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Highlights:

e The low viscosity of CO,-based mobile phases allows high kinetic performance.

To allow the use of high modifier content, higher operating pressures are required
Improvements in extra-column dispersion needed to enable the use of narrow ID columns
New chiral stationary phases allow very fast (<1min) enantioseparations

Injection solvent effects deteriorate 1D and 2D performance of SFC.
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Abstract

The use of CO,-based mobile phases for separations, more generally referred to as
supercritical fluid chromatography (SFC), allows to perform highly efficient and fast
separations due to its low viscosity and high diffusivity of the solutes in the mobile phase.
Nevertheless, the instrumental capabilities of current state-of-the art instrumentation in SFC
is still not on the same level as that of ultra-high performance liquid chromatography. Not
only is the maximum operating pressure lower, also the extra-column fluidic path is not fully
optimized to exploit the possibilities of high efficiency columns packed with small particles.
The effect of the strong solvent injection inherent to SFC hinders the optimal
implementation of short small particle columns. The current limits in separation power in
SFC are discussed and the requirements for future generation instruments are reviewed. An
overview is presented of innovations in column technology, separation conditions and
optimization of the instrumental design.

Keywords:

Supercritical Fluid Chromatography, unified chromatography, kinetic performance limits,
extra-column band broadening, column technology
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1. Introduction

The use of supercritical fluids as mobile phase has long been heralded as the ideal
compromise between the superior separation speeds and efficiencies obtained in gas
chromatography (GC) and the superior solute solubility in liquid chromatography (LC) where
much higher density mobile phases are used. Although many fluids can be used in their
supercritical state, supercritical fluid chromatography (SFC) is nowadays almost exclusively
performed using compressed CO; as main component of the mobile phase [1,2]. Depending
on the conditions (temperature and backpressure) and the amount of mobile phase modifier
added to the CO; mobile phase (most commonly short chain alcohols such as methanol or
ethanol), the actual fluid state under which the separation is performed is often not in truly
supercritical conditions, but rather in the liquid or subcritical state [3,4]. Nevertheless, SFC is
in practice used as a general name for all separations using CO; as the main component of
the mobile phase [1,3]. The advantage of using sub- of supercritical CO, based mobile phases
in terms of separation speed and efficiency becomes immediately clear from the equation
describing the so-called Knox-Saleem (KS) limit, i.e. the maximum kinetic performance
obtained when particle size and column length can freely be chosen, as [5]:

d - .2 2
t = (1+1) - HR N2 = (14 J) - e 2 @
where 1 is the mobile phase viscosity, ¢o the column flow resistance, Kvo the to-based
column permeability (Kvo=dp?/¢o) and APmax the maximum operating pressure or pressure
drop over the column. As is clear from Eq. (1), the minimum analysis time tr (or column void
time to for k=0) to reach a given efficiency N is proportional to the mobile phase viscosity
and the maximum efficiency N for a given analysis time is proportional to 1/\/5. Comparing
the viscosity of typical LC mobile phases at 30°C, such as water (8.0-10* Pa-s), methanol
(5.1-107* Pa-s) and acetonitrile (3.3-107* Pa-s) and that of CO> at a pressure of 150 bar (8.0-10™
Pa-s at 30°C and 5.7-107° Pa-s at 50°C), indeed a decreases in analysis time around a factor of
10 can be expected and an improvement in efficiency of around 3. There are however
several additional aspects to consider when evaluating Eq. (1). First of all, the above
mentioned viscosities are only a first indication of the true viscosity of the mobile phases
used, both for LC and SFC. Indeed, mixtures of MeOH and ACN with water have a higher
viscosity than that of the pure organic solvents solvents [6]. This is however also the case in
SFC as in almost all practical applications a significant amount of organic modifier is required
[7], increasing the mobile phase viscosity. Indeed, in recent work, gradients spanning the
entire range of pure CO; to pure modifier to separate compounds with a wide range of
polarities have recently been implemented [8-11]. In addition, where commercial ultra-high
performance LC instruments have maximum operating pressures in the range of 1200 to
1500 bar [12], a much more limited pressure range around 400 to 660 bar is available in SFC
instrumentation [1,13,14]. For SFC, the need to apply a backpressure to maintain the mobile
phase in the liquid or supercritical state also limits the available pressure drop over the
column. As this backpressure is typically around 100-150 bar, only 250-550 bar pressure
drop is available in a SFC instrument [9,13,14]. With the introduction of both smaller particle
columns for use in SFC and the tendency to employ mobile phases with a significant fraction
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of modifier, the need for higher operation pressure in SFC instrumentation is becoming more
and more relevant. The final aspect is related to the column and system performance of SFC
instrumentation. Whereas there is no fundamental reason that not the same minimum plate
height can be achieved in SFC as in LC, most reports using narrower bore columns (2.1-3mm
ID) show a much lower performance in SFC than when using modern UHPLC
instrumentation. Although the measurement of performance data (such as van Deemter
curves and kinetic plots) is more complicated and ambiguous in SFC than in LC due to the
effect of pressure on separation parameters (retention, viscosity, density, diffusion
coefficient...) [15-17], it is in most cases found that the main reason for this subpar
performance is due to higher extra-column dispersion in SFC and due the injection solvent
effects [13,14,18-20]. Indeed, where in LC the sample can often be dissolved in a mobile
phase with equal or weaker elution strength as that at the start of the separation, this is
impossible in SFC as here the mobile phase consist a compressed gas. Only if these
limitations and difficulties can be resolved, the full advantage and possibilities of SFC
separations for highly efficient and fast separations can be reached. It is important to note
that Eq. (1) is only an approximation when using a compressible mobile phase such as is the
case in SFC. The effect of pressure on the mobile phase density also causes retention
gradients along the column, in addition to variations of the diffusion coefficients along its
lengths due to variations in viscosity (see also Section 2).

As has become clear over the last decade, multi-dimensional separation techniques are a
straightforward strategy to further increase separation resolution of complex samples [21].
The high orthogonality of SFC with many other separation techniques makes it an ideal
technique to include in these systems, especially to implement e.g. a chiral separation step,
although SFC faces significant challenges with regards to mobile phase compatibility
between the two dimensions [22]. The possibility to perform very fast separation in SFC
however makes it ideal for a second dimension in comprehensive 2D separation. In this
work, the focus will however be on one dimensional separations. For the interested reader,
two recent review papers provide an extensive overview of multi-dimensional techniques
using SFC [23,24].

2. Limits of separation performance in SFC

As mentioned in the introduction, it is not straightforward to describe and predict separation
performance in SFC due to the effects of pressure on separation parameters and
performance [15-17]. However, in a first approximation, it can be assumed that same
minimum plate height Hmin can be obtained in SFC as in LC and that in reduced parameters (h
= H/dp and v = u-dp/Dmol) the plate heights curves are similar. This allows to calculate and
compare the kinetic performance limits in both LC and SFC, as detailed in earlier publications
[25]. For more details on the construction and theoretical background of these plots, the
reader is referred to literature [5,16,25,26].

In Fig. 1a a comparison is made between the limits of separation power in ultra-high
pressure LC (UHPLC) at a maximum column pressure drop of 1500 bar and in SFC at 550 bar,
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when using superficially porous particles. Note that this plot assumes that the entire
pressure drop is available for the column (no extra-column pressure drop) and there is no
significant contribution from extra-column dispersion. The dashed lines represent the KS-
limit (see Eq. (1)) and the full line curves represent three typical particle sizes used in LC and
SFC. It was assumed that the mobile phase in SFC (n = 1-:10* Pa-s) is 10x less viscous than in
LC (n = 1-:10°3 Pa-s) and the diffusion (Dmol) 10x faster, and corresponding small molecule
diffusion coefficients were chosen (Dmol= 5:101°m?/s in LC and 5-10° m?/s in SFC). The clear
advantage in separation performance of SFC over UHPLC, i.e. both a reduction in analysis
time and an increase in efficiency, can be observed. The gain is however not as pronounced
as would be expected based on the viscosity difference alone as the available maximum
pressure drop in SFC is more limited with maximum commercially available instrument
pressures around 600-660 bar and the requirement to maintain a backpressure of minimum
around 100-120 bar. When a lower maximum instrument pressure is available (~400bar) and
a higher backpressure is desired (~150bar), this further reduces to around 250 bar system
pressure. This is represented in Fig. 1a by the shaded area representing the KS-limits
between 250 and 550 bar, which approaches the UHPLC performance on the lower end of
the pressure range. In addition, the estimated viscosity of the SFC mobile phase is only valid
for relative low fraction of modifier in the mobile phase. Indeed for mobile phase gradients
running up to pure modifier (e.g. methanol), viscosities close to that observed in LC are
obtained, which limits the maximum flow rate that can be employed (see also Section 3.1).
In fact, a pure methanol mobile phase at the end of the gradient in a unified
chromatography separation (see Section 3.1) is around 50% more viscous than pure
acetonitrile at the end of a RPLC gradient. This illustrates that, in order to access the full
potential of SFC, instruments with the same pressure limits as available for LC should be
developed, especially for applications that employ large modifier gradients. It was previously
shown there are no fundamental limitations to perform analytical scale SFC separations in a
pressure range up to 1050 bar [27], although the higher pressures affect the mobile phase
viscosity and density and therefore also the plate height curves [7,17,27].

Another interesting observation that can be made from Fig. 1a is that in SFC the currently
available sub-2um particles are ideally suited for separations in the efficiency range around
5,000 to 50,000 theoretical plates, as the kinetic performance limit of the 1.5um particles is
close the KS-limit. For LC at 1500bar however, there is a significant deviation from this limit,
indicating that in fact the currently available particles are sub-optimal for use in LC when a
1500 bar pressure limit is available. This observation is not surprising as the optimal particle
size is proportional to (n:N/AP)%> or (n-to/AP)%2° [5]. It can also be understood from the fact
that the diffusion and mass transfer is much faster in SFC than LC, allowing the use of larger
particles with a longer diffusion distance.

Fig. 1b show the same data as Fig. 1a, limited to the case of SFC for sake of clarity, but now
presents the corresponding column lengths to obtain the tg,N values show in Fig. 1a. Two
observations can be made from these plots. First, to obtain very high efficiencies
(N~100,000), coupled columns packed with larger particles (2.5-3um range) are needed with
column length in the range of 50 tot 100cm. For fast separations requiring efficiencies in the
range of N = 10,000-30,000 column lengths of 3-10cm with small particles (sub-2um) are the
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best choice. When using such short, high efficiency columns, the contribution from extra-
column dispersion become a major contributing factor to the total band broadening,
strongly decreasing the overall separation resolution obtained in the column [28]. The
relative contribution from these effects can be reduced by the use of large ID columns.
However, as these fast separations are also achieved at high velocities, this comes at the
cost of high flow rates, which can surpass the flow rate limitations of the instruments and
strongly increase the solvent consumption. In addition, these high flow rates increase the
extra-column pressure drop. It should also be noted that in some SFC instrumentation, the
maximum flow rates decreases with increasing operating pressure, or vice-versa, the
maximum operating pressure decreases when working at higher flow rates.

Using the methods described in earlier work in this journal [26], the effects of extra-column
pressure and dispersion (see details in Figure caption) are illustrated in Fig. 2 for different
column ID’s. Note that it was assumed the flow remains laminar in all conditions, which will
probably not be the case for high flow rates when using larger column IDs, so here the actual
achievable performance can be overestimated. In addition, the extra-column band
broadening is considered for a weakly retained component with a retention factor of 3
which are more affected by extra-column dispersion. Fig. 2 represents the same conditions
as Fig. 1, but is limited to the KS-limit curves. Whereas the black dashed line presents the
same case as the KS-limit for SFC in Fig. 1a, the full line curves illustrate the KS-limits
(optimal tr vs. N with optimized L and dp) but taking the effects of extra-column dispersion
and pressure drop into account. As expected, the narrower ID columns suffer more from the
extra-column dispersion due to their lower column volume. In addition, it is clear that the
largest deviation from the column KS-limit occurs in the lower efficiency range as this
corresponds to the shortest column lengths (and thus lowest volumes) as shown in Fig. 1b.
For the conditions where long column and larger particles sizes are more suited (top right),
the effects of extra-column contributions become negligible. It should be noted that this
theoretical calculation was performed assuming isocratic elution for a compound with
retention factor k=3. In isocratic elution, early eluting compounds are more strongly affected
by extra-column dispersion whereas late eluting compounds are almost not affected. On the
other, in gradient elution, most compounds have more similar retention factors at point of
elution (k=1-3 or lower) [28]. The pre-column dispersion is however less detrimental in
gradient elution due to the on-column focusing. As a result, more or less the same behavior,
at least qualitatively, will be observed in gradient elution, depending the magnitude of the
post-column dispersion.

The theoretical considerations made in this section and the practical limitations of current
generation SFC instrumentation have been observed in many research papers in the last
decade. The research into ultra-fast separations in LC and SFC even inspired Gasparinni and
co-workers to the subtitle of “The race to the shortest chromatogram” [29]. Many works
have already reviewed the separation performance and speed of SFC (and LC) over the past
years in a wide range of application areas [1,2,4,29-32]. Therefore the literature overview
the following sections mainly focusses on research publications of the last three years (2018-
2021).
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3. Effect of mobile phase composition and separation conditions on
efficiency

3.1 Large modifier content gradients

Over the last years, the application of gradient SFC for analysis of both very polar and apolar
molecules has been investigated by several research groups [8-11,33-36]. In these analyses,
the mobile phase start from (almost) pure CO; and ends with pure modifier (often pure
MeOH), which also allows the analysis of larger (bio)molecules. Sometimes two distinct
strategies are discerned here, either so-called enhanced fluidity liquid chromatography
gradients (EFLC) or unified chromatography gradients (UC) [10,37,38]. For EFLC operation,
the fraction of CO; is strongly limited (max. 30-40%) to allow a higher percentage of water
(which is poorly miscible with CO;) in the mobile phase [37-39]. For UC, the gradients span
the entire range of CO; fractions, from (almost) pure CO2 up to almost pure modifier. Recent
review papers by Losacca et al. provide an overview of the applicability of SFC for polar
compounds [37,40].

As discussed in Section 2, the use of a high fraction of organic modifier at the end of the
gradient however affects the kinetic performance limits, as the maximum mobile phase
viscosity determines the maximum pressure drop and thus the maximum flow rate that can
be set or column length that can be used [9,10,41]. The problem can alleviated by applying a
concomitant composition and flow rate gradient, where the latter decreases during the run
to compensate for the higher viscosity [42]. The flow rate gradient can be programmed such
that an almost constant pressure is achieved during the run [43-45] or at least that it never
exceeds the pressure limitation of the instrument. This requires some trial-and-error as the
adsorption of mobile phase components on the stationary phase can affect the pressure
profile [42]. Besides the obvious advantage in separation speed, this approach also allows to
improve separation efficiency during the gradient run. Indeed, due to the change in viscosity
during the gradient run, also the diffusion coefficient of the analytes strongly varies [43,44].
At the start, with a high fraction of CO,, the solutes have a higher diffusion coefficient and
thus require a higher flow rate to operate at the minimum of the van Deemter curve
[9,46,47]. Near the end, the much lower diffusivity in the almost pure modifier requires
lower flow rates. By tuning the flow rate program in such a way that the pressure drop
remains almost constant, and assuming in a first approximation that Dmg is inversely
proportional to the viscosity, one in fact can remain on the same location in the reduced
plate height curve [43,44]. The inverse flow rate gradient thus avoids having to choose an
intermediate flow rate to makes a comprise in the separation efficiency of early and late
eluting compounds [9,11]. The effect of composition on the optimal velocity was illustrated
by Desfontaine et al. for a series of compounds with the same retention factor (k=5), as
shown in Fig. 3 [9]. As can clearly be seen, the optimum velocity drops from 7-8mm/s at 2%
MeOH to around 2mm/s (or 0.3mL/min on a 3mm ID column) for 80% of co-solvent.

Alternatively, one could consider a backpressure gradient where the backpressure is
decreased near the end of the gradient to increase the available pressure drop for the
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column [8]. For high fractions of CO; a higher backpressure (~150 bar) can be advantageous
to avoid the high compressibility region around the critical point where mobile phase
properties can strongly vary with small changes in operating parameters. Near the end of
gradient, where more liquid like conditions are obtained, this is less relevant and lower
backpressures can be applied. However, the available range to reduce the backpressure is
rather limited (50-70 bar), although this is not negligible for SFC instruments with a
maximum pressure rating around 400 bar [11]. Combined gradients of backpressure and
flow rate were successfully applied by West and co-workers for the analysis of flavonoids
and of free amino acids in food supplements [11,42]. It was also suggested that temperature
gradients could be applied to decrease viscosity during the gradient [11], although this is not
as flexible, accurate and fast with the currently available instrumentation and column
hardware [48], unless in chip or capillary column systems [49]. It should also be noted that
pressure, temperature or flow rate gradients should already be implemented during method
development as otherwise the change in average pressure and temperature can affect
retention and selectivity.

3.2 Effect of water in the mobile phase

With regards to mobile phase composition and additives, recent studies have illustrated how
small amounts of water in the mobile phase can provide significant improvements in
separation resolution in (a)chiral SFC [11,50-52], in addition to improving retention time
repeatability due to the absence of silyl-ether formation. Although this was already
illustrated in several earlier studies, the exact role of the water and the mechanisms were
and are poorly understood [53-55]. As a rule of thumb, Khvalbota et al. found for a certain
stationary phase that if the retention factor of the solute is larger than that of the water
system peak, then the presence of water in the mobile phase will lead to improvements in
efficiency [50]. This however did not hold for other investigated phases. In general, if there
was a gain in efficiency, this was often most pronounced for the most retained analytes. Roy
et al. observed up to an 8-fold increase in efficiency for chiral separations [52], although the
addition of water always came with a decrease in retention and also affects selectivity
[50,52]. The largest efficiency gains were observed for hydrophilic stationary phases and it
was found that the addition of water could strongly reduce peak tailing [52]. This was
recently confirmed by Firooz et al., showing a reduction in analysis time with increasing
water content, but with a concomitant improvement in efficiency and peak symmetry for
the separation of basic compounds on a benzoic acid functionalized cyclofructan-6
stationary phase [56]. An example chromatogram illustrating the effect of the addition of
water on peak shape and performance is given in Fig. 4. In addition, using water rich
modifier containing salts allows to further extent to use of SFC in the bioanalytical space
[51]. Govender et al. showed how the use of water rich modifiers allowed to eliminate the
need for acetonitrile for the SFC purification of insulin, while obtaining an average recovery
of 84% [57]. In another study, the positive effect of the addition of water was used to
replace methanol by azeotropic ethanol as co-solvent [58]. This solvent is less expensive and
easy to recycle as it distills off at constant composition and contains ~4.6% water (often
referred to as ‘190 proof’). It was found that azeotropic ethanol produced better efficiency
and decreased retention times compared to pure methanol and ethanol. Although it was not
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shown that ethanol/water is superior to methanol/water modifiers, as the comparison was
only done relative to pure methanol, the use of azeotropic ethanol allows to make SFC an
even more environmentally friendly separation technique and to replace methanol, which is
toxic for humans, by a non-toxic biomass derived solvent.

3.3 Effect of temperature

Using elevated operating temperature is a well-known strategy in LC to increase separation
speed by the decrease in mobile phase viscosity, but it is much less commonly used in SFC.
Losacco et al. investigated the use of unconventional temperatures (from -5°C to 80°C) in a
wide range of CO,/MeOH concentrations (2 to 100% modifier) [13]. Whereas at low modifier
concentrations the use of low temperatures did not translate in poor performance, the use
of higher temperatures shifted the optimal temperature to such high flow rates that they
were outside the range of the instrument for the employed 3.0 x 50mm 1.7um particle
column (see Fig. 5a). On the side of the high modifier concentrations (Fig. 5b) the use of
elevated temperatures shows the same advantages as in UHPLC, which is not surprising as
the mobile phase is here in a liquid like state. For intermediate concentrations, an operating
temperature around 40°C was found the best choice from a kinetic performance point of
view [13]. Looking at the corresponding pressure drop curves at high and low temperature
(Figs. 5¢c and 5d respectively), the severe limitations of using low temperatures in
combination with higher modifier content are clear as only a limited column pressure drop is
available of around 250-300 bar. This again illustrates the limitations of current SFC
instruments, where both limited maximum pressure and flow rate hinder the full use of the
possibilities of SFC. With regards to retention, this study confirmed earlier reports that for
low fractions of modifier, retention in fact increases with increasing temperature, due to the
strong decrease in mobile phase density. At high modifier concentration, the traditional van
‘t Hoff behavior was observed, i.e. decreasing retention with increasing temperature. For
intermediate modifier fractions, U-shaped van ‘t Hoff plot were found, as previously
reported in chiral separations [59].

4. Innovations and trends in column technology

The advantages of the application of sub-2um and superficially porous particles in SFC have
been known for many years and were already reviewed by several authors [2,4,30,60-62]. In
the past years however, many new stationary phases have been introduced or investigated
(particles sizes, morphologies, chemistries...), especially for chiral analyses.

4.1 Superficially porous particles

As only a limited number of chiral stationary phases bonded to superficially porous particles
(SPP) were commercially available prior to 2018 [2,63,64], a significant amount of research
has been performed over the last years with either novel commercially available or in-house
developed chiral SPP columns. For example, Barhate et al. successfully applied chiral SPP
stationary phases for the enantiopurity analysis of verubecestat and its intermediates.
Folprechtova et al. used 2.7um chiral superficially porous particle stationary phases for the
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separations of enantiomers of important biologically active compounds such as
phytoalexines, substituted tryptophans and ketamine derivatives [65]. The same research
groups also investigated vancomycin-based chiral stationary phases on the same support for
the analysis of novel psychoactive substances, including pyrovalerones, benzofurans,
phenidines and phenidates [66].

Roy and Armstrong compared the performance of 5um fully porous particles with 2.7um
superficially porous ones for chiral analysis [63]. Although higher optimal flow rates Fopt
(between +25% and +66% depending on the solute) and lower minimum plat height Hmin
(from 18.6 and 13.6um for the 5um fully porous to 12.5 and 9.2um for the 2.7um
superficially porous) were obtained, these gains are lower than expected. Based on the
particle size alone, both an increase in Fopt and a decrease in Hmin by factor of 1.85 should be
found and an even larger improvement would be expected due the use of the superficially
porous particles. Besides extra-column dispersion effects, this lack of improvement in
separation performance can be related to slow adsorption-desorption kinetics, as also
observed for chiral separations in LC [62,67,68], which dominate the band broadening
behavior of the columns. In addition, the smaller particle column possibly had a lower
packing quality (higher A-term), vyielding a higher hmin. Nevertheless, a significant
improvement in separation performance at high flow rates was found for the 2.7um
particles compared to the 5um ones. It should also be noted that the superficially porous
particles typically yield lower retention factors than their fully porous counterparts due to a
decreased amount of chiral selector. Using shorter (5cm) columns operated at very high flow
rates (14mL/min), Roy and Armstrong were able to baseline separate several enantiomers in
less than 30s [63]. Firooz et al. investigated two new functionalized cyclofructan columns
(sulfonated cyclofructan-6 and benzoic acid functionalized cyclofructan-6) as polar stationary
phases for achiral analysis, by modification of 2.7um superficially porous particles using
improved synthetic methodologies. [56] Efficiencies as high as 200,000 plates/m were
obtained, yielding a reduced plate height of 1.8 in 4.6mm x 100mm columns.

The use of superficially porous particles not only allows very fast separations, but also very
high efficiency separations if several columns are coupled in series. Lesselier et al. for
example used a total length of 75 cm (5 x 150mm, 4.6mm ID) of columns packed with 2.6um
superficially porous particles for the analysis and quantification of triglycerides in SFC. [69].
This is in agreement with the observations made in Fig. 1b, where the optimal columns
lengths for these particle sizes was found the be in the 50 to 100cm range.

4.2 Fully porous particles

Few Sub-2um chiral stationary phases were available up to 2017 and as a result only a few
older reports existed of their use in SFC literature [46,47]. For example, in the years 2016-
2018, research papers on achiral analytical-scale applications were majorly conducted on
sub-2-um stationary phases, whereas chiral separations were still essentially conducted on
larger particle sizes (2.5, 3, and 5 um). [2]

Ismail et al. were able to obtain efficiencies of 300-290,000 plates/m for retention factors of
1 and 2.5 on a 4.6mm ID column packed with 1.8um Whelk-01 particles using a system with
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minimized extra-column dispersion (see also Section 5) [70]. Recently He et al. used sub-2um
particles (1.6um) for fast atropisomeric separation of a drug candidate, reducing analysis
time 2.5x compared to a traditional 3um stationary phase [71]. However, when comparing
the van Deemter curves, little difference was observed between the 1.6 and 3um particle
column. Since the 1.6um particle column had an inner diameter of 3.0mm and the 3um
particle column 4.6mm (both 10cm long), this was attributed to the much larger relative
contribution from the extra-column dispersion on the smaller volume column. The authors
also noted an increase in baseline noise due to pump pressure ripple at low flow rates
(below 1.3mL/min), which could partially be alleviated by increasing the backpressure from
103 to 166bar. This however reduced the available pressure drop for the column and thus
limited the maximum allowable flow rate. Kozlov et al. used intermediate sized fully porous
particles (2.5um) with a polysaccharide based stationary phases for the fast separations of
27 indole phytoalexins. [72] As is shown in Fig. 6, short columns (2cm) packed with 1.8um
particles allow very fast (<8s) achiral separations of 7 solutes with baseline resolution [18].
Terry Berger was able to obtain plate heights as low as 1.65 at a flow rate of 2.5mL/min on
the same column with a system and column pressure drop of only 250 bar (backpressure at
100 bar) [73].

4.3 Chip and capillary-based SFC

Heiland et al. presented the first example of a microchip-based SFC system with packed
chips and two-photon-excitated-fluorescence detection [74]. The use of chips allows very
efficient T-control, but it is challenging to obtain very low flow rates, control the
backpressure and perform low volume injections. An elaborate set-up was developed that
allowed to perform automated injections in a time span of only 9s. At linear velocities as
high as 20 mm/s, the baseline separation of two enantiomers of Pirkle’s alcohol was
achieved in 12s with an efficiency of 9,500 plates/m when using 5um particles. High
reproducibility as well as excellent peak shapes were obtained. At lower velocities (~10.5
mm/s), efficiencies of 17,500-27,500 plates/m were obtained with 3um particles for the
separation of PAHs and 20,000 plates/m for napropamide enantiomers. The relative high
reduced plate heights (~15-25) were explained by the very small column volume (100nL) and
the comparatively large injection volume. Further development of this technique are thus
required to optimize instrumentation and coupling to more universal detection techniques
such as MS.

The low viscosity of the mobile phases used in traditional SFC, i.e. with a limited fraction of
co-solvent, in combination with high flow rates results in a more common transition from
laminar to turbulent flow in the connection capillaries than in LC [75,76] (see also Section
5.1). When considering open-tubular chromatographic systems, this transition can have
advantages as the laminar parabolic flow profile in pressure driven flow is replaced by a
more plug like flow profile, as only in a relatively thin boundary layer near the wall the
velocity is different from the uniform bulk velocity. In addition, the faster radial dispersion
due to the turbulent vortices across the diameter of the tube additionally reduces the
mobile phase mass transfer resistance which is the dominant dispersion contribution in
open-tubular systems at high velocity. This allows the use of larger ID capillaries than are
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typically optimal for use in open-tubular LC and SFC systems (2.5um or lower) [25]. Gritti and
Fogwill developed theoretical models and experimentally verified the applicability of high-
resolution turbulent flow chromatography [77-80]. When using pure CO; as mobile phase
and a coated open tubular column, it was found that improvement in column performance
from a laminar to a turbulent flow regime decreased with increasing retention factor in the
range of k=0-1 [80]. It was found that the mass transfer in turbulent flow was still controlled
and limited by the slow sample transport across the viscous sublayer near the column wall,
which still spans around 30% of the tube’s cross sections. As a result, the benefits remain
limited to small retention factors (k<0.2). Using a 20m long, 180um ID capillary with 0.2um
film, ultra-fast analysis (<10s) of corone (k~0.1) and its impurities was achieved, with a plate
count of 33,000 at a Reynolds number around 5000. It therefore seems that, given the
limited range of k in which these conditions are beneficial, the broad applicability of
turbulent open tubular SFC is rather questionable.

5. Instrumentation and extra-column dispersion

The limitations of the new generation of SFC instrumentation with regards to extra-column
band broadening and the need for modifications of the commercial instrumentation were
pointed out several years ago [19,20,81,82]. With the introduction of novel (chiral)
stationary phases and the pursuit of ultra-fast and high efficiency separations, these effects
remain important to achieve the full performance potential of these highly efficient columns
and continues to be investigated.

5.1 Optimization of extra-column dispersion

Ismail et al. modified a standard Waters UPC? instrument to a low dispersion equipment to
by replacing the standard autosampler by an external valve with a 200nL loop, reducing the
estimated [20] original 85 ulL? extra-column peak variance down to 29ulL? [70]. By changing
the standard 8uL detector cell to a 3uL one, this was further reduced to cr‘%EC=15uL2 (see
Entry-1 vs. 2 in Fig. 7). This confirms earlier reports that new low volume UV detector cells in
SFC are essential to obtain the same low dispersion as currently available in UHPLC systems.
Unfortunately, this can currently only be done using commercially available detector cells
when these are used significantly above their maximum pressure rating [19]. By replacing
the standard column oven with an external one and halving the length of the connecting
tubing (from 120 to 60cm in total), a further decrease to a‘?_EC=3.3uL2 was obtained with
180um tubing (Entry-2 vs. 3 in Fig. 7). Further decreasing the tubing ID to 130pum or 100um
had limited effect (0‘3,,56=2.2;1L2 for both), probably due to the dominant contribution of the
relative large UV flow cell [19,70]. The performance improvement of the low dispersion
system was evident, especially for narrower ID columns (3.0mm) and weakly retained
compounds showing an increase of almost 90% in efficiency compared to the standard
instrument with only the external autosampler. The use of narrow ID capillaries can however
induce turbulence, depending on tubing roughness, that can significantly increase extra-
column pressure drop [17,18,47,73,75,76]. As a result, the use of narrow ID capillaries has a
limited impact on oy, g if the other instrumental aspects are not optimized, but can result in
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severe drawbacks. For example, Berger found that when using 75um ID capillaries, up to
50% of the total system pressure drop was due to the connection tubing , whereas this was
less than 10% when using 120 or 170um tubing [17]. The (onset) of the turbulent flow
regime, causing increased radial mixing in the cross section of the capillaries, could however
in part explains the decreasing trend in 013,56 with flow rate which is sometimes observed
(see Fig. 7) [70].

Berger et al. modified an Agilent SFC system by using a low dispersion UV-cell (2pL vs. the
standard 13uL), heat exchanger (125um) and needle seat capillary (75um). In addition, he
replaced the standard 170um tubing by shorter 120um capillaries [18]. Since the instrument
detector has an internal T control that reduces the mismatch between eluent and flow cell,
the need for a post-column heat exchanger is eliminated, further reducing extra-column
dispersion. With this system, having only an estimated 5uL? extra-column variance, reduced
plate heights as low as 2.2 were obtained on a 3x20mm column packed with 1.8um particles
at 2.5mL/min and 7.5% methanol. Using higher flow rates and modified concentrations
(5mL/min, 15% MeOH), 7 compounds from 4 different solute families where baseline
separated in less than 8s as shown in Fig. 6. The authors noted that very high speed
separations (~10s) in SFC are currently limited to the isocratic mode due to the very high
gradient dwell volume in most systems, e.g. around 600uL, which yields gradient delays
around 7.2s even at 5mL/min. For some peaks in the ultra-fast chromatogram, UV detector
filters settings of 120 Hz and <16ms response time was required to avoid detection related
peak broadening.

The limited advantage observed by Ismail et al. [70] when using narrower ID tubing of tubing
was also observed by Berger when using 75um ID capillaries. The author was however
recently able to obtain reduced plate height values below 2 on a 2.1x100mm column with
1.8um fully porous particles [17]. The van Deemter curve showed an unusual U-shaped
profile, which was most pronounced for the narrow ID tubing, which was linked to the
increased pressure in the column and resulting lower Dmol due to the large extra-column
pressure drop. Berger also observed that switching from stainless steel to PEEK tubing
reduced the extra-column pressure drop by one third as the smoother inner wall reduces the
friction factor as previously observed by De Pauw et al. [75]. In earlier work, Berger
investigated the effect of backpressure on separation performance using a 4.6mm x 150mm
column packed with 5um particles. Increasing backpressure did not change the minimum
observed plate height but shifted the optimum velocity to lower values for low fractions of
modifier (5 volume% MeOH). For higher modifier fractions (40 volume%) no change in either
plate height or optimum velocity was observed.

6.2 Sample solvent effects and injection method

The importance of the injection solvent on the separation performance was studied in detail
by Desfontaine et al. [83] but still remains an important factor in the optimization of
separations methods in SFC [84]. To circumvent the detrimental effect of large-volume
injections, Sun et al. investigated the feasibility of performing multiple subsequent small
volume injections instead [85]. This method showed signal enhancement compared to a
single large volume injection if the initial retention of the analytes was large enough to lead
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to concentration on the column head, which was achieved by starting their gradient in a
100% CO; mobile phase. The effects of column overloading, dispersion during the delay in
between injections and the migration of the analyte band in between injection decreased
the efficiency of the technique, especially for poorly and moderately retained compounds.
The advantages of this technique are therefore dependent on the injected solutes and the
stationary phase, but also on the employed gradient program.

An alternative injection method, the so-called feed injector, was recently introduced by
Agilent Technologies on their SFC instrument. Whereas typically a loop is switched in-line
with the mobile phase flow path to inject the sample, this feed injector adds the sample
volume to the mobile phase flow, increasing the total flow rate for a short time [86]. This
yields only a limited increase in pressure drop due to the compressible nature of the mobile
phase in SFC. Additionally, the introduction of a higher viscosity plug in the flow path always
causes a pressure spike. The fact that the sample is mixed with the mobile phase causes two
phenomena that have an opposite effect on band broadening. Whereas the dilution of the
sample inherently results in the injection of a larger sample volume, the concomitant mixing
of the sample solvent with the mobile phase reduces the solvent mismatch and its
associated band broadening effects [19,83]. Vanderlinden et al. investigated this injection
method in detail and found that the optimal ratio Freed/F Of injection flow rate (Ffeed) Over
mobile phase flow rate F is independent on the employed F [86]. This is not unexpected as a
fixed Freed/F results in the same dilution of sample plug and sample solvent. Surprisingly, the
optimal Freeq/F-ratios for the investigate compounds and column (hormones and bare silica)
were rather low, around 0.2-0.3, showing that a strong dilution of the sample solvent was
advantageous even though this resulted in a strong increase of the volume of the injected
sample plug. The overfeed solvent plug, required to fully inject the loaded sample volume,
was found to have a detrimental effect on the peak width, as was also observed by Berger
[18,86]. Switching from methanol to hexane as overfeed solvent resulted in a significant
decrease in band broadening and an almost negligible effect of overfeed volume on peak
width [86]. Alternatively, it was investigated if the sample itself could be used as overfeed
solvent. This resulted in even narrower peaks than when using hexane as overfeed solvent,
however this technique was not suitable for small volume injections (< 0.5-1puL) as it suffered
from poorer reproducibility and precision [86].

6. Conclusions

The use of CO; as the main component of the mobile phase allows to achieve highly efficient
and fast separations due to the significantly lower viscosity than typical LC mobile phases.
However, as the application area of SFC is shifting towards larger and more polar molecules,
mobile phases with viscosities close to those used in LC are being used, strongly reducing
this kinetic performance benefit. These new trends thus require either an improvement in
the instrumental capabilities (higher operating pressures) or the implementation of flow rate
and backpressure gradients. As more liquid like conditions are common, the use of elevated
temperatures (or even temperature gradients) is another interesting possibility. In addition,
it has become clear that current generation SFC are not designed to be used with the current
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generation of highly efficient columns packed with small superficially porous particles. When
these columns are used in the traditional 4.6mm ID format, the required flow rates often
exceed those of the instrumentation and result in excessive extra-column pressure in the
fluidic path due to occurrence of turbulent flow. When narrower ID columns are used (2.1-
3mm), the much smaller column volumes are no longer compatible with the much larger
extra-column variance in SFC instrumentation compared to UHPLC. The pressure
requirement for the UV flow cells however seems to limit the possibilities to further reduce
and optimize their design. In addition, the compatibility of the injection solvent with the SFC
mobile phase remains a challenge, both in one-dimensional chromatography and for the use
of SFC in multidimensional setups.
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Figure Captions

Figure 1: Kinetic performance limits for UHPLC (AP=1500 bar) and SFC (AP=550 bar) assuming n =
1-10 Pa‘s and Dmol = 5:10™° m?/s for LC and 1 = 1-10* Pa-s and Dmo = 5:10° m?/s for SFC. For both
modes, ¢o =650, h=a+b/v+cvand a=0.8, b=3andc=0.06 with the particles sizes indicated on
the figure. To calculate the retention time tg, a retention factor of k=9 was assumed. The dashed lines
represent the Knox-Saleem limits (see Eq. (1)) for both techniques. (a) Plot of analysis time vs.
efficiency. The colored area represents the Knox-Saleem limit range for AP=250-550 bar in SFC; (b)
Plot of corresponding columns lengths vs efficiency (SFC only).

Figure 2: Plot of the kinetic performance limits when using fully optimized flow rate, column length
and particle size, i.e. the Knox and Saleem limit for SFC under the same conditions as Fig. 1. The
dashed line represent the Knox-Saleem limits according to Eqg. (1), without any extra-column
contributions (dispersion and pressure drop) and the full lines with these effects for three different
column ID’s. Extra-column tubing: 50cm x 125um (2x, pre- and post-column), extra-column variance
due to injection = 2uL? and detector = 3pL2. Retention time calculated for a last eluting compound of
k=9, extra-column dispersion contribution calculated for k=4.

Figure 3: Van Deemter curves for different compounds with similar retention factor (k~5) for
different fractions of modifier (MeOH/water, 95/5 v%/v%) in the mobile phase at 40°C and
150 bar. Reprinted with permission from [9].

Figure 4: SFC chromatogram of 3,5-dintrobenzoic acid on a FructoSheel-N column (2.7um
superficially porous particles, 4.6 x 100mm) with 90/10 CO,/MeOH + 0.1% (v%/v%) TEA + 0.1%
(v%/v%) TFA mobile phase with (top, red) and without (bottom, black) the addition of 5.7% (v/v) of
water to the modifier phase. Note that the 0.57% (v%/v%) on the figure indicates the water fraction
in the total mobile phase. Reprinted with permission from [50].

Figure 5: (a-b) van Deemter plots corrected for extra-column dispersion, obtained at five
different co-solvent percentages and temperatures (see figure legend) (a) for butylparaben
with MeOH/H20 95/5 v%Vv% as co-solvent and (b) for indoxyl sulphate with MeOH/H20 95/5
v%/v% + 10 mM of ammonium formate as co-solvent. For each analyte and condition the
retention factor had a minimal value of at least 5; (c-d) Pressure plots recorded under
isocratic conditions at different conditions (see figure legend) for temperatures of (c) 80°C
and (d) -5 °C. Adapted and reprinted with permission from [13].

Figure 6: Fast, efficient separation of a 7 component mixture at 5mL/min, 15 v% MeOH in
CO; at 40°C and 100 bar backpressure using a 3 x 20mm, 1.8um RX-Sil. Pump pressure of 435
bar using a modified Agilent 1260 Il SFC with a 120 Hz detector, an injection volume of 0.2pL,
1uL overfeed volume and 1000 pL/min feed flow rate. Reprinted with permission from [18].

Figure 7: Extra-column variance contribution of the SFC instrument calculated using the
method of moments for different configurations of a Waters UPC? instrument, with Entry-1
the system as-shipped but with the standard injector replaced by an external valve with a
0.2uL loop. Modification in Entries 2-5 as discussed in the text and specified in [70].
Reprinted with permission from [70].
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