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ABSTRACT: In supercritical fluid chromatography (SFC), the
retention of a solute depends on the temperature, density,
pressure, and cosolvent fraction. Here, we investigate how the
adsorption of the cosolvent MeOH changes with pressure and
temperature and how this affects the retention of several solutes.
The lower the pressure, the stronger the MeOH adsorption to the
stationary phase; in addition, at low pressure, perturbing the
pressure results in significant changes in the amounts of MeOH
adsorbed to the stationary phase. The robustness of the solute
retention was lowest when operating the systems at low pressures, high temperatures, and low cosolvent fractions in the eluent. Here,
we found a clear relationship between the sensitivity of MeOH adsorption to the stationary phase and the robustness of the
separation system. Finally, we show that going from classical SFC to ultrahigh-performance SFC (UHPSFC), that is, separations
conducted with much smaller packing diameters, results in retention factors that are more sensitive to fluctuations in the flow rate
than with traditional SFC. The calculated density profiles indicate only a slight density drop over the traditional SFC column (3%,
visualized as lighter → darker blue in the TOC), whereas the drop for the UHPSFC one was considerably larger (20%, visualized as
dark red → light green in the TOC). The corresponding temperature drops were calculated to be 0.8 and 6.5 °C for the SFC and
UHPSFC systems, respectively. These increased density and temperature drops are the underlying reasons for the decreased
robustness of UHPSFC.

■ INTRODUCTION

A trend seen in supercritical fluid chromatography (SFC), as in
the transition from high-performance liquid chromatography
(HPLC) to ultrahigh-performance liquid chromatography
(UHPLC), is for the use of smaller particles to improve the
efficiency and achieve better separation performance.1 The use
of sub-2 μm particles is often referred to as ultrahigh-
performance SFC or UHPSFC. Compared with UHPLC, the
pressure drop over the column is much smaller in UHPSFC.
However, because of the compressibility of the fluid used in
SFC, this additional pressure drop over the column could
result in substantially larger density and viscosity gradients
over the columns than those that are generally observed in
UHPLC.1−3 Poe et al. reported that these gradients are more
pronounced in columns packed with 3 μm-diameter particles
than in those packed with 5 μm-diameter particles.4

In SFC, the fraction of the cosolvent in the eluent is often
the most important factor controlling the retention.2,3,5 In a
series of studies, we have investigated several different
cosolvents in several different columns, exploring how they
adsorb and how their adsorption affects the separation process
in SFC.5−7 In these studies, we demonstrated that commonly
used cosolvents adsorb to polar stationary phases, competing
with the solute for available adsorption sites and hence
affecting the solute retention and peak shape.6,7

The temperature and pressure also influence the retention in
SFC.3,8,9 The solute’s solubility increases with increasing
density;10 this will generally result in an reduction in the
retention.11 Increased pressure results in reduced retention
because of the increasing density of the mobile phase. The
effect of increasing temperature under constant pressure is
more complicated: first, the retention increases because of
decreasing mobile-phase density, and second, the retention
decreases because of the exothermic nature of the adsorption
process.9,12

Here, we define robustness as the measure of a system’s
capacity to remain unaffected when control parameters are
perturbed. In this study, we will use retention as a measure of
the robustness of the system, while the control parameters that
are perturbed are the temperature, pressure, and cosolvent
fraction in the eluent. The possibility of adjusting an SFC
separation using both temperature and pressure can be seen as
a strength of SFC. However, this “flexibility” may also result in
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a less-robust separation system that may cause complications,
for example, during scale-up13 or in technical transfer from
SFC to UHPSFC.
The aim of this study is to investigate how the robustness of

SFC separations is affected by pressure, temperature, and
different co-solvent fractions. The focus will be to investigate
how methanol (MeOH) adsorption is affected by pressure and
temperature and how this adsorption affects the robustness of
the separation. This will be done by determining MeOH
adsorption to the column at several different pressures and
temperatures and by investigating how the retentions of several
solutes vary with temperature, pressure, and the amount of the
cosolvent in the eluent. Finally, the same separation conducted
using SFC and UHPSFC will be analyzed at different flow
rates, with numerically calculated temperature and density
profiles over the column.

■ THEORY
In this study, the two-component bi-Langmuir adsorption
isotherm is used to describe cosolvent and solute adsorption.
For the i-th compound in the mixture, the isotherm can be
expressed as follows14
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where K is the association equilibrium constant, qs is the
monolayer saturation capacity, C is the mobile-phase
concentration, and q is the stationary-phase concentration.
In this case, the solute adsorption and cosolvent adsorption

are described using a bi-Langmuir model, eq 1, while the solute
retention factor at a specific concentration of the cosolvent in
the eluent can be expressed as follows7
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where F is the phase ratio (i.e., ratio of the stationary and
mobile phases in the column). The solute and cosolvent
indices represent the solute and cosolvent bi-Langmuir
adsorption parameters, respectively.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Carbon dioxide (CO2, 99.99%)

was obtained from AGA Gas AB (Lidingö, Sweden), and
HPLC-grade methanol (MeOH) (>99.9%) was obtained from
Sigma-Aldrich (St. Louis, MO, USA). CO2 was a liquid in the
tube and was introduced into the SFC system via a dip tube in
the cylinder. As solutes, caffeine (>99.0%), phenanthrene
(>98%), catechol (>99%), bromacil (>98%), and carbazole
(>95%) were used; all solutes were obtained from Sigma-
Aldrich. The solvent 1,4-dioxane (>99.0%) was obtained from
Merck (Darmstadt, Germany). The solutes are selected as they
are common stable solutes used in SFC and with suitable
retentions times in the studies of separation systems.
A Kromasil diol column (150 × 4.6 mm) with 5 μm particles

(SFC column) and a Kromasil diol column (100 × 3.0 mm)
with 1.8 μm particles (UHPSFC column) (Nouryon, Bohus,
Sweden) were used. Nitrous oxide (99.998%; Sigma-Aldrich)
was used to determine the dead volume of the columns,
according to Åsberg et al.3

The SFC system was an ACQUITY UPC2 (Waters
Corporation, Milford, MA, USA) equipped with a PDA
detector. A 10 μL loop was used for all injections. The mass
flows of both the cosolvent and total eluent were measured
using a CORI-FLOW M12 Coriolis mass flow meter
(Bronkhorst High-Tech B.V., Ruurlo, Netherlands). The
pressure was measured at the inlet and the outlet of the
column using two EJX530A absolute pressure transmitters
(Yokogawa Electric Corporation, Tokyo, Japan), with the
averaged pressure, we mean the average of these measurements.
The temperature was measured at 20, 50, and 80% of the
column length, using three PT-100 four-wire resistance
temperature detectors (Pentronic AB, Gunnebo, Sweden)
with an accuracy of ±0.2 °C.

Procedures. The solute samples were first prepared as
stock solutions of 1 g L−1 solute in neat MeOH. The stock
solutions were later diluted with 1,4-dioxane to a final
concentration of 0.1 g L−1 and filtered through a 0.45 μm
polytetrafluoroethylene filter before injection. The solutes were
detected at 220 nm, and 5 μL injections were made for the
SFC experiments, and 2 μL injections were made for UHPSFC
experiments. In all experiments, the column void volume was
determined by injections of N2O freshly bubbled through
MeOH.
The effects of temperature, pressure, and amount of the

cosolvent on the retention factor at a set flow rate of 1 mL
min−1 were investigated by injecting diluted samples of caffeine
or carbazole under different conditions (see Figure 1). The

investigated temperature was set to 25 or 55 °C, the back-
pressure regulator pressure was set to 110, 210, or 310 bar, and
the cosolvent fraction was set to 1, 2, 3, 5, 10, 15, or 20 v %.
In the design of experiments (DoE), presented in Figure 3,

two designs were used per solute, both full-factorial designs in
three levels with three center points. The concentration of the
cosolvent eluent was 0.7−4.4 wt % (corresponding to the 1−5
v % set condition) in the first design and 8.1−17.8 wt %
(corresponding to the 10−20 v % set condition) in the second
design. The temperature was 25−55 °C, and the back-pressure
regulator pressure was 110−310 bar. As the response, the
logarithm of the retention factor of caffeine or carbazole was
used. Regression models were constructed using MODDE 12

Figure 1. Retention factors of (a) carbazole and (b) caffeine eluted at
set back pressures of 110 (blue lines), 210 (green lines), and 310 bar
(red lines) and at set temperatures of 25 (solid lines) and 55 °C
(dashed lines). The flow rate was set to 1 mL min−1. Lines are fit to
eq 2 (see the “Experimental Section” for more details).
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software (Sartorius Stedim Biotech, Göttingen, Germany),
after removing insignificant coefficients at a 95% confidence
level to give
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where ci is the coefficient, P is the pressure, T is the
temperature, and C is the fraction of the modifier in the eluent
(wt %). All regression models had excellent R2 and Q2 values
(see Table S1 in the Supporting Information).
The adsorption isotherms shown in Figure 4 were estimated

at 25 and 55 °C and at back pressures of 110, 210, and 310 bar.
The adsorption data were determined using a combination of
the recently improved elution by a characteristic point slope
(ECP-slope)15 and the perturbation peak (PP) method;14 the
former was used for low-concentration data and the latter was
used for high-concentration data. In the PP method, 1.0 μL of
neat MeOH was injected into a column already equilibrated
with eluents containing MeOH fractions set to 1, 2, 3, 5, 10,
15, and 20 v %. In the ECP-slope approach, 6.0 μL of neat
MeOH was injected into a column equilibrated with neat CO2.
To convert the detector response into concentration, the UV
response from injections of 2, 4, and 6 μL of MeOH was fitted
to eq 4, so that the injected mass equaled the predicted eluted
mass
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where k1 and k2 are constants used in the calibration curve.16

Figure 5 shows the results for the 5 μm-particle SFC column
and the 1.8 μm-particle UHPSFC column. The flow rate was
set to 0.5, 1, 2, and 4 mL min−1 in the SFC experiments and to
0.25, 0.5, 0.75, 1, and 2 mL min−1 in the UHPSFC
experiments; the temperature was set to 55 °C, and the
pressure at the back-pressure regulator was set to 110 bar.

Calculations. The volumetric flow rate was calculated from
the measured mass flow, and the density was calculated with
the Knuz and Wagner equation17 of state implemented in
REFPROP 10,18 using the average of the pressure and
temperature measured in the column, together with the
molar fractions of MeOH and CO2. The molar fractions were
calculated from the mass flows, according to the previously
reported method.5,7 The mass fraction of MeOH in the eluent
was estimated from the ratio between the measured mass flow
of MeOH and the total mass flow.
For robustness estimation (Figure 5), the standard

deviations of retention factors (eq 3) were calculated at 10
different temperatures ranging from 25 to 55 °C and at 20
different pressures from 110 to 310 bar. At each investigated
pressure and temperature, the retention factor was calculated
for 1,000,000 virtual experiments. Each virtual experiment was
generated using random perturbations of pressure, temper-
ature, and the amount of the cosolvent in the eluent. The
variations in the pressure, temperature, and fraction of the
cosolvent in the eluent were assumed to be normally
distributed and to have standard deviations of 2 bar, 0.5 °C,
and 2.5% of the cosolvent fraction in the eluent, respectively.
This was calculated for two different cosolvent fractions, 2.5
and 13 wt %, using the model derived for carbazole with small
and large cosolvent fractions, respectively.

■ RESULTS AND DISCUSSION

This section is organized as follows. First, in the “Solute
Retentions,” we will discuss the dependence of solute
retentions on different temperatures, pressures, and cosolvent
fractions in the eluent. Then, in the “Robustness Analysis,” we
analyze the robustness of the separation system using DoE, and
in the “Adsorption of MeOH,” we discuss methanol adsorption
at different pressures and temperatures. Finally, in the
“Transfer of SFC to UHPSFC,” separations conducted using
a classical SFC column packed with 5 μm particles will be

Figure 2. Isopycnic plot at (a) 25 and (b) 55 °C at pressures of 100−350 bar and with methanol fractions of 0−20 wt %. The red horizontal lines
represent the measured mass fractions of methanol and measured pressures from the inlet to the outlet for the experiments run on the SFC column.
(c) (∂ρ/∂P)T,C at temperatures of 25 (solid line), 40 (dotted line), and 55 °C (dashed line). (d) (∂ρ/∂T)P,C at pressures of 110 (blue line), 210
(green line), and 310 bar (red line).
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compared with those using a UHPSFC column packed with
1.8 μm particles, at different flow rates.
Solute Retentions. The retention factors of carbazole

(Figure 1a) and caffeine (Figure 1b) at back pressures of 110,
210, and 310 bar at temperatures of 25 and 55 °C for different
MeOH fractions in the eluent are presented in Figure 1.
In Figure 1, one can see that with an increasing cosolvent

fraction in the eluent, the retention factor decreases drastically,
especially if the separation is conducted at a high temperature
and low pressure. One can also observe that the separation
system is more sensitive to changes in the pressure,
temperature, and cosolvent fraction, if it is operated with a
low cosolvent fraction in the eluent. The system becomes more
stable as the fraction of the cosolvent in the eluent increases.
However, the separation system’s sensitivity to changes in the
cosolvent fraction in the eluent decreases drastically with
increasing pressure and decreasing temperature. In summary,
the separation system is least robust to fluctuation in the
cosolvent fraction, if it is operated at a low pressure and high
temperature and using a small cosolvent fraction. See Figures
S1−S5 in the Supporting Information for similar plots for
phenanthrene, caffeine, bromacil, carbazole, and catechol.
These plots also include retention data for 40 °C and set
cosolvent fractions up to 20 v % MeOH. The results presented
in the Supporting Information confirm the trends shown in
Figure 1.
The retention factor is more sensitive to pressure changes, if

the separation is conducted at low system pressures: compare
the difference in retention as the pressure increases from 110
to 210 bar with the difference as the pressure increases from
210 to 310 bar. The same trend is noted for temperature, with
a temperature reduction from 55 to 40 °C affecting the
retention more than a reduction from 40 to 25 °C does (see
Figures S1−S5 in the Supporting Information).
In SFC, the density is often seen as an important factor

controlling the retention.19,20 We have previously shown that
in many cases, the most important factor controlling the
retention is the amount of the cosolvent in the eluent and

pressure and temperature generally have a less important
role.3,8,21 The density as a function of the fraction of the
cosolvent and temperature is presented for 25 °C in Figure 2a
and 55 °C in Figure 2b.
The small horizontal lines in Figure 2a,b show the

experiments conducted. In the most robust pressure region
(310 bar in Figure 2a), perturbing the pressure, temperature,
or cosolvent fraction results in only a slight change in density.
In the least-robust region (110 bar in Figure 2b), even small
changes in the pressure, temperature, or cosolvent fraction
result in substantial density changes.
To better understand how the density is affected by pressure

and temperature, we present the derivative of the density with
pressure (Figure 2c) and temperature (Figure 2d) for 2.5 wt %
cosolvent in the eluent. In Figure 2c, we clearly see that the
density changes much more drastically with pressure, if the
system is operated at a low pressure and high temperature. As
the temperature increases, the change in density with pressure
increases. In Figure 2d, one can observe that changing the
temperature affects the density more drastically than changing
the pressure does (compare Figure 2c,d). Here, the change in
density with temperature at 110 bar is several times larger than
the change in density with temperature at 210 and 310 bars.
Inspecting Figure 2c,d and considering that density is a

major contributor to retention, we can now clearly understand
that a robust separation should be conducted at a temperature
and pressure at which small perturbations of temperature and
pressure do not cause large density variations in the mobile
phase. These regions are found at low temperatures up to
around 40 °C and at high pressures exceeding 150 bar. The
exact values at which these so-called robust regions are located
depend on many factors, such as the separation system’s
response to changes in control parameters and the demand for
maximum allowed variation in the separation.

Robustness Analysis. To investigate how temperature,
pressure, and the fraction of the cosolvent in the eluent
simultaneously affect the retention factors of both carbazole

Figure 3. Scaled and centered coefficients of (a) carbazole and (b) caffeine for the retention model from the DoE with small methanol fractions
(blue) and large methanol fractions (red) in the eluent. The standard deviation of the retention factor in controlled perturbations of temperature
and pressure for the eluent with (c) 2.5 and (d) 13 wt % MeOH in the eluent. P is the pressure, T is the temperature, and C is the fraction of the
modifier in the eluent (wt %). For more information, see Table S1 in the Supporting Information.
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(Figure 3a) and caffeine (Figure 3b), the DoE was used to
build a model.
Because of the nonlinear nature of the solute retention as a

function of the amount of the cosolvent in the eluent, two
designs were used. The first design considers low fractions of
the cosolvent in the eluent (i.e., 0.7−4.4 wt %; Figure 3, blue
bars) and the second design considers medium-to-high
concentrations the of co-solvent in the eluent (i.e., 8.1−17.8
wt %; Figure 3, red bars). In both designs, the pressure ranged
from 110 to 310 bar and the temperature ranged from 25 to 55
°C. The retention was modeled using eq 3, and scaled and
centered regression coefficients are presented graphically in
Figure 3; their values are provided in Table S1 in the
Supporting Information.
Comparing the model for the small fraction of the modifier

(Figure 3, blue bars) with the model for the large fraction of
the cosolvent (Figure 3, red bars), one can see that the
coefficients are generally smaller in the system operating using
larger fractions of the cosolvent in the eluent. This means that
with larger fractions of the modifier, changes in pressure,
temperature, and the amount of the cosolvent in the eluent will
have smaller effects on retention. Inspecting, Figure 3a, the
primary factors, we can see that pressure and the amount of the
cosolvent in the eluent have approximately the same size of
impact on retentions; similar trends are also observed in Figure
3b. For both solutes, temperature plays a less-important role in
controlling the retention than the pressure or the amount of
cosolvent does.
One difficulty is to define whether or not a system is robust.

To study robustness, we used the retention model from the
DoE to estimate how perturbations of the temperature,
pressure, and cosolvent affect the retention, presenting the
standard deviation of the estimated retention factors. This was
done by randomly generating experiments with perturbations
of the pressure, temperature, and amount of the cosolvent in
the eluent (see the “Experimental Section” for more details).

The retention factor’s standard deviation is shown for
carbazole at 2.5 wt % MeOH in the eluent in Figure 3c
(using the model derived for low cosolvent fractions) and at 13
wt % MeOH in Figure 3d (using the model derived for high
cosolvent fractions).
The observed standard deviations are much larger in the

separation system operated at 2.5 wt % MeOH (Figure 3c) in
the eluent than those in the one operated at 13 wt % MeOH
(Figure 3d). The standard deviations at 110 bar and 55 °C are
1.27 and 0.13 at 2.5 and 13 wt % MeOH, respectively. The
separation is nearly ten times more sensitive to perturbation, if
it is conducted using the smaller fraction of MeOH in the
mobile phase. From these robustness plots, we also clearly see
that the standard deviation decreases drastically with increasing
pressure and decreasing temperature. For example, at 200 bar
and 40 °C, the standard deviations are 0.154 and 0.056 at 2.5
and 13 wt % MeOH, respectively, that is, a drop in standard
deviation by more than eight times at 2.5 wt % MeOH and
more than two times at 13 wt % MeOH.

Adsorption of MeOH. The drastic decrease in the
retention factor with small modifier fractions, as seen in
Figure 1, cannot be explained by drastic changes in the density
because at 25 °C (Figure 2b), the density increases only
modestly with the increasing cosolvent fraction in the eluent at
110 bar, is more or less constant at 210 bar, and decreases at
310 bar.
Figure 4 presents adsorption isotherms of MeOH at

different pressures and temperatures. Figure 4a shows the
adsorption isotherm up to 0.5 wt % cosolvent, and in Figure
4b, the whole measured concentration range is shown.
Inspecting the initial part of the adsorption isotherm (Figure
4a), we observe that the adsorption is strongest at a low
pressure (110 bar) and high temperature (55 °C; see the blue
dashed line) and weakest at high pressure and temperature
(310 bar and 55 °C; see the red dashed line). The initial
adsorption decreases with increasing pressure at constant

Figure 4. Adsorption isotherm for the SFC column measured at back pressures of 110 (blue), 210 (green), and 310 (red) bar and temperatures set
to 25 (solid lines) and 55 °C (dashed lines). (a) Adsorption isotherm for methanol fractions of 0−0.5 wt % and (b) corresponding full measured
range. (c,d) Calculated densities with methanol fractions corresponding to those in (a,b), respectively (see the “Experimental Section” for more
details).
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temperature but increases with increasing temperature at
constant pressure. Inspecting the whole adsorption isotherm
(Figure 4b), we can clearly see a trend for decreasing
saturation (extrapolating the maximum adsorbed amount
from Figure 4b) with increasing temperature at constant
pressure and with decreasing pressure at constant temperature.
The density of the mobile phase as a function of the eluent

composition is presented in Figure 4c for the low-
concentration range and in Figure 4d for the full concentration
range. Assuming that the density controls the solubility of
MeOH in the mobile phase, a low density would probably
result in a larger degree of adsorption of MeOH on the
stationary phase. The density is the lowest at 55 °C and 110
bar, which are also the conditions under which the equilibrium
ratio is the highest (Figure 4a). However, the next lowest
density is observed at 55 °C and 220 bar, the conditions under
which the equilibrium ratio is among the lowest observed.
Inspecting the full concentration range, up to around 17 wt %
(see Figure 4d), the 55 °C and 110 bar conditions result in the
highest adsorbed amount of MeOH on the stationary phase,
that is, the lowest density conditions. We also see that the 25
°C and 310 bar conditions, which have the highest density,
result in the lowest adsorption of MeOH on the stationary
phase, in good agreement with the density solubility
correlations. However, at 25 °C and 110 bar, the adsorption
of MeOH on the stationary phase is much stronger than that
observed at 55 °C and 210 and 310 bar, even though the
density is lower. In other words, no clear correlation was
observed between the adsorbed amount of MeOH and the
density. However, if one instead considers the density at
different pressures at a constant temperature, a clear pattern
between the adsorbed amount and density can be observed.
This clearly shows the dual nature of the temperature, as
discussed in the Introduction.
From a robustness perspective, the system should be fairly

robust in a region where the adsorption of MeOH does not
drastically change. To further investigate the relationship
between solute retention and cosolvent adsorption, the
retention data presented in Figure 1 were fitted to eq 2 (see
solid lines Figure 1). In general, we found a very good model
fit to the retention, except at 110 bar and 55 °C, at which the
fit was not perfect. This is probably due to two reasons: (i) the
determined adsorption isotherm parameters, used in predicting
the retention using eq 2, are dependent on the temperature,
pressure, and density and therefore must be adjusted, if the
system is not operated under isobaric, isopycnic, and
isothermal conditions and (ii) in this region, the density is
changing with changes in cosolvent fractions, so we expect
some errors in the determined adsorption isotherm because it
was not measured under isopycnic conditions. Furthermore,
the uncertainties in the density estimated using the equation of
state implemented in REFPROP are also larger. Tarafder et al.
demonstrated that in this region, this error can approach
10%.22 Consequently, this error will also give rise to errors in
the estimated adsorption isotherm, which will be manifested as
errors in the retention predicted using eq 2.
With the knowledge that eq 2 can be used to estimate the

retention, we can now analyze how the cosolvent adsorption
affects the robustness. To investigate how sensitive a system is
to changes in a parameter, the slope of the retention model
relative to that parameter can be used. To investigate the
sensitivity to the cosolvent fraction, the derivative of eq 2 is as
follows
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Equation 5 clearly shows that the system becomes more
stable with the increasing cosolvent fraction (i.e., the
denominator becomes larger). This clearly shows that the
separation system’s sensitivity to MeOH perturbations in the
eluent decreases with an increasing amount of MeOH in the
eluent, as was also observed in Figure 3. This result indicates
that the stronger the MeOH adsorbs to the stationary phase,
the less robust the system will be.

Transfer of SFC to UHPSFC. The current trend in SFC is
to conduct separation using smaller packing particles. Here,
this was investigated by comparing columns packed with 5 μm
versus 1.8 μm particles but having the same phase chemistry.
To reduce the pressure drop over the UHPSFC system, the 1.8
μm particles were packed in a 100 × 3 mm column, while in
the SFC system, the 5 μm particles were packed in a 150 × 4.6
mm classical column.
Figure 5 shows the normalized retention factors at different

linear flow rates for both the 5 μm packing (solid lines) and 1.8

μm packing (dashed lines) at 55 °C and a back pressure of 110
bar. The flow rate was set to 0.5, 1, 2, and 4 mL min−1 for the
SFC column and 0.25, 0.5, 0.75, 1, and 2 mL min−1 for the
UHPSFC column. Interestingly, in Figure 5, we can see that
the retention factor is more sensitive to flow rate changes in
the UHPSFC than in the SFC column.
The main difference between SFC and UHPSFC is the

pressure. The average pressure, that is, the averaged measured
inlet and outlet pressures, over the column increases from 114
bar at the lowest flow rate to 164 bar at the highest flow rate in
the SFC system. In the UHPSFC system, the average pressure
increases from 119 to 191 bar with the increasing flow rate. At
the lowest flow rate, the pressure drop was 13 bar over the
UHPSFC column and 1.9 bar over the SFC column, and at a
flow rate of 2 mL min−1, the pressure drop was 136 bar in the
UHPSFC column and only 10 bar in the SFC column. In the

Figure 5. Normalized retention factors of carbazole (green) and
caffeine (blue) in UHPSFC (dashed lines) and SFC (solid lines)
columns vs the linear flow rate. The flow rate was set to 0.5, 1, 2, and
4 mL min−1 in the SFC system and 0.25, 0.5, 0.75, 1, and 2 mL min−1

in the UHPSFC system. The back pressure was set to 110 bar, and the
temperature was set to 55 °C. The arrows indicate measurements
made at a flow rate of 1 mL min−1 (see the “Experimental Section” for
more details).
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SFC column, the highest pressure drop was observed at 31 bar,
a flow rate of 4 mL min−1, and a temperature of 25 °C. To
investigate how this pressure drop affects the density and
temperature profiles over the columns, these profiles were
calculated (see the “Calculations for TOC” in page S6, in the
Supporting Information).
In the analytical SFC system (top system in the TOC), we

had a very small degree of radial and axial density and
temperature gradients as compared to those in the UHPSFC
system (bottom system in the TOC). In the latter system, we
could only conduct the separation up to a set flow rate of 2 mL
min−1 because of the system’s maximum pressure limit,
compared with the SFC case, in which we conducted the
separation up to a set flow rate of 4 mL min−1, which is the
maximum allowed flow rate of the system. In other words, to
utilize smaller packing, we are forced to use a lower back
pressure to increase the throughput at the cost of operating the
system in a more unstable region. Some practical guidelines
according to this discussion are given in the Conclusions.

■ CONCLUSIONS

The robustness of SFC separation conducted at different
temperatures, pressures, and cosolvent concentrations in the
eluent was discussed.
Solute retention as a function of pressure, temperature, and

the amount of the cosolvent in the eluent was modeled using
the DoE. With this model, the robustness of the system, which
varies with pressure, temperature, and the amount of the
cosolvent in the eluent, was studied. In this case, the
robustness was nearly ten times higher when conducting the
separation at 13 wt % MeOH in the eluent than that at 2.5 wt
%. The robustness also increased more than eight times when
increasing the pressure from 110 to 200 bar and decreasing the
temperature from 55 to 40 °C.
One of the most important factors controlling the retention

is the adsorption of MeOH to the stationary phase. Here, we
demonstrated that the MeOH adsorption is strongly depend-
ent on the pressure and temperature without any clear
correlation with the mobile-phase density. However, the
adsorption of MeOH to the stationary phase generally
decreases with increasing pressure at a constant temperature
and increases with increasing temperature at a constant
pressure.
Compared with separations conducted using SFC, separa-

tions using UHPSFC are generally less-robust because of the
larger pressure drop over the column. Calculated density
profiles showed a density drop over the column at 110 bar and
55 °C of 20% in the UHPSFC column and 3% in the SFC
column. The calculated temperature drop over the column
under the same conditions was 6.5 °C in the UHPSFC system
and only 0.8 °C in the SFC system. To reduce these gradients
and increase the robustness, the separation could be conducted
at a higher set back pressure. However, because of a higher
pressure drop over the UHPSFC column and limitations in the
system pressure, this might force the separation to be
conducted at a lower flow rate.
The technical transfer of separations could result in

retention factor shifts and force us to operate the system
under less-robust conditions. To mitigate this risk, we could do
the following: (1) select operational conditions for the
separation systems at low temperatures using as high a back
pressure as possible and (2) select stationary phases with

column chemistries, allowing avoidance of conducting the
separation at very low cosolvent fractions.
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