, among the mobile phase prop-
erties that are perceived to control solute retention in SFC, solubility
is certainly a major one. The efficiency on the other hand is mainly
controlled by the solute diffusivity, and to a lesser degree, by the
retention factors of the sample components. The hydrodynamics
of the column is controlled by the mobile phase viscosity. Because
the properties of the mobile phase in SFC are tunable, the individ-
ual effects of each one of these three properties are important to
understand when investigating SFC separation behavior. The most
striking feature common to all these properties will be discussed
further in this work; it is their strong dependence on the mobile
phase density. This explains why density, which is more readily
measurable than any other property, has always drawn the atten-
tion as being the controlling factor in SFC.

2.1. Viscosity versus density of CO2

Due to the intense interest invested on CO2 for the last three
decades as a sustainable supercritical fluid useful in supercriti-
cal extraction and in SFC, its viscosity has been measured in wide
ranges of pressure and temperature, hence of density, and has been
reported. These data were modeled by Vesovic et al. [10,11] who
developed an extensive set of equations providing ways to cal-
culate this property. These equations were used by the National
Institute of Standards and Technology (NIST) in the REFPROP soft-

ware [12], which was used for the current work to retrieve the
CO2 viscosity data shown in Fig. 1, plotted against the CO2 density.
As REFPROP uses the most accurate equations available to calcu-
late the thermodynamic and transport properties [12], it can be
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btained by continuously varying the pressure and the temperature within the inter-
als of 74–300 bar and 280–347 K, respectively. Note that irrespective of the applied
ressure and temperature, the viscosity depends essentially of density only.

sserted that this figure presents the most reliable data available
oday. According to NIST [12], the error made on CO2 viscosity
aries from 0.3% for the dilute gas, near room temperature, to
% at the highest pressures under which viscosity was  measured
8000.0 bar). However, the highest pressure considered in Fig. 1 is
nly 300 bar and the error made should be considerably lower than
%.

The pressure and temperature ranges used for plotting the vis-
osity versus density data in Fig. 1 are approximately between 74
nd 300 bar (reduced pressure, 1.003 and 4.07) and between 280
nd 374 K (reduced temperatures, 0.921 and 1.210). These ranges
an be considered as being the most useful for SFC operations. The
ritical pressure of CO2 is 73.77 bar. A survey of the literature [13]
hows that no SFC operation was reported as having been carried
ut under pressures below 74 bar. Although there are reports of
nalyses made under pressures higher than 300 bar, this is unusual.
he selection of 280 K as the low temperature boundary is some-
hat arbitrary. Although SFC operations are frequently carried out

t subcritical temperatures, there are few instances of operations
ade below 280 K or above 374 K [13]. Within these tempera-

ure and pressure ranges, the density of CO2 varies from 0.15 to
.0 g/mL, which includes both subcritical (liquid) and supercritical
O2.

The most important point to highlight here is that within this
ange, the viscosity of CO2 depends practically only on its density
Fig. 1), irrespective of the temperature or the pressure applied to
chieve this density. Although minor fluctuations of the viscosity
an be noted below 0.7 g/mL, they can be neglected for practical
urposes, given the reported accuracy of the data. Although such
ependence of the viscosity on the density is known by scientists
orking on the measurement of CO2 properties and on developing

orrelations between these properties [10,11,14],  this issue is rarely
iscussed or highlighted in SFC related publications. Yet, this under-
tanding is important to realize the actual importance of the role
layed by density in controlling the hydrodynamics of SFC systems.

.2. Solute diffusivity versus density of CO2
Although binary diffusion coefficients of numerous solutes in
O2 have often been plotted and correlated with the tempera-
ure and the pressure of CO2 [15–20],  it was rarely noted that
his property strongly depends on CO2 density, almost irrespec-
ogr. A 1218 (2011) 4569– 4575 4571

tive of the combination of the temperature and the pressure which
were applied to achieve that density. This observation is illus-
trated by the plots of the diffusivities of naphthalene, phenanthrene
and hexachlorobenzene in CO2 versus its density that are shown
in Figs. 2 and 3. All the diffusivity data used in these plots were
obtained from the literature [15,20] while the CO2 density was  cal-
culated from the REFPROP [12] software, using the values of the
temperatures and pressures published in the reports on the dif-
fusivity data. The strong relationship between the diffusivities of
various compounds and the CO2 density is clearly illustrated in
Figs. 2 and 3.

To check whether similar observations can be made for esti-
mated data of diffusivity, the Takahashi method [21] was used to
calculate the diffusivities of flurbiprofen and naphthalene in CO2, in
wide ranges of pressure, temperature and density. The results are
plotted against the CO2 density in Fig. 4. It can be noted from these
profiles that even the estimated diffusivities exhibit a strong depen-
dence on the density, irrespective of the operational temperature.
Although investigations of the actual reasons behind such density
dependence is outside the scope of the current report, it can be
generally concluded from the results shown that density plays a
significant role in determining the solute diffusion coefficients, at
least in close temperature ranges.

2.3. Solubility versus density of CO2

Solubility data in CO2 for numerous solutes are available in the
literature. Gupta et al. [24] compiled the solubility of more than 780
solutes in CO2, including liquids, solids, polymers, and metal com-
plexes. Traditionally, solubilities are plotted as isotherms against
the operating pressures [22,23,25].  The main problem of this rep-
resentation is the occurrence of isotherm crossovers [26], which
implicates that in certain pressure ranges, solubility increases with
increasing temperature while it decreases in other ranges. Thus, in
the absence of a specific knowledge of the location of the crossovers
points for a solute, it is impossible to estimate whether its solubility
increases or decreases with increasing temperature at certain pres-
sures. This is illustrated in Fig. 5, which shows that the crossover
pressure of phenanthrene is around 125 bar and that of pyrene
around 150 bar. Although solubility always increases with increas-
ing pressure, it is impossible, without specific information on the
crossover point, to estimate how the solubility of a compound may
vary with the temperature at different pressures.

The solubility relationship with density, on the other hand, is
much simpler. To understand the nature of its dependence on den-
sity, the solubility of phenanthrene [22], pyrene [22], fluorene [22]
and 2-chlorobiphenyl [23], obtained from the literature are plotted
in Figs. 6 and 7. Note that for pyrene and phenanthrene (Fig. 6), the
data used are the same as those used for Fig. 5. These figures show
that although the solubility of all compounds vary significantly with
the density as well as with the temperature, the variations with
density have clear, specific trends. Under isothermal conditions, the
solubility increases monotonically with increasing density, while at
constant density it increases monotonically with increasing tem-
perature. It can be noted from all the solubility plots that, between
approximately the critical density and the lowest density points at
which data are available, the solubility does not vary with the tem-
perature at constant density but can be defined only by the density
of the solvent.

Thus, simple relationships between solubility, density and tem-
perature permit the derivation of several empirical correlations
between them [27,28].  The simplest one was suggested by Chrastil

[27]:

ln(y) = A0 ln(�) + A1

T
+ A2 (1)
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Fig. 2. Diffusivity of naphthalene and phenanthrene in carbon dioxide. Calculated from data found in Ref. [15].
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here y is the solubility of the analyte and A0, A1, and A2 are two
mpirical coefficients.

Although density does not influence the solubility as strongly as
t influences the other properties discussed above, solubility has a
uch simpler relationship with density than do other properties,
.g., pressure. This can be utilized to develop a clearer understand-
ng of the effect of the operating conditions on the chromatographic
erformances.
Density (g/mL)

lculated following the Takahashi method obtained from Refs. [19,21].

3. Influence of the density on the chromatographic
parameters of SFC

3.1. Retention versus density of CO2
The influence of the density on solute retentions in SFC has been
noted by several researchers [2–6,29,30].  It was also noted that,
even at constant density, the temperature plays an important role
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n defining the retention [2,4,29]. Martire [4] probably developed
he most comprehensive approach in this direction and proposed
eneral equations, under the umbrella of unified chromatographic
heory, expressing solute retentions as functions of the averaged

obile phase density. Rajendran et al. [30] took a simpler approach
nd expressed the local retention as a power function of the local

obile phase density, from which the overall retention can be

erived through integration. Although Martire [4] clearly observed
he dependence of retention factors on both the density and
he temperature of the mobile phase, to simplify the resultant
Density (g/mL)

 in carbon dioxide. Calculated from data found in Refs. [22,23].

formulation, he assumed that the temperature distribution along
the column is negligible and considered the density as the sole
variable in expressing the retention factor. Perrut [31], following
the work of van Wasen and Schneider [2],  proposed an expression
comprising both a density and a temperature terms, as:(

∂ ln �k
)

V − V
i

∂P
T

= i,sol i,ads

RT
− � (2)

where ki is the retention factor of component i, and Vi,sol and Vi,ads
are its partial molar volumes in the solution and the adsorbed
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hase, respectively. Derivation of the above expression assumes
hermodynamic equilibrium of the solute between the two phases
t infinite dilution, which is certainly true for SFC operations
nder linear conditions. Now, in the supercritical region, Vi,sol is
roportional to the isothermal compression coefficient and can be
ritten as [31]:

Vi,sol

RT
= −�

(
∂ ln �

∂P

)
T

(3)

here � is a coefficient depending on the experimental conditions.
f the partial molar volume in the mobile phase is assumed to be

uch larger than the partial molar volume in the stationary phase,
hich is certainly true at moderate pressures (as it is in GC) but
ight become merely approximate at high pressures, the RHS of

q. (2) reduces to the LHS of Eq. (3) and the overall expression can
e written as

∂ ln �ki

∂P

)
T

= −�i

(
∂ ln �

∂P

)
T

(4)

hich can be finally integrated to

n(ki) = −(�i + 1) ln(�) + ln(fi(T)) (5)

q. (5) shows the dependence of the retention factors on the
ensity as well as on the temperature of the mobile phase. This
haracteristic expresses the overall behavior of the solubility,
s discussed in the last sub-section. The similarity between Eqs.
1) and (5) is remarkable. This conforms with the outcome of
he earlier discussion in this section, that solubility strongly
nfluences retention factors in SFC by virtue of the interactions
f the molecules of the solute and of the mobile phase. Because
etention factors represent the overall interactions between the
olute molecules and both the mobile and the stationary phases,
he complete interpretation of experimental data is complex.
evertheless, the nature of the dependence of retention on both

he density and the temperature of the mobile phase, as discussed
bove, can be effectively used to estimate how retention data vary
ith the operating conditions. It should be noted at this point that

he final retention factor of a compound in an SFC system will
epend on the extent of the variations of the state conditions along
he column, which are controlled by the mobile phase viscosity and
he system properties, like the column and the particle dimensions.

.2. Efficiency versus density of CO2

Mass-transfer phenomena in chromatographic columns are
ainly controlled by axial diffusion along the column, eddy disper-

ion resulting from the unevenness of the flow velocity distribution
hroughout the column, and the mass-transfer kinetics of solute

olecules accessing the porous particles. This last contribution is
tself composed of three terms [32], due to the mass-transfer resis-
ances across the stagnant film of mobile phase existing against the
urface of the porous packing particles, diffusion along the station-
ry phase surface and diffusion through the porous particles. The
asic property which scales all these phenomena is the diffusivity of
he solute in the mobile phase [33]. Given the strong dependence
f diffusivity on the mobile phase density (Section 2.2) in SFC, it
an be expected that the overall mass-transfer kinetics is strongly
nfluenced by the density of CO2 in SFC systems.

Although the efficiency of a chromatographic column is primar-
ly defined by the mass-transfer kinetics, the mobile phase velocity
nd the retention factor are the two major agents modulating the

onsequences of the finite rate of the mass transfer phenomena.
ecause the density of the mobile phase directly controls the flow
elocity (at constant mass flow rate, which is true for any operations
nder steady-state) and strongly influences retention factors (see
ogr. A 1218 (2011) 4569– 4575

Section 3.1), it can easily be understood that density plays a major
role in determining the overall column efficiency. This dependence
of the column efficiency on the mobile phase density, however,
can be quite complicated. The simplest measure of the column
efficiency is the height equivalent to a theoretical plate (HETP).
Bartmann and Schneider [34] showed that, in SFC the HETP can
be expressed as follows

H = B
udp�

�
+ 1.3Dm

u
+ 1.5k

(1 + k)2

udp

Dm
F (6)

where B is a coefficient that depends on the homogeneity of the
packed bed and on its geometry, which the authors estimated to
be of the order of magnitude of 0.1, u = L/t0 is the average lin-
ear velocity of the mobile phase along the column (with L column
length and t0 hold-up time), dp is the average particle diameter,
� is the mobile phase density, � is its viscosity, Dm is the solute
diffusion coefficient, k is the retention factor and F is a constant.
Although expressions of the HETP equation vary according to the
treatment used to account for the mass-transfer resistances, Eq.
(6) expresses the general dependence of the HETP on the mobile
phase density. Eq. (6) shows that a change in the density will affect
all three terms of Eq. (6),  but in different and conflicting ways.
For example, a decrease in the density causes, in the first term,
an increase in the average mobile phase velocity, u, but a decrease
in the viscosity, �. In the second term, both the numerator and the
denominator increase with a decrease in the mobile phase density,
Dm like u. The variation of the third term with decreasing density is
more complex since k depends on the density as well as the temper-
ature (Section 3.1). Overall, it can be concluded that, although each
one of the three terms of Eq. (6) is ultimately a function of the den-
sity and/or the temperature of the mobile phase, it is really difficult
to predict how the column efficiency varies when the density or the
temperature are changed. However, under certain experimental
conditions, it is possible to show that the relative contributions of
all three terms follow approximately a general trend. For example,
Shah and Taylor [29] observed from experimental results that the
general trend is for the efficiency to increase with decreasing den-
sity and to decrease with increasing temperature. To explain these
trend these authors neglected the contribution of the retention fac-
tor, as it happens under certain experimental conditions, and also
that of any property variation along the column. The increase of
the column efficiency with decreasing density was explained by
the strong role played by diffusivity in the absence of other effects.

In summary, this discussion shows that, although column effi-
ciency in SFC systems is ultimately controlled by the density
and the temperature of the mobile phase, general estimates of
the nature of the variations of the column efficiency when these
factors change are difficult to derive. One can, however, esti-
mate general trends for specific instances, supported by useful
approximations.

4. Conclusion

The density of the mobile phase is often viewed as the most
influential physical property in the operation of SFC columns
because both the retention factor and the separation efficiency, the
two critical performance parameters in chromatography, are often
correlated with the mobile phase density. While this statement is
definitely supported by strong reasons, we are of the opinion that
these two  parameters, retention factors and column efficiencies,
depend primarily on the diffusivity of the analytes and their sol-

ubility. These two  factors, in turn, are strongly controlled by the
mobile phase density and, to a lesser extent, by the column temper-
ature. Our analysis of the literature shows that solute diffusivities
depend more strongly on the mobile phase density alone, irrespec-
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26]. This last insight is important because, although the eluent
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