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The  retention  factors  of octylbenzene,  octadecene,  anthracene,  and  pyrene  eluted  from  columns  packed
with  neat  silica  and C18-bonded  silica  by pure  carbon  dioxide  near  its  critical  region  increase  with  increas-
ing temperature  along  low-density  isopycnic  lines.  This  behavior  is  markedly  different  from  the one
observed  in  nearby  regions  of  the  pressure–temperature  diagram  of CO2, where  the retention  factors
of these  compounds  decrease  with  increasing  temperature  along  high-density  isopycnic  lines.  Several
possible  reasons  that  could  explain  this  reversal  in  the  behavior  of  the  retention  factors  are  discussed.
eywords:
sopycnic
FC
upercritical fluid chromatography
perating conditions
etention mechanism

The  most  plausible  is related  to  the  formation  of multilayer  adsorption  of CO2 on the  stationary  phases
in  a  density  range  slightly  lower  than  the  critical  density.

© 2012 Elsevier B.V. All rights reserved.
ear critical

. Introduction

Retention mechanisms in SFC seem to be hybrids between the
echanisms encountered in gas (GC) and in liquid chromatography

LC). In GC, solute–stationary phase interactions are the essential if
ot the only ones controlling retention. The role of the carrier gas is

imited to transporting solute vapors along the column. Only with
ighly efficient open tubular columns had it been reported that

nteractions between the carrier gas and the solute vapors inter-
ered with the interactions between the stationary phase and the
ample molecules and affected to even a small extent the reten-
ion mechanism of analytes [1]. In LC, on the other hand, both
olute–mobile phase and solute–stationary phase interactions con-
rol retention. The solvation power of the mobile phase in LC, one
f the main physical properties representing solute–mobile phase
nteractions, can strongly affect solute retention.

In SFC, either a GC-like or a LC-like retention mechanism is possi-
le, depending on the region of the pressure–temperature diagram

n which the analyses are carried out [2], because SFC analyses
an be carried out over a wide range of CO2 density [3]. At high

ensities, which are typically achieved under high pressures and
t low temperatures, the solvation power of CO2 is high and a
C-like mechanism controls the retention. At low densities, i.e.,

∗ Corresponding author. Tel.: +1 8659740733; fax: +1 8659742667.
E-mail address: guiochon@ion.chem.utk.edu (G. Guiochon).

021-9673/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.12.096
under low pressures and at high temperatures, on the other hand,
the solvation power of CO2 drastically reduces and the retention
mechanism closely resembles the one observed in GC, where the
solute volatility and the solute–stationary phase interactions are
the main controlling factors. In the intermediate regions, compet-
ing retention mechanisms, involving both solute–stationary phase
interactions and solute–mobile phase interactions, tend to take
place, to a degree depending on the compounds involved. A sur-
vey of the literature found several reports in which the dependence
of retention factors on the temperature, the pressure, or the den-
sity were investigated in this intermediate region. A brief review of
these studies is provided in the following subsections, which will
be useful in the analysis presented in the subsequent sections.

1.1. Variation of the retention factors with temperature at
constant pressure

The dependence of the retention factors, k, of different com-
pounds on the temperature at constant pressure was studied and
reported by various authors [2,4–6].  In the supercritical region, k
first increases with increasing temperature, starting from the crit-
ical temperature. It reaches a maximum and then decreases. The
physical reason for this behavior was explained by a change in

the dominant retention mechanism. First, we have a LC-like mech-
anism and k increases with increasing temperature because the
mobile phase density decreases, which reduces its solvating power
and, in turn, increases the adsorption of the analytes and their

dx.doi.org/10.1016/j.chroma.2011.12.096
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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elative residence times on the stationary phase. When the tem-
erature increases further, the system progressively shifts toward

 GC-like mechanism; the analyte vapor pressure increases with
ncreasing temperature, outweighing the former effect [2,4–6].
bviously, both mechanisms coexist and, depending on the tem-
erature the influence of one or the other dominates.

There is, however, a serious problem in using this method to
nderstand the mode of the controlling retention mechanism (LC or
C) because (1) the solvation power of CO2 varies widely from one
nalyte to the other, depending on their physico-chemical proper-
ies, and more importantly (2) the solubility of analytes does not
lways decrease with the temperature under isobaric conditions;
ather, there is a crossover pressure, the value of which varies from
olute to solute, above which the solubility increases with increas-
ng temperature under isobaric conditions. So, as pointed out by
hester and Innis [2],  the retention factor can either decrease or

ncrease with increasing temperature, depending on the individ-
al properties of these compounds and on the constant pressure
onsidered.

.2. Variation of the retention factors with the pressure at
onstant temperature

There is no dramatic variation of the retention factors with
he pressure at constant temperature, in contrast with the previ-
us case. The retention factors constantly decrease with increasing
ressure at constant temperature, due to the correlative mono-
onic increment of the mobile phase density. The rate of change
f the retention factors per unit change in the pressure, however,
reatly varies with the temperature at which the experiments are
onducted. At temperatures greater than but close to the critical
oint, the retention factors vary rapidly with the pressure, due to
he strong compressibility of the mobile phase, hence to the rapid
ariations of its density in this region. At temperatures farther from
he critical temperature, the effect of an increasing pressure on the
etention becomes less important.

.3. Variation of the retention factors with the temperature at
onstant mobile phase density

In contrast to the dependence of the retention factors with the
emperature at constant pressure, which gives complex, even puz-
ling results (see Section 1.1), the variation of the retention factors
gainst the inverse of the temperature at constant density is almost
lways linear and monotonic. The retention factors decrease con-
tantly with increasing temperature along the isopycnic lines. As
ointed out by Chester and Innis [2] there is no difference between
C-like and GC-like operation along the constant density lines. Roth
ent so far as qualifying such monotonic variations as useless [7]

ecause they do not provide any specific information regarding the
etention behavior or the retention mechanism.

In a recent publication, we showed that the iso-density or isopy-
nic lines can be useful in method development and in developing
nsights into a separation process [3].  In the same paper we  reported
n unexpected retention behavior in the low pressure range, near
he critical region of CO2 [3].  It was shown that at densities of
.65 g/mL or higher, the retention factors of anthracene and pyrene
ecrease constantly with increasing temperature along the isopyc-
ic lines. Such behavior is expected, because the analyte solubility

ncreases constantly with increasing temperature. However, it was
lso observed that at densities of 0.55 g/mL or lower, this general
rend was no longer valid. Along the 0.55 g/mL isopycnic line, the

etention factor of anthracene actually increases slightly. Along the
.45 g/mL isopycnic line, the retention factors of both pyrene and
nthracene increase with increasing temperature up to a certain
emperature, beyond which they decrease. Along the 0.35 g/mL
togr. A 1229 (2012) 249– 259

isopycnic line, the retention factors increase constantly up to 360 K,
the highest temperature at which the measurements were car-
ried out. As was noted then, this type of variation of the retention
factors cannot be controlled only by variations of the solubilities
of the test compounds in CO2, because the solubility of all com-
pounds increases with increasing temperature at constant density,
which would be expected to lead to a decrease of these retention
factors. Besides, the experimental data regarding the solubility of
several compounds show that, below the critical density of CO2,
these solubilities remain nearly constant when the temperature
increases under isopycnic conditions [8].  So the role of the sol-
ubility in the reversal of the retention behavior was  ruled out,
but no alternative explanation was provided to understand this
behavior [3].

Interestingly, most published reports dealing with the temper-
ature dependence of retention factors along isopycnic lines do not
contain data in this low-density zone, so possible similar effects
remained largely unreported, hence unexplained. We  could find
only two instances, illustrated in Fig. 1, in which clear indications
of a significant shift in the trend of the variations of retention
factors with temperature had been reported, but without any fur-
ther explanations. Fig. 1a shows that the higher abscissa ticked,
1/T  = 3.0 × 10−3, corresponds to T � 60 ◦C, the higher temperature
boundary of the region in which Berger [6] reported serious diffi-
culties in obtaining satisfactory chromatograms. Roth [9] calculated
the retention factor of naphthalene in a PDMS–CO2 system and
plotted the data versus the inverse of the absolute temperature
at several densities. In Fig. 1b, the trends of these data are shown,
at temperatures between approximately 30 and 72 ◦C, a tempera-
ture range that includes the critical temperature. These plots show
that the retention factor of naphthalene increases constantly with
increasing temperature at densities above about 0.6 g/mL while
at lower densities the reversed trend is observed. These theoret-
ical results are surprising because, according to our experimental
results, the retention factors decrease with increasing tempera-
ture at high densities, in agreement with Roth’s prediction, while
at low densities, they follow the opposite trend only up to a cer-
tain temperature, a reversal which is in contrast with Roth’s results.
This suggests that the model used by Roth does not include some
important phenomenon, the existence of which would explain the
unexpected reversal observed.

The goal of this work was to investigate more thoroughly
whether a reversal in this trend of retention factor variation takes
place in the near critical region, as observed earlier [3],  or was it
an artifact of the experimental conditions used in that study. The
additional motivation was to attempt to understand it, or at least
to narrow down to the plausible physical phenomena controlling
this trend reversal.

2. Theory

The average mobile phase density inside a column is controlled
by the average temperature and by the pressure, which in turn is
controlled by the inlet/outlet pressure and the pressure drop. If
the operating flow rate is increased but the inlet pressure is kept
constant, the outlet pressure must be decreased and, as a conse-
quence, the average mobile phase density in the column decreases.
This causes an increase in the average retention factors of all ana-
lytes and often a larger increase in their separation factors [10].
To keep constant the retention factors or the separation factors of
certain compounds, the average density of the mobile phase in the

column must be kept constant, hence the mobile phase density at
the column inlet must be increased to compensate for its decrease
at the column outlet. The intensity of these effects depends on the
mobile phase viscosity and on the column permeability.
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Fig. 1. (a) The variation of the logarithm of the retention factors against the inverse
of  the absolute temperature along different isopycnic lines. The deviations from the
trends along the 0.35 and 0.4 g/mL isopycnic lines are highlighted. (b) The variation
of  the logarithm of the retention factors with the inverse of the absolute temperature
along various isopycnic lines. The figure shows a reversal in the trend of the retention
factor variations from 0.6 g/mL.

(a)  Reproduced with permission from Ref. [6]. (b) Reproduced with permission from
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Similar results have been reported by numerous other authors
for several different fluids [21,24–27].  Fig. 3 compares values of the
partial molar volume of solutes in carbon dioxide measured and
calculated using different models of statistical thermodynamics
[21,24]. These results clearly demonstrate that, close to the criti-
ef. [9].

The influence of the pressure or of the density of the mobile
hase on the chromatographic behavior has been abundantly stud-

ed in the literature during the last fifty years [11–15] but most
uthors have avoided making measurements of retention factors

n the critical region of the mobile phase because these factors vary
apidly with the mobile phase density [11]. Fig. 2 illustrates the
togr. A 1229 (2012) 249– 259 251

dramatic changes in log k with increasing pressure across the crit-
ical domain [16].

Perrut and Dellacherie [17] reported that the retention
factor of naphthalene, 1- and 2-methylnaphthalene, and 2,6-
dimethylnaphthalene in pure CO2 are simply related to the
temperature through the relationship

ki = eai−bT �av
−n (1)

where �av is the average density of the mobile phase, T the tem-
perature, ai, b, and n are numerical parameters, the former specific
of the compound, the latter one constant, 3.42. The coefficient b
seems to depend on the chemical structure of the compounds. Dif-
ferentiation of Eq. (1) gives:
(

∂ log ki

∂Pav

)
T

= −n

(
∂ log �av

∂Pav

)
T

(2)

where Pav is the average pressure in the column. Since ∂ log �/∂P
is the isothermal compressibility, �, of the mobile phase, which
can easily be derived from an equation of state [18], the author
concluded that(

∂ log ki

∂Pav

)
T

= −n� (3)

This equation shows that retention should decrease with increasing
average column pressure hence with increasing average density of
the mobile phase at constant temperature

2.1. Partial molar volumes of solutes

Van Wasen et al. [13] derived the following relationship
between the retention factor and the partial molar volumes of the
solute i in the adsorbed phase and in the solution, Vi,ads and Vi,sol,
respectively
(

∂ log �ki

∂P

)
T

= Vi,ads − Vi,sol

RT
(4)

They measured the partial molar volumes of naphthalene and flu-
orene in carbon dioxide in the critical region [19]. In the gas phase,
the partial molar volume of compounds decreases with increas-
ing pressure until the pressure nears the critical pressure. At about
10% below the critical pressure of CO2, the partial molar volume
begins to increase more and more rapidly with increasing pressure,
then decreases when the pressure exceeds the critical pressure. The
amplitude of this spike increases rapidly with decreasing difference
between the temperature at which the measurements are made
and the critical temperature. The amplitude of this spike corre-
sponds to an approximately six times higher partial molar volume
at the critical pressure than under 60 bar at 35 ◦C, three times higher
at 40 ◦C, and twice at 50 ◦C (see Fig. 3, top right). So, around the crit-
ical pressure, Vi,sol increases considerably, making the product �ki
very sensitive to small pressure fluctuations. The dependence of the
retention factor of naphthalene on the pressure were shown ear-
lier in [20], Fig. 8 in [16], consistent with the results of van Wasen
and Schneider. All this suggests that clustering of a large number
of solvent molecules takes place around each solute molecule.
cal point, the molecules of the solvent tend to congregate around
the molecules of larger, more polarizable solute molecules.
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Fig. 2. Retention factor of naphthalene in carbon dioxide as a function

.2. Adsorption of carbon dioxide on solid surfaces

There is a considerable possibility that the same effect should
ead to the clustering of CO2 molecules against the surface of adsor-
ents and the formation of several adsorbed layers. Several authors
ave measured the adsorption of carbon dioxide on the surface
f adsorbents [28,29]. Giovanni et al. measured the adsorption
sotherms of carbon dioxide on silica as a function of the density
etermined simultaneously by gravimetry [29]. This excellent pro-
edure avoids the use of an equation of state, which lacks accuracy
n the neighborhood of the critical point due to the rapid vari-
tion of the density with the temperature and pressure in this
egion. It provides directly the excess volume of adsorption. The
ata plotted versus the density between 312.0 and 465.9 K are
hown in Fig. 4. The adsorption maximum takes place at almost
he same density in the whole temperature range. This density (ca.
.30 g/L) is significantly less than the critical density (ca. 0.47 g/L).
hese isotherms are consistent with those reported by Strubinger

t al. [30], which were measured using a combination of a tracer
ulse chromatographic method and mass spectrometric detection
Fig. 4). If the excess adsorption data are plotted versus the pres-
ure, all the isotherms intersect beyond their maximum [29]. The
 pressure at different temperatures: (◦) 35 ◦C; (�) 40 ◦C; (+) 50 ◦C [16].

pressure at which the adsorption maximum takes place increases
with increasing temperature while the corresponding loading
decreases [29]. This effect is somewhat similar to the cross-over
effect which occurs with solubility data [20].

Thus, the surface of adsorbents is covered by a thin layer of
carbon dioxide when the density of the mobile phase is close to
the critical density. The thickness of this layer decreases when the
density becomes markedly higher.

3. Experimental

The experimental study was carried out with octylbenzene
(99%, Aldrich), octadecene (95%, Fluka) and two PNAs – anthracene
(99.9%, Sigma) and pyrene (99%, Aldrich). Benzene was used as the
tracer to measure the column void volume. The PNAs were co-
injected while the other two compounds were injected separately.
The concentrations of all these samples were around 1 g/mL.

The instrument used in all the experiments was  a TharSFC

system (Waters, Mildford, MA,  USA). This instrument includes a
fluid delivery module with three parallel reciprocating pumps with
heads maintained at 4 ◦C, an autosampler, an oven, a photo-diode
array detector (Waters 2998), and an automated back pressure
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Fig. 3. Left: partial molar volumes of naphthalene (top) and fluorene (bottom) in CO2 calculated using different models [21]. Right, top: the partial molar volumes of
naphthalene and fluorene in carbon dioxide at different temperatures. Experimental data [19] and calculated curve [22]. (�) Naphthalene on PerisorbA; (�) naphthalene on
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erisorbRP-8; (�) fluorene on PerisorbA; (◦) fluorene on Perisorb RP-8. Right, bottom
s  a function of pressure.

egulator (ABPR). In contrast to HPLC, the operating pressures men-
ioned in SFC are the outlet pressures, which are the values set for
he ABPR, not the inlet pressures.

Two different columns were used for this study. A
.46 cm × 15 cm Prototype XBridge C18 column packed with
0 �m particles and a 0.46 cm × 15 cm Prototype column packed
ith 10 �m silica particles. Both the columns were from Waters

Mildford, MA,  USA) and will be referred to as the C18 column
nd the neat silica column in the rest of this report. Particles of

 large size were purposefully chosen to maximize the column
ermeability and minimize the variation of the local pressure
long the column, hence of the local retention factor. The mobile
hase was neat CO2 from Airgas (Knoxville, TN, USA). In all the
xperiments the flow rate was kept constant at 2 mL/min, the low-
st flow rate at which the ABPR can operate properly. According to
he manufacturer of the TharSFC, in order to ensure that the flow
ate stays constant at the set value, at the specified temperature
nd pressure, the frequency of the piston strokes in the pumps is
ontrolled based on the data set within the software settings of
he instrument, which account for the density and compressibility
f the mobile phase.

. Results and discussion

Several factors may  cause a reversal in the trend of the tem-
erature dependence of the retention factors along isopycnic lines.
ig. 5 shows plots of the retention factors of anthracene and

yrene versus the temperature under different isopycnic condi-
ions. The data used in this plot were taken from [3],  in which
his phenomenon was first discussed. At densities larger than
.65 g/mL the retention factors decrease constantly with increasing
erimental [23] and calculated [24] partial molar volumes of naphthalene at 35.23 ◦C

temperature, as should be reasonably expected, based on previ-
ously published results and on the explanations provided [6,31].
Below this density, the plot becomes more complex. First, along
the isopycnic line at � = 0.55 g/mL, the retention factor remains
almost constant in a certain temperature range while at lower den-
sities, it increases with increasing temperature in a limited range
of temperature, before seemingly returning to the general trend
of decreasing with increasing temperature. This maximum tem-
perature increases with decreasing density. The dashed lines in
Fig. 5 represent trends expected at densities of 0.55 g/mL and lower,
had the data points followed the same trend as the higher density
points. Although there is no physical basis behind the positions of
the dashed lines, they illustrate the trend reversal and suggest a
different interpretation. Instead of considering that the retention
factors increase along the isopycnic lines is a reversal to the stan-
dard trend, this variation could be understood as the result of the
compounds eluting earlier than expected at the temperature and
density considered.

This earlier than expected elution can result from several factors
involving the interactions of the three main agents which con-
trol retention in chromatography, the stationary phase, the mobile
phase and the solutes. The first set of experiments that we car-
ried out were set to separately understand the roles played by
these agents. In the earlier study [3],  C18- bonded silica was used
as the stationary phase while two PNAs, anthracene and pyrene,
were used as the solutes. To check whether the observed phe-
nomenon of trend reversal is stationary-phase specific we carried

out further experiments with two  different stationary phases, C18-
bonded silica and neat silica. These phases were chosen as they
represent opposite polarities and hence very different natures
of the solute–stationary phase interactions. The idea was that, if
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ig. 4. Left, top: excess adsorption isotherm of CO2 on ODS. Bottom: excess adsorp
ilica  gel [29].

xperiments with both stationary phases lead to the trend rever-

al, it may  be concluded that the role of the stationary phase is
rrelevant and the focus can be shifted to the roles of the solutes
nd the mobile phase.
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ig. 5. Retention factors of anthracene and pyrene plotted against the temperature und
ines  joined the data points to guide the eyes; the dashed lines illustrate a possible gener
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sotherm of CO2 on silica surface [28,30]. Right: excess amount of CO2 adsorbed on

4.1. Possible role of the stationary phase
Detailed experimental conditions for this series of experi-
ments are given in the experimental section (Section 3). The neat
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er isopycnic conditions between 0.35 and 0.90 g/mL (data from Ref. [3]). The solid
al trend of the retention factor variations at densities of 0.35, 0.45 and 0.55 g/mL, if
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Fig. 6. Plots of the retention factors of anthracene and pyrene versus the temperature along isopycnic lines on a C18 column.
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ilica and C18 columns used were both from Waters, the solutes
ere anthracene and pyrene. Their retention factors are plotted
n Figs. 6 and 7. The detailed operating conditions are supplied in
ables 1 and 2 along with the retention factors.

As shown by Figs. 6 and 7, the trend reversal or early elu-
ion phenomenon is not specific to a particular column nor to a

able 1
etention factors of anthracene and pyrene on the C18 column.

Temperature (K) Pressure (bar) Density (g/mL) k1 k2

310.0 81.0 0.35 3.97 9.91
320.0  93.0 0.35 6.67 17.55
340.0  117.0 0.35 9.40 24.23
360.0  141.0 0.35 7.28 17.79
310.0  84.0 0.45 3.46 8.56
320.0  100.0 0.45 4.36 10.79
340.0  134.0 0.45 4.30 10.29
360.0  167.0 0.45 3.23 7.25
310.0  86.0 0.55 3.20 7.86
320.0  108.0 0.55 3.12 7.47
340.0  154.0 0.55 2.39 5.42
360.0  200.0 0.55 1.58 3.38
310.0  94.0 0.65 2.51 6.07
320.0  124.0 0.65 2.13 4.95
340.0  186.0 0.65 1.36 2.94
360.0  249.0 0.65 0.90 1.81
310.0  121.0 0.75 1.54 3.64
320.0  163.0 0.75 1.26 2.80
340.0  248.0 0.75 0.79 1.60
Temperature(K)

he temperature along isopycnic lines on the neat silica column.

certain stationary phase. In fact, in spite of the large differences
in the numerical values of the retention factors, the plots for both

columns show very similar patterns. They demonstrate very similar
trend reversals, beginning for both columns for the same isopycnic
line (0.55 g/mL). The clear conclusion to draw from these results
is that the stationary phase plays an insignificant role in the trend

Table 2
Retention factors of anthracene and pyrene on the neat silica column.

Temperature (K) Pressure (bar) Density (g/mL) k1 k2

310 81.0 0.35 1.90 3.04
320 93.0 0.35 3.30 5.41
340  117.0 0.35 5.51 9.35
360  141.0 0.35 4.94 8.95
310  84.0 0.45 1.62 2.60
320  100.0 0.45 2.21 3.56
340 134.0 0.45 2.63 4.28
360  167.0 0.45 2.32 3.73
310  86.0 0.55 1.46 2.33
320  108.0 0.55 1.59 2.53
340  154.0 0.55 1.47 2.32
360 200.0 0.55 1.18 1.83
310  94.0 0.65 1.14 1.79
320  124.0 0.65 1.05 1.63
340  186.0 0.65 0.82 1.25
360  249.0 0.65 0.63 0.95
310 121.0 0.75 0.70 1.07
320  163.0 0.75 0.61 0.92
340  248.0 0.75 0.45 0.66



2 hroma

r
a

4

T
o
p
s
b
c
s
0
d
e
c
o

4

r
m
p
t
d
w
a
C
c
s

m
u
c
e
f
e
t
t
t
t
t
c
m
t
o
t
o
c
s
o
p
r
d
i
i
t
o

4

w
M
r

56 A. Tarafder, G. Guiochon / J. C

eversal of the plots of the retention factor versus the temperature
long isopycnic lines.

.2. Possible role of the solute molecules

Both compounds considered in our earlier study [3] were PNAs.
o check out whether the trend reversal or early elution was specific
f PNA compounds, the retention factors of two aliphatic com-
ounds, octylbenzene and octadecene, were measured. They were
elected because both have a chromophore and can be detected
y the photo-diode array detector. The retention factors of both
ompounds are plotted versus the temperature in Fig. 8. The mea-
urements were made under isopycnic conditions, at 0.35, 0.45,
.55, and 0.65 g/mL, at temperatures of 320, 340 and 360 K. These
ata show for both compounds the same type of trend reversal or
arly elution as previously observed for the two PNAs. This result
onfirm the general character of the phenomenon, independently
f the molecular structure of the component considered.

.3. Possible role of the mobile phase

Since the cause of the phenomenon investigated cannot be
elated to either the stationary phase or the solute molecules, the
obile phase needs to be considered. Several factors related to the

articular properties of the mobile phase could lead to the elu-
ion of the compounds studied earlier than expected. This could be
ue to: (1) the high compressibility of CO2 in the zone considered
hich could affect the thermal homogeneity of the column; (2) the

dsorption of small amounts of water contained in the stream of
O2, which could affect retention; (3) the presence of a significant
oncentration of helium; or (4) the adsorption of CO2 itself on the
tationary phase, which could modify the solid/fluid interface.

The expansion along the column of the high compressibility
obile phase may  absorb significant amount of heat, depending

pon the pressure and density gradients along the column. The
enter of the column cools down. It absorbs heat from the periph-
ral region, which does absorb heat from the column wall and
rom the atmosphere around the column [32]. When this heat
ffect becomes sufficient, a radial thermal gradient forms across
he column, resulting in radial gradients of the bed temperature,
he mobile phase viscosity hence its velocity, and the analyte reten-
ion factors. Bands become warped during their migration along
he column, the peripheral part of these bands moving faster than
heir central part; this broadens their elution profiles and drasti-
ally reduces their efficiency [33]. Even when the heat effect is so
oderate that band profiles are barely affected, the apparent reten-

ion factor could be decreased because the average temperature
f the column would be lower than the set temperature, leading
o a retention factor lower than it should be, which is the effect
bserved. Another possible factor could be that some of the water
ontained in the mobile phase could adsorb on the stationary phase
urface, forming an aqueous layer and leading to an early elution
f the solutes. Since water adsorption depends much on the tem-
erature, this might explain the phenomenon studied. The possible
ole of helium on the retention of solutes seems to be related to its
ilution of the mobile phase (see Section 4.3.3). Finally, the effect

nvestigated might be related to the adsorption of the mobile phase
tself on the stationary phase. In this section we  analyze each of
hese plausible factors to understand what could be their effects
n the apparent retention of solutes.

.3.1. Role of the mobile phase expansion in the column

The data reported in our previous study [8] and shown in Fig. 5

ere acquired with a 0.46 × 15 cm Atlantis C18 column (Waters,
ilford, MA,  USA) packed with 3 �m particles, eluted at a flow

ate of 3 mL/min. Due to its low permeability, this column has a
togr. A 1229 (2012) 249– 259

significant pressure drop and these data had been acquired in the
most compressible zone of the CO2 pressure–temperature plane
investigated [8].  Under these conditions, the pressure drop along
the column might have lead to a significant density drop, hence
to thermal heterogeneity throughout the column, with the forma-
tion of radial and axial temperature gradients. The amplitude of
these gradients could be substantial in the region of interest since
the coefficient of thermal expansion increases exponentially in the
critical region of CO2 [34].

We made new measurements with a column of the same size,
packed with 10 �m Prototype XBridge C18 particles, at a flow rate
of 2 mL/min. Although this flow rate is higher than the one cor-
responding to the maximum efficiency, it is the lowest at which
the back pressure regulator of the instrument operates satisfacto-
rily. The permeability of the new columns are 11 times higher and
the pressure drop about 17 times lower, which markedly reduces
the drop of mobile phase density along the column, hence the
amount of heat absorbed due to the mobile phase expansion. The
difference between the inlet and the outlet pressures of the col-
umn  was moderate, less than 4 bar. This still might result in a loss
of heat due to expansion of the mobile phase, an endothermal
process [32,33,35].  However, under the experimental conditions
selected for these new measurements, the heat effect is much less
than that observed by Kaczmarski et al. [33] when they recorded
band profiles at 322 K with an average density equal to the critical
density and a pressure difference between the column inlet and
outlet of 30 bar (Pi = 120.3 bar, Po = 91.0 bar). The outlet density in
our column was  0.35 instead of 0.46 g/cm3, the eluent compress-
ibility similar, and the pressure drop eight times less. Under similar
conditions, Kaczmarski et al. had observed no effect on the band
profiles [33]. This suggests that the retention factors measured with
our high-permeability column are not significantly affected by the
mobile phase expansion.

To verify that a heat effect does not affect the pattern of retention
factor variation, we measured the retention factors of anthracene
in different points close to those for which the earlier data had
been reported on the 0.35 g/mL isopycnic line (the points at 320 K,
93 bar (Point 1) and at 340 K, 117 bar (Point 2), see Fig. 9). These
points were selected because a strong trend reversal was observed
between Points 1 and 2 and both points are in an area on the
pressure–temperature plane where the compressibility is moder-
ate.

The pressure drop across the new column when measuring the
retention factors in Points 1 and 2 was 3 bar. The estimated tem-
perature drops, obtained from numerical calculations [36] for the
current experimental conditions, were less than 1 K. Due to the
design of the SFC instrument, when the back pressure is set to
a certain value (e.g., 93 bar), the average pressure in the column
is actually higher. By setting the back pressure to slightly differ-
ent values (by 1–2 bar), we measured the retention factors under
a range of operating conditions close to the intended 93 bar. Sim-
ilarly, due to the mobile phase expansion, the average operating
temperature may  be slightly lower than the set temperature. So by
setting the column temperature to 1 K higher than the previously
set temperature, we assess the possible influence of a temperature
drop. All the experimental points around Points 1 and 2 are shown
in Fig. 9a. The data provided in Fig. 9b, which are the retention fac-
tors of anthracene in the selected experimental points, show that
the retention factor of anthracene varies around 8 but is always less
than 9.21 in the neighborhood of Point 1. In other words, even if the
actual experimental pressure in the column is 2 bar higher than the
set pressure and the actual temperature 1 K lesser, the true reten-

tion factor of anthracene at 320 K and 93 bar does not exceed 9.21.
Actually, our records show that the pressure varies by less than
2 bar and the column temperature by less than 1 K. So, the reten-
tion factor of anthracene at 320 K, under 93 bar is between 6.67
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Fig. 8. Plots of the retention factors of octylbenzene and octad

nd 9.21. Following a similar approach, the true retention factor at
40 K, under 117 bar is between 9.4 and 11.6. Thus, the highest pos-
ible k value at 320 K, under 93 bar is lower than the lowest possible

 value at 340 K, under 117 bar (Fig. 9b). This demonstrates that the
ompressibility of the mobile phase cannot cause the trend reversal
f retention factors.

.3.2. Possible role of water adsorption
Water strongly adsorbs on silica surfaces, interfering with

nalyte adsorption, decreasing its energy. The extent of water
dsorption on silica depends on the temperature and the pressure
37]. Water is weakly soluble in carbon dioxide and there is always
ome water in the commercial product used as the mobile phase in
FC. From the mobile phase, water may  adsorb onto the stationary
hase in the column. To understand the influence of water adsorp-
ion on the retention factors we carried out two sets of experiments.

First, we saturated the silica surface with water, by pumping
PLC-grade water (Fisher Scientific) through the neat silica col-
mn  at 1 mL/min, for 2 h, at 22 ◦C. The column was then fitted to

he SFC instrument set at 320 K and the retention times of benzene,
nthracene and pyrene were measured, with an inlet pressure of
3 bar. Due to the presence of liquid water blocking the flow of
O2, which is compressible, the elution profiles were very noisy

ig. 9. Retention factors of anthracene around some neighboring points of 320 K, 93 bar a
f  CO2 to provide an estimate of the relative compressibility of the mobile phase around 

hown  in (a). The data displayed in the table are arranged in the order of the respective p
Temperature(K)

versus the temperature along isopycnic lines in a C18 column.

preventing the identification of the peak of benzene. Although
the base line correction method implemented by the Empower
software allowed the measurement of the retention times of
anthracene and pyrene, we were unable to calculate their reten-
tion factors. However their elution times were significantly shorter
than those measured before introducing water inside the neat sil-
ica column. The column was  continuously purged with neat CO2
for 5 h while measuring the retention times of anthracene and
pyrene every 1 h. The data are shown in Fig. 10.  This plot shows
that the initial elution times of both anthracene and pyrene were
significantly shorter than those measured at 320 K, 93 bar, before
introducing water inside the neat silica column (represented by
the straight lines in the figure). This was expected because, ini-
tially, the pore accessibility of the solute molecules is severely
restricted by the water molecules occupying all the pores and
inter-particle spaces, causing significantly faster elution. Contin-
uous purging with CO2 resulted into increasing availability of the
silica surface for adsorption, as shown by the increasing retention
times of both compounds, which finally become equal to the pre-

treatment retention times. This result shows that, irrespective of
the initial water content of the column, an equilibrium between the
water contents of the mobile and the stationary phases is achieved
rather rapidly, given the limited solubility of water in carbon

nd 340 K, 117 bar. (a) The location of the points on the pressure–temperature plane
the two  experimental points. (b) The retention factors corresponding to the points
ositions of the neighboring points around the main points (shown in dark color).
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Fig. 10. Retention times of anthracene and pyrene on the neat silica column eluted
with neat CO2. The column was first saturated with water and then purged with neat
CO2 at 320 K, under 93 bar, over a period of 5 h. The X-axis shows the increment in
retention time due to the continuous purging of the adsorbed water. The straight
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ines show the retention times of these two compounds measured before saturating
he  column with water, under the same set of experimental conditions.

ioxide. This also shows that the presence of water as an impu-
ity in the mobile phase does not cause any permanent change of
he stationary phase–mobile phase interface and cannot result in
n earlier than expected elution of the compounds.

Equilibration processes were not studied under other experi-
ental conditions but we  measured the equilibration time when

he column was initially dry. For this purpose, the neat silica col-
mn  was placed in a oven at 200◦C, continuously purged with
ry nitrogen, then immediately fitted to the SFC instrument and
easurements were made at 320 K, under 93 bar. From the elu-

ion times of anthracene and pyrene it was clear that the column
quilibrated quickly with the mobile phase and the retention times
eturned rapidly to their initial values. The experimental results
re not shown. These two experiments confirm that the water
ontent of the silica surface is controlled by the water content of

he mobile phase and that both phases reach equilibrium rather
apidly.

To further verify the influence of the water content of the mobile
hase on the retention factor, we replaced the industrial grade
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ig. 11. Comparison between the retention factors of anthracene and pyrene measured w
ilica  column. The lesser water content of research grade CO2 leads to a marginally highe
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CO2 used in other experiments (water concentration <200 ppm) by
a research grade CO2 from Airgas (water concentration <2 ppm).
The retention factors were measured at only two temperatures
320 and 340 K since it is between these two temperatures that
the phenomenon of early elution takes place most strongly, at low
densities. The results of these experiments are shown in Fig. 11.
The data show that the retention factors measured with research
grade CO2 (solid lines) were always slightly larger than those mea-
sured with industrial grade CO2. This result is explained by the
smaller amount of water being adsorbed on the silica surface at
equilibrium with its lower concentration in the purer grade carbon
dioxide. Even at 0.35 g/mL, the density for which the difference
between the retention factors measured with the research grade
and the industrial grade experiments is the most significant, the
ratio of the retention factors at 320 and 340 K is nearly constant.
This demonstrates that, although the amount of water present in
the CO2 mobile phase controls the retention times of the solutes, the
changes are small and cannot explain the phenomenon observed,
of an elution earlier than expected under specific experimental
conditions, leading to a trend reversal.

The influence of water on the retention of the anthracene and
pyrene on the C18 bonded silica was  not investigated, since its
influence on their retention on silica was  found to be unimportant
and certainly not able to affect the trend of the retention pattern
reported earlier.

4.3.3. Influence of helium
Helium has often been added to cylinders of carbon dioxide to

pressurize the head space. It has been reported that its presence
may  influence retention but these reports are limited and contra-
dictory. Porter et al. [38] reported serious reproducibility problems
of retention times and peak area associated with the use of a mix-
ture of helium and carbon dioxide as the mobile phase. In contrast,
neither Schwartz et al. [39] nor Rosselli et al. [40] experienced any
other effect than a slight decrease in retention times.

Perrut et al. [41] reported that the influence of the helium con-
centration in mixtures with carbon dioxide depends much on the
helium concentration. At a concentration of ca. 5%, they found that
the retention factors of methyl oleate, methyl linolenate, dibenzyl
and methyl benzoate were about twice as much than they are in
pure carbon dioxide. However, when the concentration is only 3%,

as was the mobile phase used by Rosselli et al. and Porter et al., the
effect is markedly less. This effect is explained by the density of the
mixtures, which is lower than that of pure carbon dioxide at the
same temperature, pressure and flow rate.
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The carbon dioxide that we used as the mobile phase did not
ontain any helium nor any significant concentration of any other
ight gases.

.3.4. Influence of the adsorption of carbon dioxide on the
tationary phase

As explained earlier in the Theory section, the adsorption of CO2
n the stationary phase surface becomes very important near the
ritical temperature [24,28–30].  The presence of CO2 adsorbed on
he stationary phase influences the adsorption behavior of all ana-
ytes. The most striking feature of the results of Strubinger et al.
30] and of Giovanni et al. [29] is that the location of the max-
ma  of the excess adsorption isotherms of CO2 on both stationary
hases studied take place between 0.2 and 0.4 g/mL on each col-
mn, slightly below the critical density (0.47 g/mL), in precisely
he density region where we observed the maximum deviation
n the retention times from the expected linear correlation. It is
lso important that the excess amount adsorbed decreases rapidly
ith increasing pressure, density, and temperature, consistent with

ur observation that the maximum deviation of the retention fac-
ors from the expected trend also takes place at a density of about
.35 g/mL and a temperature of 310 K. This last deviation decreases
rogressively with increasing density and/or temperature. The sim-

larities, between the experimental conditions under which the
xcess isotherms measured by Strubinger et al. [28] on an ODS and

 silica column and by Giovanni et al. [29] on neat silica, and those
nder which the unexpected deviations observed in the plots of the
etention factors vs. the temperature take place, is striking. Based
n this observation, we  may  now assume that the retention fac-
or variation that we noted near the critical point of CO2 might be
elated to the phenomena that control the excess adsorption of CO2
n the stationary phase in that region. More accurate investigations,
owever, need to be performed to clarify this link.

. Conclusion

The retention factors of all solutes decrease constantly with
ncreasing temperature along the isopycnic lines in supercritical
uid chromatography. This trend, however, is reversed near the
ritical region of CO2. In that region, the retention factors increase
ith increasing temperature along the isopycnic lines, they reach
axima and then begin to decrease again. Our investigations of the

lausible reasons behind this unexpected behavior demonstrate
hat this effect is independent of the stationary phase used and
f the analytes considered. This leaves the mobile phase as the pos-
ible origin of the effect. We  could identify three plausible features
f the mobile phase that can contribute to such phenomenon: (1)
he high compressibility of the mobile phase in the region where
he phenomenon is observed; (2) the water content of the mobile
hase which could form an aqueous layer on the stationary phase;
nd (3) the formation of multiple layers of adsorbed CO2 on the sta-
ionary phase. These last two factors could cause an earlier elution

f analytes than expected, depending on the thickness of the mul-
ilayer formed. However, experimental results prove that the first
wo factors cannot play any role in the unexpected phenomenon.
ased on published data on the adsorption of CO2 molecules on a

[

[
[
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neat silica and an ODS column, the last factor seems to be closely
related to the observed change in the retention factor variation in
the near critical region. A further study is required to provide a
more precise physical explanation of the effect observed.
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