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0.4 SFCToday, xix
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0.1 Scope of the Book

Supercritical fluid chromatography (SFC) is more than 50years old. Chapter 1
entitled “Historical Development of SFC” recaps over a much greater time-
frame of the discovery of supercritical fluids and their development as a
medium for chromatographic separation of both volatile and nonvolatile ana-
lytes. A real interest in SFC using either packed or open tubular columns began
in the early 1980s when the first commercial preparative SFC instrument
became available [1]. This development led to growing interest in the separa-
tion of stereoisomers which started with the pioneering work of Frenchman
Marcel Caude and his research group in 1985 [2]. Thus, a wide variety of chiral
separations were reported and applied near the turn of the century employing
both analytical and preparative packed column (pcSFC) technology. SFC with
open tubular columns (otSFC) also peaked in the 1980s but fizzled during the
following decade. Interest in pcSFC is currently higher than ever before. For
example, the technique is capable of generating peak efficiencies approaching
those observed in gas chromatography (GC). On the other hand, pcSFC sepa-
rations can achieve much higher efficiencies per unit time than in high perfor-
mance liquid chromatography (HPLC). pcSFC has embraced a critical mass
of separation scientists and technicians in terms of the number of workers
in the field worldwide. Hundreds of supercritical fluid chromatographs cur-
rently are in use. Furthermore, pcSFC is (i) detector and environmentally friendly,

xiii
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(ii) interfaceable with sample preparation, (iii) relatively economical in cost,
and (iv) is a superior purification tool. Chapters 3 and 4 provide discussion of
these critical developments that earlier had been referred to as dense gas chro-
matography [3]. Related work in the field currently uses both supercritical
and subcritical mobile phase conditions to perform separations as well as
purifications.

During the past 20years, pcSFC has created a bonafide niche for itself as the
go-to workhorse in chiral separations. Chapter 6 discusses in detail this topic.
It has afforded many advantages for rapid separation of enantiomers over
HPLC due to its greater separation efficiency per unit time. The advantages of
pcSFC over HPLC which are also discussed later in the book, however, are
practical but not fundamental. The greatest difference between pcSFC and
pcHPLC is just simply the need to hold the outlet pressure above ambient in
separations in order to prevent expansion (i.e. boiling) of the mobile phase
fluid.

Enantiomeric separations are more compatible with ambient SFC than with
high temperature HPLC because chiral selectivity usually favors decreasing
temperature wherein the risk of analyte racemization is minimized. On the
other hand, the risk of analyte thermal decomposition as in the GC of canna-
bis — related components is lessened. Furthermore, the straightforward search
(primarily by trial and error) for a highly selective chiral stationary phase is a
key step in the development of chiral pcSFC separations that address industrial
applications. In this regard, a number of screening strategies that incorporate
a wealth of stationary phases are discussed in the book that take advantage of
short columns, small particles, high flow rates, and fast gradients.

Upon scale-up of analytical chromatography to preparative supercritical
fluid separations as discussed in Chapter 8, the resulting decrease in solvent
usage and waste generation relative to preparative scale HPLC is strikingly
dramatic. SFC product can be routinely recovered at higher concentration rela-
tive to HPLC which greatly reduces the amount of mobile phase that must be
evaporated during product isolation. Higher SFC flow rates contribute to
higher productivity. The faster SFC process makes the separation cycle time
significantly shorter such that it becomes practical as well as feasible to make
purification runs by “stacking” small injections in short time windows without
compromising throughput. Table 0.1 lists additional advantages of supercriti-
cal fluid chromatography.

Table 0.1 Advantages of supercritical fluid chromatography.

High diffusivity/low viscosity yield greater resolution per unit time.
Longer packed columns afford greater number of theoretical plates

Low temperature reduces risk of analyte isomerization

Scale-up of separation and isolation of fractions are facilitated
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pcSFC (as most analytical techniques) has had a tortuous development
history, but it appears that analytical and preparative scale chiral SFC are cur-
rently on the firmest foundation ever experienced with vendors that are
strongly committed to advancing the technology. Extensive, new developments
in achiral SFC and a much broader spectrum of applications outside the phar-
maceutical area are already happening. Unlike reversed phase HPLC, the iden-
tification of the correct column chemistry is critical for the successful
application of achiral pcSFC. Very different selectivity can be achieved depend-
ing on the column chemistry. Basic, neutral, and acidic compounds are well
eluted on most columns that indicates the suitability of pcSFC for a broad
range of chemical functionalities. The number of “SFC” columns for achiral
purifications has also grown rapidly in the past three years. Activity in (i) agri-
cultural and clinical research, (ii) environmental remediation, (iii) food and
polymer science, (iv) petrochemicals, and (v) biological chemistry immediately
come to mind. Additional Chapters 9-12 have been introduced into the book
since writing began that reflect numerous additional applications of pcSFC
such as pharmaceuticals, petroleum, food, personal care products, and can-
nabis. Additional advantages of SFC are listed in Table 0.2.

0.2 Background for the Book

While there have been numerous books published concerning SFC as both
monographs and edited volumes, there appear to be only two texts that have
had teaching as a major emphasis. One, published in 1990, was edited by
Milton L. Lee (Brigham Young University) and Karin E. Markides (Uppsala
University, Sweden) and written by a committee of peers is entitled “Analytical
Supercritical Fluid Chromatography and Extraction” [4]. For chromatographic
discussion, this book focused almost entirely on wall coated open tubular cap-
illary column SFC (otSFC), which is not widely performed today having been
replaced almost 100% by packed column SFC (pcSEC).

In the early days, otSFC and pcSFC coevolved and vigorously competed with
each other as described in Chapter 1. otSFC lost ground and eventually faded

Table 0.2 Additional advantages using pcSFC.

e No pre-derivatization to achieve solubility and/or volatility
Shorter cycle time with gradual gradient elution
Faster separation facilitated by higher fluid diffusivity

.
.
e Reduced column diameter/particle size via lower fluid viscosity
e Less extreme chromatography conditions

.

Routine normal phase chromatography

Xv



xvi

Preface

away, mainly as a result of poor chromatographic reproducibility issues in
terms of flow rate, gradient delivery, pressure programming, and sample injec-
tion. The early systems were costly and not user friendly, which resulted in the
technique being marginalized as too expensive and inefficient. While otSFC
was capable of outstanding feats such as the separation of nonvolatile poly-
meric mixtures and isomeric polyaromatic hydrocarbons, most workers in the
field would agree nowadays that the approaches used in otSFC are among the
worst parameters to test with pcSFC.

Another book entitled “Packed Column SFC,” published by the Royal Society
of Chemistry and authored by Terry A. Berger [5] was published in 1995. Given
that over 20 years have elapsed since the publication of Berger’s book, the book
presented here today provides ample references that reflect the current state-
of-the-art as understood today. We have written our book that incorporates a
more pedagogical style with the explicit intention of providing a sound educa-
tion in pcSFC. Relatively new users of SEC in the early days were largely forced
to rely on concepts developed for either HPLC (in the case of packed columns)
or GC (in the case of open tubular columns), which were often inappropriate
or misleading when applied to both otSFC and pcSFC. Our book addresses
these deficiencies.

In this regard, a detailed discussion of current SFC instrumentation as it
relates to greater robustness, better reproducibility, and enhanced analytical
sensitivity is a focus of the book (Chapter 3). Originally, SFC was thought to be
solely for low molecular weight, nonpolar compounds. Today, we know that
SEC spans a much larger polarity and molecular mass range. Even though
modern pcSFC books may be more adequately described as either “Carbon
Dioxide-Based HPLC” (as Terry Burger once suggested) or “Separations
Facilitated by Carbon Dioxide” (as suggested by Fiona Geiser) than “Packed
Column Supercritical Fluid Chromatography,” a change in nomenclature this
drastic was not encouraged by attendees at several recent pcSFC conferences
in both Europe and the United States. Suffice it to say, a change in nomencla-
ture at this time is not suggested here. Nevertheless, this drastic shift in mind-
set and practice as suggested by Berger and Geiser during the last decade
concerning both stationary phase and mobile phase has been a large reason for
the current resurgence of pcSFC technology for problem solving at the indus-
trial and academic levels worldwide. As proof, analytical scale achiral SFC is
discussed in Chapter 6 along with ion pair SFC, reversed phase SFC, and
HILIC-SEC.

While SEC has experienced much painful growth and disappointment dur-
ing its evolution over 50 plus years, the “flame” has never been extinguished in
the minds of a core group of separation scientists. A major reason for this
mindset has been the near-annual, well-attended scientific meetings that have
taken place in Europe and the United States over the past 25 years. Initially, the
meetings were known as “the International Symposium on Supercritical Fluid
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Chromatography and Extraction” wherein the focus was almost exclusively on
capillary column SFC. Milton Lee at BYU and Karen Markides from University
of Uppsala, Sweden served as hosts for the first meeting (1988) in Park City,
UT. Subsequent meetings and approximate dates that have mostly been within
the United States are listed in Table 0.3. Not shown in the table, but the young-
est of us (DP) presented a poster at probably the earliest conference in this
series called “SFC-87, Pittsburgh” Attendance was approximately 150.

These meetings were terminated soon after 2004 due to a lack of vendor
commitment and support and user interest. In 2007, a series of new confer-
ences with a different name (“International Conference on Packed Column
Supercritical Fluid Chromatography”) that gave attention to exclusively packed
column Supercritical Fluid Chromatography was initiated first by Suprex
Corporation, Pittsburgh, PA, then Berger SFC, and later by both Waters Corp.
and Agilent. These meetings which now attract primarily industrial scientists,
engineers, and academic colleagues from Europe and the United States are
currently sponsored by the Green Chemistry Group. During the past 10years
the meetings have occurred annually and have alternated mostly between
Europe and the United States (Table 0.4). To gain a greater world-wide audi-
ence the Green Chemistry Group has sponsored pcSFC meetings in China and
Japan (i.e. 2016-2017, respectively). Additional meetings are scheduled in
2019 for both China and Japan.

pcSFC during the past 10years has become a viable chiral chromatographic
technique in the areas of pharmaceutical drug discovery and drug develop-
ment. Chiral separations using carbon dioxide which incorporate a host of
normal phase, silica-based stationary phases with principally ultraviolet and
mass spectrometric online detection are now common. Nearly every pharma-
ceutical company in the United States, Asia, and Europe has multiple pcSFC
instruments operating in a variety of laboratories. Interest in India, China,
Korea, and the Pacific Rim, for example, is growing.

Table 0.3 Open tubular column SFC meetings.

SFC-1(1988) — Park City, UT
SFC-2 (1989) — Snowbird, UT
SEC-3 (1991) — Park City, UT
SFC-4 (1992) — Cincinnati, OH
SFC-5 (1994) — Baltimore, MD
SFC-6 (1995) — Uppsala, Sweden
SFC-7 (1996) — Indianapolis, IN
SFC-8 (1998) — St. Louis, MO
SEC-9 (1999) — Munich, Germany
SEC-10 (2001) — Myrtle Beach, SC
SEC-11 (2004) — Pittsburgh, PA

PR
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Table 0.4 Packed column SFC meetings.

pcSEC 2007 — Pittsburgh, PA, USA
pcSEC 2008 — Zurich, Switzerland
pcSEC 2009 — Philadelphia, PA, USA
pcSEC 2010 — Stockholm, Sweden
pcSFC 2011 — New York City, USA
pcSEC 2012 — Brussels, Belgium
pcSFC 2013 — Boston, MA, USA
pcSEC 2014 — Basel, Switzerland
pcSEC 2015 — Philadelphia, PA, USA
pcSEC 2016 — Vienna, Austria
pcSEC 2017 — Rockville, MD, USA
pcSFC 2018 — Strasbourg, France

Currently activity centers around (i) development and application of mass-
directed pcSFC, (ii) enhancement of robustness and sensitivity to meet various
regulatory requirements, (iii) production of new polar stationary phases for
separation of metabolomics and related biochemicals, and (iv) theoretical
modeling of column physical properties dictated by employment of compress-
ible polar modified mobile phase and stationary phase — bonded sub-2-pm
particles.

There is rapidly growing interest in achiral pcSFC where the separation of
highly polar compounds has been demonstrated. Applications to polymeric
materials, natural products, water soluble analytes, surfactants, organic salts,
fatty acids, lipids, organometallics, etc. are experiencing great success.
Depending upon the nature of the stationary and mobile phases employed, a
variety of separation mechanisms can be expected such as reversed phase
pcSEC, ion pairing pcSFC, and aqueous promoted HILIC-pcSFC. Each mode of
chromatography can be expected to augment the more popular normal phase
pcSEC that has been used for decades and employs nonpolar mobile phases.

0.3 Audience for the Book

This book will be of interest to industrial, government, and academic users of
pcSEC and is expected to be useful as a chemistry textbook in graduate-level
separations courses. Laboratories looking to adopt SFC as part of their regular
analytical tools will find this book useful as they learn fundamental principles
behind technology and how pcSFC complements both HPLC and GC.

One’s view of SFC today is entirely different from that of 25—-30years ago
wherein (i) flow rates and gradient delivery were not reproducible, (ii) analyti-
cal UV sensitivity was not acceptable, and (iii) stationary phases were designed
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for reversed phase chromatography as opposed to normal phase chromatogra-
phy. Today, SEC is considered to be primarily normal phase chromatography
(i.e. a separation technique similar to HPLC) using mostly the same hardware
and software developed for HPLC. The mobile phase is a binary or ternary
mixture with CO, as the main component. The separation is usually performed
with gradient elution where the composition of the mobile phase becomes
more polar with time. Polar stationary phases such as bare silica, cyanopropyl-
silica, 3-aminopropylsilica, and 2-ethylpyridylsilica are routinely employed.
pcSEC has numerous practical advantages relative to reversed phase HPLC
such as higher speed, greater throughput, more rapid equilibration, and shorter
cycle times. SFC yields lower operating cost and lower column pressure drop,
and is orthogonal to reversed phase HPLC. Finally, compounds of interest can
be isolated with a relatively small amount of solvent because CO, vaporizes
away. This feature has become particularly important for preparative applica-
tions in which elution volumes can be large.

During this time period, a SFC system was introduced by Waters Corp.
(Milford, MA, USA). The system featured the efficient cooling of the CO,
pump heads by Peltier and the design of a dual stage back pressure regulator
that was heated to avoid frost formation. In this case, separations with the
Waters instrument were mostly identified as ultrahigh performance super-
critical fluid chromatography (UHPSEC). A similar system like Waters was
introduced in 2012 by Agilent which was a hybrid that allowed both UHPLC
and SFC separations. Shimadzu has more recently introduced hardware that
performs similar operations. This combined vendor news reenergized many
workers in the SFC community and caused potential users of the technology to
re-investigate the research potential of pcSFC. The instrumentation from
these three vendors nowadays appears to represent the current methodology
to perform analytical pcSFC which should enhance its acceptability by the
separation scientists into the immediate future. UHPSFC via either vendor
affords a high throughput approach for profiling analytes such as free fatty
acids, acylglycerols, biodiesel, peptides, basic drugs, etc. via light scattering,
UV, and Q-TOF-MS detection without the waste and uncertainty of sample
preparation procedures. This more modern terminology is prevalent through-
out this book. The older pcSFC instruments, while still useable in numerous
laboratories are no longer being manufactured.

0.4 SFCToday

Being green is a good thing, but most people nowadays seemingly go for pcSFC
because of its speed and fast method development rather than its environmen-
tal advantages. Experts in the field now readily agree that ultrahigh perfor-
mance supercritical fluid chromatography (UHPSFC) has established itself as
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the preferred way of doing chiral and achiral analysis on both analytical and
preparative scales. They also say that SFC will become the norm for small-scale
purifications. Increased interest in (i) petrochemical and food industries, (ii)
environmental air quality, (iii) biodiesel quality control, and (iv) protein separa-
tions can be expected in the not too distant future [6].

Much of the increased experimental capability alluded to above has been
made possible by the introduction of pumping systems that deliver enhanced
reproducible and accurate flow of CO, and modifier. In this case, separations
are generally identified as UHPSFC.

Anyone with an interest in analytical and/or preparative scale pcSFC coupled
to both spectroscopic and flame-based detectors will find this book beneficial.
Subcritical fluid chromatography and enhanced fluidity chromatography as
developed by Susan Olesik at the Ohio State University are also applicable here.
Bonafide experience of the separation scientist in analytical or preparative scale
SEC is not necessary for reading this book. Some knowledge of chromatographic
principles is, however, desirable. With the introduction of more reliable instru-
mentation and eye-catching applications, a new generation of separation scien-
tists and engineers are beginning to express much interest in the technology.
Because the book is written with teaching in mind, the text could very well be the
reference document on the desk of each person who is applying pcSFC.

Enjoy reading!
Larry M. Miller, J. David Pinkston, Larry T. Taylor
February, 2019
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1.1 Physical Properties of Supercritical Fluids

In supercritical fluid chromatography (SFC), the mobile phase is ideally in
the supercritical state. The meaning of the word supercritical (literally, above
critical) is explained in Figure 1.1. The figure shows a phase diagram for a
single (pure) component. Depending on the temperature (T) and the pres-
sure (P), three different states of matter may be distinguished. These are gas
(@), liquid (L), and solid (S) states. At the triple point (tp) all three of these
phases may coexist. Above the critical point (cp) a difference between gase-
ous and liquid states can no longer be observed. This region is illustrated in
Figure 1.1 by the dashed lines, which defines the supercritical fluid region
and the material is referred to as a supercritical fluid (Schoenmakers, P.J. and
Uunk, L.G.M., “Mobile and stationary phases for supercritical fluid chroma-
tography,” Private Communication.).

The supercritical fluid region is not a fourth state of matter. Crossing one of
these dashed lines does not result in a phase change, whereas crossing a solid
line does. Both condensation and evaporation are phase changes, during which
the physical properties (e.g. density, viscosity, and diffusivity) change abruptly.
On the other hand, a gas can also be transformed into a liquid in a manner
indicated by the curved arrow in Figure 1.1. During this process, a phase

Modern Supercritical Fluid Chromatography: Carbon Dioxide Containing Mobile Phases,
First Edition. Larry M. Miller, J. David Pinkston, and Larry T. Taylor.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.
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Figure 1.1 Phase diagram for a single pure component, illustrating areas in which solid (S),
liquid (L), gaseous (G), and supercritical (SF) conditions occur. tp is the triple point and cp is
the critical point. A gas can be transferred into a liquid by following the arrow. In doing so,
the density, the viscosity, and the diffusion coefficient change continuously from gas-like to
liquid-like values, but no phase change is observed. Source: Schoenmakers [1, p. 102].

change is not observed; yet, gas is transformed into a liquid. More generally
stated, the physical properties of a pure compound show continuous rather
than abrupt variations when passing through one of the dash lines.

The region of the phase diagram at temperatures and pressures higher than
the critical temperature and critical pressure values was formally (and arbitrarily)
designated as the supercritical fluid region by both the American Society for
Testing and Materials (ASTM) and by the International Union of Pure and
Applied Chemistry (IUPAC) (see Figure 1.2). This designation introduced
what appears to be a fourth state of matter, the supercritical fluid. A second
designation can be found in Figure 1.3 wherein two subcritical regions are
identified along with the supercritical fluid region. Chester has cautioned that
this format is an immense source of confusion among novices and even some
experts [4]. In this diagram, the supercritical fluid region is formally defined as
shown, however the apparent boundaries are not phase transitions, only arbi-
trary definitions.

The literature is full of statements regarding the transition between a liquid
and a supercritical fluid phase or between a vapor and a supercritical fluid
phase. This is incorrect according to Chester. A discontinuous phase change is
predicted when the boiling line is crossed, but no discontinuous transitions or
phase changes take place for isothermal pressure changes above the critical
temperature or for isobaric temperature changes above the critical pressure.
There are no transitions into or out of a supercritical fluid state even though the
supercritical fluid region is defined formally according to Chester.
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Figure 1.2 Definition of supercritical fluid by American Society for Testing and Materials
(ASTM) and International Union of Pure and Applied Chemistry (IUPAC). Source: Smith [2];

ASTM [3]; Chester [4, vol. 2, p. 11, figure 2].
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Figure 1.3 Misleading phase diagram for a single component supercritical fluid.
Source: Laboureur et al. [5]. https://www.mdpi.com/1422-0067/16/6/13868. Licenced

under CC BY 4.0.
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In other words, it is possible to convert a liquid to a vapor, or a vapor to a
liquid, without undergoing a discontinuous phase transition by choosing a
pressure/temperature path that is wholly within the continuum. The required
path simply goes around the critical point and avoids going through the boiling
line. The distinction between liquid and vapor simply ceases for temperatures
and pressures beyond the critical point [6]. As stated previously, Figure 1.1 is
the accurate depiction of phase behavior. There is no fundamental difference
between supercritical fluids and gases or liquids. Rather, a supercritical fluid
may best be thought of as a very dense gas!

A more useful description of supercritical fluids for chromatographers
is shown in Figure 1.4. In chromatography, multi-component supercritical
mobile phases are frequently employed instead of a pure supercritical fluid. It
is useful to continue thinking of the fluid phase behavior, but this requires one
to expand the phase diagram to include the composition variation possible in a
binary mobile phase [7]. Six general types of binary-mixture systems have been
defined [8]. Some of the systems have large miscibility gaps rendering them
useless for chromatography over much of their composition ranges. Type I
mixtures, however, are the simplest and most widely used mixtures in liquid
chromatography (LC). These are mixtures in which the two components are
miscible in all proportions as liquids [7]. To consider the phase behavior of a

Critical locus

20
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o
100 1'® =
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0
0 2550 100 150 250
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Figure 1.4 Two-phase I-v region of a binary mixture is a volume in a three-dimensional
phase diagram. The Type | mixture CO,-methanol is illustrated here. The two-phase region is
the shaded interior of the figure. It has been cut off at 25°C to show the isotherm, but
actually extends to lower temperatures. Source: Adapted with permission from reference [4].
Reproduced with permission of American Chemical Society.
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binary mixture it is necessary to add to the phase diagram a third axis repre-
senting the fluid composition. The two components here are arbitrarily called
“aand b” except that “a” will be used to designate the more volatile component.
The “a and b” choices are restricted to materials that together form a Type I
binary mixture [8]. The reader is encouraged to consult reference 8 for a more
complete interpretation of these plots.

In other words, there is no narrowly defined supercritical phase [4]. The
behavior of a supercritical fluid may be very similar to that of a gas which
would be the case just above the horizontal dashed line in Figure 1.1. Such a
gas-like supercritical fluid possesses a relatively low density, a low viscosity,
and high-diffusion coefficients. Just to the right of the vertical dashed line in
Figure 1.1, a supercritical fluid may behave much more like a liquid. Such a
liquid-like phase would show relatively high density, high viscosity, and low-
diffusion coefficients. The most popular properties of supercritical fluids are
listed in Table 1.1.

Whereas the physical properties of a liquid and solid are fixed, the physical
properties of a supercritical fluid vary between the limits of a normal gas and
those of a normal liquid by control of pressure and temperature as shown in
Figure 1.5. Typically, supercritical fluids are used at densities ranging from 10
to 80% of their liquid density and at practical pressures for applications rang-
ing from 50 to 300 atm. Under these conditions, the diffusion coefficients of
supercritical fluids are substantially greater than those of liquids. Similarly,
the viscosities of supercritical fluids are typically 10-100 times lower than
liquids. These more favorable physical properties (as listed in Table 1.1)
afford the advantages of supercritical fluids in chromatography and extrac-
tion applications.

“Supercriticality” is another term for a fluid that has reached a temperature
higher than its critical temperature and a pressure higher than its critical pres-
sure. Although rare, supercriticality exists in nature. For example, the atmos-
phere of the planet Venus is made of 96.5% carbon dioxide. Figure 1.5 pictorially
compares the atmospheres of Venus (left) and Earth (right). At ground levels
on Venus, the temperature is 735K and its pressure is 93 bar. Therefore, in
dealing with carbon dioxide, these conditions cause CO, to be supercritical on
planet Venus.

Table 1.1 General properties of supercritical fluids.

High diffusivity (gas-like)
Low viscosity (gas-like)

Tunable solvent strength

[ )
[ )
e Zero surface tension
[ )
e Nontoxic if CO,
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Figure 1.5 Comparison of Venus (CO,) and Earth (Air) atmospheres. Source: Courtesy of NASA.

1.2 Discovery of Supercritical Fluids (1822-1892)

The phenomenon of the “critical state” was first described in 1822 by French
engineer and physicist Charles Baron Cagnaird de la Tour when he noted the
lack of discontinuity (i.e. disappearance of a meniscus) when passing between
gaseous and liquid states in his famous cannon barrel experiment [9]. It was
the work of the Irish chemist Dr. Thomas Andrews, Vice President of Queen’s
College in Belfast, Ireland in 1869 with CO,, however, which is considered to
be the first systematic study of a gas—liquid critical point [10]. It was also where
matter was first referred to as a “supercritical fluid” It should be noted, never-
theless, that the general idea of the “critical state” was earlier and indepen-
dently rumored by Mendeleeff in 1861 while working in Heidelberg with
physicist Gustav Kirchoff where he discovered the principle of gases critical
temperature. Mendeleeff’s work went unnoticed, such that the discovery of
critical temperatures is usually attributed to Thomas Andrews. Table 1.2 may
be considered to contain a partial listing of the early studies wherein supercriti-
cal fluid behavior was demonstrated [11].

In 1879 and 1880, Hannay and Hogarth published the first account of the
enhanced solvating properties of supercritical fluids [12] with an experimental
apparatus earlier described by Andrews. Hannay’s and Hogarth’s original belief
was that the ability to dissolve solid substances was a unique property of
liquids. In their experiments, solutions of colored solids in liquids were heated
through their critical points. When the liquids became gaseous, the solids were
expected to precipitate and the fluids were predicted to become colorless.
In practice, no such precipitation was observed, and the field of supercritical
fluid extraction was born.
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Table 1.2 Early studies of supercritical fluid behavior.

(1822) First report of supercritical fluid behavior

(1869) First measurement of critical parameters

(1879) First solvation of metal salts by gaseous fluids

(1879) First high pressure expt. via Hg column in mine shaft
(1892) Mercury column as high as the Eiffel Tower

Other investigators made similar observations at an earlier date [13]. In studying
the solubility of inorganic salts such as cobalt(II) chloride, ferric chloride, potas-
sium bromide, and potassium iodide in supercritical carbon dioxide, Hannay and
Hogarth found a perfect continuity of liquid and gaseous states. Hannay summa-
rized the findings later by stating that: “The liquid condition of fluids has very little
to do with their solvent power, but only indicates molecular closeness. Should this
closeness be attained by external pressure instead of internal attraction, the result
is that the same or even greater solvent power is obtained. The gas must have a
certain density before it will act as a solvent, and when its volume is increased more
than twice its liquid volume, its solvent action is almost destroyed” [14].

Hannay’s and Hogarth’s experiments were largely based on transition metal
salts and supercritical ethanol at temperatures too high to be convenient for a
modern lecture demonstration. A lecture demonstration for supercritical flu-
ids involving supercritical ethane with T. 32.3 °C and blue dye, guaiazulene,
has, however, been described for projection of an image of a high pressure silica
capillary cell so as to be viewed by a large audience [15]. An excellent review of
early studies regarding solubility measurements in the critical region was later
provided by Booth and Bidwell [16].

Another informative, pictorial comparison of solvating properties appeared
on the cover of Chemical and Engineering News (June 10, 1968 issue) that
described the supercritical-liquid—gas inter-relationship (see Figure 1.6). Each
of the enclosed glass vessels contained three spheres of unequal density and
carbon dioxide. The temperature of the fluid on the far left is above the critical
temperature. Thus, with no meniscus the condition was deemed supercritical
fluid and at uniform density. Each of the spheres has a different density, thus,
the high-density sphere in this bulb sunk to the bottom; while, the lowest den-
sity sphere rose to the top. The intermediate sphere density matched the
supercritical fluid density and appeared to be suspended in the bulb.

Moving from left to right in the figure, there is a temperature decrease. As evi-
denced by the cloudiness in the second bulb, the CO, is at the critical tempera-
ture, and critical opalescence is predicted. At the third bulb from the left,
temperature and pressure have decreased further, subcritical conditions exist,
and a gas and liquid phase now appear. Two spheres floated on the liquid while
the highest density sphere sank to the bottom. The temperature of the fourth
bulb was thought to be lower than that in bulb #3. All three spheres floated on
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Temperature

Figure 1.6 Behavior of four spheres of different densities in CO,: supercritical, critical,
subcritical, and liquid (0.92 g/mL). Source: Chemical & Engineering News, June 10, 1968,
p. 105, Photo by Ray Rakow.

the liquid phase, which indicated that the liquid phase density had increased
even more allowing even the greatest dense sphere to float on its surface.

During the late 1890s, numerous studies of high-pressure fluids and solubilization
phenomena were recorded. For example, Amagat in 1879 performed high-pressure
experiments using mercury columns that extended to the bottom of mine shafts
[17]. Later, Cailletet (1891) used a mercury column from the top of the Eiffel Tower
for high-pressure experiments [18]. By changing the density of the fluid through
temperature and pressure variation, the solvation strength of a supercritical fluid was
altered. An increase of the pressure caused the density of the supercritical fluid to
increase thereby causing it to become more liquid-like. When the temperature was
increased, the density of the supercritical fluid decreased, and the phase became
more gas-like. Depending upon the density, the viscosities of supercritical fluids were
thought to be similar to gases or intermediate between gases and liquids.

1.3 Supercritical Fluid Chromatography (1962-1980)

Considerable time passed before the previously described basic knowledge
regarding supercritical fluids was utilized for SFC. It was first proposed in 1958
by James Lovelock while at Yale University [19]. He conceived the idea of using
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supercritical water, ammonia, sulfur dioxide, and carbon dioxide for chroma-
tographic mobile phases in open tubular columns to increase the solvating
power of the mobile phase in order to elute nonvolatile ionic substances, but he
surprisingly did not attempt to practice the art of SEFC. He, nevertheless, related
his ideas concerning SFC to his coworkers Sandy Lipsky and Ray Landowne,
who urged him to commit his thoughts and findings to paper. Lovelock, how-
ever, realized that the high liquid-like density, high gas-like diffusivity and low
viscosity of fluids above the critical point would extend both GC and LC. Based
upon these early discussions, he was reported to have had his research docu-
ment notarized and witnessed soon after, but no patents were ever noted. He
also suggested the name “critical state chromatography” for the separation. It
was noted that acting as a solvent is a critical characteristic that differentiates
the compressible mobile phases used in SFC from gas chromatography (GC).

Superecritical fluid chromatography was invented by gas chromatographers
who initially explored gas at high pressures. Their hope was to elute compounds
that could not be analyzed with GC because the analytes were prone to decom-
pose at the temperatures needed to elute them. Ernst Klesper in 1962 employed
a 30-inch long column packed with 33% Carbowax 20M on Chromosorb W
(diatomaceous earth, GC packing, 180-250pm), and is considered to be the
first person to use higher gas pressures to elute, for example, porphyrin mix-
tures at lower temperatures than required for their elution using traditional GC
conditions. Supercritical temperatures were maintained to enable the gas pres-
sure to be continuously increased without it passing through vapor-liquid
biphasic conditions [20]. In 1967, Sie and Rijnders were the first to use the term
“supercritical fluid chromatography” for this new chromatographic technique.
They also suggested the use of mobile phase pressure programming.

Later, Jentoft and Gouw were the first to employ mobile phase modifiers
(i.e. methanol in n-pentane) to control retention in SFC. Figure 1.7 shows the
pressure—density relationship for CO, in terms of reduced parameters
(e.g. pressure, temperature, or density divided by the appropriate critical
parameter) including the two-phase vapor-liquid region used in these earlier
studies. This relationship is generally valid for most single-component systems.
The isotherms at several reduced temperatures show the variation in density
that can be expected with changes in pressure. Thus, the density of a super-
critical fluid will be typically 100—-1000 times greater than that of a gas at ambi-
ent temperatures. Consequently, molecular interactions increase due to shorter
intermolecular distances.

The temperature ranges in supercritical fluid processes depend on the fluid
used and reflect the respective critical values. The majority of supercritical
work is done with CO,, which has a T, of 31.30°C (304.6 K). Critical properties
of select compounds of differing polarity are shown in Table 1.3. The physical
properties of CO, and other supercritical fluids are also summarized in
the table.
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Figure 1.7 CO, pressure as a function of density at different temperatures expressed in
terms of reduced parameters. The area below the dotted line represents the two-phase
gas/liquid equilibrium region. The indicated areas refer to conditions at which the
researchers performed their experiments during the initial studies of SFC. Source:
Reproduced with permission of Milton L. Lee.

Klesper was born in Cologne, Germany and later finished his doctorate in
inorganic chemistry in 1954 at the University of Hamburg. From there he moved
to the United States, took an industrial position with the William T. Burnett
Company in Baltimore, MD as a chief chemist. Thereafter he became a Research
Associate at the Johns Hopkins University and an Assistant Professor at the
University of Maryland. Subsequently he became associated with the Institut
fur Macromolekulare Chemie at the University of Freiburg where he came into
contact with polymer chemistry. He then joined A.H. Corwin’s laboratory at
Johns Hopkins University in Baltimore where the first experiments using
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Table 1.3 Physical parameters of selected supercritical fluids.

Dipole moment

Fluid (debyes)” T Q)% Pc.(@atm)® pc(gml™  pago (gml™?  p; (gmlT)*
CO, 0.00 313 729 0.47 0.96 0.71 (63.4atm)
N,O 0.17 365 725 0.45 0.94 0.91 (0°C)
0.64 (59 atm)
NH3 1.47 1325 1125 0.24 0.40 0.68 (-33.7°C)
0.60 (10.5 atm)
n-Cs 0.00 196.6  33.3 0.23 0.51 0.75 (1atm)
n-C, 0.00 1520 375 0.23 0.50 0.58 (20°C)
0.57 (2.6atm)
SF6 0.00 455 371 0.74 1.61 1.91 (-50°C)
Xe 0.00 16.6 584 1.10 2.30 3.08 (111.75°C)
CC1,F, 0.17 111.8 407 0.56 1.12 1.53 (-45.6°C)
1.30 (6.7 atm)
CHF3 1.62 259 469 0.52 1.15 1.51 (-100°C)

“Data taken from references [21, 22].

*The density at 400atm and T, = 1.03 was calculated from compressibility data [23].
“Measurements were made under saturated conditions if no pressure is specified or were
performed at 25°C if no temperature is specified.

supercritical fluids as the mobile phase were performed in collaboration with
Corwin and Turner as far back as 1962, which was interestingly well before the
introduction of high performance liquid chromatograph (HPLC).

In Klesper's first reduction to practice a mixture of nickel porphyrins (etiopor-
phyrin II, nickel etioporphyrin II, and nickel mesoporphyrin IX dimethylester)
was separated with dichlorodifluromethane and monochlorodifluoromethane at
pressures above 1000 and 1400 psia, respectively, as the mobile phase [20]. These
particular mobile phases were chosen because of their low flammability and
physiological inertness. The instrumentation was very simple but well suited to
demonstrate the potential of employing supercritical fluids as the mobile phase
in chromatography. At the time numerous supercritical fluid separations were
presented and reported in the literature which were thought to be superior to
existing gas and liquid chromatography reports. SFC was eagerly thought to be a
future replacement for GC and LC of polar and high molecular weight compo-
nents. See Table 1.4.

A diagram of the apparatus is shown in Figure 1.8. No mechanical pump or
elaborate detector was used. The column was contained in a glass, high pressure
gauge tube which allowed observation of the colored bands of porphyrins which
moved down the column. The method was at that time called “high pressure gas
chromatography” instead of SFC. The first publication by Klesper’s group was a
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Table 1.4 Early attraction of supercritical fluid chromatography (SFC).

e Capable of generating GC peak efficiencies
e Separations operated at higher flow rates than LC
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Figure 1.8 Diagram of apparatus used by Klesper to demonstrate proof of concept for first
SFC. Source: Reproduced with permission of Milton L. Lee.

“Communications to the Editor” in the Journal of Organic Chemistry entitled
“High Pressure Gas Chromatography Above Critical Temperatures [20]”

Klesper continued his research on polymers and SFC at the University of
Freiburg in Germany [24]. The influence of temperature, pressure, and flow rate
on the behavior of dimethylether and diethylether plus the separation of oligom-
ers with UV-absorbing side groups via SFC using eluent gradients [25], and the
elution behavior of styrene oligomer fractions in SFC [26] were just three of the
early studies conducted by Klesper. By this time, Ernst Klesper was justifiably
knowninseparationscienceasthe “Father of Supercritical Fluid Chromatography”
based upon his outstanding publication record in the field [27].

In 1968, Giddings et al. published an article concerning the influence of
high pressures on retention in GC with carbon dioxide and ammonia as the
mobile phase [28]. He stated that the use of high pressure in chromatography
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“would cause the convergence of gas chromatography with classical liquid
chromatography” A decade later, Giddings also studied the general aspects of
pressure-induced equilibrium shifts in size exclusion chromatography [29].
However, this new form of chromatography was generally noted as “dense
gas” or “high pressure gas chromatography” rather than SFC.

Before Klesper and Giddings, other chromatographers were studying the use
of high pressure gases and supercritical fluid mobile phases. The work of Riki
Kobayshi at Rice University can be cited here. Kobayashi was also investigating
high pressure equilibria by chromatography, but he was not using the increased
solvent power of the media to elute nonvolatile materials. [t was Sie, VanBeersum,
and Rijnders in 1966 at the Shell Laboratories in Amsterdam, who first pub-
lished the separation of C; to C;3 n-paraffins, and soon after “supercritical fluid
chromatography” was coined by the same workers in 1966—1967 [30]. Pressure
programming and the use of mobile phase modifiers (i.e. methanol in n-pentane)
were later (1969-1970) also demonstrated by Gouw and Jentoft to control
retention [31, 32]. The prolific Amsterdam group published numerous papers
during this time such as (a) the effect of mobile phase velocity and particle size
on column plate height, (b) the use of porous polymeric stationary phases, and
(c) numerous early useful reviews on SFC [33, 34], Table 1.5.

After the initial period of great interest in packed column supercritical fluid
chromatography (pcSFC) in the 1960s, the progress of SFC slowed. In part, the
slow development was due to several factors, such as (a) early experimental
problems, (b) the lack of commercially available instrumentation, and (c) the
fact that SFC development was over-shadowed by simultaneous developments
in HPLC. A more striking reason surfaced in the late 1960s when several work-
ers in the area suggested that the efficiency of crudely packed columns seemed
to degrade with higher column pressure drops. Gouw and Jentoft postulated
that decreasing density along the column axis acted like a decreasing tempera-
ture gradient in GC, causing a loss in efficiency [34]. It was, therefore, claimed
from selected studies by various separation scientists that SFC packed columns
could never produce more than ~20000 theoretical plates, and at the time
particles smaller than 5pm were virtually ruled out in this research. Later it

Table 1.5 Milestones in the development of SFC.

(1996) First publication: C;—C;3 n-paraffins

(1967) Coined supercritical fluid chromatography
(1970) Convergence of high pressure GC and LC
(1970) Pressure programming and modifiers

(1974) Negative temperature programming

(1981) Open tubular column SFC

(1983) Density programming

(1984) Practical SFC with flame ionization detection
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was learned that many of these problems stemmed directly from (i) inadequate
use of home-made equipment related to back pressure control and (ii) the use
of fixed restrictors instead of more effective back pressure regulation and vari-
able restriction. Van Wasen et al. identified yet another reason around this
time for the slow development of SFC [35]. They proposed that progress in
SFC development was severely obstructed by the lack of physico-chemical
knowledge regarding supercritical fluids. Unfortunately, this became a percep-
tion that existed for another 20years.

The term “pressure drop” in chromatography refers to the decrease in pres-
sure as the eluent is pumped through the column. The primary source of the
system back pressure is the column, and it is proportional to the viscosity of the
mobile phase. The magnitude of the pressure drop for the different types of
chromatography increases in the order GC < SFC < HPLC. However, the effect
of the pressure drop on the separation efficiency of the column is greatest in
SFC because changes in pressure do not affect to any great extent the solvating
abilities of liquids and gases. On the contrary, in SFC, the solvent properties of
the supercritical fluid are greatly affected by the drop in pressure along the
column. As the pressure of the supercritical fluid decreases, the density and
consequently the solvent strength of the supercritical fluid decreases. As a
result of the lower solvent strength, the peaks broaden instead of becoming
narrower, and the total efficiency of the system decreases [36].

SEC in the 1970s experienced another dormant state. Research interest in
SFC was limited; although some very important work was published by several
groups during this period. For example, Schneider and Bartmann continued
their research on the physicochemical aspects of supercritical fluids with
studies on the density dependence of (a) retention factors, (b) binary diffusion
coefficients, and (c) partial molar volumes [37]. The same co-workers also
introduced SFC with negative temperature programming. More practical SFC
investigations were introduced by Rogers and Graham regarding the separa-
tion of oligomers by a combination of pressure, temperature, and mobile phase
programming [38]. Options afforded by supercritical fluids, nevertheless were
beginning to be readily recognized (Table 1.6).

Table 1.6 Options afforded by supercritical fluids.

o Adjustable solvating power
e Greater and more variable diffusivity than liquid
e Lower and more variable viscosity than liquid

o Negligible surface tension

o Low temperature efficient separations

e Nontoxic mobile phase

[ ]

Analyte isolation achieved by pressure reduction
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Table 1.7 Advantages: SFC vs. GC.

e Lower temperature

e Much higher molecular weight range

e Large programming range

e Selectivity tuning via pressure control

o Selectivity tuning via temperature control
[ ]

Universal mass detection via flame ionization

Hybrid chromatographic techniques made their first appearance in the
late seventies as SFC was interfaced to mass spectrometry by Randall and
Wahrhaftig [39]. In 1971, Novotny et al. published an important paper
concerning the effects of temperature, pressure, eluent composition, flow
rate, and type of stationary phase on retention factors [40]. It should be noted
here that during the time period between 1962 and 1980, nearly all of the
publications that related to SFC (which totaled about 90) involved the use of
packed stainless steel columns. With the advent of capillary columns in 1980,
SFC experiments were about to drastically change. Advantages of SFC versus
GC (Table 1.7) were becoming very popular.

1.4 SFC with Open Tubular Columns (1980-1992)

A strong revival of interest in SFC occurred in the early eighties for two rea-
sons. One important aspect was the introduction in 1981 of a commercial kit
that converted a Hewlett-Packard model 1084 HPLC into an SFC system [41].
The resulting instrument, which was greatly due to the combined efforts of
Berger, Gere, Lauer, and McManigill, was again for packed column SFC [42,
43]. A striking feature of this new instrumentation was that flow rate, mobile
phase composition, column temperature, and column outlet pressure were all
independently controlled. Unfortunately, there was no pressure programming
and detection was exclusively UV.

The modified instrument, however, permitted operation with liquid CO, at
the pump stage while maintaining supercritical conditions at the separation
stage. Stationary phases were mostly standard, spherical silica bonded phase
columns borrowed from HPLC. When the SEC-incompatible HP model 1090
HPLC system was introduced to the public, the HP 1084 model for SFC was
withdrawn from the market, thus ending production of the first commercial
SEC system that shocked the previously growing SFC market [43]. To partly
fill the gap, it should be noted that in 1985, JASCO introduced a combined
supercritical fluid extraction/supercritical fluid chromatography system
which was similar to the modified but outdated HP 1084 system. The JASCO
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featured, however, the first electronic back pressure regulator specifically
designed for SFC. User interest in this instrumentation, however, never lived
up to expectations [44].

The introduction of open tubular wall coated columns in SFC by Lee and
Novotny using pressure programming of pure CO, was reported in 1981 [45].
This development came at about the same time that Berger’s group at Hewlett
Packard reported the invention of fused-silica capillary columns which were
capable of withstanding the high pressures necessary for open tubular column
SEC (otSFC) [41]. otSFC experienced an explosive growth wherein the number
of publications increased dramatically [46] because it was deemed by workers
in the field to be more applicable (after considerable heated debate) for otSFC
than for pcSFC. As a result, the otSFC technology was commercialized in 1986
through Lee Scientific (Salt Lake City, UT), which was later acquired by Dionex
Corporation. The development of pcSFC was thus stymied and subsequently
put on hold again as capillary columns dominated the development of both
theory and instrumentation in SEC for the next five to seven years [47, 48] even
though the earlier popular opinion regarding open tubular columns would be
shown to be without merit.

The first workshop totally devoted to users of SEC was conducted in January
11-14, 1988 at Park City, UT. The meeting was sponsored by the State of Utah
and Brigham Young University. The program attracted 175 participants from
all over the world. The workshop schedule was demanding (8:00a.m.—
10:00 p.m.) with 39 presentations of 20 minute duration. Each session was
terminated by an hour long discussion of a particular aspect of SFC. At the
beginning of the conference, Professor Ernst Klesper was presented a plaque
for his pioneering work in SEC. His plenary lecture considered various gradi-
ent methods (temperature, pressure/density, and eluent composition) in SFC
and their overall effect on resolution. The workshop closed on a high note of
optimism regarding the potential of SFC, but everyone agreed that much
research and developmental work needed to be performed.

In the early days, otSFC instruments resembled GC instruments, but the
former used a syringe pump as a pressure source to change the CO, density
and solvating power of the mobile phase. A homemade tapered fused silica
fixed restrictor to limit flow through the small diameter chromatography
column was employed. Detection was primarily via high temperature flame
ionization. The simplicity of such an approach was for a time overwhelming
such that most accompanying research activity replaced pcSFC usage. At one
point, there were six to seven companies manufacturing and selling capillary
SFC’s and only one (JASCO) selling packed SFC columns [43].

Some of the immediate benefits of otSFC included (i) lower operational
temperatures than GC, (ii) much higher molecular weight range than GC,
(iii) large programming range primarily via pressure adjustment, (iv) selectivity
tuning via temperature change, (v) universal mass spectrometric detection
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coupled with flame ionization detection, and (vi) amenable to very polar and
some jonic analytes via pre-column derivatization [49, 50]. Figure 1.9 illustrates
the separation of a polymeric material with three open tubular columns each
with a different bonded phase. Pressure programming was employed in
each case, yet separations were time consuming. Open columns possessed a
high efficiency if operated under optimum conditions. In the Figure, separa-
tion in each case appears to be by oligomer unit. The time required to generate
a greater plate number under this situation largely depended on both the inner

Methyl column,
160 °C

E 30

Biphenyl column,
200 °C :

Cyanopropy! column,
160 °C

Typical }
pressure
limit

415 atm |
—_—!

1 1 1 1 1 1 1 1 1
120 180 240 300 360 420 480 540 600 660 atm

Pressure
| | | | | | | | | | J

0 12 min 24 min 36 min 48 min 60 min
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Figure 1.9 Separation of a polymeric material with three open tubular columns each with

a different wall coated stationary phase. Pressure programming was employed in each case;
yet separations were time-consuming. Separation in each case appears to be by oligomer
unit. Source: Reproduced with permission of Wiley. Chester [52].
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diameter of the column and the diffusivity of the analyte in the mobile phase
which apparently was not the same as evidenced by the varying retention time
of the E-16 oligomer. The slower the diffusion in the mobile phase, the smaller
the inner diameter of the open tubular column had to be in order to obtain a
given plate number. As diffusion in supercritical fluids is much slower than in
gases, the inner diameter of open columns in otSFC was always much smaller
than in GC. Consequently, a SFC column diameter of 50 pm was typically used.

The use of narrow open columns, however, imposed severe requirements on
the instrumentation [47]. Sample injection, post column pressure/flow restric-
tors, and analyte detection devices were notable points of study. Flow split,
timed split, and combined split injection techniques allowed the introduction
of nanoliter sample sizes onto open columns with inner diameters below 50 pm.
Total injection without splitting, on the other hand, was achieved by the use of
aretention gap combined with a solvent venting exit. A number of fixed restric-
tor designs were also developed to control flow and pressure such as the
polished integral tapered restrictor and the frit restrictor. The sensitivity of the
detection devices required special consideration due to the reduced sample
capacity of narrow-bore open columns. Furthermore, stationary phases in con-
tact with supercritical fluids (i.e. otSFC) had to be highly cross-linked in order
to impede column bleed. Thus, the employment of GC open tubular columns
for otSFC where the mobile phase was supercritical CO, was not chromato-
graphically successful. This feature dictated the use of columns that exhibited
the best levels of deactivation attainable.

otSFC technology, in spite of the instrumental challenges, flourished for
some time in both academic and industrial laboratories, but it had several
disadvantages for wide-scale acceptance by the analytical community [46, 50].
Specifically, the technique, which relied mostly on nonpolar stationary
phases, was traditionally limited to relatively nonpolar analytes because (i)
pure CO, as the mobile phase exhibited poor solvating power similar to hex-
ane, (ii) robust sample injection was not feasible, (iii) a wide polarity range of
stationary phases was not available, (iv) high quality separations required
~60 minutes, (v) gradient CO, pressure and flow rate were coupled such that
flow rate changed as mobile phase pressure changed, (vi) passive, fragile
fused silica restrictors at the column outlet often plugged causing the separa-
tion to be aborted, and (vii) multi-gram scale-up of a successful separation
was not feasible. Unfortunately, the technique was oversold as being appro-
priate for more polar analytes.

Still, in the 1980s, pcSFC was not very popular in spite of the fact that packed
columns were thought by some separation scientists to be generally much
easier to operate than open tubular narrow columns. Furthermore, columns
packed with sub-10 pm particles were demonstrated to be more time efficient
than contemporary, open columns. A fundamental problem, however, of
packed columns in SFC continued to be the inherently high column pressure
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Table 1.8 SFC was in a bad shape in 1980s.

Fragile fixed restrictors/no flow control
Pre-mixed cylinders of modified CO,
Helium-padded CO,

High temperatures/Long retention times

Open tubular columns in/packed columns out
No long-term vendor commitment

Lacked HPLC figures of merit/Extension of GC
Amenable only to nonpolar analytes

drop [51]. As pressure is an extremely important parameter in SFC, a marked
change in the properties of the mobile phase along the column was anticipated
to occur in the presence of a significant pressure drop. In contrast, the pressure
drop across the column was negligible for otSFC.

Later in the decade, consensus was reached that both column types have
their own unique advantages and disadvantages. History has, however, revealed
that more highly significant technological developments have occurred in
pcSEC than in otSFC, which accounts for the higher popularity and applicabil-
ity for problem solving of the former than the latter. In the early days, capillary
SFC and packed column SFC co-evolved and competed with each other.
Capillary SFC lost ground and eventually faded away, mainly as a result of poor
reproducibility issues. The early systems were costly and not user friendly,
resulting in the technique being marginalized as too expensive and inefficient.
The various features of SFC in the 1980s are listed in Table 1.8.

1.5 Rediscovery of pcSFC (1992-2005)

pcSEC underwent another renaissance in interest near the beginning of the
1990s when (i) the long-term limitations of otSFC became obvious and
(ii) important progress in pressure gradient techniques involving mixed mobile
phases was achieved for pcSFC. Today, it is generally conceded that dramatic
differences exist between the instrumentation required for use of packed
columns and open tubular columns in SFC. In fact, the use of open tubular
instrumentation with packed columns often results in complete failure. otSFC
resembles GC at high pressures, except that pressure (or density) program-
ming in open tubular SFC has replaced temperature programming in GC.
Because otSFC is still controlled using a passive fixed restrictor, flow varies
with pressure, temperature, and mobile phase composition. Furthermore, the
flow rate is typically measured in pL/min, and solutes are usually quantified
with a flame ionization detector after the mobile phase has expanded to
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atmospheric pressure. In retrospect, otSFC has been demonstrated with a host
of flame based detectors such as electron capture and nitrogen chemilumines-
cence. Few papers nowadays are published that deal with otSFC, and vendor
support for otSFC technology has practically disappeared.

pcSFC with enhanced sophisticated instrumentation that allowed independ-
ent flow control under pressure gradient conditions became available in 1992.
pcSFC was generally much easier to operate because it resembled HPLC
wherein binary and ternary mobile phases were common. Then, it was realized
that the composition of the mobile phase was almost always more important
than mobile phase density programming in controlling retention, akin to HPLC
in this regard. Flow rates were typically several mL/min. Pressure was con-
trolled by an electronically controlled back pressure regulator (BPR) mounted
at the end of the column. As previously noted, a fundamental problem of
pcSFC during this period continued to be the inherently high column pressure
drop [51]. As pressure was an extremely important parameter in pcSFC, a
marked change in the properties of the compressible mobile phase along the
column was predicted to occur in the presence of a significant pressure drop.
Standard ultra-violet detectors with a high-pressure flow cell pre-BPR or a
mass spectrometer post-BPR were used for detection and quantification.

Interest in pcSFC during this period was higher than ever because pcSFC
was capable of generating peak efficiencies similar to those observed in GC
and separations could be run at much higher flow rates than in HPLC.
Furthermore, pcSFC was scalable, detector friendly, and economical. It
afforded both rapid method development and a more environmentally accept-
able chromatographic process than previously encountered with SFC [53].
pcSFC usually used (i) silica-bonded stationary phases, (ii) binary or ternary
fluids, (iii) composition programming, and (iv) an ultraviolet detector.

Once modifiers were added to the CO, mobile phase, composition became
even more important than CO, pressure or density in determining retention,
unlike the situation that prevailed with otSFC. Packed columns are usually
operated near the critical temperature of the fluid with flow control pumps and
electronically controlled back pressure regulators mounted downstream of the
column to obtain accurate flow rates and mobile phase composition. The com-
bination of upstream flow control and downstream pressure control allowed
both volumetric mixing of the main fluid and gradient modifier elution. pcSFC
became viewed as an extension or subset of HPLC. Unfortunately, when one
attempted to use inappropriate open tubular instrumentation with packed col-
umns, the results were usually complete failure; whereas the use of packed
column instrumentation with open tubular column instrumentation soon was
realized to be entirely feasible.

With the availability of more reliable pcSFC instrumentation, a ready solution
to several major analytical problems became economically and environmen-
tally feasible. For example, pcSFC affords many advantages in comparison to
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HPLC not the least of which is the rapid separation of enantiomers because
chiral selectivity usually increases with decreasing temperature. Low tempera-
ture also reduces the risk of analyte racemization and thermal decomposition.
Furthermore, CO, replaces petrochemically derived hydrocarbons that are
used in the mobile phases of HPLC separation, resulting in a reduction in sol-
vent utilization by as much as 90%. To successfully perform chiral pcSFC, a
polar modifier must be added to the CO, mobile phase and in many cases
operation across a gradient may exist during the separation.

pcSEC is ideal for preliminary rapid chiral screening. A fast chiral screen is
used for rapid discernment of the most appropriate stationary phase and modi-
fier. Finding a highly selective chiral stationary phase is a very key step in
method development of a chiral separation. In addition, modifiers and addi-
tives usually play a significant role in enantiomeric recognition. A number of
screening strategies have been reported that take advantage of short columns,
high-flow rates, and fast gradients.

Preparative separations received considerable attention during the redis-
covery of pcSFC [53-56]. The decrease in solvent use and waste generation
when using CO, mobile phases compared to conventional liquid phases
makes preparative SFC especially attractive for providing purified materials
on a kilogram scale. Furthermore, the product is recovered in a more concen-
trated form relative to HPLC, thereby greatly reducing the amount of solvent
that must be evaporated. The higher pcSFC flow rates also contribute to
higher productivity relative to HPLC methods. The faster pcSFC process
makes the separation cycle time significantly shorter such that it is viable to
make purification runs by “stacking” small injections in short time windows
without compromising the throughput. In this way, the utilization rate of
expensive column material is much higher than with conventional prepara-
tive columns.

The unique properties of supercritical fluids have had a broad impact across
the wider field of separation science through the development of so-called
“unified chromatography” whose underlying principle was that there are no
theoretical boundaries between mobile phases. Roger Smith pointed out in
1999 [48] that probably the most important idea that supercritical fluids have
brought to separation science is a recognition that there is unity in the separa-
tion method and that a continuum exist from gases to liquids. Tom Chester
noted during this period that when viewed from the perspective of the mobile
phase, the perceived complexities of old and new modes of chromatography
are not so complex after all [57]. Calvin Giddings also called attention to this notion
over half a century ago and made the observation that as the column diameter
decreases so do the differences between chromatographic techniques [28, 29].
As has hopefully been evident thus far in this chapter, knowledge of the
history of SFC truly brought separation methods together near the close of
the twenty-first century.
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1.6 Modern Packed Column SFC

In the 1990s and in the early 2000s, pcSFC struggled to establish itself in other
applications beyond preparative scale chiral separations. At the time, the
technique’s repeatability and robustness were still below those achieved in
HPLC, and thus these issues hindered the implementation of SEC in both ana-
lytical and QC laboratories. SFC is experimentally different than LC, mainly
because of the compressibility of the mobile phase. In this regard, Fornstedt
has stated that SEC can be thought of as a “rubber variant” of HPLC where
everything considered constant in HPLC varies in SEC [58]. The good news is
that reluctance of analysts to use pcSFC has faded since the introduction by
several major vendors of a new generation of SFC instruments dedicated to
analytical purposes by several important manufacturers has happened. These
new systems (first bullet point in Table 1.9) have benefitted from a novel auto-
mated back pressure regulator design and from ultra-high performance liquid
chromatography (UHPLC) technology, which incorporates higher pressure
limits and reduced void volumes. Improved performance, reliability, and full
compatibility with most modern stationary phases (sub-3 pm core shell and
fully porous sub-2 pm particles) have greatly broadened the application spec-
trum of this technique, making modern pcSFC with CO,-based mobile phases
competitive and complementary to UHPLC [58].

In modern pcSFC, the control of density is crucial. If not properly managed,
the solvent strength differs between analyses leading to shifting retention
times. The automated back pressure regulator (ABPR) is responsible for the
pressure control, so proper design is of crucial importance. Changes in the
temperature of the incoming CO, can also result in shifting retention times. In
addition to these issues, the injection volume flexibility was limited in older
generations of pcSFC instrumentation reflecting imperfections in the design of
the partial loop injector for SFC. From a detection perspective, the UV noise
level caused by differences in the refractive indices of mobile phase constitu-
ents needed to be minimized. Thus, the revival of interest in pcSFC in recent
years has been predominantly the availability of state of the art instrumenta-
tion [58]. The ACQUITY system was commercially introduced in 2012 by
Waters Corp. (Milford, MA, USA). To stress its differences from previous
generations of pcSFC equipment, the term “convergence chromatography,’

Table 1.9 Reproducible flow and gradient delivery were keys to the re-emergence of SFC.

e Constant flow pump/variable restrictor. Linear velocity decreased with density
increase. Efficiency remained constant

e Pressure controlled pump/fixed restrictor, mass flow increased with pressure
increase. Efficiency decreased
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originating from a statement of Giddings, was introduced by Waters [59].
Important features included the efficient cooling of the CO, pump heads by
Peltier cooling and the design of a new dual stage ABPR that was heated to
avoid frost formation. The maximum flow rate and pressure of the instrument
was 4 mL/min and 413 bar, respectively. The column outlet was connected to
a photo-diode array detector, which included a high pressure UV cell with a
volume of 8 uL. and a path length of 10 mm. The instrument could be controlled
by typical software packages such as Empower or MassLynx.

The 1260 Infinity SFC/HPLC system was introduced by Agilent Technologies
(Waldbronn, Germany), also in 2012 like the Waters system. The Agilent sys-
tem is a hybrid that allows both UHPLC and pcSFC separations [60, 61]. Using
switching valves and two pumps (one for SFC — Pump A and one for
UHPLC — Pump B), the system can be modified based upon the needs of the
user. Earlier collaboration (2010) between Aurora and Agilent Technologies
resulted in the introduction of a dedicated analytical SFC module (1260 Infinity
Analytical SFC system). The module is responsible for the compression of the
incoming gaseous CO, with temperature control via a chilling liquid. The
pre-compression requirement is removed from the other pump, which now
functions only as a metering pump to control the flow of liquid CO, The BPR
in this apparatus is a heated single stage device. Compared to traditional pcSFC
systems, which employ a single pump to both compress the liquid CO, and
meter the required flow, this approach has been shown to significantly reduce
baseline noise. The maximum flow rates and pressures are 5mL/min and
600 bar, respectively. The photodiode array is equipped with a micro flow cell
with a volume of 1.7 pL and a 6 mm path length that is resistant to a pressure of
400bar. The 1260 Infinity Analytical SFC system is controlled via ChemStation
or OpenlLab [62, 63].

One’s view of SFC today is entirely different from that of 25 years ago when
flow rates and gradient delivery were not reproducible, analytical UV sensitiv-
ity was not acceptable, and stationary phases were designed for reversed phase
chromatography as opposed to normal phase. Today, SFC is considered to be
primarily normal phase using mostly the same hardware and software devel-
oped for HPLC. The mobile phase is a binary or ternary mixture with CO, as
the main component. The separation is usually performed as a gradient elution
where the composition of the mobile phase is changed versus time. Polar sta-
tionary phases such as bare silica and 3-aminopropylsilica are routinely
employed. pcSFC has numerous practical advantages relative to reversed phase
HPLC such as higher speed throughput, more samples per day, more rapid
equilibration, and shorter cycle time. SFC yields lower operating cost and
lower column pressure drop, and it is orthogonal to reversed phase HPLC.
Solvent consumption is low; therefore, waste generation is minimal. Finally,
compounds of interest can be isolated in a relatively small amount of solvent
because CO, vaporizes away.
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The reluctance of analysts to use pcSFC has faded since the recent introduction
of a new generation of instruments dedicated to analytical purposes by several
important manufacturers [64]. These new systems benefit from a novel BPR
design and are largely based on UHPLC technology. Improved performance,
reliability, and full compatibility with the most modern stationary phases have
greatly broadened the application spectrum of this technique. This text will
draw heavily upon this advanced technology as it deals with a variety of analyti-
cal and preparative “real world” applications. Pedagogy as it relates to methods
development involving a host of polar, nonpolar, and bipolar analytes will be
emphasized. Applications to polymeric materials, natural products, polar
water soluble analytes, surfactants, organic salts, fatty acids, lipids, organome-
tallics, etc. are experiencing great success. Depending upon the nature of the
stationary phase, reversed phase pcSFC, ion pairing pcSFC and aqueous pro-
moted HILIC pcSFC can be expected to augment the more popular normal
phase pcSFC that has historically been known for decades.
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2.1 Introduction to Carbon Dioxide

There is no mobile phase for packed column supercritical fluid chromatography
(SFC) more suitable than CO,. It is both a gas at room temperature and at
atmospheric pressure that is produced when (i) people and animals breathe or
(ii) certain fossil fuels are burned. It is also absorbed by plants in photosynthe-
sis. It is (i) relatively nontoxic, (ii) does not support combustion, and (iii) is
commercially and widely available. Beverage grade CO, is 99.9% CO, and is
now mandated by the U.S. Food and Drug Administration as the mobile phase
to be used in SFC provided the vapor is used and not the liquid. Regulations
currently stipulate that the remaining 0.09% beverage gas can be made-up with
low molecular weight hydrocarbons.

For comparison, supercritical fluid grade and research grade CO, are 99.998
and 99.999%, respectively (www.CO,Meter.com). Most contamination of these
two grades occurs when the fluid is routinely packaged into smaller containers.
Because carbonated soft drinks are now available worldwide, a distribution
infrastructure exists that provides low-cost access to pure CO, in both high
pressure cylinders and in larger volume Dewars. Higher pounds of CO, can cost
as low as $0.50/lb, but when delivered in bulk systems for mostly preparative
chromatographic applications, the cost can be as low as $0.05/1b. Carbon diox-
ide is (i) recyclable, (ii) abundant as water, (iii) highly diffusive, (iv) dissolves a

Modern Supercritical Fluid Chromatography: Carbon Dioxide Containing Mobile Phases,
First Edition. Larry M. Miller, J. David Pinkston, and Larry T. Taylor.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.
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large number of substances, and (v) easily removed by vaporization at reduced
pressure. Both beverage and food grade CO, are therefore convenient and safe
choices for any type of SFC.

Low critical parameters (31.1 °C and 7.36 MPa) ensure that supercritical
CO, is a safe solvent in, for example, bio-molecular separations, pharmaceuti-
cal applications, and a host of thermally labile systems. Despite general con-
cerns, the use of CO, is unlikely to contribute significantly to an increase of
CO; in the atmosphere. For example, a chromatographer driving the average
American car to work 4.5 miles and back (~7 km) for example releases as much
carbon dioxide into the environment as does a packed column instrument
pumping liquid mobile phase at 2mL/min for 24 hours. SFC, on the other
hand, does not produce CO,, but rather it reuses available CO,. For compari-
son, all the CO, resulting from the burning of HPLC effluent is new CO.,.
Carbon dioxide is today recognized as a “greenhouse” gas whereby recycling of
carbon dioxide byproducts has been clearly demonstrated [1]. Much of the
SFC work between 1984 and 1995 employed (i) capillary columns, (ii) flame
ionization detection, (iii) isocratic or density programming, and (iv) 100% car-
bon dioxide as the mobile phase. Pressure or density programming that was
popular in the early days with open tubular columns has now disappeared and
been replaced by packed column SFC.

During the first 15years of SFC experimentation, the solvent strength of
carbon dioxide was grossly over-estimated. This misinformation came about
during the mid-1960s, when Giddings predicted that chromatographic
retention should be related to the Hildebrand solubility parameter (d) of the
solvent [2]. Unfortunately, estimated parameters for dense CO, were thought
to be similar to that for isopropyl alcohol. Predicted large changes in solvent
strength with pressure programming by mostly gas chromatographers were
clearly over optimistic. Figure 2.1 compares Hildebrand solubility and Nile
Red solvatochromic data for numerous solvents including CO,. Today, it is
generally accepted that even very dense CO, is known to act more like pen-
tane or hexane than any alcohol solvent such as methyl alcohol or isopropyl
alcohol [3]. Closer examination suggests several nonobvious polar attributes
of carbon dioxide.

CO; in the gas phase exists as a linear nonpolar molecule with significant
quadrupole moment. Because it is a charge-separated molecule with two polar
carbon—oxygen bonds, it exhibits a significant nonzero bond dipole moment.
Whether these features accurately characterize the solvent behavior of CO,
has been extensively debated [4].

Because CO, has the potential to act both as weak Lewis acid and weak Lewis
base, one may find it instructive to examine the solvent attributes of CO, from
this perspective. Furthermore, strong theoretical and experimental evidence
have indicated that CO, can either participate in both conventional and non-
conventional hydrogen-bonding where CO, participates as a Lewis base or
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Solvating power of CO, was originally stated incorrectly

Giddings series Liquids Gases at Liquid

Methanol ~ —— Methanol —— density
Ethanol ——

Pyridine ——

2—Propanol ——

. —1—40% MeOH/CO,
Acetonitrile ——
Ethanol ! Acetone ——
Benzene —

Toluene —— 20% MeOH/CO,
Ethyl Acetate ——

2—Propanol —+ CO,
pyridine B
—— 10% MeOH/CO,

Ethyl acetate —— .

Diethyl Ether ——

—— CHCIF,

CHCl, — CCly +—

Cyclohexane ——
Pentane —_1 Pentane —

-1 CO2

Figure 2.1 Solvating power of dense carbon dioxide erroneously predicted to be similar to
isopropyl alcohol. Source: Berger [3]. Reproduced with permission of Royal Society of
Chemistry.

nonconventional hydrogen-bond interactions where CO, participates as a
weak Lewis acid. See Table 2.1 for a listing of CO, polar attributes.

One classic example that illustrates the polar nature of CO, is its higher solu-
bility in H,O compared to that of carbon monoxide (CO), which is both a polar
molecule and contains a polar bond. Because CO is smaller in size than CO,
and possesses a net dipole moment, one would assume that CO should be
more soluble in water than CO,. After all, a rule of thumb that many chemists
first learn regarding solvation was that “like dissolves like” Thus, while polar
solvents dissolve polar and ionic solutes, nonpolar solvents should dissolve
nonpolar solutes. The higher solubility of CO, in H;O has, therefore, been
attributed to strong solute/solvent interactions despite the zero molecular
dipole moment of carbon dioxide [5, 6]. Evidence for this observation came from
molecular dynamic studies which identified the existence of a hydrogen bond
between an oxygen atom in CO, and a hydrogen atom in H,O. Such hydrogen
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Table 2.1 Polar attributes of carbon dioxide.

Weak Lewis acid carbon — weak Lewis base oxygen
Low dielectric constant compared with hydrocarbons
Nonzero dipole moment

Charge separated molecule

Solvent for thermally labile biomolecules

Nonpolar molecule with polar bonds

bonds were not observed in a CO-H,O system, indicating that site-specific,
solute—solvent interactions are more important in the solvation of CO, by
H,0. Consequently, these studies also suggested considerable intermolecular
interaction between the carbon (e.g. Lewis acid site) of CO, and the oxygen
(e.g. Lewis base site) in H,O.

2.2 Supercritical Carbon Dioxide

The first reported observation of the critical point of a substance was made in
1822 by Baron Cagniard de la Tour [7, 8]. The first reports of the solvating ability
of a supercritical fluid were in 1879 by Hannay and Hogarth [9]. In 1967, Sie
and Rijnders were the first to call the technique SFC [10]. The term was used
when both fluid temperature and pressure exceeded their respective critical
values. This working definition implied that the fluid needed to always be
supercritical in order to display the characteristics of interest. This chromato-
graphic assumption, unfortunately, was later found to be incorrect.
“Supercritical” is a defined state. It possesses no physically unique characteris-
tics, and thus, it possesses no physically unique characteristics, and thereby
continues to be only three states of matter (i.e. solid, liquid, and gas).

Heating a liquid in a sealed tube has intrigued chemists and physicists for
over 180years, probably because the results are unexpected and almost counter-
intuitive. As Poliakoff and King noted, what one sees depends on how much
liquid is in the tube [11]. If the tube is almost empty, the liquid evaporates
quickly and one is left with a gas of moderate pressure. If it’s almost full, the
liquid expands rapidly to fill the whole tube and the pressure rises quickly. Put
in just the right amount, and the meniscus, separating liquid from gas, grows
faint and disappears abruptly. The contents of the tube in this case have passed
through the critical point and have become supercritical.

If you heat the tube more slowly, the liquid begins to look opalescent as it
approaches its critical point. As the opalescence increases, it grows more red
and darker and goes completely black regardless of the substance. At the criti-
cal point, it becomes perfectly reflecting which prompted Poliakoff to
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comment: “you see your own eye staring back at you upon inspection” Heat a
bit more and the fluid passes back through red to become completely transpar-
ent again. The change in temperature during this experiment is observed to be
as small as one-hundredth of a degree.

Opalescence arises because the compressibility of the fluid at the critical
point is infinitely high. When this happened, Poliakoff commented that the
“microscopic thermal fluctuations that occur naturally in any fluid become
strongly correlated, leading to large-scale, coherent density fluctuations which
are very effective at scattering light” The high compressibility of the supercriti-
cal fluid and the correlated fluctuations also cause the speed of sound to drop
to a minimum as the fluid passes through the critical point and the fluctuations
attenuate the sound. When supercritical fluid of uniform density is rapidly
cooled through the critical point, the contents of the tube separate into two
phases. Gas bubbles and liquid droplets form with equal probability through-
out the tube. According to Poliakoff [11], droplets begin to fall and the bubbles
rise. “A veritable storm erupts which is quite different from the gradual disap-
pearance of the meniscus when a liquid is heated”

Several interesting additional features of supercritical carbon dioxide have
been reported [12]. The compressibility of the supercritical fluid is higher than
the corresponding liquid. For example, the compressibilities of CO, and acetoni-
trile at 25°C are, respectively, equal to 7.3 x 10™* mL/atm and 4.5 x 10~° mL/atm.
On the other hand, turbulent flow is possible with supercritical fluids which
gives rise to the notion that longer tubing will afford less extra band broadening.
This hypothesis, however, has not been thoroughly documented [12].

The uniqueness of carbon dioxide is captured in Table 2.2 which lists the
critical parameters for selected elements and molecules for comparison with
CO, (e.g. critical temperature, critical pressure, and density at the critical
point). The last column gives the solubility parameter under typical SFC
conditions which measures the eluent strength and polarity. The Hildebrand
parameter (dspc) was calculated for each entry at a reduced pressure of 2 and at
a reduced temperature of 1.02. For carbon dioxide, these conditions corre-
spond to 145 atm and 37°C.

For a solute to be soluble in a fluid, the solubility parameter of the solute and
fluid should be similar. A study of the information in the table therefore strongly
suggests that there are unique critical parameters related to CO, such as low
critical pressure and low critical temperature when coupled with its solvating
potential. This statement is strengthened by the following brief discussion
which contrasts carbon dioxide and helium.

It may be argued that chromatography with helium as the carrier gas at pres-
sures above 2.24atm is SFC rather than GC. According to the definition given
for SFC, this would indeed be the case (although GC conditions are likely to
exist at the column outlet). This illustrates that the boundaries between GC
and SFC are smooth. There is no phase change and there is nothing special



34 | 2 Carbon Dioxide as the Mobile Phase

Table 2.2 Critical parameters for selected elements and molecules compared with CO,,

Critical Critical Calcd.

temperature Critical pressure density solubility
Mobile phase (°C) (atm) (gcm’3) parameter (8)
Group I
Helium -268 2.24 0.070 1.0
Hydrogen -240 12.8 0.031 2.6
Neon -229 27.2 0.484 4.2
Nitrogen -147 335 0.313 4.7
Argon -122 48.1 0.533 5.5
Krypton -63.7 54.3 0.919 59
Group II
Ethene 9.2 49.7 0.217 5.8
Xenon 16.6 57.6 1.113 6.1
CO, 31.05 72.9 0.466 7.5
Ethane 32.2 48.2 0.203 5.8
N,O 36.4 71.5 0.452 7.2
SFe 45.5 37.1 0.738 5.5
NH; 132.4 111.3 0.235 9.3
Diethy ether 193.5 359 0.265 5.4
n-Pentane 196.5 33.3 0.237 5.1
Group III
n-Hexane 234.2 29.3 0.233 4.9
2-Propanol 235.1 47.0 0.273 7.4
Methanol 239.4 79.9 0.272 8.9
Ethyl acetate 250.1 37.8 0.308 5.7
Tetrahydrofuran 267.0 51.2 0.322 6.2
Acetonitrile 274.8 47.7 0.253 6.3
Water 374.1 217.6 0.322 13.5

about the supercritical area. Helium is nevertheless of no interest for SFC. The
reason for this is seen in the table. At typical SFC conditions, helium’s solubility
parameter is not higher than 1.0. Moreover, the absolute values corresponding
to the reduced parameters necessary to achieve SFC are highly impractical. For
helium, a reduced temperature (T = 1.02) would correspond to a temperature
of about -268°C. At higher temperatures, the density and the solubility
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parameter of helium will decrease even further. Therefore, under GC conditions
helium has virtually no solvating power and solutes would be eluted exclusively
on the basis of their vapor pressure.

As stated previously, pure substances with critical temperatures below 0°C
have no solvating power. Therefore, the highest group of substances in Table 2.2
cannot be used as solvents for SFC. The second highest group of substances in
the table contain a number of solvents which have been used for SEC. The criti-
cal temperatures of these solvents have been seen to be in the range 0°C < T¢ <
200°C. All common SFC solvents thus appear to be in the second block of
materials. The third group which rests at the bottom of the table contains some
solvents used in HPLC for which T¢ > 200°C. The use of these pure substances
for pcSFC appears to be impractical. Good SFC solvents, for practical pur-
poses, should have critical temperature in the 0—200°C range.

2.3 Solvating Power of Supercritical CO,

The solvating power of supercritical CO, is highly dependent on its tempera-
ture and pressure. Surprisingly, solvating power decreases with rising tempera-
ture at low pressure; whereas at high pressures it increases in a straightforward
fashion as measured by naphthalene solubility in carbon dioxide, for example,

/ P =300 bar
500

/ P =200 bar
400 //
300
/ P =150 bar
200 /
h \
1

0 | |

0 35 45 55
Temperature (T °C)

Mole fraction of naphthalene (x 1074)

P =100 bar

Figure 2.2 Solubility (mole fraction) of naphthalene in CO, as a function of temperature at
various pressures [13].
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Figure 2.3 Solubility (mole fraction) of naphthalene in CO, as a function of density at
various temperatures [13].

Figure 2.2. If we replace the parameter “pressure” by the parameter “density,’
the solubility—temperature relationship becomes much simpler as shown in
Figure 2.3. This anomaly comes about because density decreases dramatically
with an increase in temperature at low pressure; whereas, at higher pressure,
changes in temperature have much less effect on density [14]. Thus, density,
not pressure, to a first approximation, is proportional to the solvating power of
the supercritical fluid (SF). The following trends are thus based upon many
solubility measurements in the region from ambient conditions up to 1000 atm
and 100°C.

o Solvating power of a SF increases with density at a given temperature.
e Solvating power of a SF increases with temperature at a given density.

From the van der Waal’s Law of Corresponding States one would expect that
these temperature-pressure—density relationships would be applicable to all
substances. For such a comparison, it is more convenient to define the pres-
sure—temperature region in terms of reduced pressure (P,cq,a/Pc = Pr), reduced
temperature (Tyewa/Tc = Tr), and reduced density (d,crua/dc = dgr) (Where P and
d may be in any units, but T must be in Kelvin for calculation purposes). The
region just above Ty =1.0 (304.05K), Py = 1.0 (72.9 atm) is the traditional oper-
ational supercritical region. At high values of Ty the fluid density may be
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reduced to the point where solvent properties are no longer favorable if
restricted by the pump to a relatively low pressure. Because of safety concerns
arising from equipment limitation, reduced pressures above Py =5 (364 atm) or
6 (437 atm) may be difficult to achieve in the analytical laboratory. The region
of condensed phase between Ty =1.0(31.05°C) (304.05 K) and Ty =0.95(15.2°C)
(288.2K) is termed the subcritical (or near critical) region.

Employment of a pressurized view cell affords a dramatic way to demon-
strate solvating power. Figure 2.4 shows the effect of increasing pressure on
solubility of tributyl phosphine nitric acid adduct. As the pressure is increased
more analyte disappears, however, the stirring bar added to the experiment is
unaffected as might be expected by the increase in pressure.

It is important to recognize how density (i.e. solvating power) changes with
changes in pressure and temperature. As Figure 2.5 attests, a very small increase
in pressure at a reduced temperature (Ty) between 1.0 and 1.2 results in a dra-
matic increase in density Whereas the same change in pressure at Ty >1.5
(183°C) (456 K) hardly has an effect on the fluid density [15]. Density can be
varied with the external pressure or with temperature, but it is linear only at
high temperature. One should also note that the density of the SF practically
never exceeds the density of the comparable liquid regardless of the pressure
[13]. For reference, the density of liquid CO, is generally considered to be
~0.92g/mL.

The solvent strength of a supercritical fluid (e.g. compressed gas) may be
adjusted continuously from gas-like to liquid-like values and is well described
qualitatively by the Hildebrand solubility parameter, which is the square root of
the cohesive energy density. The parameter for gaseous carbon dioxide is

Dissolution of TBP-HNO3 in SC-CO,
[ 4 k|

|
i
Fi
A

H
0 MPa 11.9 MPa

&

12.1 MPa 12.0 MPa

Figure 2.4 Dissolution of TBP-HNO; in supercritical CO, as a function of pressure [11].
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Figure 2.5 Solvent strength adjustment with density for pure fluids. Reprinted with
permission from reference [15]. Copyright 2005 Marcel Deckker.

essentially zero, whereas the value for liquid carbon dioxide is comparable with
that of a hydrocarbon [16]. At -30°C, there is a large increase in 6 upon con-
densation from vapor to liquid. Above the critical temperature, it is possible to
tune the solubility parameter continuously over a wide range with either a
small isothermal pressure change or a small isobaric temperature change.
Unlike gases and liquids, solvent strength (i.e. density) varies continuously in a
supercritical fluid with pressure. Density, on the other hand, can be varied with
external pressure or temperature. It is linear however only at high temperature.
The ability to tune the solvent strength of a supercritical fluid is its unique
feature compared to conventional liquids, and it, as a result, can be practically
used to extract and then recover many types of products [13].

Studies demonstrating the possibility of continuous phase change from liq-
uid to gas led Hannay and Hogarth to inquire whether solvent action is charac-
teristic only of the liquid phase, or whether gases might not also be capable of
dissolving solids. Their work demonstrated that the solution of several salts in
ethanol is not limited to the liquid state [9]. In particular, it was noted that
an alcoholic solution of cobalt chloride above its critical point had essentially
the same absorption spectrum as in the normal liquid state, thus indicating
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that the usual ionic condition persists even above the critical temperature of a
solution. The concentration of solids in the supercritical phase was far higher
than that could be accounted for by the normal volatility of the salts concerned.

Viewed from another perspective in this matter is (i) analyte solubility in the
supercritical fluid as opposed to (ii) solvating power of the supercritical fluid.
An established class of compounds that are highly miscible with carbon diox-
ide is fluorocarbons. Additional CO,-philic materials are carbonyl-containing
molecular systems such as poly (ether-carbonate) copolymers and sugar ace-
tates. These facts [13] along with recent computational and spectroscopic
studies surprisingly suggest a rather polar nature for carbon dioxide as a sol-
vent. In other words, what kind of analytes dissolve in supercritical CO,. Based
upon the high affinity of CO, for molecules containing fluorine and carbonyl
groups, it would appear that Lewis acidity is more strongly favored for CO,
interaction than is Lewis basicity.

Solubility of analytes can be difficult to predict, however, because of purity
issues. Even though impurities appear as minor constituents, their presence
can have a major impact on solubility in supercritical carbon dioxide. Numerous
constituents are involved that may differ significantly in molecular size, shape,
structure, and polarity. Experimental solubility measurements on well-defined
model systems are required to develop better predictive methods. The first
understanding of the solvent power of carbon dioxide came from solubility
data on 261 solid compounds by Francis in near critical carbon dioxide (900 psi,
25°C) [17]. Table 2.3 lists some of the results from this early study. Although
Francis studied solubility behavior in liquid carbon dioxide rather than super-
critical carbon dioxide, the results may be applicable to high-density super-
critical CO,.

Table 2.3 Solubility of specific compounds in subcritical CO, [17].

Weight Percent Weight Percent

Esters Amines and Heterocyclics

Benzyl benzoate 10 Aniline 3

Butyl oxalate M o-Chloroaniline 5

Butyl phthalate 8 m-Chloroaniline 1

Butyl stearate 3 N, N-Diethylaniline 17

Ethyl acetate M N, N-Dimethylaniline M

Ethyl acetoacetate M Diphenylamine 1

Ethyl benzoate M N-Ethylaniline 13

(Continued)
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Table 2.3 (Continued)

Weight Percent

Weight Percent

Ethyl chloroformate

Ethyl maleate
Ethyl oxalate
Ethyl phthalate
Methyl salicylate
Phenyl phthalate
Phenyl salicylate

Alcohols

t-Amyl alcohol
Benzyl alcohol
Cinnamyl alcohol
Cyclohexanol
1-Decyl alcohol
Methyl alcohol
Ethyl alcohol
2-Ethylhexanol
Furfuryl alcohol
Heptyl alcohol
Hexyl alcohol

Carboxylic Acids
Acetic acid
Caproic acid
Caprylic acid
Formic acid
Isocaproic acid
Lactic acid
Laurie acid

Oleic acid

O =

OO <

£ EEEEKE

No= O
5!

N-Methylaniline
a-Naphthylamine
2,5-Dimethyl-pyrrole
Pyridine

o-Toluidine
m-Toluidine

p-Toluidine

Phenols
o0-Chlorophenol
p-Chlorophenol
o0-Cresol

m-Cresol
p-Cresol
2,4-Dichlorophenol
p-Ethylphenol
o-Nitrophenol
Phenol (MP 41°C)
-Methoxyethanol
Phenylethanol

Nitriles and Amides
Acetonitrile
Acrylonitrile
Phenylacetonitrile
Succinonitrile
Tolunitriles (mixed)
Acetamide

N, N-Diethyl acetamide
N, N-Dimethylacetamide

Formamide

20

N»PNOOZ (9]

2 =

22" 2N

I
5

M, miscible
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A typical solubility study is described here with a series of coumarins [18].
Solubilities of the basic coumarin and four monosubstituted derivatives
(7-hydroxy, 7-methoxy, 7-methyl, 6-methyl, and 4 hydroxy-coumarin) in super-
critical CO, were measured from 50 to 35°C and pressures of 8.5-25MPa as
shown in Figures 2.6 and 2.7. In general, monosubstituted coumarin derivatives
were less soluble than the basic coumarin in CO,.The degree of solubility tends
to increase in the order: 7-methyl, 7-methoxy, 7-hydroxy, and 4-hydroxycou-
marin. However, in the case of 6-methylcoumarin, solubility was unusually high
relative to the basic coumarin in CO, over the entire range of experimental
conditions. Furthermore, the disubstituted coumarin derivatives were extremely
less soluble than the basic coumarin and monosubstituted coumarins. For each
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Figure 2.6 Compared solubilities of coumarin, 7-methylcoumarin, 4-hydroxycoumarin, and
7-hydroxycoumarin in supercritical CO, at 35, 40, and 50°C, respectively [18].
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Figure 2.7 Compared solubilities of 4-hydroxycoumarin and 7-hydroxycoumarin in
supercritical CO, at 35, 40, and 50°C [18].
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coumarin derivative, optimum equilibrium conditions which gave maximum
solubility in CO, were reported.

The reader is referred to similar solubility studies of mesotetraphenylpor-
phyrin coupled with supercritical pentane and toluene phases for comparison
[19]. Supercritical toluene was the preferred solvent for this porphyrin because
relatively large masses of analyte were solubilized at moderate pressures.

Counter to the previous studies, Johnston has noted that solubility differ-
ences among various solids are governed primarily by vapor pressure and only
secondarily by solute—solvent interactions in the supercritical phase at a given
density [20]. This concept is best illustrated via a normalized enhancement
factor, which is the solubility normalized by the solubility in an ideal gas. Here,
the vapor pressure effect is removed which provides a means to focus on sol-
ute—solvent interactions. Unfortunately, accurate enhancement factors are
known for only a limited number of solids because vapor pressures are often
inaccurate or unavailable in the range of 10 to 107> Pa.

To understand solvent strength more effectively, an alternate approach
which focusses on interactions in the SF phase was considered. Spectroscopic
measurement of solvatochromic shifts provided such an approach.
Solvatochromic parameters are influenced by the local environment near the
solute and thus describe solvent strength more effectively than bulk properties
such as solubility parameter [21, 22]. Suffice it to say more traditional experi-
mental measurements of solid solubilities are time-consuming and may have
large uncertainties [23].

To allow comparison with conventional liquid solvents, the pressure
dependent solvating powers of supercritical fluids have therefore been stud-
ied using spectroscopic methods such as the solvatochromic method, which
uses selected probe molecules to determine the polarity or polarizability of
the fluid [21, 22]. The solvent strength for several fluids expressed within
the Kamlet—Taft n° scale of solvent polarity/polarizability compared with
several conventional liquids are shown in Figure 2.8. The 1" scale was delib-
erately designed to exclude hydrogen bonding effects and thus focused on
the polarity/polarizability of the solvent exclusively. The measurements
confirmed that polarity or polarizability increases as fluid density increases.
More polar fluids such as ammonia show a large change in solvent strength
as density increases, whereas less polar fluids such as SF¢ and C,Hg show
smaller effects. Xenon shows poorer solvent strength than CO, even though
xenon has a much higher critical density. Both CO; and N,O show similar
solvent strength over the entire density regime even though the latter is a
more polar molecule.

In summary, there appears to be no material with critical parameters as mild
as those of CO, and with solvating power as high as CO,. The n_ values for
liquid methylene chloride, benzene, ethanol, carbon tetrachloride, hexane, and
perfluorohexane are also included in Figure 2.8 for comparison. At liquid-like
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Figure 2.8 =" solvent polarizability parameter for various supercritical fluids as a function of
reduced density at a reduced temperature of 1.03. The single 7 values for benzene, ethanol,
carbon tetrachloride, hexane, and perfluorohexane are given for comparison [22].

densities, CO, exhibits solvating properties greater than hexane. As previously
discussed, one should also note that solvent properties of conventional liquids
are fixed and appear as a dot in the figure, whereas those of supercritical fluids
are variable. Searching for a CO, substitute such as SF¢, H,O, ammonia, or
fluoroform, seldom produced a positive result, and in many cases safety issues
with several of these solvents became insurmountable [24].

An SF exhibits other physicochemical properties intermediate between
those of a liquid and a gas. Mass transfer relative to a liquid is rapid in SF’s.
For pressures between 50 and 500atm, diffusivity of supercritical CO,
varies between 10™* and 10~ cm?/sec. Similarly, viscosities of SFs are
10-100 times lower than liquids. In other words, the viscosity and diffusiv-
ity of a SF begin to approach those of a liquid as pressure and density are
increased. Diffusivity will increase with an increase in temperature. These
changes in viscosity and diffusivity are most pronounced in the region
around the critical point. It should be noted, however, from a chromato-
graphic viewpoint that at even high external pressures (e.g. 300—400 atm),
viscosity and diffusivity of SF’s differ by one to two orders of magnitude
from normal liquids (see Figures 2.9 and 2.10).

The faster rates of diffusion and lower viscosity relative to liquids translate into
(i) greater optimum chromatographic mobile phase velocity, (ii) shorter analysis
times, (iii) higher efficiency per unit time for chromatography, and (iv) the ability
to use longer packed columns and/or smaller bonded packed particles without
dramatically higher precolumn pressures. Additional properties of SF’s that vary
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Figure 2.9 Viscosity behavior of CO, at various temperatures and pressures. Greatest
change in viscosity with pressure occurs near the critical point. Reprinted with permission
from reference [13]. Copyright 1996 John Wiley & Sons.

widely over a broad range of temperatures and pressures around the critical point
are (i) thermal conductivity, (ii) partial molar volume, and (iii) heat capacity.

Carbon dioxide however, is not perfectly ideal in all aspects. For example,
mixtures of CO, and H,O are corrosive and CO, is not inert with respect to
primary and secondary aliphatic amines such as dimethylamine. Many fluoro-
forms (such as Freon-23 and Freon-134A) have physical/chemical properties
that recommend them for use as the main fluid in SFC. In practice, however,
none of these, show a significant difference from simple carbon dioxide. Xenon
has been used as a mobile phase in SFC when performing infrared detection.
But the high cost precludes this fluid from all but the most important investi-
gations. Ammonia was suggested as the primary fluid in SFC as far back as
1968 with mixed results. Giddings reported [25, 26] the elution of some very
polar biological solutes using ammonia although there was significant diffi-
culty when others attempted to repeat the work.



2.4 Solvating Power of Modified CO,

—2
10 | | | | | |
Pressure
(atm)
Saturated gg
0L vapor 100
. Critical 150
% point 200
o Saturated
2 liquid
= .,
3 107 — —
£
Typical diffusivities of solutes
1075 = in normal liquids —
l l l l l l

0 20 40 60 80 100
Temperature (°C)

Figure 2.10 Diffusivity of CO, varies with temperature at various pressures. Greatest change
in diffusivity with temperature is near the critical point. Reprinted with permission from
reference [13]. Copyright 1996 John Wiley & Sons.

2.4 Solvating Power of Modified CO,

The solvent strength of carbon dioxide varies markedly with the density of the fluid.
The solvent strength at a density less than 0.25g/cm? is less than that of perfluori-
nated alkanes; at a density of 0.98g/cm? it exceeds that of hexane. Even at high den-
sities near 1.0g/mL, CO, has limited ability to dissolve polar molecules [27]. The
solvating power of SF CO, can, however, be enhanced by the addition of a small
amount of miscible, polar compound to the primary fluid [28] such as methanol.

This second component is referred to as a modifier or cosolvent. Methanol is
currently the most common modifier for supercritical CO, [29]. It is important to
note that mobile phase composition is more important than mobile phase density
regarding chromatographic retention changes. However, when the mobile phase
exists as both vapor and liquid in the column, separations are destroyed. One is
more likely to encounter a two-phase liquid/vapor region when the column pres-
sure is either too low, temperature is too high, or modifier concentration is too
great. The two-phase region, however, is easily avoided by simply maintaining the
column pressure above the two-phase region at the temperature used. For exam-
ple, ~120bar for a mixture of MeOH/CO, at 60°C would be required.
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Table 2.4 Polar modifiers which enhance solvating power

of C02
Modifier Tc (°C) Pc (atm)
Methanol 239.4 79.9
Ethanol 243.0 63.0
2-Propanol 235.1 47.0
Tetrahydrofuran 267.0 51.2
Acetonitrile 275.0 47.7

Adding Modifier Raises T and P..
The Effect on T, is Larger than on P

T. and P, of CO, are altered by the incorporation of modifier into the SF. The
T, of different CO,/modifier mixtures lies between those of the two pure com-
ponents (i.e. CO, and modifier). The P, value, for comparison, usually shows a
maximum at intermediate composition between that of either pure CO, or the
pure liquid modifier. Table 2.4 lists the critical pressure and temperature for
several pure, common modifiers. T, is much higher for these modifiers than
the T, for CO,. Critical pressure for the compounds is comparable to that of
CO, (31°C).

The critical constants of the mixture can be measured experimentally but
may be more easily approximated as the arithmetic mean of the critical tem-
peratures and pressures of the two components as follows where X = mole
fraction of either modifier or CO, in the mixture and T.” and P’ are the critical
parameters for the modifier/CO, mixture.

T’ =X(CO,)Tc(CO,) + X(m) T (m)
P'c =X(CO,)P(CO,) +X(m)P(m)

Most polar organic liquids (i.e. alcohols, ethers, tetrahydrofuran, dimethyl
sulfoxide, chloroform, and methoxyethanol) have solubility parameters that
are larger than that of CO,, so that they may be used to increase extraction
yields or to decrease pressure and solvent requirements in SFC or SFE. A sum-
mary of the large increase in analyte solubility that may be obtained with the
addition of a simple cosolvent to CO, is given in Table 2.5. The key to predict-
ing cosolvent effects is to calculate the important physical and chemical inter-
actions between the solute and the cosolvent.

The complexing agent tributyl-phosphate increases the solubility of hydro-
quinone by a factor of 300. An anionic surfactant, aerosol-OT forms aggre-
gates and reverse micelles in supercritical ethane, which can solubilize ionic
substances such as tryptophan at levels of 0.4wt%. The use of complexing
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Table 2.5 Effects of co-solvents including simple liquids, complexing agents,
and surfactants versus solubility in supercritical fluid at 35°C [20].

y
Solute Co-solvent ybinary
acridine 3.5% CH;0H 2.3
2-aminobenzoic acid 3.5% CH;OH 7.2
cholesterol 9% CH;OH 100
hydroquinone 2% tributyl-phosphate >300
hydroquinone 0.65% AOT, W, = 10*6% octanol >200
tryptophan 0.53% AOT, W, = 10*5% octanol >>100

agents and surfactants provides an opportunity to extend supercritical tech-
nology to hydrophilic substances such as biomolecules.

The use of modifier mixtures offers great flexibility since the modifier and its
concentration are easily and widely variable, and the solvent power can be altered
to fit the analysis. Modifiers can be introduced into chromatographic systems in
primarily two ways. First, premixed tanks of modified fluid can be purchased
with a variety of fluid and modifier concentrations. There is limited flexibility
when premixed tanks of modified fluid are used because each time a change in
the composition of the mobile phase is desired, another cylinder must be pur-
chased. Furthermore, vapor-liquid equilibrium changes have been documented
in liquid aluminum tanks from which most SFC mobile phases are provided. In
other words, as the liquid volume in a premixed cylinder is depleted, the total gas
volume above the liquid increases. Because the primary fluid (CO,) has a much
higher vapor pressure than the modifier (methanol), it preferentially moves into
the vapor phase thus occupying the newly created volume. A concentration of
5.1% v/v methanol in the cylinder containing the remaining modified fluid was
revealed after 26.31b liquid (CO,) had been removed from the filled cylinder [30].

A second (and more convenient) way to add modifier is to use a two-pump
system wherein one pump delivers the pure fluid and the other pump delivers
the liquid modifier. After efficient mixing, the two-fluid systems are mixed in a
volume/volume ratio to form the mobile phase. While the incorporation of
modifier enhances the fluid’s solvating power, the effect on mass transfer may
also be altered, especially if the modifier and the solute interact. Solute binary
diffusion coefficients in pure CO, are more than an order of magnitude greater
than in normal organic solvent or water. The typical operating range in SFC is
5-50% modifier although the greatest speed advantage of SFC over HPLC is at
the lower end of the scale. Near 100% modifier, Berger has stated that SFC is
indistinguishable from HPLC [31].
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As an illustration of the effect of modifiers on physical properties of CO,-based
fluids, diffusion coefficients have been measured for acridine, phenanthrene,
and benzoic acid in pure CO, and methanol-modified CO, as a function of tem-
perature (Table 2.6), basic acridine and benzoic acid showed considerably lower
diffusion coefficients in the modified fluid [32]. This indicates likely association
between the methanol and the analyte. In the presence of a modifier, phenan-
threne being neither acidic nor basic, showed no change in diffusion coefficient
relative to pure CO,. For the best chromatography or extraction, the mobile
phase should have high solvating power, high diffusivity, and low viscosity.
Because all three conditions cannot be met together, chromatographic parame-
ters such as pressure, temperature, and composition must be optimized.

With supercritical CO, at typical SFC operating conditions (70-450 atm) the
range of Hildebrand solubility parameters achieved overlaps with the solubility
parameters of several common solvents such as Freons, pentanes, methylene
chloride, THEF, toluene, and methyl and isopropyl alcohols. Even though the
Hildebrand solubility parameter is at best only a first approximation to the
actual phenomena involved, it provides the SFC user with the useful rule of

Table 2.6 Addition of modifier lowers diffusivity: diffusion coefficients for Acridine,
Phenanthrene, and Benzoic acid (10° D;,, m?/s). Reprinted with permission from reference
[32]. Copyright 1990 Elsevier.

D12
Temperature (°C) Pure CO,* CO,/MeOH"
Benzoic Acid
35 8.70 £ 0.9 5.75 + 0.42
45 10.5 +0.9 6.13 £ 0.51
55 116+1.1 6.69 + 0.60
Acridine
35 6.37 £ 0.6 5.65 + 0.60
45 7.88 £ 0.9 6.96 + 0.40
55 7.78 £ 0.90
Phenanthrene
35 7.18 £ 0.5 7.77 £ 0.40
45 8.87+£0.7 9.36 + 1.10
55 9.43+1.2 10.0 £ 1.20
“173 bar.
?3.5 mol %.

Phenanthrene does not H-bond with MeOH.
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Table 2.7 Role of modifiers in pcSFC.

Cover active sites on solid support
Swell or solvate he stationary phase

[ ]
[ ]
e Reduce analyte retention
e Improve peak symmetry
[ ]

Increase density of CO, mobile phase

thumb that if a sample has appreciable solubility in one or more of the previ-
ously mentioned organic solvents, there is a reasonable chance that it will
migrate in supercritical CO,,

This obviously excludes many polar molecules that are of great interest to
pharmaceutical and biotechnology laboratories that have zero or limited solu-
bility in organic solvents. It should be noted here that modifiers have numer-
ous roles in addition to solubility enhancement. Table 2.7 captures the most
notable chromatographic features. For example, the adsorbed film on the sta-
tionary phase when using a mixture of MeOH and CO; is at least three mon-
olayers thick. At maximum total adsorption (CO, + MeOH) was 9% of the
adsorbed film on an octyldecyl (ODS) silica column and 28% of the adsorbed
film on silica. Total adsorption was ODS (23 pmol/m?); Silica (29 pmol/m?).

2.5 Clustering of CO,

Many years ago early observations of SF behavior were placed on a stronger
foundation by the experimental work of Berger and Deye who characterized
SFs using solvatochromic dyes that changed color when the polarity of their
solvation spheres changed [33, 34]. Pure CO, was reported to produce an
apparent solvent strength similar to hexane. In a subsequent study, Berger and
Deye measured the solvating strength of modified supercritical fluids using
Nile Red (Eng) and a dye named E.3o, Figure 2.11. The pertinent results are
shown in Figure 2.12. Both solvent strength and hydrogen bonding were pre-
dicted to increase from upper left to lower right in the figure. The middle line
indicates the solvent strength of MeOH/CO, mixtures. It is important to note
that small additions of MeOH caused large increases in solvent strength. The
E30 scale on the x-axis is very sensitive to hydrogen bonding. The Nile Red
scale on the y-axis is less dependent on hydrogen bonding. The nonlinearity
between modifier concentration and solvent strength was thought to be due to
“clustering” of MeOH molecules.

Within a cluster, modifier concentration and density are higher thus creating
microenvironments of locally high polarity compared to the nominal bulk com-
position and density. Clustering is more prevalent when the compressibility is
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Figure 2.11 Measurement of binary CO, — modifier solvating power [33, 34].
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Figure 2.12 Comparison of transition energies from solvatochromic data for mixtures of
methanol and three supercritical fluids [34].

large — for instance, around the critical point [35]. Polar solutes interact with the
polar clusters of modifier. Thus, a polar modifier may increase markedly the
solubility of a polar solute, but may not affect the solubility of a nonpolar solute.
The larger the difference in solvent strength between the pure supercritical
fluid and the modifier, the more dramatic the solvent strength shift upon
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addition of the modifier. For example, 5% MeOH/Freon13 (i.e. more extensive
clustering) is predicted to be a stronger solvent than 5% MeOH/CO, (less
extensive clustering) with both dyes. In the highly compressible near critical
region, the solvent clusters arrange themselves about the solute due to the
attractive intermolecular forces. For example, at 308.5K and 79.8 bar, the partial
molar volume of naphthalene in supercritical carbon dioxide at infinite dilution
is —7800 cm®/mol, which corresponds to the condensation of about 80 solvent
molecules around a solute molecule [36]. This large degree of condensation cor-
responds to macroscopic clusters that extend over many coordination shells.

Clustering in supercritical fluid mixtures was later studied with a different
dye and acetone as the modifier [37]. Solubility data were measured with and
without cosolvent, and then regressed using an augmented van der Waals-
density-dependent local composition model to determine the relevant binary
interaction energies. The solute, phenol blue, was used as a probe to estimate
local concentrations by measuring the effect on the absorption wavelength.
The bulk concentrations of the cosolvents n-octane, acetone, ethanol, and
methanol ranged from 0 to 100 mole percent and the pressure ranged from 80
to 300 bar. At bulk concentrations of 3.5 and 5.25%, the local compositions
were greater for methanol and ethanol, which form stronger hydrogen bonds
with phenol blue than does acetone. In all cases, the local compositions exceed
the bulk concentrations because the cosolvent interacts more strongly with the
solute than it does with carbon dioxide. The local compositions decrease
toward the bulk values as the pressure increases, because the isothermal com-
pressibility decreases. The effect of the attractive forces on the structure of the
fluid decreased as the isothermal compressibility decreased because the mol-
ecules became less mobile.

Clustering is more common and extensive when fluid and modifier are highly
dissimilar in polarity [38]. For example, more extensive clustering is predicted
for Freon/MeOH than for CO,/MeOH. A molecular model for CO,/modifier
mobile phase has been suggested. (i) A unique feature of both pure and modi-
fied supercritical fluids is that solvent molecules cluster about solute when
there is large compressibility (i.e. critical point). (ii) There is preferential solva-
tion of the solute by the modifier rather than by the fluid. The local concentra-
tion of modifier near the solute thus exceeds the average bulk value. (iii) The
mobile phase is heterogeneous. (iv) Solute partitions between the small cluster,
the absorbed film and the purchased stationary phase.

Numerous 'H NMR studies of hydrogen-bonding in methanol mixtures with
supercritical CO, have been reported. A large body of experimental data was
generated over a wide range of pressure and temperature using high pressure
online spectroscopy [39, 40]. The study showed success in quantitatively predict-
ing hydrogen bonding. Investigations into the dynamics of hydrogen bonding in
CO,—ethanol mixtures have revealed that hydrogen bonds between CO, and
ethanol molecules are limited both in number and lifetime. Each NMR spectrum
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consisted of three peaks, attributable to the OH, CH,, and CH;3 moieties. The
chemical shifts of all three peaks changed with variable concentration, tempera-
ture, and pressure. The effect of these variables on the CH, and CHj3 shifts are the
same and can be attributed to non-hydrogen bonding effects. The shift of the
OH peak, relative to the other two, reflects purely hydrogen bonding effects.

In a somewhat related study, near-infrared absorption spectroscopy of
supercritical CO,—ethanol for molar fractions from 0.05 to 1 in ethanol in the
temperature range 40—200°C and at two different constant pressures P = 15
and 20 MPa were obtained [41]. A strong dependence of the degree of hydro-
gen bonding as a function of temperature and ethanol molar fraction was
observed. The degree of hydrogen bonding in these mixtures was predicted to
have a strong influence on the dissolution of polar solutes in ethanol-CO,
mixtures. The study focused in the 4000-7800 cm™ region where it is possible
to detect the contribution of the OH stretching overtone.
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3 Instrumentation for Analytical Scale Packed Column SFC

3.1 Introduction

This chapter covers the instrumentation for contemporary, analytical-scale,
packed column SFC. Figure 3.1 shows a simple schematic diagram of a modern
SEC instrument. The pumps in this system are operated under flow control.
The system pressure is regulated using a “downstream” (postcolumn) back-
pressure regulator. The primary components of the system that are described
in this chapter are shown on the diagram. See Chapter 1 for a short summary
of instrumentation for open-tubular SFC. Detection in SFC is described in
Chapter 4. SEC columns, stationary phases, mobile phases, and method devel-
opment are treated in Chapter 6.

At first glance, instrumentation for packed column SFC is surprisingly
similar to that for its cousin, high performance liquid chromatography (HPLC).
Both require high pressure pumps for pumping and mixing a variety of mobile
phase components. Both use high pressure “inline” injection and columns
packed with small particles, housed (usually) in thermostated column
compartments. A wide variety of similar detectors (or at least similar in appear-
ance and function) are available for SFC and HPLC. But there are critical dif-
ferences in virtually all these components, and SFC requires new instrumental
components which are not generally used in HPLC. This chapter focusses on
the different and unique aspects of SFC. Note that “SFC” is used throughout
this chapter, despite the fact that the mobile phase in contemporary “super-
critical” fluid chromatography is not always supercritical. However, whether
the mobile phase is supercritical or liquid/subcritical, the same instrumental
considerations are required to maintain the mobile phase in a single phase
during the chromatographic separation. Namely, the column outlet must be
held at or above a particular pressure dictated by the mobile phase composi-
tion. This is necessary for a good separation, and for sensitive condensed-phase
detection.

3.2 Safety Considerations

All of the safety considerations that exist for HPLC systems also exist for SFC
systems. Yet SFC systems exhibit additional safety concerns. Care must be
taken with any system that incorporates compressed gasses. Compressed gas
can expand rapidly, even explosively, if a component or fitting fails. Chester
and Pinkston [1] recommend that the burst pressure rating of a component in
SEC should be at least four times the desired maximum operating pressure.
Temperature can also play a role. Maximum pressure ratings are often deter-
mined at ambient temperature. Higher operating temperatures may reduce the
maximum operating pressure. Consult the vendor when in doubt. A major
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manufacturer of SFC and other popular chromatographic instrumentation
states that “Components [in our SFC instrumentation] have a minimum of 3.5x
safety factor for primary burst stresses. This complies with ASME BPVC
Section VIII, Division I, (a popular standard worldwide due to its conservative-
ness)” (J.D. Pinkston, Discussion with major manufacturer of chromatographic
equipment about pressure ratings of components in SFC instrumentation.
2016). (Text in italics is added by this author.) This vendor also noted that “The
burst disks/pressure relief valves in the system are rated to about 25% greater
than the maximum operating pressure, so technically the systems could never
get to even 2x the maximum operating pressure” (J.D. Pinkston, Discussion
with major manufacturer of chromatographic equipment about pressure rat-
ings of components in SFC instrumentation. 2016).

While Joule-Thompson cooling due to fluid expansion can help reveal a
small leak in a SFC system, a larger leak can result in a cryogenic-burn hazard
to unprotected skin. Exercise proper care and use proper personal protection
equipment (i.e. gloves, at a minimum).

The effluent from a SFC system often contains a mixture of organic solvents
and decompressed CO,. Vent the effluent to a solvent trap, followed by a
chemical fume hood system.

3.3  Fluid Supply

3.3.1 Carbon Dioxide and Other Compressed Gases

Carbon dioxide is by far the most widely used primary mobile phase compo-
nents for SFC, but other fluids have also been used in SFC, such as pentane
[2, 3], nitrous oxide [4], Freons and sulfur hexafluoride [5], and others. As
discussed in Chapter 2, CO, has many advantages, such as being nonflam-
mable, inexpensive, and relatively inert, among others. The purity of the car-
bon dioxide required for SFC can vary greatly, depending on the particular
application and mode of detection. For example, flame ionization detection
requires ultra-high-purity, instrument-grade CO, that can be very expensive.
Instruments that require a supply of liquid CO, (rather than using recompres-
sion of gaseous CO, drawn from the supply tank) generally require higher
purity CO,. In contrast, instruments which are designed to condense gaseous
CO, and which use ultra-violet absorbance, mass spectrometric, or other more
selective modes of detection can use very inexpensive, lower purity grades of
CO,, such as “beverage grade’ Evaporative-light-scattering and charged-
aerosol detection, while nonspecific, are also compatible with inexpensive
grades of CO,, because impurities in liquid CO, are usually volatile and not
detected.
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Table 3.1 Comparison of estimated cost of HPLC and SFC mobile phase components.

Hexane, HPLC-grade, 95% $88/L*
Ethanol, Analytical-Grade, 96% $118/L%
Methanol, HPLC-grade, >99.9% $29/L7
Acetonitrile, HPLC-grade, >99.9% $88/L”
Water, HPLC-grade (<0.0003% evap. residue) $21/L°
CO, — SEC/SFE (99.9999%) grade/eductor tube $16/L°
CO, — Research grade (99.999%), vapor from cylinder $6.8/L°
CO, — Pure Clean grade (99.995%), vapor from cylinder $3.0/L°
CO, — Instrument Grade (99.99%), vapor from cylinder $2.0/L°
CO, - Instrument Grade (99.99%), vapor from Dewar $2.0/L°

“From the U.S. website of a major international supplier of HPLC-grade solvents, July 2016.
b At 6.08 MPa and 22.4°C, quote from a major international gas supplier, July 2016.

Laboratories equipped with one or a few analytical scale SFC systems often
use individual cylinders of CO,. While convenient and requiring a low initial
capital investment, this is usually the most expensive option in terms of cost/
unit mass. Labs equipped with many SFC systems, and especially those
equipped with preparative scale SFC, benefit from larger CO, supply systems.
Large fluid-supply tanks (sometimes many tons) are usually located in a remote
location, and automatically notify the supplier when a refill is needed. The
most common approach with these large systems is to use food/beverage grade
CO, and gas recompression. The gas or fluid is carried to the laboratory via
high purity stainless steel tubing. Important practical considerations and
advantages and disadvantages of various types of fluid-supply installations
have been reviewed by Pradines [6]. It’s important to note that one of the
primary advantages of SFC over HPLC is the greatly reduced cost of the
primary component of the mobile phase. This is especially true for preparative-
scale separations. Table 3.1 compares the estimated cost of various HPLC and
SEC fluids. Note that the cost of some, in particular acetonitrile, have varied
considerably and have been far higher, at times, than estimated here.

3.3.2 Mobile Phase “Modifiers” and “Additives”

Organic modifiers are usually high purity “HPLC-grade” solvents, low in UV-
absorbing impurities. As described in Chapter 6 on method development, the
most common modifier is methanol, and others are similar, small organics of
moderate polarity. Degassing of these solvents is not required for SFC because
of the high pressure maintained within inline detectors (such as UV/VIS
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absorbance detectors). Mobile-phase additives (discussed in detail in Chapter 6)
are generally “ACS Reagent” grade or better. Additives range from small organic
acids, to small bases [7, 8] — often small amines, but even including ammonium
hydroxide [9], to volatile salts [10, 11], and even water [12, 13]. Most additives
are dissolved in the modifier at low levels (mMolar to low-percent levels). The
modifier and additive are therefore pumped as a single mixture, as described in
the next section. One important consequence of this convenient arrangement
is that the additive concentration in the mobile phase rises in unison with the
modifier concentration during a mobile-phase gradient.

3.4 Fluid Delivery - Pumps and Pumping
Considerations

3.4.1 Pump Thermostating

Pumping systems in analytical-scale SFC often look similar to their HPLC
cousins, and there are indeed many similarities. But the similarities are only
skin deep. The differences are described in detail by Berger [14]. Carbon
dioxide, even when compressed and/or cooled to the liquid state, is a very
compressible fluid as compared to traditional liquids. Its compressibility
decreases as liquid CO, is cooled, so the pump heads of most CO, pumping
systems are cooled to 5—10°C. Some cooling systems use Peltier coolers, while
others use a cooled fluid circulated through or around the pump head. The
Peltier designs are more convenient, but may contribute more to the cost of
the instrument, and may not have the cooling capacity of the circulating fluid
designs.

3.4.2 Fluid Pressurization and Metering

Instrumentation suppliers have gone to great pains to develop pump-control
software and firmware which incorporate dynamic compressibility compensa-
tion for CO,. Built-in compressibility tables and empirical real-time feedback
helped provide a smooth and accurate flow of CO,. Despite these measures,
pump-related noise was shown to be one cause of baseline noise when using
some detection approaches, such as UV/VIS absorption [15]. Some recent
designs have separated the compression stage of pumping from the flow meter-
ing or delivery stage [16]. This, along with other measures, has reduced noise
in SFC related to pumping, pressure regulation, mobile-phase temperature
regulation, and UV/VIS detector design to the point where ASTM noise in
SEC/UV equals that of HPLC/UV (0.006 mAU per the specification of a major
manufacturer) [17, 18]. Figure 3.2 illustrates the effect of one of these improve-
ments [17].
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Figure 3.2 Example of the effect of instrumental parameters on UV detection noise in SFC.
This is an example of the effect of temperature control of the column effluent entering the
UV detector. Top chromatogram was acquired with a pre-UV-cell heat exchanger set at
30°C, while the bottom chromatogram was acquired with the heat exchanger at 40°C.
Analytes are warfarin breakdown products. The samples injected were identical in the two
chromatograms. Chromatographic conditions: 5-35% 2-propanol modifier added to CO,,
flow rate of 2 mL/min, column temperature of 40°C, 100 bar outlet pressure. Column:
3mmx100mm, 1.8 pm RX-SIL. 20 Hz. Source: Reprinted with permission from reference [17].
Copyright Elsevier, 2014.

3.4.3 Modifier Fluid Pumping

Mobile phase modifiers are usually organic liquids, or mixtures of organic
liquids, as described above and in Chapter 6. Correspondingly, modifier pumps
are generally traditional HPLC pumps. However, as it is often desirable to
explore the effects of a number of modifiers during method development,
especially in chiral SFC, SFC systems designed for chiral method development
allow automated switching from one modifier fluid to another, some with up to
six available fluids.
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3.44 Pressure and Flow Ranges

Pressure limits of analytical scale SFC pumping systems are ~30—60 MPa, and
maximum flow rates vary from 3 to 5mL/min of combined fluid (CO, and
modifier). One modern system provides up to 3mL/min at a maximum pres-
sure of 41.4 MPa, or up to 4mL/min with a maximum pressure of 29.3 MPa.
Another lists a maximum flow rate of 5mL/min with a maximum pressure of
60 MPa. While these operating parameters are sufficient for analytical-scale
SEC, they do not allow crossover to semipreparative separations, as some ear-
lier designs allowed. Some practitioners have argued for the need for higher
maximum operating pressures to allow for longer columns, smaller particle
sizes, higher flow rates, or all the three [19].

3.4.5 Fluid Mixing

Proper fluid mixing may be the most important “unseen” or unconsidered (from
a users’ perspective) aspect of fluid delivery in SFC. Instrument developers and
researchers may choose dynamic (active) or static (passive) mixers. Each has
advantages and limitations. Mixers that ensure optimum mixing may have larger
dead volumes, and these dead volumes become a disadvantage when a high
speed mobile-phase gradient (as in moving from 5 to 60% modifier concentra-
tion over 30seconds or less) is required for high speed analytical separations [20].
This issue becomes quite important when a high-speed gradient is required with
anarrow bore column (such as 2-mm internal diameter), and its associated lower
flow rates. The user must be aware of the potential and consequences of gradient
delay, and be prepared to move to a lower dead volume, though potentially less
effective, mixer when these issues are encountered.

3.5 Sample Injection and Autosamplers

Much like pumps and other components of SEC systems, injectors and autosam-
plers resemble their HPLC counterparts. But there are some important
differences in injection in SEC which researchers and instrument manufacturers
have spent much effort in characterizing and addressing. Probably the most
obvious difference is that the sample injection solvent in SFC is often a
“chromatographically strong” solvent. It is important that the sample be injected
in a solvent in which it is soluble. This frequently means that a short-chain alco-
hol, such as methanol, is used as the sample injection solvent, and this injection
solvent is therefore the same, or very similar, to the mobile phase modifier. In
practice, this results in tighter limitations on injection volume than is commonly
seen in HPLC. Large injection volumes using a “chromatographically strong”
injection solvent prevent focusing of the analytes on the head of the column. The
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analytes can be “washed” into the column, resulting in broad chromatographic
peaks, and reducing the potential chromatographic resolving power of the chro-
matographic system. Enmark et al. provided an in-depth study which detailed
this effect, as well as two other possible injection-solvent effects on peak distor-
tion in SFC — the presence of retained cosolvents in the injection solvent mixture,
and “viscous fingering” of the injection solvent [21]. The bottom line is that
injection volume with a 4.6-mm-i.d. column used under common SFC condi-
tions is often limited to 10pL or less. Similarly, 2-mm-i.d. columns may be lim-
ited to 2L or less. The constraints on injection volume are rarely a significant
limitation for analytical-scale separations, but they can become a severe limita-
tion in preparative-scale separations, as discussed in Chapter 7.

Some researchers have addressed the “strong injection solvent” issue in SFC
by using an injection-solvent mixture that approximates the solvent strength of
the mobile phase [22]. For example, De Pauw et al. [23] used an injection-
solvent mixture of hexane/ethanol/isopropanol 85/10/5 (% vol.) to match the
CO,/methanol mobile phase in terms of elution strength and polarity. By using
this mixture and lowering the injection volume from 2.5 to 0.4 puL, and the pre-
to extra-column volume from 7.4 to 4.4pL, the apparent plate count was
increased from 7600 to 21300 for a weakly retained compound (k' = 2.3) on a
2.1 x 150 mm column, as shown in Figure 3.3.
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Figure 3.3 Apparent plate count (N) as function of sample solvent composition (volumetric
EtOH-concentration, mixed with hexane and IPA), with the EtOH/IPA ratio always equal to 2,
for different injection volumes (Vinj) and extra-precolumn volumes (Vgc). Probe analyte is
testosterone, a weakly retained compound (k' = 2.3). Measured on a 2.1 mmx 150 mm
Zorbax HILIC RRHD column (packed with 1.8-pum particles) at a flow rate of 1 mL/min. Source:
Reprinted with permission from reference [23]. Copyright 2015, Elsevier.
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A potentially more problematic issue, at least with regard to injection volume
reproducibility and accuracy are concerned, is directly related to the gaseous
nature of CO, at atmospheric pressure and ambient temperature. During full-
or partial-loop injection using traditional HPLC technology, the injection valve
loop is filled with the sample solution with the valve in the “load” position. The
valve is then switched to the “inject” position, where the injection-valve loop is
placed in series with the mobile-phase supply line between the mobile-phase
mixer and the chromatographic column. The mobile phase moves through the
loop and carries the sample solution from the loop to the column, and the
chromatographic separation then proceeds without issue.

However, at this point, the injection valve is commonly switched back to
‘load” position to prepare for the next sample injection. The loop is filled with
mobile phase, which, in SFC, consists mostly of CO,. This aliquot of mobile
phase rapidly decompresses, with an audible “puff;” when the injection-valve
loop comes into communication with atmospheric pressure. The decompres-
sion of mobile phase from the loop can even expel mobile-phase modifier into
the laboratory if the modifier concentration in the mobile phase is high. Placing
a narrow bore restrictor (e.g. 50- or 75-um-i.d. fused silica tubing) between the
loop outlet and an appropriate waste vessel can prevent this potential problem.
Regardless of how the decompression is accomplished, the injection-valve loop
is filled with atmospheric pressure air or CO, after the decompression. If
proper care is not taken when filling the loop with the next sample, poor injec-
tion volume accuracy and reproducibility can result [24]. This is believed to be
due to very small gas bubbles which are not easily expelled from the injection-port
loop during filling, and which displace sample solvent. By flushing the injec-
tion-port loop with copious amounts of liquid before sample loading, Chester
and Coym demonstrated excellent injection volume reproducibility and accu-
racy [24]. They suggest that the small bubbles are gradually flushed from the
system.

3.6 Tubing and Connections

3.6.1 Tubing

3.6.1.1 Stainless Steel Tubing

The most widely used connecting tubing in SFC is narrow-bore stainless steel.
The most common internal diameter tubings when using 4.6- to 2-mm-i.d.
columns are 178 pm (0.007 inch), 170 pm (0.0067 inch), 127 pm (0.005 inch),
and 120 pm (0.0047 inch). The importance of using appropriate internal-diam-
eter tubing was demonstrated by De Pauw et al. [23], as illustrated in Figure 3.4.
Using a 2.1 mm x 150 mm column and a detector with a reduced internal dead
volume of only 0.6 pL, a move from 120-pm internal diameter tubing to 250-pm



3.6 Tubing and Connections | 65

x10%
2.5 T T T

15} i

N(I)

051 4

OO 5 10 15 20

k/
Figure 3.4 Influence of tubing ID (65 (), 120 (¥), 170 (®), and 250 um () on extra-column
band broadening using a 0.6 L flow cell at 1 mL/min. The figure shows apparent plate count
(N) vs. retention (k’). For reference, the 1.7 pL flow cell with 250 pm tubing is given as well
(+). The experiments were performed on a 2.1 X 100 mm Zorbax HILIC column, back
pressure at 130 bar, injection volume of 0.8 pL consisting of 10/5/85 EtOH/IPA/hexane. The
used compounds (in order of elution) are aspirine (k~1), testosterone (k~3), p-estradiol (k~5)
and chlorthalidone (k~18). Source: Reprinted with permission from reference [23]. Copyright
2015, Elsevier.

i.d. tubing resulted in a drop from 17300 to 14000 apparent theoretical plates
for testosterone, a weakly retained compound (k ~ 3).

The components of modern analytical-scale SFC systems are located in close
proximity, and, under normal operating conditions (e.g. 2-mL/min mobile
phase flow rate, measured as a condensed fluid, for a 4.6-mm-i.d. column),
the pressure drop due to the connecting tubing is small relative to that within
the chromatographic column. However, as flow rate is increased beyond this
level for higher speed separations, the pressure drop within the connecting
tubing may become significant. Berger has published an extensive and careful
study of extra-column band broadening in SFC [25]. By replacing 170-pm-i.d.
tubing with shorter lengths of 120-pm-i.d., as well as using a low-dead-volume
UV/VIS detection cell, he was able to achieve peak fidelity of >0.95 with peaks
ofk = 2, using a 3-mm-i.d. x 100-mm long column packed with 1.8-pm particles.
A reduced plate height as low as 1.87 was achieved.

3.6.1.2 Polymeric Tubing
Some HPLC systems use polymeric (PEEK or polyetheretherketone) tubing,
which is flexible and easy to cut with a clean, square end. It is especially useful
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when contact between the analytes and metal is to be avoided. PEEK tubing
can be used to 100°C, and 178 um (0.007 inch) and 127 pm (0.005inch) are
rated to 48.3 MPa (8000psi) [26]. But PEEK is not compatible with dichlo-
romethane, dimethylsulfoxide, and tetrahydrofuran. These authors have suc-
cessfully used PEEK tubing in analytical-scale SFC systems with CO, mobile
phase with common modifiers and additives. Note that connections must be
made with stainless steel unions, nuts, and ferrules, not with PEEK unions,
nuts, and ferrules.

A note is included here about the use of fused-silica tubing in packed column
SFC systems. Researchers may at times like to use fused-silica tubing with
internal-diameter ranging from 125 to 50 pm, especially when interfacing with
detectors or in other specialized uses. Baker and Pinkston found that undeac-
tivated fused silica tubing is compatible with pure CO, mobile phase, but will
develop small leaks, and will eventually fail when modified CO, mobile phase
(containing, for example, methanol modifier) is used. However, deactivated
fused silica tubing will resist this degradation, and can be used successfully for
many months with modified CO, mixtures [27].

3.6.2 Connections

Coupling stainless steel or PEEK tubing to another piece of tubing or to other
components of the chromatographic system is best accomplished with near-
zero-dead-volume stainless steel nuts, ferrules, and unions. Such fitting
components supplied for HPLC are rated to withstand the temperatures and
pressures encountered in analytical-scale SFC. Vendors have introduced a vari-
ety of “finger-tight” column connection fittings that provide secure and con-
venient near-zero-dead-volume connections between tubing and columns.

3.7 Column and Mobile Phase Temperature Control

The temperature of the chromatographic separation has long been known to
have more impact on selectivity and efficiency in SFC than in HPLC [28, 29].
This effect has been exploited to varying degrees by SFC instrument manufac-
turers. Not surprisingly, therefore, a wide variety of column-oven styles have
been used in SFC over the years. These range from GC-style forced-air convec-
tion ovens to traditional HPLC-style “column heaters” Each approach has
advantages and disadvantages. The HPLC-style column compartments are rela-
tively inexpensive and compact. Some provide enough space for a coil of
mobile-phase inlet tubing, or other form of heat exchanger, to heat the incom-
ing mobile phase to the column temperature before the mobile phase enters the
column. This reduces cooling of the column by the incoming mobile phase, and
a resulting axial temperature gradient. The HPLC-style column heaters have a
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limited range of available temperatures, generally ranging from slightly above
ambient temperature to a maximum of 60°C or 80°C. Changing the column
temperature can also be relatively slow (as compared to the GC-style oven),
especially when lowering the temperature. Nevertheless, this approach to tem-
perature control has been widely used, and has been successful for arguably the
majority of modern SFC separations. These include separations of most phar-
maceutical mixtures, where elevated temperatures are not desirable, and sepa-
rations where a temperature gradient is not needed to adjust selectivity.

The GC-style convective ovens are generally more expensive, but are also
larger. Their size allows larger columns, automated column-switching devices,
and even multiple, coupled columns for high-resolution separations [19].
These ovens also allow higher, and sometimes lower, temperatures than their
HPLC-style counterparts. Higher temperatures can be useful for high-resolution
separations of thermally stable analytes. For example, Pinkston et al. have per-
formed high resolution SFC separations of small polymers (alkyl ethoxy-
propoxy branched chain block copolymers) at temperatures up to 200°C [19].
(A note of caution here — many columns are not compatible with such high
temperatures. See Chapter 6.) Many GC-style ovens also allow subambient
operation. This can be especially useful for separations where the selectivity
between a critical pair is inversely related to temperature. Such is the case, for
example, in some chiral separations. These authors have performed enantio-
meric separations at column temperatures as low as -50°C [30]. Such column
temperatures would not be practical in traditional normal phase HPLC,
because the viscosity of traditional normal phase mobile phase rises steeply as
temperature drops below ambient.

One factor driving the use of larger column ovens in recent years is the use
of automated column screening to find the most promising phase for a separa-
tion. This has become a fairly common practice in chiral SFC (see Chapter 5)
where predicting the most promising phase is challenging without some
empirical data. Some modern SFC systems now accommodate up to twelve
4.6mm x 250-mm columns, and can screen all these, along with various
modifiers, at a range of temperatures and downstream pressures, in a fully
automated fashion [31]. These modern, larger ovens are also designed to cool
and heat more rapidly than their predecessors.

3.8 Chromatographic Column Materials
of Construction

Stainless steel is the material of choice for SFC columns because it can with-
stand the pressures and temperatures used in SFC. Column manufacturers go
to great lengths to achieve a smooth, polished inner column bore for efficient
column packing, and such surfaces can be achieved with stainless steel. While
stainless steel can withstand the temperatures and pressures of SFC, the other
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components of the column (ferrules, nuts, and frits) must do so as well.
Columns manufactured for HPLC may contain polymeric components which
may not be suited for SFC, so users must be cautious when choosing a column.
Column packing materials and phases are treated in Chapter 6.

3.9 Backpressure Regulation

The backpressure regulation (BPR) system may be the single most critical
component of a SFC system. So much depends on the BPR that designs are
sometimes patented or published, but are more often closely guarded trade
secrets. The great majority of conventional SFC systems use pumping systems
operated under flow control, and independent control of system pressure using
a “downstream” (postcolumn) mechanical BPR under computer control, as
shown in Figure 3.1. Proper backpressure regulation is a critical aspect of virtu-
ally any SFC separation. It is generally accepted that the mobile phase should
be in a single phase for efficient and effective chromatography. So, at a
minimum, the mobile phase must be maintained at a pressure sufficient to
prevent boiling of the mobile phase throughout the chromatographic system.
Moreover, mobile-phase density and solvating power vary with mobile phase
pressure, especially at lower mobile-phase modifier concentrations. The BPR
system must therefore be accurate and reproducible to ensure reproducible
chromatography. When operating with little or no mobile-phase modifier, the
influence of the mobile phase pressure on solvating power can be used to the
chromatographer’s advantage to obtain a mobile-phase strength gradient, in
much the same way as obtained by varying the mobile phase composition. So
the backpressure regulation system should also be able to provide a smooth
and reproducible backpressure gradient.

Yet there are even more requirements of this critical component of the SFC
system. The refractive index of the SFC mobile phase typically varies with pres-
sure. So small variations in the mobile phase pressure can increase baseline
noise, and reduce overall signal-to-noise ratios, when using high pressure
(preBPR) spectroscopic detection, such as the common ultraviolet/visible
(UV/VIS) absorbance detector. Instrument manufacturers have therefore
expended great effort to reduce these minor variations in mobile phase back-
pressure. These improvements have resulted in reduced baseline noise, and
corresponding improvements in signal-to-noise ratios, matching those of
contemporary HPLC/UV systems [18].

It is often desirable to introduce the full mobile phase flow into low-pressure
(postBPR) detectors, such as atmospheric pressure ionization mass spectrom-
etry (API-MS), evaporative light scattering (ELSD), and corona charged aero-
sol detection (CAD) [32]. Total flow introduction generally improves sensitivity
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and lowers limits of detection. Yet this approach requires yet another feature of
the BPR system: low internal dead volume. Chromatographic band broadening
increases, and chromatographic fidelity decreases, as the internal dead volume
of the BPR increases. Anecdotal reports have described significant variation in
the internal dead volume of the BPRs of modern SFC systems, ranging from
only a few microliters to many hundreds of microliters. While these have not
been verified, some instrument suppliers do indeed recommend interfacing to
low-pressure detectors using a preBPR split, avoiding any influence of the BPR
dead volume on chromatographic band broadening, rather than using total
flow introduction (through the BPR). This is likely due to the use of a BPR with
a comparatively large dead volume in these vendors’ SFC systems.

Finally, the BPR must be designed so that solutes do not precipitate within
the BPR, which can lead to erratic behavior and carryover for post-BPR detec-
tion or fraction collection in preparative-scale SFC. The BPR must be “self-
cleaning,” rugged, and affordable. It must also be designed so that it can be
manufactured reproducibly and precisely. We'll describe how some of the
published or patented BPRs stack up against these myriad requirements in the
following paragraphs.

3.9.1 Passive Flow Restriction

In describing specific styles of BPR systems, let’s begin with the simplest
approach, the passive flow restrictor. The most common passive flow restrictor
is narrow bore fused silica or stainless steel tubing, though laser-drilled pin-
holes have also been explored [33]. A variety of modifications of the narrow-
bore fused silica restrictor were implemented to achieve better performance
[34, 35], as shown in Figure 3.5. Passive flow restrictors were widely used in
open-tubular SFC, as described in Chapter 1 [36]. In that implementation, the
mobile phase was pumped under pressure control, and the flow was controlled
by the dimensions and design of the flow restrictor. Gradient elution was gen-
erally performed using pressure or density programming, and the mobile phase
flow rate therefore increased over the course of the separation due to the fixed
nature of the flow restrictor. Attempts to vary the resistance of an otherwise
passive flow restrictor have been described by Berger and Toney [37], Pyo [38],
and Li and Thurbide [39]. Most commonly, the authors used resistive heating
of the restrictor to vary its resistance and the resulting flow rate on column.
The passive flow restrictor is still alive and well in one contemporary inter-
face for low-pressure detectors such as mass spectrometric, evaporative light
scattering, and the corona charged aerosol detector. This is the preBPR split
interface, where a portion of the mobile phase is split from the main flow after
the column and before the BPR. This portion is directed to the detector, as
shown in Figure 3.1. (Figure 3.1 shows a “possible flame ionization detector;
unusual in modern SFC because it is compatible only with pure CO, or CO,/
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(Integral)
Frit restrictor ~ Short-tapered restrictor ~ Tapered-capillary restrictor

0.5-2 cm of frit
length is required

Figure 3.5 lllustration of the last 2 mm of the three most common flow restrictors used in
open-tubular SFC: frit (left), integral (“short tapered”) (middle), and tapered (right). The
illustrations were drawn after observation under a microscope and are to scale. The length
of the frit-filled portion of the frit restrictor is typically 1-3 cm. The length of the tapered
region of the tapered restrictor is typically 2-4 cm. These restrictors prevented analyte
nucleation and detector spiking, which was often observed with narrow bore linear
restrictors. Larger bore (50-75 um) linear restrictors are often used in modern packed
column SFC as an interface to atmospheric pressure ionization mass spectrometry or
evaporative light scattering detection. Source: Figure reprinted with permission from
reference [36]. Copyright 1993, Wiley.

water mobile phases. But the preBPR split interface is similar for the more
common detectors listed above.) The transfer line from the split point to the
detector is generally a narrow bore tube that limits the flow to the detector and
ensures that the majority of the flow is directed to the BPR for effective control
of the system pressure. The mobile-phase pressure within the narrow-bore
transfer line drops as the mobile phase approaches the exit of the transfer line.
If the dimensions of the transfer line are not chosen carefully (i.e. internal
diameter and length), the pressure within the transfer line can drop to a point
where the mobile phase essentially boils before the exit. Analytes can fall out of
solution and produce poor peak shapes. When modifiers are used, the mobile
phase can separate into a segmented flow of a CO,-rich phase and a modifier-
rich phase. This results in a noticeable “sputtering” and flow instability at the
inlet to the low pressure detector, often resulting in poor detector performance
and high baseline noise.

3.9.2 Active Backpressure Regulation

One of the first active BPRs described in SFC was that of Klesper and col-
leagues [40, 41]. The system was based upon a Tescom valve incorporating a
tapered pin in a hole. This regulator was capable of up to 69 MPa (10000 psi).
The pin was driven using bicycle gears, a chain, and a stepper motor and
was capable of pressure programming. Klesper and colleagues were able to
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complete a great deal of ground-breaking research in SFC (most often with
small alkanes as the primary mobile-phase component) using this design. The
first commercial SFC, the Hewlett Packard 1084, used the same Tescom valve
as Klesper, but the HP instrument did not perform pressure programming [42].

A later “vibrating pin in a hole” design was patented by JASCO [43]. The
frequency of vibration was used to control pressure. Clogging could be eas-
ily cleared by backing the pin away from the hole, but the vibrating pin led
to rapid, small pressure variations, and significant baseline noise in preBPR
spectroscopic (UV/VIS) detectors. A later design reduced this baseline
noise [44].

A series of BPRs were based upon metal diaphragms pushed against a seat
with a strong solenoid. The diaphragms were generally manufactured from
stainless steel, and were sometimes coated with gold for sealing and corrosion
control. The seat was made of Hastaloy, later coated in diamond. Still later
designs from Berger Instruments contained a platinum seat and a Vespel dia-
phragm [42]. These designs are said to have had relatively low dead volume (a
few pL) such that peak broadening was not an issue for postBPR detection or
fraction collection.

Berger et al. have patented similar BPR designs [45]. The diaphragm and seat
materials include PEEK and Vespel. The newest version has a dead volume of
<7 pL and allows direct flow introduction detection with very little chromato-
graphic peak band broadening. The BPR drive stepper motor has a very fine
relationship to pressure, and results in a pressure “noise” as low as 5KPa
(0.05bar) at 20 MPa (200 bar). This provides a dramatic reduction in UV base-
line noise (<0.1 mAU at 40 Hz, or as low as 0.006 mAU with a filter of 2.5 Hz
[42]) and brings SFC/UV sensitivity in line with HPLC/UV sensitivity for trace
analysis [18].

Other manufacturers attempted to address some of the BPR challenges by
using an active BPR, designed to control pressure over a specific range, followed
by a passive mechanical BPR or even a narrow-bore tube (typically on the order
of 10-20cm in length and 175 um in internal diameter) over which much of the
pressure drop occurs. This approach reduces the pressure differential across the
active BPR, and reduces the mechanical requirements for the active BPR, as well
as wear. This was the case with Gilson SFC instruments. A mechanical nozzle,
downstream of the primary BPR, extended the lifetime of this BPR. The Gilson
instrument was capable of pressure programming, but the programming range
was limited due to the second, downstream nozzle. (As an aside, the Gilson
instruments also had the advantage of being easily converted to HPLC mode.)
Other vendors, such as Waters, have improved on this combination of active
and passive BPRs for durability and precision of control.

BPR design continues to be an active area of research for instrument manu-
facturers, trying to come still closer to the “ideal” BPR.
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3.10 Waste Disposal

Waste disposal has long been, and continues to be, an important part of man-
aging analytical HPLC instrumentation. Mixed organic and aqueous/organic
waste must be collected, stored, and disposed. One common concern in
laboratories performing HPLC is the containment of organic solvent vapors
emanating from the waste collection vessels. Ultimately, these wastes are most
commonly transported off-site and incinerated. Many of the same considera-
tions apply to SFC, yet the waste disposal requirements are usually far less
onerous in SFC than in HPLC. After decompression of a modified CO, mobile
phase, the waste stream consists of a modifier-rich gas (mostly CO,) and a
COy-rich polar organic liquid phase. This “segmented flow” mixed stream is
typically directed to a collection vessel, where the organic liquid is collected.
The gas phase is directed further to a chemical fume hood for disposal. The
amount of organic solvent that much be disposed is generally far less in SFC
than in HPLC, a welcomed benefit to the chromatographer. A second benefit
of this arrangement is that solvent vapors are directed to the fume hood, along
with the waste gas stream.

3.11 Conclusion

In summary, despite the similarities in HPLC and SFC instrumentation, we've
shown that there are important differences — differences which are critical to
successful SFC. Researchers were quick to take advantage of SFC, as described
in Chapter 2, showing faster and higher resolution separations than in HPLC,
and expanding the range of applications. Despite these successes, many chal-
lenges remained. Over the years, scientists and instrument manufacturers took
aim at these challenges, and have improved many aspects of SFC instrumenta-
tion, such as injection reproducibility, pumping accuracy and reproducibility,
extra-column volume, column and mobile phase temperature control, detector
signal-to-noise, and BPR reliability and longevity. We hope we’ve made these
advances evident here.
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4.1 Introduction

The best chromatographic separation provides no benefit without some form
of detection of the separated components. The detector is the interface
between the chromatographic separation and the mind of the researcher,
providing the data that the scientist ultimately converts to information. This
chapter is devoted to this important aspect of SFC. Nearly all modes of detec-
tion in SFC are familiar to practitioners of the more well-established methods
of HPLC and GC. Yet, there are often significant differences in the detectors
themselves and/or in the modes of interfacing these detectors to the SFC
column. Without a clear understanding of these differences and details, detec-
tion in SFC is often impossible.

There are two approaches to the detection in SFC: predecompression and
postdecompression. In the former mode, detection is accomplished within a
compressed, dense, usually liquid-like (or even liquid) fluid. The detector is
usually placed between the SFC column and the backpressure regulator. The
first section of this chapter describes the most popular predecompression
detectors, along with a few less common, yet interesting, modes of predecom-
pression detection.

In postdecompression detection, detection takes place after the backpres-
sure regulator, or, at a minimum, after a passive pressure restrictor, as
described in Chapter 3. The pressure within the detection zone is always
lower than that at the outlet of the chromatographic column. In fact, the pres-
sure within the detection zone is often at or near atmospheric pressure.
Detection takes place in a gas, or in a mixture of a gas and liquid droplets. The
modes of interfacing the SFC column to a postdecompression detector are
sufficiently varied that a section of this chapter is devoted to the advantages
and limitations of these interfacing approaches. The last section of this chap-
ter is devoted to postdecompression detectors, ranging from nonspecific
detectors such as the evaporative-light-scattering detector, to more informa-
tive detectors, such as mass spectrometry.

4.2 Predecompression Detection
(Condensed-Fluid-Phase Detection)

4.2.1 UV/VIS Absorbance

Ultraviolet/visible light absorbance is a mainstay of routine SFC applications,
especially in quality control operations. Carbon dioxide, the primary mobile
phase component in the great majority of SEC separations, does not absorb
appreciably in the UV/VIS region above ~190nm [1], so it is well suited for
UV/VIS detection. Modifiers (most typically short-chain alcohols) and other
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mobile-phase additives, may affect the lower UV/VIS spectral limit, of course.
See Table 4.1 for a list of the UV cutoffs of common SFC modifiers [2]. Diode-
array detectors are common, and cover a spectral range of 190 to ~750 nm. The
design of SFC UV/VIS detectors is quite similar to the design perfected in
HPLC, with a few important differences. The flow cell must be capable of with-
standing the pressure of the mobile phase. But such “high pressure” flow cells
have become routinely available with the proliferation of atmospheric pressure
LC/MS instruments, where the mobile phase is still under relatively high
pressure until it is nebulized into the electrospray or atmospheric pressure
chemical ionization source.

Another more fundamental difference in the SEFC UV/VIS detector is the
importance of carefully controlling and preventing density variations of the
CO,-dominated mobile phase in the UV/VIS absorbance flow cell. Density
variations result in fluctuations in refractive index, which result in variations in
the light flux incident on the detector and create significant baseline noise.
This is the fundamental basis for the fact that early SFC/UV instrumentation
was often deemed not suitable for trace analysis and pharmaceutical quality

Table 4.1 UV/VIS cutoffs for common SFC mobile-phase modifiers.

Mobile-phase modifier UV/VIS cutoff (nm)
Methanol 205
Ethanol 210
2-Propanol 205
1-Butanol 215
Acetonitrile 190
Tetrahydrofuran 212
Acetone 330
Ethyl ether 215
Methyl-tert-butyl ether (MTBE) 210
Ethyl acetate 256
Propylene carbonate 220
Dichloromethane 233
Hexane 195
Methylethylketone 329
N,N-dimethylformamide 268
Dimethylsulfoxide 268

Source: Data taken from reference [2].
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control, where peaks at 0.05% of the intensity of the largest major peak required
quantification. UV detector noise in early SFC instruments ranged up to
0.5 milli-absorbance units (mAU) [3]. For comparison, ASTM standard
E1657-98 calls for a noise of <0.02mAU for trace analysis with HPLC/UV.
Researchers and SFC instrumentation developers have devoted significant
time and energy to improving this situation. The refractive indices of most
common HPLC solvents range from ~1.33 to ~1.39. While the refractive
indices of these fluids vary with density, there is relatively little variation of
their density, and thus in their refractive indices, as a function of temperature,
pressure, or even composition within the normal limits of HPLC. In contrast to
HPLC solvents, the density of CO,-based solvents varies more significantly
with temperature, pressure, and composition. As a consequence, the refractive
index of CO, can vary significantly (from 1.06 to 1.24 [3]) under typical SFC
operating conditions. Figure 4.1 illustrates this phenomenon [4]. Most of the
improvements in SFC/UV baseline noise come from reductions in pressure
fluctuations due to pumping and due to backpressure regulation, and to den-
sity variations due to temperature changes as the mobile phase enters the
detector flow cell. Pumping and backpressure regulation in SFC are described
in Chapter 3. For example, reference 3 describes improvements in SFC/UV
noise due to the separation of the compression and the metering strokes in SFC
pumping. New backpressure regulators (BPRs) with lower pressure oscillations
were also shown to improve SFC/UV noise [5]. Modern BPRs can control back
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Figure 4.1 Refractive index vs. pressure curves: water at 40 °C (o), pure carbon dioxide at

40 °C (#), 50 °C (m), 60 °C (a), and 70 °C (@). Source: Reprinted from reference [4] with
permission. Copyright 2003, Lord & Taylor.



4.2 Predecompression Detection (Condensed-Fluid-Phase Detection) | 81

pressure to <+0.05 bar at 200 bar, meaning that very little noise arises from
backpressure regulation [5, 6].

Finally, proper mobile-phase cooling/thermostating before the mobile
phase enters the flow cell, or insulating the mobile phase from the UV detec-
tor optical bench, has reduced density variations as the mobile phase enters
the detector flow cell. When the mobile phase is relatively warm (e.g. 40°C or
higher), small variations in pressure from pumping or backpressure regula-
tion can cause much larger variations in refractive index. Many UV/VIS
detector designs therefore include a heat exchanger before the flow cell, to
cool the mobile phase, or at least to minimize temperature changes of the
mobile phase inside the flow cell. In other UV/VIS detectors, the optical
bench is warmed, and may be warmer than the mobile phase exiting the col-
umn oven. In this case, the flow cell may be insulated from the optical bench
in order to minimize temperature changes of the mobile phase inside the
flow cell.

4.2.2 Fluorescence Detection

Fluorescence detection in HPLC is known to have superior selectivity and
sensitivity compared to UV absorbance detection, especially for targeted
analysis. The analyst specifies an excitation and an emission wavelength, and
only analytes that fluoresce under those specific conditions are detected. Not
only is this approach more selective, but also improved signal-to-noise ratio
and response can improve sensitivity by a factor of 10-100. These same
advantages apply to SFC. As in UV detection, the fluorescence detection cell
in SFC must be capable of withstanding the pressure of the SFC mobile phase.
In addition, the same concerns about the influence of small variations in
pressure and temperature on mobile phase density, refractive index, and S/N
apply in fluorescence detection. It is therefore not surprising that the advan-
tages of fluorescence detection in SFC were first demonstrated in capillary
open-tubular SFC, very soon after its invention [7]. Detection was performed
on column, thereby avoiding the requirement of using a fluorescence detec-
tor with a high-pressure flow cell. Passive backpressure regulation and fluid
supplied via a high pressure syringe pump avoid the small variations in
mobile phase density and refractive index seen in earlier versions of packed
column SFC [7].

Smith et al. brought the selectivity and sensitivity advantages of fluorescence
detection to packed column SFC [8]. Sensitivity for propranolol was eightfold
better with fluorescence detection than with UV absorbance. The authors used
a passive restrictor to drop the mobile-phase pressure and protect the fluores-
cence detection cell. Other groups worked to devise sensitive fluorescence
flow cells that could withstand the mobile phase pressure. Nomura et al.
designed a square cross-section quartz flow cell, and used the SFC/
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fluorescence system to selectively detect polyaromatic hydrocarbons in fuel
oils [9]. Another example of SFC/fluorescence detection is the work of
Kanomata et al. of Jasco, who patented a novel high pressure flow cell for SFC
[10]. Note that modifiers in SFC can affect fluorescence detection. These
effects may include absorbance of the excitation or emission wavelengths, as
well as quenching. This is a similar situation to that in HPLC. Fluorescence
detection is not widely used, but is available in commercially available SFC
instruments.

4.2.3 Electrochemical Detection

Electrochemistry in supercritical fluid media is an active field of research [11,
12], so it is not surprising that electrochemical detection for SFC has been
explored, though its use is relatively infrequent. Many analytes that are readily
eluted in SFC are also electrochemically active, and electrochemical processes
are known to occur in supercritical and subcritical fluids, so SFC/ECD should
provide the same sensitive and selective detection to which the practitioners of
HPLC/ECD are accustomed. But pure CO, is nonpolar and resistive, making
conventional ECD challenging. Di Maso et al. used ultra-microelectrodes, with
their low residual ohmic effects and reduced requirements for added support-
ing electrolyte, to first demonstrate SFC/ECD [13]. Mixtures of CO, and
mobile-phase modifiers are quite amenable to ECD [14]. Dressman and
Michael explored SFC/ECD with both pure and modified CO, mobile phases
[15, 16]. They found that ECD of ferrocene with pure CO, provided similar
performance to flame ionization detection in terms of limit of detection,
linearity of response, and peak shape. Furthermore, the FID was completely
inoperable at 3% methanol or acetonitrile modifier, while the ECD functioned
well with modified CO, mobile phase [15]. They expanded their range of appli-
cations in later work and were able to use voltammetry to resolve closely eluting
and coeluting mixtures of substituted phenols [16]. While the ECD worked
well with modified fluids, they found that the electrode had to be refurbished
after ~3 days of separations.

Senorans demonstrated the impressive selectivity and sensitivity of SFC/
ECD by determining tocopherols and vitamin A in vegetable oils, without the
tedious clean-up (i.e. removal of triglycerides, isolation of unsaponifiables)
required for conventional detection [17]. Improved longevity of the ECD cell in
SFC/ECD was demonstrated by Toniolo et al. [18] through the use of a porous
electrode supported on a moist perfluorinated ion-exchange polymer
membrane. Ferrocene was used as the probe analyte, and its detection by SFC/
ECD was superior to that provided by SEC/UV by all measures.

Despite these clear advantages for electrochemically active analytes, SFC/
ECD remains relatively uncommon and is not typically available from com-
mercial SFC instrumentation vendors.
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4.2.4 OtherLess Common Condensed Phase Detectors

4.2.4.1 Flow-Cell Fourier Transform Infra-Red Absorbance (FTIR)

Detection

IR absorbance is a well-tested mainstay of organic structure elucidation. FTIR
detection is more universal than UV/VIS absorbance, because virtually all
organics absorb in the IR. Unfortunately, sensitivity is a real issue for FTIR
detection. HPLC/FTIR, while not commonplace, has been used by many
research groups over the years [19]. So it’s no surprise that SFC/FTIR has also
been explored. Much of this exploratory work was performed in the late 1980s
and early 1990s, when both open-tubular and packed column SFC were popu-
lar. Supercritical CO, is much more transparent in the IR than are traditional
HPLC organic solvents. Shafer and Griffiths first described in-line SFC/FTIR,
and showed that the IR-transparency of CO, allowed a 1-cm path-length flow
cell, approximately one order of magnitude greater than those used in HPLC/
FTIR [19]. They were able to obtain library-searchable IR spectra with approxi-
mately 3 pg of analyte. However, pressure programming resulted in a shift in the
baseline signal. Olesik et al. also developed an early high pressure flow cell for
online SFC/FTIR [20], and studied the limits of detection using simple probe
analytes. Other groups were quite active in online SFC/FTIR, including a
collaboration between Taylor [21-26] at Virginia Tech and Vidrine [27] at
Nicolet. Morin et al. used optical path and detector improvements to provide
searchable spectra of tens-of-ng of analyte on column [28]. Other flow-cell
improvements allowed Wieboldt et al. to drop this important level to 10ng [29].

A number of innovations were described by Raynor and colleagues. Among
these were the addition of a make-up fluid to the effluent of a 50-pm-i.d. open
tubular SFC column in order to minimize the band-broadening resulting from
the online IR flow cell [30], as well as the exploration of xenon as a mobile
phase [31]. While supercritical Xe had wonderful IR optical transparency, its
high cost limited its use to high value applications and to 50-pm-i.d. open
tubular SEC.

As with most SFC work, more recent SFC/FTIR research has involved larger
packed column SFC, and has focused more on specific applications. Higher
flow rates and larger on-column injection masses made FTIR interfacing more
straightforward. For example, Auerbach et al. used SFE/SFC/FTIR to study sur-
factants in washing detergents [32]. FTIR allowed these scientists to determine
various functional-group classes of detergent actives in this complex mixture.

The richness of IR absorbance spectra provides good selectivity, but, as
mentioned earlier, IR absorbances are relatively weak, so online chromatogra-
phy/IR detection suffers from poor sensitivity, which has limited its acceptance
in general. Some of the disadvantages of online IR absorbance detection are alle-
viated by the off-line approach where the chromatographic effluent is deposited
on a surface, the mobile-phase components are removed, and IR microscopy is
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used to examine the residue. The ease of mobile-phase elimination in SFC makes
this approach especially attractive, but the complexity of the deposition instru-
mentation is a serious drawback. Jinno [33] as well as Taylor and Calvey [34]
reviewed the advantages and disadvantages of both interfacing approaches. The
deposition approach will be discussed in Section 4.4. Unfortunately, neither
approach is available in modern commercial SFC instrumentation.

4.2.4.2 Online Nuclear Magnetic Resonance (NMR) Detection

Researchers working with HPLC/NMR were naturally drawn to SFC/NMR for
the same advantage discussed in the above section about SFC/FTIR, namely
spectral “transparency” Interfacing in SFC/NMR is similar to that in HPLC/
NMR, using small microcoils wrapped around the flow cell to enhance sensi-
tivity. "H-NMR is the most widely practiced and the most sensitive of the
popular NMR methods, and CO, does not contain protons. So suppression
techniques that are required for HPLC solvents are not required for a pure CO,
mobile phase. Allen et al. were the first to describe online coupled SFC/NMR
[35]. They demonstrated no need for "H-suppression, and full spectral acquisi-
tion in separating a model mixture.

The group of Bayer, Albert, and colleagues in Tubingen, Germany, has driven
the majority of the research in online SFC/NMR [36—41]. They designed NMR
probes that could withstand the pressure of the SFC system, and could operate at
up to 100°C [37]. Their initial publication demonstrated spectral line widths of
1.5 Hz in flowing SFC effluent under supercritical conditions. The authors stated
that "H-NMR spectra acquired under flowing supercritical conditions were of
the same quality as those acquired in liquids. A later publication [39] provides
more detail about the nature of the spectra acquired under supercritical condi-
tions, as well as a summary of a number of interesting applications. In particular,
the proton spin-lattice relaxation times, T1, are approximately doubled due to
the supercritical measuring conditions. Also, the "H NMR signals are shifted up
field as pressure/density rises if a mobile-phase pressure gradient is used in the
chromatographic separation. Applications of SFC/NMR include the analysis of
plasticizers, polyacrylates, vitamins, and natural products [36, 39, 40].

A somewhat more fundamental application of the SFC/NMR system was
described by Fischer and Albert in a collaboration with Gyllenhaal and Vessman
of AstraZeneca R&D [41]. This group studied the reaction of amines with CO,
to form carbamates under SFC conditions. This possibility has been the sub-
ject of much controversy over the years, with some groups demonstrating
acceptable SFC chromatography of certain amines and others not [42]. Fischer
et al. examined the structures of amines using NMR under SFC conditions,
and, in cases where reaction occurred, of the corresponding carbamate [41].
They used a variety of primary and secondary aromatic amines as probes, and
found that the propensity for reaction of the amine to form a carbamate
depends on the stereochemistry of the substituent on the amine. Primary
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amines often reacted, while metoprolol, a 2-isopropylamino alcohol com-
pound, for example, did not react. These reactions are reversible when the
pressure of CO, drops, which explains why the intact amines are detected in
atmospheric-pressure detectors.

4.2.4.3 Refractive Index (Rl) Detection

RI is commonly used in HPLC, especially in preparative-scale HPLC, because
it is a nearly universal detection method. The sensitivity of RI detection is rela-
tively poor compared to UV and other HPLC detectors, with limits of detec-
tion frequently in the microgram or hundreds-of-nanograms range. But this is
not an issue in many applications using 4.6-mm-i.d. and larger columns and
large injection volumes. Low sensitivity is even less of an issue in preparative-
scale separations in which injected quantities can range into the milligram or
even gram scale. Yet RI detection in SFC faces a significant challenge. As dis-
cussed in Chapter 2, the refractive index of CO, can vary significantly with
relatively small changes in temperature and pressure, especially near the
critical point. These variations result in high baseline noise in SFC/RI, unless
precautions are taken to minimize density/refractive index fluctuations. Hirata
et al. actually showed that the lower RI of CO, results in higher detector
response in SFC/RI than in HPLC/RI [43]. These researchers diverted approxi-
mately 1/1000th of the effluent of a preparative-scale SFC separation to a capil-
lary cell RI detector and carefully controlled the pressure and temperature of
this cell. The RI detector operated in parallel to peak collection on the main
effluent stream. They showed that SFC/RI was appropriate for preparative-
scale SFC, with a LOD of 30ug of n-hexadecanol injected on column. This
represented 30 ng in the capillary flow cell. The linear dynamic range of the RI
detector was two orders of magnitude.

4.3 Postdecompression Detection (Gas/Droplet
Phase Detection) - Interfacing Approaches

The remainder of the most commonly used detectors in SFC operate at atmos-
pheric or lower pressures, in sharp contrast to the condensed-phase detectors
described above. As the reader might imagine, moving a chromatographic
peak from solution in a high-pressure, condensed phase to an atmospheric or
lower-pressure detector, with good chromatographic fidelity, is fraught with
potential peril. Nucleation of analytes into particles, deposition of analytes on
surfaces, and formation of segmented, liquid-rich and gas-rich phases are
among the issues that can cause havoc or that, in some cases, can be exploited.
It is therefore not surprising that a variety of methods have been used to inter-
face SFC to these lower-pressure detectors. Pinkston summarized the most
popular interfacing approaches [44]. In short, they consist of the following:
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1) A split of the effluent after the column, but before the backpressure
regulation device (BPR). A fraction of the effluent is directed to the lower-
pressure detector, while the remainder of the effluent is directed to the BPR
in order to maintain pressure control of the mobile phase.

2) Movement of the entire effluent through the BPR device before introduc-
tion to the lower-pressure detector. This places demands on the BPR, as
described below. A variety of pressure-regulation approaches may be used.

Here is a more detailed description of the advantages and limitations of these
interfacing approaches.

4.3.1 Pre-BPR Flow Splitting

This is the most common interfacing approach for modern SFC/MS instru-
ments, and is illustrated schematically in Figure 4.2. A fraction (in the range of
1-20%) of the mobile phase is directed to the lower-pressure detector through
a near-zero-dead-volume tee and a transfer line and restrictor. The transfer
line dimensions are chosen such that the remainder of the mobile phase
continues to the BPR. Without sufficient flow to the BPR, the postcolumn
system pressure cannot be regulated.

Pre-BPR flow splitting is straightforward and allows control of the postcol-
umn pressure using the instrument-control software of the SFC instrument. It
also provides good chromatographic fidelity if the transfer line/restrictor
dimensions do not allow a large pressure drop before the exit to the detector. If
the dimensions of the transfer line are too long or too wide, precipitation and
deposition of analytes within it can occur. Transfer line dimensions that are too
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Figure 4.2 Schematic diagram of the preBPR split interface for SFC/MS. A variety of
atmospheric pressure ionization sources can be used successfully. Source: Reprinted from
reference [44] with permission. Copyright 2005, Sage Publishing.
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long or too wide can also allow the mobile phase to boil and transition to
segmented phases (one modifier-rich, one CO,-rich) that move into the
detector. This can result in unstable, erratic, pulsating detector response and
jagged, noisy peaks. The required dimensions of the transfer line vary with
total flow rate, the expected range of modifier concentration, and the desired
downstream pressure. For guidance, a 1-m-long, 125-pm-i.d. transfer line
provides acceptable results for a total CO,/methanol flow rate of 2mL/min
operated with a downstream pressure of 200bar. Some vendors advocate the
addition of a low flow (e.g. 50—100 pL/min) of organic solvent to the split flow
in order to minimize any deleterious effects.

Figure 4.3 is an example of the use of pre-BPR splitting for SFC/MS by Bolanos
et al. [45]. The authors used the high spectral acquisition rate of time-of-flight
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Figure 4.3 Comparison of (a) traditional SFC method (144 seconds run time) and (b)
ultra-fast run (30 seconds run time) on a four-compound QC standard mixture (caffeine,
pyridine, proprietary compound, and sulfanilamide). For the ultra-fast run, all compounds
are baseline resolved in less than 18 seconds, but there is some loss of peak resolution due
to a steep methanol modifier gradient. Source: Reprinted from reference [45] with
permission. Copyright 2004, Elsevier.
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mass spectrometry (TOFMS) to preserve the chromatographic profile of a
high-speed SFC separation. Four peaks are baseline resolved, with a resolution
of 1.5 or better, in an 18-s portion of this separation. The TOFMS provided a
spectral acquisition rate of 10-20 Hz.

While pre-BPR splitting provides good chromatographic fidelity, this
approach also has a few disadvantages. Only a fraction of the effluent is directed
to the lower-pressure detector. For mass sensitive detectors (such as evapora-
tive light scattering detection [ELSD] or atmospheric pressure chemical ioniza-
tion [APCI]), this results in a lower response than if the full effluent is directed
to the detector. Another issue is that the split ratio varies with mobile-phase
pressure and with any change in the restriction of the transfer line from the split
point to the detector. The former is predictable [46], while the latter is not.

4.3.2 Total Flow Introduction (Post-BPR Detection)

In many cases, the drawbacks of pre-BPR flow splitting are inconsequential. In
others, such as when a wider dynamic range or better sensitivity with a mass-
sensitive detector is needed, they are not. Chiral SFC is becoming increasingly
important. When precise measurements of enantiomeric ratios are required,
the variation in split ratio mentioned above might be a concern. Therefore, a
variety of “total-flow-introduction” interfaces have been investigated. Here, we
touch on the characteristics of three of these: the mechanical BPR interface,
the pressure-regulating-fluid approach, and an interface employing no active
backpressure regulation.

4.3.2.1 BPR Requirements for Total-Flow Introduction Detection

With total flow introduction detection, there is no split ratio about which to be
concerned. Yet the requirements of the BPR system are stringent: the dead
volume of the BPR, any pre-BPR pressure measuring device, and any connect-
ing tubing must be low enough to minimize band broadening. A few microlit-
ers are acceptable for total SFC flow rates of 1-3 mL/min. Also, the BPR system
must not contain any unswept dead volume, which can trap analytes and
contribute to poor peak shapes. Third, the BPR system must not change the
composition of the mobile phase in a way that impedes the proper operation of
the detector. This will become more obvious during the discussion of the
pressure-regulating-fluid interface. Finally, and perhaps most importantly, the
detector itself must be able to accept the total flow of effluent from the SFC
system without compromising its operation. Flows from 4.6-mm-i.d. SFC col-
umns can easily be 3mL/min or more under typical operating conditions. Of
course, a significant fraction of this effluent is CO,, which usually assists in the
nebulization process for detectors that require droplets for proper operation,
such as atmospheric pressure ionization mass spectrometry and evaporative
light scattering detection.
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4.3.2.2 Total Flow Introduction with Mechanical BPR

As discussed in Chapter 3, some contemporary SFC systems contain BPRs that
meet the dead-volume requirements described above, but others have dead
volumes in the tens or even hundreds of microliters, and are not designed to
preserve the chromatographic separation as the effluent flows through the
BPR system. Even when the BPR has an adequately low internal dead volume,
any large-dead-volume components (i.e. some pressure transducers, large i.d.
tubing) must be removed from the flow path between the column and the
detector.

The total flow introduction approach with a mechanical BPR has the advan-
tage of allowing full control of the system pressure by the instrument-control
software. Of course, it also provides the improved limits of detection and the
dynamic range advantages discussed above for the appropriate detector. There
is an important similarity between this interface and the preBPR flow splitting
approach: the dimensions of the transfer line between the mechanical BPR and
the detector must not allow the transition to two phases (i.e. boiling) or pre-
cipitation of analytes due to excessive pressure drop. Yet, this is not as great a
concern with the total flow introduction interface, simply because the flow
through the transfer line is usually larger than with the pre-BPR flow splitting
approach, and the majority of the pressure drop occurs near the exit of the
transfer line.

4.3.2.3 Total Flow Introduction — Pressure-Regulating-Fluid (PRF)

Interface

Backpressure in condensed phase chromatographic systems is most com-
monly controlled with a mechanical device, as described above and in
Chapter 3. But this is not the only possibility. Pressure can also be controlled
with a fluid set at a particular pressure. Figure 4.4 illustrates this approach,
the “pressure-regulating-fluid” (PRF) interface. The mechanical BPR and
pressure transducer are replaced with a single near-zero-dead-volume chro-
matographic tee. In the tee, the chromatographic effluent is mixed with a low
flow of CO,-miscible fluid (the pressure-regulating fluid) from a pump oper-
ated under pressure control. This mixture is then directed to the detector.
The dimensions of the transfer line from the tee to the detector dictate the
available ranges of chromatographic effluent flow, PRF flow, and post col-
umn pressure. The principles of this interface were described by Chester and
Pinkston [47].

The PRF interface has a number of advantages. First, the pressure control
point, the tee, can be placed very near the detector. The pressure is actively
controlled nearly to the outlet of this interface. This avoids transfer through
long lines with no active pressure control, and minimizes the possibility of
phase transition (i.e. boiling) of the mobile phase and poor mass transfer of
analytes. Second, it provides excellent chromatographic fidelity, with very low
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Figure 4.4 Schematic diagram of the pressure-regulating-fluid interface for SFC/MS. A
variety of atmospheric pressure ionization sources can be used successfully. Source:
Reprinted from reference [44] with permission. Copyright 2005, Sage Publishing.

dead volume and minimal extra-column broadening. Third, the entire sample
is delivered to the ion source without any splitting. With a mass-sensitive
detector, such as the ELSD, this can result in lower detection limits and greater
dynamic range. Finally, the pressure-regulating fluid can be chosen to enhance
detector response. For example, electrospray ionization (ESI) requires an
effluent that is capable of forming droplets, and pH or solvent—mixture adjust-
ment can often enhance ionization. In fact, SFC/ESI-MS with pure CO, as the
mobile phase results in no signal. So when the mobile phase contains little or
no organic modifier, a PRF fluid can be chosen that provides this necessary
component. For example, an 80:20 mixture of methanol and water containing
a low level (~1mM) of ammonium acetate was found to provide excellent
results with SFC/ESI-MS [48].

Unfortunately, despite providing excellent results, the PRF interface is not
very user-friendly, and is not available in a commercial unit. Most commonly,
the downstream pressure is no longer under control of the system software,
but under the control of an independent pump. This requires occasional man-
ual intervention and programming, or requires the user to establish a control
link between the SFC system software and the PRF pump. Second, the dimen-
sions of the transfer line from the PRF control-point tee to the detector dictate
a range of available flow rate/pressure combinations. For example, a 3-5cm
length of 0.0025-inch (62.5-pm) i.d. PEEK tubing provides a backpressure of
200 bar for mobile phase flow rates ranging from 1.5 to 3mL/min and PRF
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fluid flow rates ranging from ~50 to ~700 pL/min. As one might imagine, when
performing a mobile-phase gradient, the PRF fluid flow and the mobile-phase
modifier flow (not the total mobile-phase flow, which is generally held con-
stant) vary in an inverse manner. If one requires flow rates beyond these ranges,
one must install a transfer line of different dimensions. Third, the addition of
the PRF fluid increases the solvent load on the detector. The total mobile-phase
and PRF fluid flows may exceed the capacity of the detector. This requires a
change in the transfer line dimensions (see above). Finally, the PRF approach
requires an additional pump capable of providing a pulse-free flow of solvent
under pressure control, such as a high pressure syringe pump. Reciprocating
pumps induce a slight pulsation in the PRF flow, and this often results in detec-
tor noise [47].

When care is taken in setting up the total-flow-introduction interface with
mechanical BPR, satisfactory results can be obtained. Because of its ease of use
and reasonable performance, this interface has become the most commonly
used total-flow-introduction interfacing approach. However, in our experience,
this interface does not produce the ultimate chromatographic fidelity provided
by the PRF interface, especially if the internal dead volume of the BPR is signifi-
cant (i.e. more than a few microliters). Figure 4.5 shows a head-to-head compari-
son of these two interfaces in the separation of two isomers. While the isomers
are clearly resolved with the PRF interface (4.5B), the smaller isomer is only a
shoulder on the larger peak when the mechanical BPR interface is used (4.5A).

4.3.2.4 Total Flow Introduction Without Active Backpressure Regulation

The simplest method is sometimes the best, and total flow introduction with a
passive BPR (i.e. a length of narrow bore tubing) is certainly simple. In this
approach, the column is essentially directly coupled to the detector. Importantly,
because there is no active downstream pressure control, this interface only
works well under a specified combination of conditions. First, the flow condi-
tions and transfer line dimensions must be such that phase transition does not
occur in the column or transfer line. In other words, the transfer line/restrictor
must be sufficiently restrictive to prevent boiling of the mobile phase until the
effluent enters the detector. Second, even when the pressure and temperature
remain in the one-phase region for the mobile phase mixture, the selectivity of
the chromatographic separation must not be greatly affected by variation in
the downstream pressure. In fact, these conditions are often met in contempo-
rary SFC. Flow rates, and resulting column pressures, are relatively high
(1-7mL/min for a 2-mm-i.d. column, resulting in downstream pressures well
above 150 bar with a 50-cm-long, 125-pm-i.d. transfer line). Column tempera-
ture is usually held between 40 and 60°C. Mobile phases usually contains a
significant level of organic modifier (10-50%) and varying the mobile-phase
composition is by far the most common mode of gradient elution. Under these
conditions, the mobile phase is very “liquid-like” Variations in pressure have
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Figure 4.5 SFC/ESI-MS Separation of a pair of isomers in a product extract using identical
conditions except (a) total flow introduction with mechanical BPR and (b) total flow
introduction with pressure-regulating-fluid interface. The column was a 50-cm (2 x 25-cm) x
4.6-mm Inertsil Phenyl operated at a downstream pressure of 180 bar. The mobile phase
and flow rate were 2% MeOH in CO, (isocratic) and 3 mL/min, respectively. The column
temperature was held at 70°C. Source: Reprinted from reference [44] with permission.
Copyright 2005, Sage Publishing.
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relatively little effect on the strength of the mobile phase and the selectivity of
the separation. Also, the conditions on the column and in the transfer line are
well above those at which phase transition (boiling) occurs.

Figure 4.6 illustrates a prime example of an application for which the passive
BPR approach is well suited. Hoke et al. analyzed an entire 96-well plate
containing dextromethorphan in less than 10 minutes using SFC/MS/MS [49].
The drug was extracted from human serum. The time scale is expanded in the
upper traces, with the topmost trace showing two injection cycles. The
injection-to-injection cycle time is 5 seconds, and the k’ is ~1.5. This provides
enough separation of the peak from the void volume to avoid ionization sup-
pression effects. Intra-day accuracy was better than 9% over 3 days, and RSDs
were less than 15%, even for the lowest quality-control standard of 0.554 ng/mL.

4.4 Postdecompression Detection

A wide variety of postdecompression detectors have been used in SEC over the
years. In fact they have contributed to the well-earned reputation of SFC hav-
ing perhaps the widest range of detector compatibility of any of the major
chromatographic techniques [50]. Commercially available postdecompression
detectors for SFC range from flame-based detectors, most commonly used in
gas chromatography, to nebulization-based detectors commonly used in
HPLC, such as the ELSD, the corona charged aerosol detector (Corona CAD),
and atmospheric pressure ionization (API) mass spectrometry.

4.4.1 Flame-Based Detectors

Flame-based detectors are widely used in GC. The flame ionization detector
(FID) is the flagship among these. GC mobile phases (H,, He, and N,) do not
respond in the FID. It is sensitive, with LODs in the sub-ng range, has a wide
dynamic range (four to five orders of magnitude), is nearly universal for volatile
organics, and is reliable and simple to operate. Just as strikingly, the FID is
rarely used in conventional condensed phase chromatography, with the excep-
tion of a few mobile-phase removal approaches in HPLC [51] and thin-layer
chromatography [52], and online HPLC-FID when pure water is used as the
mobile phase [53-55]. This is simply due to the fact that most HPLC mobile
phases produce a huge background signal in the FID. Despite the advances in
the ELSD and the corona CAD detectors, which share some degree of “univer-
sality,” neither approaches the performance of the FID.

In contrast, pure CO, does not respond in the FID. Addition of a relatively
low flow (a few mL/min, measured in the gas phase) of CO, to the hydrogen
and air used in a conventional FID will not negatively affect its performance
(though higher CO, flow rates can cause the flame to become unstable). It is
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Figure 4.6 Ninety-six chromatograms of d3-dextromethorphan obtained by SFC-MS/MS
analysis of repeated 10-pL injections of a methanol solution containing 4 ng/mL of
d3-dextromethorphan (40 pg on column for each injection). Source: Reprinted with
permission from reference [49]. Copyright 2001 American Chemical Society.

therefore not surprising that researchers eagerly coupled SFC, with its ability
to solubilize and elute nonvolatile organics, with the FID. Most of the early
work was performed with open-tubular capillary SEC [56]. The mobile phase
was most often pure CO,, and the total column flow was compatible with a
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conventional FID. The open-tubular column could be coupled to a flow restric-
tor [57] using a near-zero-dead-volume union, and the outlet of the restrictor
was placed at the base of the FID flame. Alternatively, the end of the column
could even be fashioned into an “integral” restrictor [58], which was placed at
the base of the flame, avoiding the need for a union altogether.

Work in open-tubular SEC/FID produced impressive results, allowing the
separation and FID detection of nonvolatile and thermally labile analytes, such
as sucrose octaesters, which have molecular weights ranging to over 2000 [59],
organometallics [60], oligosaccharides with DP (degree of polymerization)
over 20 [61], small polymers, and peroxides [62]. Yet open-tubular SFC was
remarkably non-user-friendly and had significant limitations in injection
volume. Packed column SFC has gradually taken over the field, as described in
Chapter 1 [50].

Most packed column SFC is performed with modified mobile phases, which
are not compatible with the FID. But some important applications, notably in
the petroleum [63], polymer [64, 65], and lipids [66] area, use SFC with pure
CO, or with water-modified-CO, mobile phase. These can be coupled to an
FID in a straightforward manner using the preBPR split approach, with a small
fraction of the effluent directed to the FID. One critical component of this
coupling is the passive flow restrictor through which the effluent passes into
the base of the FID flame. Most of these are made of narrow-bore fused silica
tubing. Early on, straight-walled, narrow-bore tubing was shown to be not suit-
able for higher molecular weight, nonvolatile analytes. These would fall out of
solution as the pressure dropped across the restrictor, and small particles
would cause FID “spiking” and baseline noise [67, 68]. So a variety of tapered
and fritted restrictors have been used to delay pressure drop and to enhance
heat transfer into the SFC effluent. Most notably, these include the “thin-walled
tapered” [59, 69], the “integral” (incorporated into the end of the chromato-
graphic column) [58], and the “frit” [57] restrictors. These are described in
Chapter 3. The performance of the various designs was studied in some detail
[70]. The integral restrictor, while challenging to prepare, was easily installed,
easily cleared if it became partially plugged, and provided the best chromato-
graphic performance for higher molecular weight analytes. While the integral
and other restrictors were widely used in open-tubular SFC, the proper choice
of restrictor is still important in packed column SFC/FID. At the time of this
writing, SFC/FID systems and flow restrictors are commercially available
from Selerity Technologies, Inc., and a channel partner of Agilent, Scientific
Instruments Manufacturer GmbH.

The advantages of SFC/FID for group-type separations in the petroleum
industry are especially clear. The nonpolar nature of petroleum constituents
allows the use of pure CO, mobile phase, and the preBPR split is used to direct
a portion of the effluent to an FID [71]. (The bulk flow can pass through a
UV-absorbance detector on its way to the BPR to detect specific compound
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classes.) Various packed columns can be used to resolve functional group
classes in very complex petroleum-derived mixtures. ASTM International has
validated and promulgated two SFC/FID methods for petroleum products:
D5186 for determining aromatics and polynuclear aromatics in diesel and avia-
tion turbine fuels [72], and D6550, for measuring the total olefin content in
gasoline. Figure 4.7 shows the reproducibility of the retention times and FID
responses for a calibration standard used in D5186 [73].

The low viscosity of a CO, mobile phase allows the use of longer columns
packed with small particles. This, in combination with the FID, provides a
powerful tool for studying low molecular weight polymers, especially those
which are not easily detected in HPLC. Campbell et al. described the use of
1.7-pm-particle columns for Triton-X100 analysis [74]. They showed more
than a 15-fold reduction in analysis time relative to a 5-pm-particle column.
The low viscosity and pressure drop of SFC allowed them to couple columns
for the analysis of polymeric species, generating more than 100000 plates for a
1.7-pm, 30-cm-long column (two coupled 15-cm columns).

There are a multitude of other flame-based and similar GC-style detectors
that are compatible with SFC using pure CO, mobile phase [75]. Many of
these are more selective than the FID, and can be used in much the same way
as they are used in GC. These include the flame photometric detector (FPD)
[76, 77], the thermionic ionization detector (TID), the photoionization
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Figure 4.7 Calibration and reproducibility of the ASTM 5186 Method for aromatics and
polynuclear aromatics in petroleum products: Overlay of five chromatograms of the
calibration standard with the assignment to the fractions of a diesel sample (THN =Tetralin
[1,2,3,4-tetrahydronaphthalene], N = Naphthalene, AN = Area of nonaromatics, AM = Area
of monoaromatics, and AP = Area of polyaromatics). Source: Reprinted with permission from
reference [73]. Copyright 2015, Agilent Technologies, Inc.
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detector (PID) [78, 79], the nitrogen—phosphorus detector (NPD), the sulfur
chemiluminescence detector (SCD) [80—-85], and the electron capture detec-
tor (ECD) [82, 85].

A novel flame-based detector for SFC and HPLC, the “universal acoustic
flame detector” (AFD) has been studied by Thurbide and colleagues [86—89].
One unique aspect of this detector is that it is compatible with modified CO,
mobile phases. The detector is based upon changes in the frequency of acous-
tic emissions from an oscillating premixed hydrogen/oxygen flame. The
frequency increases proportionately to the carbon content of organic analytes,
and has a uniform response across analytes. While the sensitivity of the detec-
tor is reasonable (measured at 18 ng of carbon per second), a mobile-phase
density or composition gradient introduces a baseline shift [86].

4.4.2 Evaporative Light Scattering Detection (ELSD) and Charged
Aerosol Detection (Corona CAD)

These two detectors are the most common “universal” (for nonvolatile ana-
lytes) detectors in the HPLC world. In general, the two function in a similar
manner. The effluent is nebulized and large droplets are trapped and drained
away. Solvent evaporates from the smaller droplets, sometimes with the help of
added heat. Once the solvent has evaporated, the analytes contained in the
droplets remain as small particles. The particles are swept into a light scatter-
ing region (ELSD), or into a region where they acquire a charge (CAD).
Scattered light is detected in the ELSD, while charge is detected in the CAD. The
operation and HPLC applications of both the ELSD [90, 91] and the CAD [92]
have been reviewed.

One of the challenges of the operation of these detectors in the HPLC world
is efficient nebulization of the HPLC effluent. The explosive decompression of
the SFC mobile phase assists greatly in the nebulization process when SFC is
coupled to these detectors. However, this decompression also results in signifi-
cant Joule-Thompson cooling, which can be detrimental to the nebulization
and solvent-evaporation processes. At least one manufacturer of ELSD instru-
ments (the Sedex line from SEDERE) has modified the ELSD for SFC opera-
tion. The vendor suggests using lower nebulizing gas flow (less is needed due
to the expansion of CO,), and provides a heated nebulization region to coun-
teract the Joule-Thompson cooling. These features are summarized by Dreux
etal. [93]. The other major ELSD and CAD systems incorporate a heated nebu-
lization region. An optimum supply of heat is important: sufficient heat to
evaporate the solvent and counteract Joule—Thompson cooling is required, but
too much heat can result in evaporation of some of the more volatile analytes,
and reduces sensitivity. Strode and Taylor extensively studied the performance
characteristics of the ELSD for SFC detection [94]. In most of their work, they
used the pre-BPR split interfacing approach. But, in general, most versions of
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the ELSD and CAD are also compatible with total flow introduction.
Applications of SFC/ELSD were reviewed by Dreux and Lafosse [95].

Unlike the FID, the ELSD and CAD operate perfectly well with the intro-
duction of SFC mobile-phase modifiers, which are usually small, polar
organics, and are volatile. However, some mobile-phase additives, such as
citric acid, are not volatile, and can introduce significant baseline noise if
used with one of these detectors. The limit of detection of SFC/ELSD and
SFC/CAD is on the order of 10 ng for most analytes. Though this is not as
low as with detectors such as mass spectrometry, the ELSD and CAD allow
detection of analytes not detectable using UV absorbance, at a reasonable
cost. Figure 4.8 illustrates an LOD of ~25ng for underivatized fatty acids
using SEFC/ELSD [96].

In general, the CAD has been shown to have better sensitivity and a greater
dynamic range than the ELSD [92, 97, 98]. While the ELSD typically has ~2
orders-of-magnitude dynamic range, the CAD has up to 4. The improved
sensitivity and dynamic range of the CAD was demonstrated in a comparison
of separations of polyethylene glycol oligomers using SFC/ELSD and SFC/
CAD [99].

443 Mass Spectrometric Detection

Most of the discussion in the following sections focuses on SFC/MS interfacing
approaches and ionization methods. But it’s important to note that there are
no restrictions in SFC/MS with regard to mass analyzer. Any mass analyzer
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Figure 4.8 Detection limit using UHPSFC/ELSD - 1 pL injection of a solution of 25 pg/mL per
compound. Chromatographic conditions: time (min) 0, 98/2 (A/B), time 0.5, 98/2, time 8,
96/4, time 9, 80/20, time 11, 80/20, time 11, 98/2, time 12, 98/2. Mobile phases: A = CO,,

B = MeOH with 0.1% (v/v) formic acid, flow: 1 mL/min, oven temp.: 25 °C, BPR pressure:

1500 psi, column: HSS C18, 150 % 3.0 mm, 1.8 pm, ELSD with makeup (IPA) flow rate: 0.2 mL/
min, mixture: six free fatty acid standards: O = oleic, Pa = palmitic, L = linoleic,

Pe = petroselinic, E = eliadic, S = stearic. Source: Reprinted with permission from reference
[96]. Copyright 2015 Elsevier.
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used for LC/MS (quadrupole, time-of-flight, ion-cyclotron-resonance,
Orbitrap, and even magnetic sector) can and has been used for SFC/MS.

4.4.3.1 Interfacing and lonization Approaches

Mass spectrometric detection for SFC was an important goal of much research
from the very early stages of work in SFC, both for open-tubular/capillary and
packed column SFC. Most open-tubular/capillary SFC/MS was performed with
total-flow introduction into a conventional chemical ionization (CI) ion source
[100-102]. The total effluent flow of CO, (nearly always pure CO,) was low
enough (a few mL/min of expanded gas), that the CI source operated with little
interference with a standard differentially pumped mass spectrometer. Most
open tubular/capillary SFC/MS was performed with pressure programming.
Conventional CI spectra were delivered over the course of most of the pressure
program, though a mixture of CI and CO, charge exchange ionization (provid-
ing more electron-ionization-like spectra) was sometimes observed at the very
highest pressures and flow rates. Little open tubular/capillary SFC/MS has been
performed since the late 1990s, so this area will not be discussed further.

Early packed column SFC/MS was performed using a number of novel inter-
facing approaches, all designed to make the high flow rate of the SFC system
compatible with the high vacuum of the mass spectrometer. Some, like the
thermospray source [103-107], used high temperature nebulization, ioniza-
tion at relatively high pressures via either thermal processes or high voltage
discharge, and electrostatic fields to enrich the flow of ions into the vacuum
system. Niessen et al. described an interesting study of the use of the repeller
voltage (directing ions into the high vacuum of the mass spectrometer) in the
thermospray source to increase or decrease fragmentation via collisionally
induced dissociation [108]. The thermospray interface proved useful for SFC/
MS. For example, Perkins et al. used thermospray SFC/MS for the analysis of
sulfonamide [105] and veterinary [109] drugs.

The particle-beam interface was another novel approach to couple HPLC
and SFC to mass spectrometry [110]. The effluent is nebulized, and nonvolatile
analytes form particles as the solvent is vaporized. The particles are transmit-
ted to the mass spectrometer ion source via a momentum separator (one or
more nozzle/skimmer combinations), while the vaporized solvent is pumped
from the system in the momentum separator, and does not penetrate to the ion
source. Typically, the particles impact a hot surface in the ion source and are
vaporized. The analytes are ionized with either traditional electron ionization
or chemical ionization. Jedrzejewski and Taylor explored the use of the parti-
cle—beam interface for SEC/MS [111]. They found the combination delivered
library-quality electron ionization spectra with low-ng sensitivities. Both the
particle—beam interface and the thermospray interface used total flow intro-
duction of the SFC effluent.
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These ionization methods hinted at the promise of packed column SFC/MS,
but the thermospray and particle beam interfaces are no longer available com-
mercially. The real explosion in the acceptance and more widespread use of
SFEC/MS came through the atmospheric pressure ionization approaches:
atmospheric pressure chemical ionization, pneumatically assisted electrospray
ionization, and atmospheric pressure photoionization. These atmospheric
pressure ionization methods are all widely available. The respective sources are
designed to be easily interchangeable, and some vendors provide “two-in-one”
sources that can perform both atmospheric pressure chemical ionization and
pneumatically assisted electrospray ionization.

4.43.2 Atmospheric Pressure Chemical lonization (APCI)

In APCI, a high voltage discharge is used to create reagent ions from the
mobile phase, which in turn ionize the analytes [112]. Huang et al. were
the first to describe SFC/MS with ionization at atmospheric pressure with
the use of APCI [113]. These researchers used methanol modifier to per-
form a double duty: both as a mobile phase modifier, and as the source of
reagent ions (via corona discharge) to ionize analytes. Figure 4.9 shows an
illustration of their impressive results, even by later standards: the detection
of 20 ppb of trenbolone from a bovine liver homogenate, with a signal-to-
noise of at least 10.

APCI has been widely used for SFC/MS since Huang et al’s first publication
[114-116], including application to polycyclic aromatic hydrocarbons
[117,118], explosives [119], surfactants [32], petroleum products [120, 121],
and many, many applications to pharmaceuticals [122—-125]. Some have even
advocated that APCI is the most widely applicable of the atmospheric pressure
ionization methods. But many practitioners of pneumatically assisted electro-
spray ionization for SFC/MS are equally optimistic about their ionization
method of choice.

1000 — Figure 4.9 Early SFC/APCI-MS by Huang et al. [113]
4 20 ppb TBOH in liver sh%wing impreZsive results, everil by Iatgr standards:
20 ppb of trenbolone (TBOH) in a bovine liver tissue
homogenate. Internal standard (IS), 19-
nortestosterone, present at 15 ppb. Acquisition was
R IS conducted in selected reaction monitoring (SRM)
mode. Source: Reprinted with permission from
reference [113]. Copyright 1990 Elsevier.
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4.4.3.3 Pneumatically Assisted Electrospray lonization (ESI)

ESI operates under a dramatically different ionization mechanism than does
APCI [126,127]. The effluent passes through an aperture held at high voltage,
with pneumatically assisted nebulization. The effluent droplets are charged,
and the field strength about the droplets increases as solvent evaporates and
the droplet size decreases. Eventually, field strength is so high that analyte and
solvent ions are emitted, through a process called “coulombic explosion” Some
gas-phase chemical ionization is believed to also occur, after ion emission.
Electrospray generally provides lower energy ionization, with less fragmenta-
tion, than does APCIL.

Sadoun, Virelizier, and Arpino (Arpino of early LC/MS fame [128]) were the
first to couple SFC and MS using ESI [129]. Because ESI depends on the forma-
tion of charged solvent droplets, the authors found that SEC/ESI-MS required
the addition of a polar organic modifier to the mobile phase, but this is the
most reasonable approach for the elution of polar analytes using SFC, so is
really not a significant disadvantage. Note that a droplet-forming solvent can
also be added to the effluent postcolumn, if this is more appropriate for the
desired separation. Baker and Pinkston described a “sheath flow interface” for
SEC/ESI-MS which was specifically designed to allow the addition of solvents
and additives to the effluent postcolumn for the optimization of ionization
conditions [48]. Figure 4.10 provides a schematic diagram of their sheath-flow

Pressure regulating

Sheath-flow liquid fluid (methanol) from
(80/20 methanol/1 mM NH,OAc) high pressure syringe pump

Nebulizing
gas (Np)

Fused-silica
capillary

i

From SFC column
- and UV detector

+4 kV Plexiglas®
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Figure 4.10 Sheath-flow interface designed to allow the postcolumn introduction of
solvents and additives for optimizing the ionization process in SFC/ESI-MS [48]. This
interface also shows the use of the pressure-regulating-fluid approach for backpressure
regulation, rather than a mechanical device. Source: Reprinted with permission from
reference [48]. Copyright 1998 Springer Nature.

101



102

4 Detection in Packed Column SFC

interface. More common in recent commercial SFC/MS systems is the simple
addition of a solvent or a solvent/buffer mixture to the effluent at or just after
the pressure regulation point to ensure good mass transfer to the electrospray
source and efficient ionization.

Despite concerns by some practitioners of SFC/APCI-MS, ESI has proven
quite versatile for SFC/MS. Applications range from a wide array of pharma-
ceuticals [130], vitamins [131], polymers [132], surfactants [133], and small
proteins [134]. Only the most nonpolar analytes, such as hydrocarbons, are not
efficiently ionized by ESI. Figure 4.11 shows the base-peak chromatogram and
a few representative ESI spectra from the SFC/MS analysis of a small, “di-
capped” block copolymer [132]. The structure of the small polymer is shown in
the figure. These results were acquired using a 1-m-long column and the
pressure-regulating-fluid interface (see above).
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Figure 4.11 Base-peak chromatogram and a couple of representative ESI spectra from the
SFC/MS analysis of a small, “di-capped” polyethoxylate-polypropoxylate block copolymer
[132]. Base peak chromatogram (top) of the di-capped polymer, and mass spectra of two
components of this mixture: The x =9,y = 1, and z = 24 component elutes at 46.3 minutes
(middle), while the x=7,y =1, and z= 10 component elutes at 28.8 minutes (bottom).
Source: Reprinted with permission from reference [132]. Copyright 2002 Springer Nature.
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4.4.3.4 Atmospheric Pressure Photoionization (APPI)

Photoionization has been shown in LC/MS and SFC/MS to be especially useful
for nonpolar analytes that are not efficiently ionized by APCI or ESI [78, 79, 135].
The mobile phase modifier can act as the “dopant” which is ionized, and then
in turn ionizes the analyte molecules, or another dopant can be added. APP],
though not as widely used as APCI or ESI, is quite versatile. Mejean et al., for
example, examined the determination of tocopherols and tocotrienols (vita-
min E congeners) in soybean oil using SFC/MS with APPI [136]. They found
that APPI outperformed APCI and ESI.

444 Postdecompression Detection Using Less Common
Approaches - Deposition IR

Rapid elimination of the primary mobile phase component in SEC allows the
coupling of SFC with less common, novel methods of detection. For example,
a number of researchers have explored SFC/deposition FTIR [33, 137-143],
where the SFC effluent is deposited on a surface, the mobile phase is rapidly
removed, and the chromatographic separation is preserved in space, rather
than in time. An IR microscope is used to acquire IR spectra of the separated
components. A distinct advantage of this approach is removal of the normal
time constraints of online chromatographic detection, so that long acquisition
times can be used to improve the signal-to-noise ratio for low concentration
components, and interesting regions of the chromatographic separation can be
re-examined at later times. Furthermore, potential interference from a mobile-
phase modifier in the IR region is removed.

Examples of applications of SFC/deposition FTIR include polycyclic aro-
matic compounds in a coal tar pitch [144], pharmaceuticals (sulfanilamides
[145]), polymer additives [143, 146], and complex mixtures of aliphatic and
phenolic carboxylic acids [147]. Searchable spectra were acquired for sub-ng
quantities of strong IR absorbers, such as caffeine [142].

4.5 Concluding Remarks

SEC is indeed a friend to many detectors as described in this chapter’s intro-
duction. In its various implementations, the SFC mobile phase is compatible
with a wider range of detectors than either GC or HPLC alone, ranging from
GC-style, flame-based detectors, to condensed phase detectors common in
HPLC, to powerful mass spectrometric and spectroscopic detectors. Coupling
SEC to detectors operating at atmospheric or lower pressures can be challeng-
ing. A variety of interfacing approaches have been described here, and all have
advantages and limitations. But the compatibility of SFC with a wide array of
detectors has been, and will continue to be, one of its chief advantages.
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5.1 Introduction

Chromatographic enantioseparations are critical to many areas of pharmaceu-
tical discovery and development. They are used to analyze synthetic starting
materials, evaluate asymmetric reactions or crystallizations, study drug
metabolism, and determine enantiomeric purity of reaction intermediates and
final products. The technique is also used extensively for the preparative reso-

lution of enantiomers.

Resolution of enantiomers can be achieved indirectly or directly. Indirect
chromatographic resolution involves derivatization of the enantiomer/race-
mate to form a pair of diastereomers, followed by separation on an achiral
stationary phase. This approach requires high enantiomeric purity of the

Modern Supercritical Fluid Chromatography: Carbon Dioxide Containing Mobile Phases,

First Edition. Larry Miller, David Pinkston, and Larry Taylor.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.
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derivatizing agent and time for diastereomer formation. To achieve direct
enantiomeric resolution, a source of chirality must be introduced into the
chromatographic system through either the addition of a chiral agent to
the mobile phase, or preferably the use of a chiral stationary phase (CSP).
To achieve a chiral separation, three points of interactions are required, one of
which must depend on stereochemistry [1]. The interaction between the
analyte and the CSP creates a transient diastereomer complex. Ideally the dias-
tereomer complex formed by one enantiomer will have different free energies
relative to the complex formed by the other enantiomer, thereby resulting in
differences in retention, and affording a separation. This is illustrated in
Figure 5.1. The enantiomer depicted on the top has a spatial orientation that
allows three points of interactions (n—= stacking and two H-bonding) with the
chiral stationary phase (left). The opposite enantiomer, depicted on the bottom,
has a spatial orientation that allows only two points of interactions with the
phase (second H-bonding interaction is not possible). The top enantiomer has
stronger interactions with the phase, and will be more retained relative to the
bottom enantiomer. Advances in CSP design and stability as well as chroma-
tography equipment have made the use of chiral stationary phases the method
of choice for chromatographic resolution.

Chiral chromatographic resolution using HPLC has been used in the
pharmaceutical industry since the first separations were reported in the 1980s

(x)
(Y) «— (V) © Silica

gel
D +—@

(0
W—C
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Figure 5.1 Interaction between chiral stationary phase (left) and both enantiomers of a
biphenyl derivative (right).
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[2—-4]. Recently supercritical fluid chromatography (SFC) has become the pre-
dominant technique for chiral analysis and resolution, especially in pharma-
ceutical research [5-8]. While SFC was developed over 50years ago, it is only
during the past 15-20years that it has become routine. Mourier and coworkers
first reported an example of enantiomer separations using packed column SFC
in 1985 [9]. Numerous authors have published reviews of enantioseparations
using SFC [5, 10-13].

Throughout this chapter, the term “racemate” is used to describe the com-
pounds being resolved. The techniques described in this chapter are relevant
for any mixture of enantiomers, not just racemates.

5.2 Chiral Stationary Phases for SFC

There are currently hundreds of chiral stationary phases (CSPs) on the market.
The main types are (i) polysaccharides [14—16], (ii) “Pirkle” type [17, 18], (iii)
proteins [19], (iv) cyclodextrin [20, 21], and (v) macrocyclic glycopeptide [22].
Each of these phases have different characteristics, are designed to operate
under specific operating conditions, and are able to resolve a different range of
racemates. Characteristics for the five most popular types of CSP are summa-
rized in Table 5.1 and structures of some of them are shown in Tables 5.2-5.4.
While each type of CSPs (excluding protein based) has been evaluated with
SEC, the main types currently used in SFC operation are polysaccharides and
Pirkle phases. These two types of CSP are also widely used for HPLC enanti-
oseparations. Their wide use is due to their ability to resolve a wide range of

Table 5.1 Characteristics of chiral stationary phases (CSP).
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Immobilized Pirkle Protein Macrocyclic
Polysaccharides polysaccharides type based Cyclodextrin Glycopeptides

Solvent Severe Very few Very few Reversed Very few Very few
limitations phase only

Loadability High Medium Medium Verylow Low Medium

Range of  High High Low Medium Low Medium
resolution

Large Yes Yes Yes No 2cmid. 2cmid. and

column and less less
sizes/bulk
availability
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Table 5.2 Polysaccharide based, coated chiral stationary phases.

OR OR
0 (0]
RO RO ©
OR
OR o .
n

Amylose Cellulose

R Group Amylose based

Cellulose based

Chiralpak AD (CT)
Amylose-1 (YMC)

I - i ~
)‘\N CH
H 3

ChromegaChiral
CCA (ES)
RegisPack (Regis)

tris (3,5-dimethylphenylcarbamate)

O

)‘\CH3

Cellulose triacetate
Chiralpak AZ (CT)

Cl
CH
)‘\N
H

tris
(3-chloro-4-methylphenylcarbamate)

)

Cellulose tribenzoate

Chiralcel OD (CT)
Cellulose-1 (YMC)

ChromegaChiral
CCO (ES)

RegisCell (Regis)
Lux Cellulose-1
(Phenomenex)

Chiralcel OA (CT)

ChromegaChiral
CC4 (ES)

Chiralcel OB (CT)
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5.2 Chiral Stationary Phases for SFC

(o] CHg
)J\ N
H
tris (S)-a-methylbenzylcarbamate

j¥s

tris (phenylcarbamate)

Cl
O
)J\N/ i
H
CHj

tris
(5-chloro-2-methylphenylcarbamate)

o

tris (4-chlorophenylcarbamate)

CH
P
H

tris (4-methylphenylcarbamate)
(0]

CHj
tris (4-methylbenzoate)
(e}
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Cellulose tricinnamate

Chiralpak AS (CT)

ChromegaChiral
CCs (ES)

Chiralcel OC (CT)

Chiralpak AY (CT)

ChromegaChiral
CC3 (ES)

Lux Amylose-2
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RegisPack CLA-4
(Regis)

Chiralcel OF (CT)

Chiralcel OG (CT)
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ChromegaChiral
CCJ (ES)

Lux Cellulose-3
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(Continued)
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Table 5.2 (Continued)
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CH
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H
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CT = Chiral Technologies.
ES = ES Industries.
Regis = Regis Technologies.
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Table 5.3 Pirkle type chiral stationary phases.
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Table 5.3 (Continued)
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Table 5.4 Polysaccharide based, immobilized chiral stationary phases.

R Group
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Chiralpak IH (CT)
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racemates. In addition, many of the chiral SFC methods are developed for ulti-
mate scale-up to preparative separations. Polysaccharide and Pirkle type CSPs
have high-loading capacities which are critical for preparative resolutions.
Additional details can be found in Chapter 7. The most commonly used poly-
saccharide based CSP are shown in Table 5.2 while the most commonly used
Pirkle type CSP are shown in Table 5.3. Additional CSP such as cyclofructan
[23] and cation exchange type [24, 25] have been recently introduced to the
market. While these have been evaluated, they are not routinely used for SEC
separations.

While polysaccharide-based based CSP have the ability to resolve a wide
range of racemate structures, they have limited solvent compatibility. Most
polysaccharide based chiral selectors are adsorbed on silica rather than bonded
to the silica. This means that the phase can be dissolved and washed off the
silica if a noncompatible solvent is used. Noncompatible solvents include, but
are not limited to, ethyl acetate, toluene, dichloromethane, and tetrahydro-
furan. This limitation has been eliminated through the introduction of immo-
bilized polysaccharide-based CSPs (Table 5.4) which have no solvent
restrictions and have proven useful when selectivity cannot be obtained using
typical SFC modifiers. As one might expect, immobilized CSPs are not only
useful for analytical-scale chiral separations but are also useful for preparative
separations in which the racemate has poor solubility in traditional SFC modi-
fiers [26]. Additional information on immobilized CSPs is provided later in this
chapter.

Currently the vast majority of chiral SFC separations are performed using
3 and 5pm particles. The past 10years have seen tremendous advances in
particle design for LC applications. These advances include sub-2pm and
superficially porous silica (SPS) stationary phases. The advantages of SPS
over fully porous silica (FPS) are well documented and include significantly
higher efficiency and shift to higher optimal flow rates [27-29]. The use of
SPS for LC chiral separations has also been investigated [30]. Recently the
use of SPS for SFC chiral separations has also been investigated [31]. Columns
made with sub-2 pm particles can be shorter and have efficiencies compara-
ble to longer columns with larger particles. Use of smaller particle phases
results in higher plate number and increased resolution, or in faster analysis
times and reduced solvent use with the same resolution. Recent publications
have discussed the use of sub-2 pm particles for chiral SFC separations [32].
Both SPS and sub-2pum particles offer the potential of ultrafast chiral SFC
separations (on the order of seconds). While their use is currently limited to
niche applications and research for a number of reasons (including SFC sys-
tem limitations and limited stationary phase offerings), usage should increase
once these are addressed.
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5.3 Chiral SFC vs. Chiral HPLC

Over the past decade, SFC has become the technique of choice for chromato-
graphic resolution of enantiomers. Despite some statements to the contrary,
SFC does notroutinely offer improved selectivity relative to HPLC. Nevertheless,
SEC offers a number of important advantages over HPLC for chiral separations.
These include the following:

Increased flow rate shortens time for analysis and method development
Reduced organic solvent use

Lower separation costs

Miscibility of methanol and acetonitrile with carbon dioxide (in comparison
to heptane) allows increased method development options relative to nor-
mal phase HPLC

e Acidic nature of carbon dioxide based eluent mixtures eliminates need for
acidic additives during separation of slightly acidic racemates

As discussed earlier, the low viscosity of carbon dioxide results in a lower
pressure drop, which allows higher flow rates before system pressure limita-
tions are reached. Higher solute diffusivity in supercritical fluid mobile phases
results in higher mass transfer rates. The resulting improved C-term in the Van
Deemter equation allows increased flow rates without sacrificing efficiency.
Typical chiral separations using SFC are three to five times faster than HPLC.
Several examples of rapid separations are shown in Figure 5.1. It is not unusual
to routinely achieve separations in less than 60 seconds. All separations shown
in Figure 5.2 use 4.6 mm i.d. x100 mm length columns packed with 5pum parti-
cles. Use of shorter columns and smaller particles, including superficially
porous particles, has allowed separations in under 30seconds [31, 33, 34].

The interactions required for chiral resolution are complex, making predic-
tion of conditions that afford enantioseparation difficult. Standard practice
involves screening a number of stationary and mobile phases during the
method development process. Additional information on method develop-
ment can be found later in this chapter. The high flow rates and reduced
equilibration times characteristic of SFC allow faster method development.
The operator therefore has the ability to perform more analyses per instru-
ment; reducing equipment, operation and maintenance costs as well as labora-
tory space requirements.

While the use of carbon dioxide offers chromatographic advantages of
speed and reduced solvent consumption, its presence can also impact enanti-
oselectivity. Figure 5.3a shows the HPLC and SFC separation of propranolol.
HPLC analysis using Chiralcel OD and a mobile phase of methanol w/0.2%
diethylamine does not yield an enantioseparation. Keeping all conditions the
same and adding 75% CO, to the mobile phase (i.e. SFC conditions) we see a
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Figure 5.2 Examples of rapid chiral resolutions. Conditions for all analyses: column
dimensions 4.6 x 100mm, 5 um, flow rate of 5mL/min, 100 bar back pressure. 10 pl of 1 mg/mL
methanol solution is injected. (a) Warfarin, Chiralpak AD-H 55% ethanol, (b) Chlormezanone,
Chiralpak AD-H 50% IPA, (c) Althiazide, Chiralpak AD-H 50% IPA, (d) Benzyl mandelate,
Chiralpak AD-H 45% methanol, and (e) Flurbiprofen, Chiralpak AD-H 30 methanol.

baseline separation of the enantiomers. The opposite effect is seen in
Figure 5.3b for the separation of alpha-methyl-alpha-phenylsuccinimide; addi-
tion of CO, to the mobile phase results in a reduction of selectivity. Based on
polarity, one would expect retention to increase when nonpolar CO, is added
to the mobile phase. The separation of chlormexanone in Figure 5.3c, however,
shows this to not always be the case. Here, the addition of CO, to the mobile
phase results in a decrease in retention. These examples show that carbon
dioxide does not act as an uninvolved component of the mobile phase (as one
might consider the carrier gas in GC) for SFC enantioseparations. It can
increase or decrease selectivity and/or retention. The examples in Figure 5.3 all
use polysaccharide based CSPs. It appears that the introduction of CO, results
in changes to the tertiary structure of the stationary phase, which is evident by
the changing retention and selectivity.
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Figure 5.3 Impact of CO, on enantioselectivity. Conditions for all analyses: column
dimensions 4.6 x 100 mm, 5 pm, 2 mL/min. 10 pul of 1 mg/ml methanol solution is injected.
Chromatogram A: Resolution of propranolol, Chiralpak OD-H, methanol w/0.2%
diethylamine. Chromatogram B: Resolution of a-methyl-a-phenylsuccinimide, Chiralcel
OJ-H, ethanol w/0.2% diethylamine. Chromatogram C: Resolution of chloromexanone,
Chiralpak AD-H, ethanol w/0.2% diethylamine.

5.4 Method Development Approaches

The complexity of interactions between analyte and the mobile and stationary
phases make it difficult to predict conditions that will resolve a racemate,
especially for polysaccharide-based phases. Spectroscopic studies have been
performed as part of mechanistic studies on chiral discrimination on polysac-
charide phases [35]. While some reports of successful separation prediction
have been reported for polysaccharide CSP, it is difficult, if not impossible, to
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predict the best separation conditions. Given the limited success of making
useful predictions about selectivity on most CSPs, the standard practice is to
screen a set of chiral phases along with multiple mobile phases. Successful pre-
dictions, on the other hand, have been accomplished with Pirkle type CSP,
which have less complex structures and interactions relative to polysaccharide
CSP [36, 37].

It is known that minor structural changes can have a large impact on enan-
tioselectivity. This is illustrated in Table 5.5 that lists the resolution of a series

Table 5.5 Effect of structural changes on enantioselectivity.

N N F N N

R- = ‘ = ‘ = l =

XN X . X N X

F

Chiralpak 0.00 0.973 3.45 4.00

IC — MeOH/

DEA

Chiralcel 4.579 2.145 3.448 4.406

OZ - MeOH/

DEA

Chiralpak 1.157 2.367 0.00 2.344

AD — MeOH/

DEA

Chiralcel 4.142 2.92 4,084 4.372

OZ - 1PA/

DEA

Chiralpak 1.813 3.715 1.942 1.18

AD - IPA/

DEA
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of closely related racemates under identical SFC conditions. The racemates
are identical except for minor changes in the left side of the molecule. The
changes include location of a fluorine on the pyridine ring as well as replace-
ment of the fluorine with a chlorine. Even though the changes are five to six
carbons removed from the chiral center, they greatly impact enantioselectiv-
ity. This is best illustrated in the first row for separation using a Chiralpak IC
CSP and methanol-diethylamine modifier. When the fluorine is para to the
nitrogen, no separation is observed. Moving the fluorine to the ortho posi-
tion results in an increase in resolution, but baseline separation is not
obtained. With the fluorine in the meta position, resolution increases drasti-
cally. When analyzed using a Chiralpak AD CSP and methanol-diethylamine
modifier, no separation is seen for the meta analog while the best resolution
is observed with the ortho analog. Similar changes are observed for the meta-
compound when the fluorine is replaced with a chlorine. This is a good
illustration of the need to perform method development for all chiral SFC
separations.

The choice of CSP can also greatly impact enantioselectivity; at times the
impact can be as large as to result in reversal of elution order. This is shown in
Figure 5.4 for the separation of an ~10:1 mixture of R:S benzyl mandelate.
Using a Chiralpak AD and Chiralcel OJ CSP (chromatograms A and C) the
minor enantiomer elutes first. With a Chiralpak AS CSP (chromatogram B),
the minor enantiomer elutes second. Elution order reversal is common when
using different CSPs, and has also been observed when using the same CSP and
different mobile-phase modifiers.

5.4.1 Modifiers for Chiral SFC

Most pharmaceutically applicable compounds analyzed by SFC are moderately
polar, and CO, alone as a mobile phase is insufficient for elution from a chro-
matographic column. In most cases, the addition of a polar modifier is required.
For chiral separations, the modifier is most often a low molecular weight alco-
hol such as methanol, ethanol, or isopropanol. Acetonitrile has also been
shown to be useful for chiral resolution. In addition to the solvents listed above,
nontraditional modifiers can be used. The use of nontraditional modifiers will
be discussed later in this chapter. When working with nonpolar racemates,
traditional alcohol modifiers can be too polar, resulting in compounds having
no retention. Some researchers have even evaluated using mixtures of heptane
or hexane with isopropanol as an SFC modifier to reduce mobile phase polarity
and achieve retention [38].

The choice of modifier can have a drastic impact on chiral recognition.
For example the modifier can impact the tertiary structure of the polysac-
charide based CSPs, resulting in changes in enantiomer/CSP interactions,
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Figure 5.4 Example of elution reversal (~10/90 mix of S/R Benzyl Mandelate). Conditions for
all analyses: Column dimensions 4.6 x 100 mm, 5 pm, flow rate of 5mL/min, 100 bar back
pressure. Chromatogram A: Chiralpak AD-H, 10% methanol w/0.2% diethylamine.
Chromatogram B: Chiralpak AS-H, 5% methanol w/0.2% diethylamine. Chromatogram

C: Chiralcel OJ, 10% methanol w/0.2% diethylamine.

which may result in enantioselectivity changes. Figure 5.5 shows the impact
of modifier on the chiral resolution of «a-(2,4-dichlorophenyl)-1H-
imidazole-1-ethanol. While separation is observed with all four modifiers,
the degree of separation varies. For the alcohols, the best separation is seen
with methanol, whereas enantioselectivity decreases with ethanol and the
poorest separation is seen with isopropanol. Higher enantioselectivity is
seen with acetonitrile as the modifier; but the amount of modifier required
for elution (45%) is higher than that required with alcohol modifiers (20%).
Note that acetonitrile, while polar, differs from methanol rather drastically
as acetonitrile is not a hydrogen-bond donor (although it can be an H-bond
acceptor).

5.4.2 Additives for Chiral SFC

SFC analysis of strongly acidic or basic racemates using only carbon dioxide
and typical organic mobile phase modifiers may result in poor peak shape due
to strong interactions between the CSP and the analyte. Addition of a basic (for
basic racemates) or acidic (for acidic racemates) additives to the mobile phase
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(a) 20% methanol (b) 20% ethanol
w/0.2% DEA w/0.2% DEA
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20% isopropanol (d) 20% acetonitrile
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Figure 5.5 Impact of modifier on enantioselectivity of a-(2,4-Dichlorophenyl)-1H-
imidazole-1-ethanol. Conditions for all analyses: Chiralpak AD-H, 4.6 x 100 mm, 5 um, flow
rate of 5mL/min, 100 bar back pressure. Modifier: (a) 20% methanol w/0.2% diethylamine,
(b) 20% ethanol w/0.2% diethylamine, (c) 20% isopropanol w/0.2% diethylamine, and

(d) 45% acetonitrile w/0.2% diethylamine.

can result in improved peak shapes. For basic racemates typical additives
include diethylamine, trimethylamine, isopropylamine, ammonium hydroxide,
or others [39]. Under SFC conditions, it has been demonstrated that carbon
dioxide can interact with aliphatic alcohols such as methanol, forming carbon-
ate species. These species have pKa values less than four [40]. Due to the pres-
ence of the acidic carbonate species in the SFC mobile phase, an acidic additive
may not be needed for moderately acidic racemates. This is illustrated in
Figure 5.6 for the analysis of a racemate containing an acidic sulfonamide.
During HPLC method development, tailing peaks were observed for a neutral
mobile phase. Trifluoroacetic acid was added to the mobile phase to improve
peak shape (chromatogram B). Under SFC conditions, an acidic additive was
not necessary (chromatogram A) to achieve good peak shape. However, for
more acidic compounds, it may be necessary to add acid at low levels (<0.5%)
to the SFC modifier. Typical acidic additives include trifluoroacetic acid, acetic
acid, or formic acid [41, 42].

De Klerck et al. have reported on the simultaneous use of acidic and basic
additives in chiral SFC [43]. Their work showed that compared to individual
additives, an increase in enantioselectivity can occur when combining trif-
luoroacetic acid and isopropylamine in the SFC mobile phase. It is impor-
tant to keep in mind that the combination of acidic and basic additives can
also lead to the formation of salts between the two additives. This is
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Chromatogram A

SFC, no acidic additive

0 1 2 3 4 5
Time (minutes)

Chromatogram B NPLC, 0.2% TFA

0 2 4 6 8 10
Time (minutes)

Figure 5.6 HPLC and SFC separation of moderately acidic racemate. Chromatogram A:
Analytical SFC Separation: Chiralpak AD-H, 4.6 x 100 mm, 20% methanol/80% CO,, 5 mL/
min. Chromatogram B: Analytical HPLC separation: Chiralcel OD-H, 4.6 x 100 mm, 20%
ethanol w/0.2% trifluoroacetic acid/80% heptane, T mL/min.

especially important if a method for purification is being developed, as these
salts are nonvolatile and remain mixed with the isolated enantiomers after
purification.

5.4.3 Nontraditional Modifiers

Silica-coated polysaccharide CSPs are the most widely used phases for SFC reso-
lution of enantiomers. However, as noted earlier, these coated CSPs have severe
solvent restrictions due to the derivatized cellulose or amylose being simply
adsorbed onto the silica gel. Contact with certain solvents (i.e. ethyl acetate, tet-
rahydrofuran, and methylene chloride) results in dissolution of the cellulose/
amylose polymer and loss of resolution and/or column destruction. This limita-
tion reduces mobile phase modifier choices. The introduction of immobilized
cellulose/amylose CSPs increases the range of solvents that can be explored dur-
ing the method development process [44]. The increased choices for solvents are
especially important in preparative purifications in which compound solubility
in the mobile phase has a major impact on purification productivity.
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Chromatogram A

20% methanol
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0 1 2 3 4 5
Time (minutes)

Figure 5.7 SFC separation of benzoin ethyl ether. All analyses performed on Chiralpak IA
(4.6x100mm), 5mL/min, 100 bar BPR. The following modifiers were utilized: Chromatogram
A, 20% methanol; Chromatogram B, 20% isopropanol; and Chromatogram C, 20% ethyl acetate.

Nontraditional solvents have been used for HPLC analysis and purification
for greater than 15 years [26]. Only recently have nontraditional modifiers been
explored for SFC separations [45—48]. The advantage of using nontraditional
modifiers is illustrated in Figure 5.7 for the resolution of benzoin ethyl ether.
Using a Chiralpak IA CSP and methanol modifier, enantioselectivity is
not achieved. Switching to isopropanol, minor enantioseparation is obtained
(Rs =1.08). When ethyl acetate, a nontradition modifier is used, a large increase
in enantioseparation is observed (R, =3.84).
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5.4.4 Method Development Approaches

The goal of chiral method development is to determine chromatographic
conditions that provide a suitable separation as quickly as possible. There are
currently more than 100 commercially available chiral columns. Evaluation of
all available CSPs, along with a number of modifiers, is time consuming and
expensive, and is usually not necessary. Numerous laboratories have evaluated
optimization of method development approaches [7, 8, 49—52]. The majority of
these approaches were optimized for analytical scale SFC enantioseparations.
Additional information on preparative method development approaches
is discussed in Chapter 7. The majority of published approaches use
polysaccharide-based CSP as they have been shown to resolve the largest
range of racemates. Most screening strategies use gradient elution; this allows
one strategy to be used for the analysis of a large number of compounds with a
range of polarities. In addition, screening strategies are not designed to achieve
baseline resolution, but to identify conditions that serve as a starting point for
further optimization.

Early method development strategies often used four to six CSPs (5 pm)
and two or three modifiers. Examples of this approach include Miller and
Potter [8] as well as White [7]. The results of one approach, for a proprietary
structure, are shown in Figure 5.8. Gradient screens were performed on five
CSPs. The best gradient separation was then converted to isocratic

o 1+ 2 3 4 50 1 2 383 4 50 1 2 3 4 5

Time (minutes) Time (minutes) Time (minutes)
_OJ_JL_—A ;__ﬂ—
0 1 2 3 4 5 o 1 2 3 4 5
Time (minutes) Time (minutes)
/

|
/f
Chiralpak AD _//
20% mgthanol 0 1 5 3 4 5 <__/
5 mL/min ) .

Time (minutes)

Figure 5.8 Method development example. Gradient conditions: 5-55% methanol over
210 seconds, hold at 55% for 60 seconds. Flow rate of 5mL/min, column dimensions:
4.6x100 mm, 5pm.
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conditions: Chiralpak AD, 20% methanol. These screening strategies use
SFC advantages of higher flow rates as well as reduced equilibration times to
allow screening times of 60—90 minutes or less. More recent reports of SFC
method development optimization have identified a smaller number of CSP
and modifier combinations (four to eight) that give a high probability of
achieving enantioselectivity. Some of these approaches are summarized in
Table 5.6. De Klerck [52] was able to baseline resolve 19 racemates from a 20
compound library. Hamman [51] demonstrated that the use of six CSPs with
one modifier was able to resolve 78 out of the 80 racemates with 51 being
baseline resolved. More recent method optimization takes advantages of
second generation SFC equipment that allows the use of smaller particle
(3 pm) with smaller i.d. columns [51, 53] and/or shorter columns [49]. While
these approaches may result in shorter method development times, their
greatest advantage is an increase in sensitivity combined with reduced sol-
vent requirements.

Similar method optimization has been performed for immobilized CSP,
including the work of De Klerck [54], DaSilva [47], and Lee [48]. As the range
of solvent possibilities using immobilized phase is significantly larger than with
coated phases, the number of methods to be explored is higher, and method
development time is longer. Additional method development strategies have
been developed and published by the column manufacturer [55].

Table 5.6 Method development strategies.

Reference cspP Modifier
De Klerck et al.” Chiralpak OZ-H or Lux Cellulose-2 20% methanol®
Chiralpak AD-H 20% isopropanol”
Chiralcel OD-H or Lux Cellulose-1 20% methanol”
Lux Cellulose-4 20% isopropanol”
Hamman et al® Chiralpak AD Ethanol w/0.1%
Chiralpak AS NH,OH
Chiralpak AY
Chiralpak ID
CC4
Whelk-O

“De Klerck et al. [52].
bWith 0.1% isopropylamine and trifluoroacetic acid.
‘Hamman et al. [51].



5.5 High Throughput Method Development

One advantage of SFC over HPLC is the lower mobile phase viscosity,
which results in lower column pressure drops. The lower pressures allow the
use of longer columns, or coupling of columns to achieve separations.
Column coupling can use columns of different chiral phases [56] or an achi-
ral phase coupled to a chiral phase [57, 58]. Zhang and coworkers [59] devel-
oped a unique application of column coupling. The technique entitled
“simulating moving columns” uses two or three short chiral column in series.
Once both enantiomers elute from the first column, a series of valves allow
the first column to be placed at the end of the second or third column. This
process is repeated until sufficient resolution is achieved. Using this tech-
nique a simulated column length of 490 cm achieved an efficiency of 320000
theoretical plates.

5.5 High Throughput Method Development

Initial screening of packed column SFC for chiral method development can be
extremely rapid; often completed in less than one hour. In laboratories that
develop a large number of methods, higher throughput approaches must be
used. One such high throughput method is parallel SEC [60, 61]. A parallel SFC
system is designed to divide mobile phase flow equally across a number of
columns. Each of these columns is connected to an individual detector, most
often UV based. Existing commercial parallel SFC systems use either five
(Waters) or eight (Sepiatec) columns. An example of an eight column, eight
modifier (64 separate methods) parallel screen of trans stilbene oxide is shown
in Figure 5.9. Method development times can be as rapid as 1 minute/method
using parallel SFC equipment.

Another high throughput method development approach is sample pooling
[62]. With this technique multiple racemates are combined into one vial, sub-
mitted to SFC method development, and a MS detector used in addition to
UV-visible detection to add a layer of analyte-specific information. An exam-
ple of this technique is shown in Figure 5.10 for the chiral separation of clenb-
uterol, pindolol, athiazide, and propranolol. As seen in Figure 5.10, the
cumulative UV and MS traces for this separation are difficult to interpret, but
when the specific mass of each racemate is extracted, the separation is easily
visualized. This technique has the advantage of reducing method development
time, but requires an SFC system equipped with a mass spectrometer. Another
limitation of sample pooling is that it is difficult to determine which racemate
contains impurities that are observed (e.g. the peak near 1.00 minutes in the
total ion chromatogram in (B) in Figure 5.10). In these situations each racemate
must be injected individually, essentially negating the time-saving advantage of
simultaneous racemate screening.
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Figure 5.9 Parallel SFC screening example of chiral resolution of trans stilbene oxide. Columns are a mixture of amylose and cellulose chiral phases,
4.6x250m, 3 and 5pm. Modifiers: (1) 10% ethanol, (2) 5% ethanol, (3) 10% isopropanol, (4) 5% isopropanol, (5) 10% acetonitrile with 5% (v/v)
methanol, (6) 5% acetonitrile with 5% (v/v) methanol, (7) 20% methanol, and (8) 10% methanol. Source: Data courtesy of Sepiatec.



5.6 Summary

UV Detection

Chromatogram A
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Figure 5.10 Sample pooling separation of clenbuterol, pindolol, althiazide, and
propranolol. Chiralpak AD-H, 4.6 X 100 mm, 5 mL/min, 100 bar BPR. Modifier: methanol
w/0.2% diethylamine. Gradient conditions: 5% for 30 seconds, from 5 to 50% over
3.5minutes, held at 50% for 1 minute. Chromatogram A: UV trace (total response from 210
to 400 nm). Chromatogram B: ES+ total ion current trace. Chromatogram C: Extracted from
the mass spectra for selected m/z ranges.

5.6 Summary

SEC is the most efficient and effective approach for developing chromato-
graphic methods for enantiomer resolution. The speed advantages of SFC rela-
tive to HPLC allow routine development of SFC methods in less than one hour.
For the past 15years SFC has been the preferred method for enantiosepara-
tions in support of pharmaceutical discovery. With advances offered by the
newest generation of SFC equipment and columns, the use of SFC will also
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6.1 Introduction

Most new practitioners of SFC will enter the field with some previous experi-
ence in chromatography. While some will have practiced gas chromatography,
it is likely that the majority have worked with high performance liquid chroma-
tography (HPLC). Method development in HPLC can be complex. It involves
choices from myriad stationary phases, mobile phase compositions, gradient
designs, not to mention multiple methods of detection. There are hundreds of
choices among C18 stationary phases alone, each with slightly different reten-
tion characteristics. Mobile phases can be aqueous or nonaqueous, and include
a wide range of acidic, neutral, and basic additives. Despite these complexities,

Modern Supercritical Fluid Chromatography: Carbon Dioxide Containing Mobile Phases,
First Edition. Larry M. Miller, J. David Pinkston, and Larry T. Taylor.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.
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many practitioners of HPLC develop great expertise in method development,
and true optimization of methods is facilitated by software programs, which
are widely used.

Method development and optimization in HPLC are indeed complex, yet
SEC presents even greater complexity because of the added importance of col-
umn temperature and system pressure, and the impact of these parameters on
mobile-phase density. These two variables provide the opportunity for more
easily adjusting selectivity in SFC than in HPLC, but they also make method
development and optimization even more challenging in SFC than in HPLC.
This chapter provides systematic guidance for method development in SFC,
starting with the nature of the mixture to be separated, to choices in stationary
phases and in mobile phases. Finally, a method development flow chart (a so-
called “decision tree”) provides reasonable starting-point conditions for SFC
separations of a variety of analytes.

6.2 The Mixture To Be Separated

The first step in developing any separation should be a careful consideration of
the mixture to be separated. This may appear to be obvious, but practitioners
sometimes try to force-fit a generic method that has worked in the past, without
considering the range of compound polarities and intermolecular interactions
present in the mixture to be separated. Let’s review how relatively simple princi-
ples can be used to make intelligent choices in the method development process.

6.2.1 Molecular Interactions

Molecules exhibit polarity due to unequal sharing of electrons by their con-
stituent atoms. It’s a fundamental property of molecules, of mobile phases, of
stationary phases, and of chromatographic supports. Polarity can, at first
glance, explain many of the retention mechanisms of chromatographic separa-
tions. In broad strokes, most SFC separations are normal phase separations,
and operate within a polarity “window”: The stationary phase is a bit more
polar than the mixture to be separated, and the mobile phase is a bit less polar.
In fact, the mobile phase in ANY chromatographic method should be a medio-
cre solvent for the analytes to be separated. If the mobile phase is too strong a
solvent, partitioning between the mobile phase and stationary phase is pre-
vented, and the solute elutes as an unretained peak. If the mobile phase is too
weak of a solvent, the solute take far too long to elute from the column.

But beyond polarity, there are many more fundamental intermolecular inter-
actions that the chromatographer should consider when choosing a mobile
phase and a stationary phase. In order of increasing strength, these include
dispersion interactions (also called London dispersion forces or van der Waals
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forces) between nonpolar groups, induction forces, dipole-induced dipole,
dipole—dipole attraction, forces involved in hydrogen bond donation and
acceptance, and ionic interactions [1]. Stearic interactions are special cases
where one or more of these interactions occur between stationary phase and
solute because of specific spacing and arrangement in space. A clear example
of the latter type of interaction is chiral chromatography, described in
Chapter 5.

6.2.2 Molecular“Handles”

With these potential interactions in mind, consider the solutes within the mix-
ture to be separated. Are they nonpolar, polar, ionic? As a first indication, in
what solvents are they soluble? Are dispersion forces likely to be an important
aspect of the potential interactions the solutes will exhibit? What about dipole
interactions, or even hydrogen bonding? What are the molecular weights or
sizes of the solutes? Are chiral or stearic differences important? Finally, but just
as importantly, are the solutes reactive? At what temperature will they begin to
decompose?

In summary, what are the molecular “handles” one may take advantage of to
accomplish the desired separation? These features dictate reasonable choices
in terms of stationary phases, mobile-phase modifiers, additives, and operating
temperatures.

Regarding the range of molecular “handles” that are accessible and useful in
SFC, a slow and quiet revolution has taken place over the past few decades. In
the early days of SFC, especially when pure CO, was chosen as the mobile
phase, only nonpolar solutes [2], or solutes that were derivatized to render
them nonpolar [3], had sufficient solubility in CO, to be eluted, even with
highly deactivated open-tubular columns. As mobile-phase modifiers, such as
small alcohols, were introduced to provide greater polarity and hydrogen
bonding capabilities to the mobile phase [4], much more polar solutes were
separated and eluted, such as, for example, sugars [5]. In recent years, practi-
tioners of SFC have become adept in choosing low concentrations of addi-
tives, designed to provide specific molecular interactions with the stationary
phase or the analyte, though present at only low levels. Examples include
small acids and small amines [6], volatile salts [7], ammonium hydroxide [8],
and low concentrations of water [9]. This has opened up SFC to applications
never imagined by early practitioners, even including small proteins with
molecular masses up to 4000—5000 Da [10, 11]. Once alcohol modifiers were
introduced, a long-held rule of thumb was that only solutes soluble in metha-
nol or less polar solvents were amenable to SFC. But this adage has not held in
recent years. When additives are chosen with strategic attention to the molec-
ular interactions present in the solute/stationary phase/mobile phase system,
this limitation no longer applies.
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6.3 Achiral SFC Stationary Phases

At first glance, choosing a column for an SFC method can be a daunting task,
even when only considering “traditional” spherical, silica based, and ligand-
bound stationary phases. Columns come with a variety of particle sizes and
pore sizes, in various lengths and diameters, and with a withering array of
bound ligand structures. But systematic consideration of the important
requirements for a separation can help narrow the choices.

A good SFC method requires a stationary phase to perform well in three
areas: efficiency (plate count, N), retention (k), and selectivity («) [12]. With
regard to efficiency, in general, a large N (or, conversely, a small height equiva-
lent to a theoretical plate [HETP]) is desirable for a separation of similar struc-
tures. Column packing efficiency, particle size, and column length are primary
drivers of HETP. Column manufacturers have developed sophisticated meth-
ods for ensuring good packing efficiency, and one can expect nearly all com-
mercially available columns to be well packed.

6.3.1 Column Safety and Compatibility

Before considering these requirements, here is an important safety note: much
early packed column SFC was performed with columns designed for HPLC.
But not all HPLC columns are compatible with the range of pressures, tem-
peratures, and mobile phase mixtures used in SFC. A first requirement in
choosing a column is therefore to ensure that the column construction materi-
als are fully compatible with the SFC conditions that may be chosen. Column
temperature is an example. Many HPLC columns have a maximum tempera-
ture limit of 60°C or 80°C. While much SFC is performed below these tem-
peratures, some SFC separations benefit from higher temperatures. For
example, separations of thermally stable, oligomeric mixtures improved as
column temperature was raised to as high as 200 °C [13]. If the maximum col-
umn temperature is exceeded, the stationary phase may be damaged, or the
column seals may fail, followed by system decompression.

6.3.2 Efficiency

The influence of particle size on efficiency is illustrated in Figure 6.1, a plot of
the Van Deemter equation for various particle structures and sizes used in
analytical-scale SFC [14]. Not only does the smaller particle provide a smaller
HETP, but also the rise in HETP is not as steep as the mobile phase linear
velocity increases beyond the optimum velocity with smaller particles. So loss
in efficiency is not as great as one increases the mobile-phase velocity using a
column packed with a smaller particle. (Note that the superficially porous
particles also perform well, though their loading capacity is typically not as great
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5 pum fully porous particles

Figure 6.1 Van Deemter plot (HETP vs. mobile phase linear velocity, u) for various stationary
phase particle sizes and structures in SFC. Source: Reprinted from reference [14] with
permission. Copyright 2014, Elsevier.

as a fully porous particle.) Surprisingly, anecdotal early results from SFC exper-
iments with columns packed with sub-2-pm particles showed little advantage
over 5-pum-particle columns. But, as described in Chapter 3, the most recent
generation of SFC instruments has been designed with careful attention to
reduce extra column volume and to optimize detector response time [15].
Experiments using these instruments have clearly shown the advantages of
reduced particle size [16—20]. It’s therefore no surprise that small particle sizes
(sub-2-pm) have taken SFC by storm [19, 21], much as in HPLC.

A longer column will also provide more plates in a simple linear manner.
Therefore, longer columns and smaller particles provide high efficiency sepa-
rations, at the expense of column backpressure and analysis time. The advan-
tage of SFC over HPLC in taking advantage of these two approaches in
improving efficiency is obvious when considering Figure 6.2, showing Van
Deemter (HETP vs. mobile phase velocity, u) and pressure drop vs. mobile
phase velocity plots for typical separations in HPLC, SFC, UHPLC, and
UHPSFEC (“ultra-high performance liquid chromatography” and “ultra-high
performance SFC,” respectively) [22]. The HETP for the SFC and HPLC col-
umns is dictated by the particle size, and is therefore approximately the same,
but the SEC system achieves this optimum at far higher mobile-phase velocity,
and the HETP for the SFC system rises more gradually with increase in mobile-
phase velocity. The situation is the same for the UHPSFC and UHPLC col-
umns. Because most condensed phase chromatography is performed at greater
than optimum velocity to save time and money, the advantage of SFC is obvi-
ous. Figure 6.2b shows why many more columns can be coupled serially in SFC
than in HPLC [13, 23], providing higher efficiency while maintaining a reason-
able flow rate and analysis time, before the system hits its pressure limit.
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Figure 6.2 Kinetic performance and pressure drop for various HPLC and SFC configurations.
(a) Van Deemter curves on four different chromatographic systems equipped with the most
suitable column dimensions: HPLC column 150 x 4.6 mm, 5-pm (next to darkest grey points),
SFC column 150 x 4.6 mm, 5-um (darkest grey points), UHPLC column 50 x 2.1 mm, 1.7-pm
(next to lightest grey points - top line in graph (b)), UHPSFC column 100x 3.0 mm,1.7-pm
(lightest grey points). (b) Corresponding system pressure drops. Source: Reprinted from
reference [22] with permission. Copyright 2012, Elsevier.

Therefore, in regard to efficiency alone, one should choose the smallest
particle and the longest column compatible with the flow rate (i.e. analysis
time) and system pressure limit. Because the former considerations revolve
around dimensions, it is appropriate to discuss column diameter choices.
When a variety of column diameters are available, the first considerations
when choosing a diameter are the desired injection volume and the flow rate
compatibility of the detector. For example, a 4.6-mm-i.d. column is compatible
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with relatively large injection volumes (up to 5-10 pL of a “chromatographi-
cally strong” injection solvent), while much smaller volumes (0.5—1 pL) may
be required when using a 2.1-mm-i.d. column [24]. Ultraviolet absorbance
detectors are compatible with the “standard” SFC flow of 2—4 mL/min from
a 4.6-mm-i.d. column, while this flow might require splitting to one quarter
or less of this value when the SFC separation is coupled with electrospray
ionization mass spectrometric detection. Alternatively, the analyst could
choose a 2.1-mm-i.d. column and use it at the “standard” SFC flow rate of
0.4—0.8 mL/min.

6.3.3 Retention

The second requirement, retention, is a function of the molecular interactions
of the solute with the stationary phase and the mobile phase. Regarding the
stationary phase, a large number of columns now exist specifically designed,
both in terms of stationary phase and column construction, for SFC. The
development of new and improved stationary phases for SFC is an area of
active research and development [25]. Much of this work involves silica-based,
bonded stationary phases in which the pendant group contains one or more
molecular structures that can interact both with active sites on the underlying
silica and with the solutes to be separated [26]. The interactions with the
underlying silica can “hide” surface active sites from the solutes. Stationary
phase manufactures go to great efforts to reduce metal impurities and other
sources of nonspecific interactions on the silica surface. Despite these efforts,
surface “hot spots,” in addition to the expected silanols, may be present even
after ligand bonding and end-capping. Another common theme is that many
new stationary phases are generally polar, providing more normal-phase sepa-
rations via a variety of molecular interactions with analytes, far beyond the
dispersion interactions provided by nonpolar C;4 stationary phases encoun-
tered in reversed-phase HPLC. Another interesting finding is that residual
silanols on silica particles undergo reversible silyl ether formation with alcohol
mobile-phase modifiers (see Section 6.4.2) under SFC conditions [27]. This
reaction reduces the hydrophilicity of the stationary phase, and is reversible
upon exposure to water.

Useful guidance in choosing an appropriate stationary phase for an SFC
separation comes from considering the structure of the ligand bound to the
silica, and the various molecular interactions that may be provided by a par-
ticular ligand. Figure 6.3 illustrates the structures of a number of common and
a few less common stationary phase ligands. Table 6.1 (T.L. Chester, Stationary
phase interactions, personal communication. 2008) lists the molecular interactions
of these and other ligands can provide.

Of course, solutes must possess the capacity to interact in a particular mode
for that molecular interaction to be relevant. For example, the cyano stationary
phase has the ability to accept hydrogen bonds from analytes, a very strong
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Figure 6.3 Structures of various stationary phase ligands.

Table 6.1 Common stationary phases in SFC and molecular interactions each can provide.

Phase Intermolecular force (s)

Cg, Cs, etc. London dispersion (L)

Phenyl L + induction (i) + small dipole (d)
Cyano/cyano-propyl L + d + H-bond acceptor

2-Ethylpyridine L + i+ d + H-bond acceptor

Silica (bare) d + H-acceptor + H-donor
Amino/amino-propyl L + d + H-acceptor + weak H-donor
2-Pyridyl-propyl urea L +d + i + H-acceptor + weak H-donor
Diol L + d + H-acceptor + H-donor

Sulfonic acid (SCX) L + d + weak H-acceptor + strong H-donor

Source: T.L. Chester, Stationary phase interactions, personal communication. 2008.
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type of interaction, while a traditional, well-deactivated C;g phase does not.
However, in a separation of alkanes, the solutes do not have the capacity to
interact with the stationary phase via hydrogen bonding, so the C,g phase may
provide the strongest molecular interactions with the solutes, and the best
separation. In contrast, a separation of alcohols (or amines), which can interact
with the stationary phase by hydrogen-bond donation, might benefit from the
cyano stationary phase rather than the C;g phase, if greater retention is desired.

In considering Figure 6.3, one sees, for example, the structural similarity and
differences between bare silica and the diol phase. This similarity is reflected in
Table 6.1, with the primary difference between the two being the capacity of the
diol phase to interact with solutes via dispersion interactions. Thus, solutes with
similar hydrogen-bond donating and accepting capacities might be better sepa-
rated by the diol phase than by silica if they possess nonpolar structures that
differ from one another. Figure 6.3 also illustrates how the ligand of one of the
first phases designed specifically for SEC, the 2-ethylpyridine (2-EP) phase, may
interact with surface silanols and other active sites to provide “self-deactivation”
[26]. This self-deactivation may reduce the need for mobile-phase additives (see
later in this chapter), if the additive is acting on surface active sites. Perrenoud
et al. [28] compared the peak shape asymmetry of 92 basic pharmaceutical ana-
lytes on five different commercially available 2-EP phases with a simple CO,/
methanol mobile phase (i.e. without the use of mobile phase additive). Note that
these basic pharmaceuticals were chosen because they typically required a
mobile-phase additive, such as ammonium acetate or trimethylamine, in the
mobile phase in order to exhibit symmetrical, Gaussian peak shape with tradi-
tional stationary phases. Performance of the 2-EP stationary phases differed
dramatically, with the percentage of solutes exhibiting symmetric, Gaussian
peak shapes ranging from 77 to 22%. So, the presence of the 2-EP ligand alone
was not sufficient for satisfactory performance without additive. The underly-
ing silica of the phases also played a major role. Yet the performance of the best
2-EP phases without mobile-phase additive was, in general, impressive.

Another way to use Table 6.1 is to see how, for example, the amino and the
diol stationary phases should behave similarly. And this is, in fact, the case in
general. Many practitioners know this from experience and intuition. They
also are aware that the diol phase provides stronger retention for hydrogen-
bond acceptors, like amines. Considering the structures in Figure 6.3 and the
interactions listed in Table 6.1 help explain this behavior.

These general considerations about molecular interactions can certainly
provide guidance in selecting a stationary phase during method development.
But these general considerations can only go so far. The nature of each station-
ary phase is not only influenced by its bound ligand, but also by the density of
this ligand binding, the nature and porosity of the underlying support, the
extent of silanol “endcapping,” etc. This leads to a great diversity of stationary
phases.
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This diversity of stationary phases has led to much effort and research to
classify and organize the available choices [29-38]. Most of these efforts
involve semi-empirical modeling, with probe analytes, to compare and charac-
terize stationary phases, and to ultimately model retention in SFC.

The groups led by Lesellier and West have been very active in the area of
stationary phase characterization and modeling. In 2016, they described the
characterization of 31 “ultra-high-performance” stationary phases using 109
probe analytes, including neutral, acidic, and basic molecules [37]. The station-
ary phases consisted of both fully porous and superficially porous particles
with sizes ranging from 1.7 to 2.7 um, modified with a wide variety of com-
monly used, as well as many less-commonly used, ligands. The probe analytes
were used to estimate the linear solvation energy relationships (LSER) with
Abraham descriptors (for neutral species) as well as with descriptors added to
assess the interactions of the stationary phases with ionizable species. Figure 6.4
shows a hierarchical cluster analysis (HCA) for 31 SFC stationary phases.
Phases which are more similar are closer together. The shading is added to
indicate the larger groupings of similar stationary phases. Figure 6.5 shows a
spider diagram based on the same type of LSER analysis, calculated with seven
molecular interaction descriptors (a (H-bonding with proton donors), b (H-
bonding with proton acceptors), e (n—x interactions), s (dipole—dipole interac-
tions), v (dispersive interactions)), including descriptors for ionizable species
(d" (interactions with positively charged species), d” (interactions with nega-
tively charged species)). The most polar phases lie in the center right and lower
right areas, where a and b dominate. Conversely, the nonpolar C;g phases lie in
the center left area, where e and v dominate. During method development, one
can use this type of analysis to choose stationary phases which are similar in
retention characteristics, or, perhaps more importantly, to choose stationary
phases which are different and may offer different selectivities. Note that the
ligand alone may not dictate the grouping into which a stationary phase may
best fit. For example, the Nucleoshell HILIC displays retention characteristics
that place it closer to the grouping of polar phases like the BEH 2-ethyl pyri-
dine and the Torus diol phases, rather than with the other HILIC phases.

6.3.4 Selectivity

The third consideration in choosing a column, selectivity, is really a function of
the difference in the interactions between the solutes to be separated and the
stationary and mobile phases. With regard to the stationary phase, there are
general considerations that are useful in selecting a stationary phase for good
selectivity. The analyst should consider the differences that exist between the
solutes to be separated, and choose a stationary phase accordingly. For exam-
ple, mixtures containing species that differ primarily in their nonpolar moie-
ties (their “hydrocarbon volume” — such as a series of surfactants with differing
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Figure 6.4 Hierarchical cluster analysis (HCA) on the normalized retention data (centered
and reduced log k values) measured for 109 model analytes for 31 SFC stationary phases.
Retention dissimilarity in the abscissa reflects Euclidean distance between the stationary
phases. Chromatographic conditions: CO,/MeOH 90:10 (v/v), column temperature: 25°C,
postcolumn (“downstream”) pressure: 150 bar, flow rate: 1 or 3mL/min depending on
column dimensions. Source: Reprinted with permission from reference [37]. Copyright 2016
Elsevier.

nonpolar “tails”) might best be separated using a Cg or C;g stationary phase.
Similarly, species which differ in more polar structures, some of which are
capable of hydrogen-bonding interactions, might best be separated using an
amino, a cyano, or a 2-ethylpyridine stationary phase. Mixtures that differ by a
variety of structures might best be separated using an aromatic phase.

6.4 Mobile-Phase Choices

Contemporary SFC is almost always performed with a mobile phase con-
sisting of a mixture. The mixture typically contains a primary component,
a secondary component, generally called the modifier, and, sometimes, one
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or more minor components, typically added to the modifier at levels below
1%, called the additive(s).

6.4.1 Primary Mobile-Phase Component

As described in Chapter 2, there are a variety of fluids that form supercritical
fluids at fairly reasonable temperatures and pressures, and a large number of
these were explored as the primary (or the sole) mobile phase component dur-
ing the early days of SFC. Examples include small hydrocarbons [39-41],
Freons [42, 43], sulfur hexafluoride [44], nitrous oxide [45], ammonia [46], and
even xenon [47]. But all of these suffered from one or more disadvantage when
compared to carbon dioxide, including higher cost, environmental or human
safety concerns, corrosiveness, flammable or oxidizing nature, low solvating
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power, etc. These experiments with alternate primary mobile phase components
have largely disappeared, leaving CO, as practically the only primary mobile
phase component used in SFC. This slow displacement of alternate mobile
phases has been so complete that some advocate replacing the term “SFC” with
“chromatography with CO,—based mobile phases” This suggestion has been,
understandably, controversial — the two terms are not synonymous when con-
sidering the strict definition of “supercritical fluid chromatography” But this
suggestion is understandable, given the contemporary situation. Indeed, as
described in Chapter 2, carbon dioxide has a great many advantages as a chro-
matographic mobile phase. It is inexpensive, widely available in high purity,
readily recycled or recoverable from natural processes, relatively inert, polariz-
able, miscible with many polar cosolvents, and has few health concerns. The
remainder of this discussion of SFC mobile phases will therefore assume that
the primary mobile phase component is CO,.

The solvating power of pure CO, is largely related to its density, and the den-
sity is a function of temperature and pressure. Separations using pure CO, as
the mobile phase therefore often rely upon a gradient from low to high pressure
(controlled by the backpressure regulator, postcolumn, often referred to as the
“downstream” or “outlet” pressure), and sometimes changes in both pressure
and temperature, to raise the density, and thereby provide a gradient from low
to high solvating power of the mobile phase. This is, for example, a method
often used for nonpolar or polarizable hydrocarbons [48] or species that have
been rendered nonpolar through chemical derivatization. Derivatization was
more common in earlier work with open-tubular capillary SFC of polar ana-
lytes, such as carbohydrates, and flame ionization detection [3, 49].

6.4.2 Secondary Mobile-Phase Component — The “Modifier”

It was immediately clear to early researchers in SFC that the realm of applica-
tions would be limited to nonpolar solutes, where the mobile phase limited to
a single (nonpolar) component such as one of the small alkanes or CO..
Therefore “cosolvents,” now usually referred to as mobile-phase modifiers,
were used in some of the earliest SFC separations. For example, in 1978 both
Klesper and Hartmann [40] and Conaway et al. [50] described the addition of
methanol or 2-propanol, respectively, to the nonpolar SFC mobile phase (the
primary component was pentane in both cases) for the separation of polysty-
rene oligomers. The concept and application of mobile phase gradients in SFC
were introduced by Klesper and coworkers in 1983 [51]. In this case, the pri-
mary mobile-phase component was alkanes or diethyl ether, and the modifier
was an alcohol, cyclohexane, or dioxane. The beneficial effects of the modifier
on reduced retention and improved peak shape were immediately obvious to
these pioneers. The modifiers were hypothesized to both act on the surface of
the stationary phase, and to provide an improvement in the solvating power of
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the mobile phase. In 1985, Blilie and Greibrokk stated, “the modifiers func-
tioned as deactivation agents by direct interactions with residual silanol groups
and also as modifiers of the eluting power of the mobile phase” [52]. The accu-
racy of these hypotheses has been supported by much research over the ensu-
ing years [53-55].

With regard to method development, the most widely used modifier, by far,
is methanol. It is one of the most polar small organics, and is miscible with CO,
over wide ranges of temperature and pressure (more about this later). It is
therefore a wise first choice when considering modifiers. Other small alcohols,
such as ethanol and 2-propanol, are also widely used as modifiers. They are less
polar than methanol, and this often results in distinctly different retention
effects when compared to methanol [6]. Of course, methanol is also widely
used as a mobile-phase component in HPLC.

Acetonitrile, also widely used in HPLC, is another story altogether. Some
practitioners of HPLC have treated acetonitrile and methanol as nearly inter-
changeable, but this is in the presence of copious amounts of water, a strong
acceptor and donator of hydrogen bond interactions. Like water, methanol is a
potent hydrogen bond acceptor and donator. In contrast, acetonitrile can
accept hydrogen bonds, but does not donate hydrogen bonds. This has limited
the utility of acetonitrile as a modifier in SFC. Note that the increasingly popu-
lar use of low levels of water as a mobile-phase “additive” [56] (see below) may
open the door to the more widespread use of acetonitrile as a modifier in com-
bination with water as additive.

While methanol has shown great utility as a modifier, and is a reasonable
first choice in method development, it’s important to say a few words about
the “allowed” combinations of mobile-phase pressure, temperature, and
methanol percentage. This may come as a bit of a surprise to some practi-
tioners of SFC, but methanol is not universally miscible with CO, under
conditions which are easily chosen using SFC instruments. As an aside, it’s
important in almost all partition chromatography separations that the
mobile-phase consist of a single phase. Both the partition process itself (and
the subsequent peak shape) and many modes of detection are negatively
affected if the mobile phase consists of a mixture of two immiscible phases.
And, in fact, most SFC mobile-phase modifiers are not miscible with CO,
over the full range of accessible temperatures and pressures. Early practition-
ers of SFC saw the negative effects of this behavior manifested in broad peak
shapes and extremely noisy UV absorbance signals under the “wrong” condi-
tions [57]. These effects are illustrated in Figure 6.6, where the methanol
content in CO, is raised at constant temperature and pressure, such that the
mixture moves from a single phase to a two-phase system. The negative
effects of operating in the two-phase region are obvious. The separations
shown in Figure 6.6 were performed with open-tubular SFC, but similar
effects would be observed in packed-column SFC.
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Figure 6.6 SFC separation of polynuclear aromatic hydrocarbons with CO,—methanol
mobile phase at constant temperature and pressure with increasing methanol content. The
mobile phase moves from a single phase (far left) into a two-phase region (far right). In this
case, the separation was performed with an open-tubular column and UV detection [57].
Source: Reprinted with permission from reference [57]. Copyright 2001 Elsevier.

So how does the SFC practitioner know which pressure—temperature—
composition regions to avoid during method development? Luckily, some
fairly straightforward guidelines have been established. Chester and coworkers
published pressure—temperature plots of the locus of points above which the
modifier—CO, mixture is always a single, fully miscible phase [58, 59]. Figure 6.7
shows an example of these plots for a variety of alcohols, including methanol.
(In fact, these are compressions of three-dimensional pressure—temperature—
composition plots, compressed along the composition axis. Not all combina-
tions of pressure—temperature—composition below the locus of points results
in two-phases, but some do. All combinations above the locus result in a single
phase.) How does one use a plot such as this in method development? The
simplest way is to choose a column temperature, and set the system pressure
above the locus of points at that temperature. For example, for methanol at
40°C, inspection of Figure 6.7 shows that the minimum pressure to ensure a
one-phase mixture is ~80atm. If the column temperature is raised to 80°C, the
minimum is ~125atm. If 2-propanol is used as a modifier at 100°C, the mini-
mum pressure is ~150 atm.

In revisiting Figure 6.6, it’s clear that the conditions chosen for the analysis
are below the locus of points for CO,—methanol in Figure 6.7. In hindsight,
given the discussion in the previous paragraph, 80°C and 100 atm may not have
been the best choice. But why are the analytical results in the leftmost chroma-
togram (at 3.6 mole% methanol) entirely acceptable, while those at the same
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Figure 6.7 Pressure-temperature plots of critical-mixture loci for small alcohols in CO,. The
important point is that the two-component (i.e. alcohol and CO,) mixtures always form a
single phase at pressures and temperatures above the curve, regardless of the mixture
composition. For example, methanol-CO, above ~130atm is always a single-phase mixture,
regardless of the temperature or composition. Pressure-temperature-composition
combinations below the curve exist such that two phases are possible, one alcohol-rich, the
other CO,-rich. Another way to use the curve: If one sets the column temperature at 50°C,
the critical-mixture point is just below 100 atm. Therefore, regulating the pressure at
100atm or above will ensure that any combination of CO, and methanol will form a single
phase. *Octanol does not form a Type | mixture with CO,, and there is therefore a miscibility
gap below 50°C. Source: Reprinted with permission from reference [58]. Copyright 1995
American Chemical Society.

temperature and pressure in the rightmost plot (at 11.7 mole% methanol) not?
Recall that Figure 6.7 is a compression of a three-dimensional pressure—
temperature—composition plot. The compressed plot doesn't tell the whole
story. Conditions below the locus may result in two phases, but, depending on
the composition of the mixture, may not. At 3.6 mole% methanol, the mobile
phase is clearly a single phase. At 11.7 mole%, it is not. Had the investigators
chosen a downstream (post column) pressure of 125atm (see Figure 6.7), they
would not have encountered the poor chromatographic results they observed
at 11.7 mole% methanol.

Another important point should be made about the use of methanol as a
modifier. CO, is often referred to as “inert” or “nonreactive’ And this is, in
general, true. However, there is evidence that the pH values of CO;—methanol
mixtures are acidic. Researchers have used solvatochromic methods to study
such phenomena since the early days of SEC [53, 60]. As one might expect, the
acidic nature of CO,—methanol-water mixtures is even more pronounced
[61]. While the acidic nature of CO,—methanol undoubtedly shifts the equilib-
rium of small acid solutes, the shift is not sufficient to drive these solutes to full
protonation, which would be expected to lead to improved peak shape in SFC.
Stronger acidic additives, such as formic, acetic, or even trifluoroacetic acids,
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are often used as additives to improve the peak shape of acidic analytes [55, 62],
as discussed in Section 6.4.3.

While methanol is by far the most common modifier, and is a good choice in
initial method development, a host of other modifiers have been used over the
years. In method development, a useful initial guide in the choice of a modifier
is a solvent or mixture in which the solutes of interest are well soluble. Beyond
methanol, the most common modifiers include acetonitrile [62] (as discussed
above) and small alcohols [9] such as ethanol and 2-propanol. Less common,
yet quite useful modifiers include dichloromethane [63, 64], tetrahydrofuran
[65], and even hexane [66]. DaSilva et al., working in the field of chiral SFC,
have explored other uncommon modifiers including chloroform, 2-methyl
tetrahydrofuran, methyl tert-butyl ether, cyclopentyl methyl ether, acetone,
ethyl acetate, toluene, 2,2,2-trifluoroethanol, and N,N-dimethylformamide
[67]. These uncommon modifiers provided a range of useful selectivities.
Though the latter work was in chiral SFC, there is no barrier for the use of
these uncommon modifiers in achiral SFC.

While the introduction of modifiers provided a step change in the ability to
apply SFC to polar analytes, researchers continued to encounter even more
polar acidic, basic, or ionic species that could not be eluted, or could only be
eluted with poor peak shape, in SFC. This called for the exploration of new and
specialized mobile-phase components, the “additive” In fact, Berger and Deye
stated, “additives provide a key to the separation of more polar solutes by SFC”
[68], and we discuss this key next.

6.4.3 Tertiary Mobile-Phase Component - “Additives”

Additives are typically only poorly soluble, at best, in pure CO,. They are usu-
ally dissolved in the modifier at low concentrations, with low mM levels being
common. The modifier/additive solution is then added to the CO, to form the
mobile phase. Additives are by far the most diverse of the three types of mobile
phase components in SFC. While used at low concentrations, they can have
dramatic effects on the quality of the SFC separation.

Pioneers in the exploration of additives in SFC were the groups of Ashraf-
Khorassani, Taylor, and coworkers [69], Berger and Deye [68, 70], and Steuer,
Erni, and coworkers [71, 72]. By the early 1990s, these and other groups had
laid down the principles still operating today in the use and function of
additives.

The logic behind the choice of the first additives is clear — acidic and basic
solutes either could not be eluted at all in SFC using modified mobile phases
(with CO, or other primary mobile-phase components) and packed columns
which existed in the late 1980s or early 1990s, or could only be eluted with very
poor peak shape. It stood to reason that adding a small amount of an acidic or
basic additive to the mobile phase might help in the elution of acids or bases,
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respectively. Berger and Deye were some of the first to study the effects and
mechanisms of low levels of acidic additives on the elution of acidic analytes
[68]. They found that the improvement of peak shape provided by the additives
was primarily due to suppression of solute ionization, and only secondarily due
to coverage of active sites on the chromatographic stationary phase. They
watched the loading and removal of additives from the surface of various sta-
tionary phases, and they studied the effect of the pK, of the additive on the
peak shape of the probe acidic analytes. Figure 6.8 shows an example of their
results on three stationary phases, a nonpolar C8, a more polar (or polarizable)
phenyl phase, and an even more polar cyanopropyl phase. It is clear that the
stronger acidic additives provide better peak shape for the acidic analytes, in all
three cases. In method development, choosing an acidic additive is still a rea-
sonable choice when separating acidic analytes. Many reasonable choices exist,
such as formic, acetic, trifluoroacetic, and citric acids. A typical starting con-
centration of the additive in the modifier lies between 0.05 and 0.5%.

Similarly, small amines were, and are still, frequently used as additives in
analytical SFC [73, 74]. Similar to their results with acidic additives, Berger and
Deye concluded that strongly basic additives improved the peak shape of basic
analytes due to ionization suppression [74]. In their experiments, neither the
use of acidic additives, which would form ion pairs with the basic analytes, nor
deactivation of the stationary phase, provided improved peak shape. Examples
of amine additives that are most commonly used today are the small alkyl
amines, methyl- and ethylamines (i.e. methyl-, dimethyl-, trimethyl-, and so
on). These small alkyl amines are as strong as, or stronger than most organic
amines, so would indeed inhibit ionization of organic amine analytes. They
would also interact with acidic active sites on the stationary phase.

Because CO, is nonpolar, the idea of adding an ionic salt to a mobile phase
primarily composed of CO, made little sense to many practitioners. However,
the use of small, volatile salts as mobile-phase additives has become popular.
The use of salts as SFC mobile-phase additives had, in fact, been described as
early as 1988 [69, 71, 72]. Steuer et al. used organic-soluble salts, such as
sodium heptanesulphonate monohydrate, tetrabutylammonium bromide, and
equimolar mixtures of tributylamine and acetic acid, as ion pairing agents to
allow the elution of ionizable and ionic analytes, including pharmaceuticals
and their degradation products [72]. Taylor and coworkers have expanded the
use and understanding of ion-pairing in SFC [75-77].

But the more widespread use of small, volatile salts, such as ammonium acetate
and ammonium formate, as SFC mobile phase additives was introduced in 2004
by Pinkston and coworkers [7]. Note that these additives were in widespread use
at the time in LC/MS to help with both peak shape and ionization. The move
toward volatile ammonium salts was originally driven from the perspective of
compatibility with mass spectrometric detection. Small acids and small amines
often result in ionization suppression, while no suppression is observed with
volatile ammonium salts. Yet the improved chromatographic performance
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Figure 6.8 (a) Cg column; (b) phenyl column; and (c) cyanopropyl column. Solute elution
order: benzoic acid, phthalic acid, and trimellitic acid. Additives: HAC = acetic acid;

DCA = dichloroacetic acid; TFA = trifluoroacetic acid. The methanol modifier contains 0.2%
of each additive. Column dimension: 100 mm x 2 mm i.d.; flow-rate = 3mL/min, 40°C; 130
bar outlet pressure. Source: Reprinted with permission from reference [68]. Copyright 1991,
Elsevier.

provided by the ammonium salts was immediately obvious. Figure 6.9 illustrates
the effect of the introduction of low levels of ammonium acetate (in this case
only 1.1 mM) in the methanol modifier on the chromatography of a polar ana-
lyte, reserpine. No peak is observed with pure methanol as modifier, but the
addition of ammonium acetate provides a sharp, well-shaped peak. In contrast to
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Figure 6.9 SFC/UV chromatograms at 220 nm of reserpine standard with pure methanol (a)
and with 1.1 mM ammonium acetate in methanol (b) as mobile phase modifier.
Chromatographic column: DeltaBond Cyano (Thermo Hypersil, Bellefonte, PA),

50 mm x 4.6 mm, particle size of 5 pm and pore size of 200 A. Conditions: flow rate of 2mL/
min, postcolumn pressure of 160 bar, column oven temperature of 37°C, and injection
volume of 5 pL. The mobile phase composition was held at 1% modifier in CO, for 0.5 min
after injection, then was raised to 50% methanol at a rate of 10%/min, where it was held
until the end of the separation. Source: Reprinted with permission from reference [7].
Copyright 2004 Wiley.

the use of acidic and basic additives, the use of salts as additives provides
improved peak shapes for both acidic and basic analytes [7]. While an ion pairing
mechanism may be at play, further work using silicon-29 solid state NMR by
Zheng, working with Taylor, Glass, and Pinkston, showed that deactivation of
surface active sites was also an important factor in providing the improved peak
shapes observed with low levels of small, volatile salts as additives [75].

As the use of small volatile salts as additives has grown, others have system-
atically explored their effects and utility. For example, Cazenave-Gassiot et al.
studied the effects of increasing the concentration of ammonium acetate in a
methanol modifier on three quite different stationary phases (2-ethylpyridine
(2-EP), endcapped 2-EP, and bare silica) [78]. The concentration of the additive
in methanol ranged from 0 to 30 mM on the 2-EP and endcapped 2-EP phases,
and up to 60mM on the silica phase. They also studied the effect of adding
ammonium acetate to the sample injection solvent, where the ammonium
acetate would form ion pairs with the ionic test solutes. Figure 6.10 shows
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Figure 6.10 Evolution of retention time and peak shape with increasing amounts of
NH4OAc in the modifier, 2-EP stationary phase, 10% (v/v) modifier in CO,, 100 bar
downstream pressure, 35 °C oven temperature, and 4 mL/min flow rate. Left: compound 3, a
sulfonamide synthesized by the authors of reference [78]; right: naproxen. Modifier: (a)

0.3 mM NH,OAc in MeOH; (b) 5 mM NH4OAc in MeOH; and (c) 30 mM NH,OAc in MeOH.
Source: Reprinted with permission from reference [78]. Copyright 2009 Elsevier.

some of their results. The addition of the additive has a dramatic effect on the
retention and peak shape of the sulfonamide, but little effect on naproxen. The
acidic nature of the CO,—methanol mobile phase (as discussed above) is
believed to protonate and neutralize the acidic naproxen. The ethyl-pyridine of
the stationary phase and the two nitrogen atoms held by the sulfonamide sol-
ute are believed to be protonated, forming positive ions which do not interact
well. The primary retention mechanism of the sulfonamide would therefore be
strong retention by free silanols. The ammonium acetate is believed to deacti-
vate the free silanols and other active sites on the stationary phases, dramati-
cally decreasing the retention of the sulfonamide. This hypothesis agrees with
the effect of ammonium acetate added to the injection solution. It has a rela-
tively small effect on retention and peak shape, demonstrating that ion pairing
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is not a dominant mechanism. In summary, ammonium acetate is a versatile
additive, providing positive effects for many analyte-stationary phase combi-
nations, but rarely, if ever, resulting in negative effects. Some scientists add it as
a matter of course to the modifier, especially when performing SFC/MS.

As mentioned earlier, the range of allowable additives used for a particular
separation can be limited by the mode of detection. For example, UV absorb-
ance detection is not compatible with additives that absorb strongly in the UV.
Additives used with mass spectrometric, evaporative light scattering, and
corona charged aerosol detection must be volatile under the conditions of the
nebulization process associated with these detectors. Despite these limita-
tions, a wide range of additives is nevertheless useful with these modes of
detection. These include small volatile acids (e.g. formic, acetic, and trifluoro-
acetic), small volatile bases (e.g. trimethylamine and trimethylamine), and
even many small volatile salts (e.g. ammonium formate and ammonium ace-
tate). The limitations on the choice of additive in analytical scale SFC are small
when compared to the limitations in preparative scale SFC, as discussed in
Chapter 8. Additives used in preparative scale SFC must be easily removed
from the desired product, after its isolation, without degrading or altering the
product.

Some additives that have become popular for preparative scale SFC because
they are indeed easily removed from the product have also become more and
more widely used in analytical scale SFC. Ammonia, in the form of ammonium
hydroxide, is one of these. As described in Section 6.3.3, Grand-Guillaume
Perrenoud et al. provided a comprehensive comparison of five 2-ethylpyridine
(2-EP) stationary phases and a bare silica phase using ammonium hydroxide as
an additive [28]. Basic analytes have traditionally been difficult to analyze by
SFC, and the 2-EP phases were designed to specifically address this challenging
class of analytes. As discussed in Section 6.3.3, Grand-Guillaume Perrenoud
et al. found that various commercial 2-EP phases provided a wide range of
performance with 92 basic pharmaceutical analytes. The percentage of ana-
lytes for which the stationary phases provided Gaussian peak shapes ranged
from 77 to 22% using CO,—methanol and no additive, with the most successful
phase being the PrincetonSFC 2-EP column. But the most striking result from
this study, with regard to the use of additives, was the influence of ammonium
hydroxide for the basic analytes on a hybrid silica stationary phase. Without
additive in the CO,—methanol mobile phase, only 17% of the analytes exhibited
Gaussian peak shape. Adding 20mM formic acid to the methanol modifier,
which protonated the basic analytes, resulted in a drop in this value to 10%. But
the addition of 20mM ammonium hydroxide provided a dramatic improve-
ment, with the percentage of analytes exhibiting Gaussian peak shapes rising to
81%. These kinds of results, coupled with the compatibility of ammonium
hydroxide with preparative scale SFC and a wide variety of SFC detectors,
explain the growing popularity of ammonium hydroxide as an additive.
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Another rising star in the world of additives is simply water. The solubility of
water in pure CO, is quite limited, and the ability to reproducibly and accu-
rately add small amounts of water to CO; is challenging, so it is infrequently
used as a binary mixture of CO, and water. But applications in which water is
added to an alcohol modifier at concentrations ranging from 0.5 to 5% are
becoming more widespread. In fact, water was frequently advocated as a cosol-
vent or additive in the early years of packed column SFC. Not only was it shown
to improve chromatographic performance, but it was compatible with flame
ionization detection. Geiser used water to improve the separation of free fatty
acids [79]. Pyo used water-modified CO, for the separation of vitamins [80].
Camel et al. used water as part of an unusual modifier mixture (pyridine (or
ethylene glycol)-methanol-water—trimethylamine) and evaporative light
scattering detection for the SFC separation of underivatized amino acids [81].
And Salvador et al. used water as an additive in the SFC separation of polar
monosaccharides and polyols [82] and of cyclodextrins [83].

Despite these clear successes, the use of water as an additive fell out of favor
until recently. But, as reviewed by Taylor, researchers seem to have rediscov-
ered the beneficial impact of low concentrations of water on chromatographic
performance, and its compatibility with both preparative separations and a
wide range of detectors [56]. Ashraf-Khorassani and Taylor evaluated the addi-
tion of low levels of water (up to 5%) in four small alcohol modifiers on the
elution of water-soluble nucleobases from three stationary phases [9]. They
found that water dramatically improved the chromatographic behavior of
adenine and cytosine. The water additive provided similar results to those
obtained with ammonium acetate. But both of these far surpassed the perfor-
mance obtained using formic acid as an additive. Ashraf-Khorassani, Taylor,
and Seest made a careful investigation of the effects of water as an additive, in
conjunction with trifluoroacetic acid, 2-propylamine, or ammonium acetate
with silica stationary phases and methanol modifier [84]. The beneficial effects
of water persisted even after the water was removed from the additive. This,
and other evidence, supported the authors’ hypothesis that the primary effect
of the water was adsorption on the surface of the silica stationary phase, pro-
viding partitioning of the analytes between the aqueous mobile phase and the
surface-adsorbed water, much as in HILIC HPLC. dos Santos also explored the
incorporation of CO, in HILIC mobile phases [85]. A CO,—ethanol-water
mobile phase provided similar results to a traditional HILIC mobile phase con-
taining high proportions of acetonitrile.

Since this revival, the application of water as a mobile-phase additive has grown
substantially [86—91]. For method development, it should be noted that some
practitioners now consider a mixture of water and ammonium acetate (2—5% and
5-20mM, respectively, added to the modifier) as a “universal” additive for a CO,—
methanol mobile phase [88]. This might be wise advice, because these additives
rarely cause deleterious effects, and often provide improved performance.
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We've reviewed the three types of mobile-phase components (primary com-
ponent, modifier, and additive) in contemporary SEC. Because of the nature of
compressed fluids, it can be challenging to measure the solvent properties of
these mixed fluids using conventional methods. Therefore, as mentioned ear-
lier, efforts have been made to peer into the polarity, the acid/base properties,
and solvent strength of SFC mobile phase mixtures under realistic SFC condi-
tions using solvatochromic probes since the early days of SFC [60, 92-94]. A
masterful example of this type of work was provided by West et al. as they stud-
ied the influence of additives on SFC mobile phases [55]. Figure 6.11 shows an
instructive example of their results. Figure 6.11a shows that additives — in this
case the common water and ammonium acetate — do not modify the polarity in
the immediate environment of the probe. Figure 6.11b shows the strong inverse
correlation between mobile phase polarity and chromatographic retention of
the probe analyte. The authors used a number of probes to estimate the pH of
the mobile phase. They found that the pH of CO,—methanol mixtures are near
5, with the pH dropping as a greater proportion of methanol is added during a
gradient. This is presumably due to the formation of methoxycarbonic acid.
Most acidic additives did not greatly decrease the pH, but trifluoroacetic acid,
the strongest acidic additive explored, did have an effect, providing an apparent
pH below 1.7. Basic and salt additives did not alter the pH. It was presumed that
the bases are titrated by methoxycarbonic acid, and form ion pairs. The bases
and salts could stabilize the pH during gradient runs. And all the additives are
believed to exert influence on active sites on the stationary phase.

6.5 Influence of Column Temperature on Efficiency
and Selectivity

As in any form of chromatography, diffusion is important in SFC. The Van
Deemter equation teaches that high diffusion coefficients lead to higher chro-
matographic efficiencies. This is an important reason for the higher efficien-
cies observed in GC compared to HPLC. And higher temperatures lead to
higher diffusion coefficients. Higher temperatures also provide lower viscosi-
ties, allowing the use of longer columns and/or higher flow rates. So some
practitioners of SFC have advocated for the use of the highest temperatures
possible in SFC, keeping in mind the temperature limits of the hardware and of
the analytes. This is reasonable advice, especially in separations of hydrocar-
bons or small polymers where efficiency, and not selectivity, drives the quality
of the separation [13]. But temperature affects more than just diffusion coeffi-
cients, viscosity, and chromatographic efficiency.

As described in Chapter 2, the changes in temperature can have more sub-
stantial effects on the density and solvating power of supercritical fluids than
on traditional liquids. In SFC, these effects are most pronounced with mobile
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Figure 6.11 (a) Variation of mobile-phase polarity evaluated with Nile Red solvatochromic
probe when CO,-MeOH proportions vary. (b) Relation between mobile phase polarity and
retention on the stationary phase. Nile Red injected on BEH silica (100 mmx3.0mm, 1.7 um),
25°C, 15MPa, 0.8 mL/min. Open circles: no additive. Grey triangles: Methanol containing 2%
water and 20 mM ammonium acetate (AA). Source: Reprinted with permission from
reference [55]. Copyright 2017 Elsevier.
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phases of pure CO, or at low modifier concentrations, and at low downstream
(outlet) pressures. Mobile phases such as these are more “gas-like” Examining
the effect of temperature on selectivity is a wise practice in SFC method devel-
opment. Relatively small changes in temperature can provide significant differ-
ences in selectivity [95].

6.6 Where Do | Go from Here? Method
Development Decision Tree and Summary

We've talked about the nature of the sample to be separated, described choices
in stationary phase, the three constituents of mobile phases, and the influence
of column temperature on efficiency and selectivity. But a new practitioner of
SFC must begin somewhere in developing a new method. Figure 6.12 provides
a “decision tree” which will help in developing a new SFC method. The recom-
mendations and steps in the tree are based upon personal experience, careful
inspection of the literature, both recent and older, and with conversations and
exchanges with some of the leading experts in the field (P. Sandra, personal
communication. 2006; T.L. Chester, Stationary phase interactions, personal
communication. 2008; L.T. Taylor, personal communication. 2012).

The tree assumes the analyte(s) is/are soluble in a fluid phase of some sort. If
this is not true, it is very unlikely that an SFC separation (or, in fact, any parti-
tioning-based separation) will be successful. The tree starts at point “1,” “Is/are
the analyte(s) soluble in methanol?” If “no” move to point “A” At point A, the
question is whether the sample is soluble in water. If the answer is “no,” then
the sample is not soluble in water or methanol, and is quite nonpolar. A good
place to begin with such a sample is with a mobile phase of pure CO, with a
pressure gradient. If the answer to question A is yes, then the analyte is very
polar, so polar, in fact, that SFC may not be a wise choice. The decision tree
suggests two possibilities in this case (point “C”): either hydrophilic interaction
HPLC (HILIC), or chemical derivatization (methylation, acetylation, silylation,
for example) and separation with pure CO, using a pressure gradient.

If the answer to question 1 (solubility in methanol) is “yes,” then move to
point “B;” “Is the analyte ionic or ionizable?” If “no,” then a separation with
either a 2-ethylpyridine (2-EP) stationary phase with methanol modifier, or
with a silica phase with methanol containing 5% water and 20 mM ammo-
nium acetate would likely be successful. If the analyte(s) is/are ionic or ioniz-
able, then three common cases are considered: peptides or small proteins,
acids, or bases. So far, most successful separations of peptides have used a
2-EP or similar phase, with trifluoroacetic acid and water additives in a
methanol modifier. As discussed earlier, an acidic additive (trifluoroacetic,
formic, or citric, for example) with water in a methanol modifier works well
for acids. An octadecyl or a diol stationary phase is suggested for acids under
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V
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Figure 6.12 Decision tree for the method development process in SFC. See text for a
description of the steps in the tree. The tree assumes the analyte(s) has(have) some
solubility in a fluid phase of some sort.

these conditions. Ammonium acetate, ammonium hydroxide, or diethyl-
amine additives in a methanol + 5% water modifier on a 2-EP column work
well for most bases.

After an initial separation is achieved, repeating the separation with a higher,
and a lower, column temperature is suggested to examine changes in selectivity
for critical analyte pairs. A change of 10°C in both directions is suggested. At
this point, an acceptable separation may have been achieved. If not, the results
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of these early experiments may suggest changes in the stationary phase, the
column temperature, the modifier, or the additive that may improve the sepa-
ration. The column outlet (downstream) pressure can affect selectivity, but its
influence is relatively small compared to these other factors for SFC separa-
tions where the modifier concentration is greater than a few percent. While
univariate changes as described above can certainly improve a separation, true
optimization requires a multivariate optimization design-of-experiment
(DOE) approach [96].

For those accustomed to method development in HPLC, the added variables
of temperature and pressure can initially make method development in SFC
appear daunting. But knowledge of the analytes to be separated will lead to
systematic, logical choices in SFC columns, mobile phases, and conditions
leading to a successful separation, as described in this chapter. The added
importance of temperature, modifiers, and additives in SFC can actually open
the door to multiple avenues leading to excellent separations.
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7.1 Introduction

This chapter covers instrumentation for preparative scale packed column
supercritical fluid chromatography (SFC). Figure 7.1 shows a diagram of a
modern preparative SFC instrument. Many of the components of a preparative
SEC are the same as in an analytical SFC as described in Chapter 3. The major
difference between analytical and preparative SFC is the need to collect
product eluting from the column. Preparative SFC uses the same basic flow

Modern Supercritical Fluid Chromatography: Carbon Dioxide Containing Mobile Phases,
First Edition. Larry M. Miller, J. David Pinkston, and Larry T. Taylor.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.
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Figure 7.1 Preparative SFC schematic. Source: Used by permission of © Waters
Corporation 2017.

path as preparative HPLC, including mobile phase pumping, sample injection,
peak detection, and fraction collection. However, the use of carbon dioxide as
a mobile-phase component leads to significant instrumentation changes to
handle compression and expansion of CO,. These differences are discussed
throughout this chapter.

7.2 Safety Considerations

The major safety hazard relates to the use of CO, as a mobile phase. Preparative
SFC equipment operates at high-flow rates, using large quantities of CO,, and
the risk of oxygen depletion must be addressed. The laboratories should have
adequate ventilation to remove any CO, that may be released due to leaks or
equipment malfunction. Depending on purification scale and quantities of
CO, used, CO, sensors may be required to notify personnel of dangerous envi-
ronments. Discussions with environmental, health, and safety personnel or
other experts is recommended. Preparative SFC vendors can also provide
guidance on best safety practices.

Prior to fraction collection, system pressure is reduced to atmospheric pres-
sure, converting liquid CO, to a gas. All preparative systems have a gas—liquid
separator to remove CO, from the organic solvent portion of the mobile phase.
Even the best designed gas—liquid separators leave some CO, in the modifier
solvent. Collection of this solvent into closed containers will result in container
rupture. Collection into closed containers should therefore not occur. It is criti-
cal that collection containers have a vent of adequate size to allow release of
any CO, that enters them. There have been reports of explosions of fraction
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containers; these were traced to insufficient CO, venting due to clogged or
improperly sized vent tubing. Use of plastic coated glass or plastic containers
for collection is also recommended. Finally fraction collection should occur in
a ventilated cabinet or behind fume hood doors.

SEC purifications use an organic solvent as a modifier. Many of these
modifiers are flammable and appropriate precautions should be in place to
minimize risk. All operations using flammable organic solvent should occur
in a properly designed laboratory that includes ventilation to avoid solvent
exposure, sprinkler systems, secondary containment, and appropriate per-
sonal protective equipment.

SEC involves high pressure and preparative SFC systems should be designed
taking into consideration the risk of high pressure operations [1]. This can
include incorporation of rupture discs, as well as high pressure and high tem-
perature alarms.

The safety hazards of preparative SFC are also discussed in Section 8.2 as
they are worth reiterating.

7.3 Fluid Supply

7.3.1 Carbon Dioxide

While many compressible gases can be used as SFC mobile phases, CO, is
used nearly exclusively for preparative SFC and is the only gas that is discussed
in this chapter. Unlike other atmospheric gases, air separation is not the
primary source of carbon dioxide. Though sometimes CO, is derived from
directly combusting a fuel, the most economical way to produce carbon diox-
ide is to recover it as a byproduct from manufacturing processes or from
natural wells. It is then purified and liquefied and sold by gas suppliers. The
required purity of CO, varies depending on the application. Section 3.2
discusses CO, grades used for analytical SFC. The lowest purity typically
used for analytical SFC is 99.99% (instrument grade). While these high-purity
gases can be used for preparative SFC, they can be costly due to larger volumes
of CO, used in preparative applications. Table 7.1 lists lower grades of CO,
that are suitable for preparative SFC. The choice of CO, grade is made based
on the application, purification scale, availability, and cost. An additional
consideration is whether the system requires liquid or gaseous CO,. CO, can
be withdrawn from a cylinder or tank as either a liquid (using an educator
tube) or a gas from the headspace above the liquid. Most preparative SFC
systems utilize liquid CO, as it eliminates the additional energy to condense
gas to a liquid. An additional disadvantage of gas withdrawal is the need to
add a heating system to prevent freezing, which can occur with rapid gas
withdrawal from a container.
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Table 7.1 CO, grades commonly used for preparative SFC.

Product grade Minimum purity (%)
Research 99.999

Instrument 99.99

Bone dry 99.9

Beverage grade 99.9

Food grade 99.5

Once a decision on CO, grade has been made, the next point to consider is
how the material will be supplied. Most analytical scale SFC systems use cylin-
ders. Cylinders are desirable as they are at a pressure (800—900 psi, 5.5-6.2 MPa)
that allows direct connection to the system pump. Standard cylinders contain
601bs (27.2kg) of CO,. This quantity may be suitable for small scale (1.cm i.d.
columns) preparative SFC but will be quickly depleted as purification scale
increases. Many vendors offer “packs” that contain up to six cylinders. The
outlets of these cylinders are connected to increase the amount of CO, that can
be used before a new pack is needed.

For larger scale systems, or laboratories with multiple SFC purification sys-
tems, the use of cylinders is often not cost or time efficient. The use of liquid
cryogenic tanks (60, 100, 250, and 500L) is a good alternative, increasing sup-
ply as well as reducing CO, cost. Dewars typically deliver ~300 psi of gas, elimi-
nating the ability to directly connect to system pumps. An intermediate
pumping system is needed to increase CO, pressure to greater than 900 psi.
The outlet of this pumping system is connected to the system pump.
Pressurization skids are available from a number of vendors (Waters, Vatran,
and Airgas).

A continuous CO, supply is an alternative used by a number of companies
performing large numbers of SFC purifications. This configuration utilizes a
large supply tank (1000L to multi-ton) that is connected to a pressurization
skid. The outlet of the pressurization skid is connected with high purity stain-
less steel tubing to the purification laboratories. This supply solution has the
advantages of continuous supply (no need to change cylinders or dewars,
eliminating chance of running out of supply), eliminating need to store and
deliver cylinders/dewars, and the lowering the unit cost of CO,. One disadvan-
tage is the front end costs for procuring and installing a large tank. Also, the
large supply tanks can only be filled with food or beverage grade CO, due to
the existing commercial supply systems. Options for CO, supply for prepara-
tive SFC instrumentation are summarized in Figure 7.2.

In summary, there are a number of options for CO, supply for preparative
SEC. We recommend discussing CO, supply with purification equipment
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Figure 7.2 CO, supply options for preparative SFC. Source: Photos courtesy of Airgas.

vendors as well as local gas suppliers to determine the best approach prior to
purchase of preparative SFC equipment.

7.3.2 Mobile Phase Modifiers and Additives

Organic solvents used as modifiers in preparative SFC are usually “HPLC
grade,” although lower purity solvents can be utilized depending on the appli-
cation. Many preparative SFC systems use UV detection/collection. In these
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cases, using solvents low in UV-absorbing impurities is important. The other
consideration for solvent grade is the level of nonvolatile impurities. Products
from SFC purifications are isolated in a solution of the mobile phase modifier,
with the organic solvent ultimately removed via evaporation. Any nonvolatile
impurities present in the modifier therefore concentrate in the isolated prod-
ucts. Most “HPLC” or “ACS grade” solvents have a specification for nonvola-
tiles of <10 mg/L. This level is sufficient for most preparative applications. For
purifications requiring extremely high-product purity, purifications where the
recovered product is at a low concentration, or isolation of low-level impuri-
ties, the use of high purity “HPLC-grade” solvents is always recommended.
Container size for modifiers vary with purification scale. Small-scale prep
SFC systems often utilize 4-L bottles, while larger systems can accommodate
5-gallon containers. For the largest systems modifier pumps are often con-
nected directly to a stainless steel tank or solvent drum with a capacity of
30 gallons or larger.

Additives for preparative SFC are mostly small organic bases or acids. As a
rule, these additives are almost always volatile. Nonvolatile additives can be
used but would require a subsequent purification/extraction to remove from
the isolated products. Mobile phase additives are generally “ACS Reagent”
grade or better.

7.3.3 Carbon Dioxide Recycling

SEC purification has a reduced environmental impact relative to HPLC purifi-
cation due to the use of carbon dioxide instead of hydrocarbon-based solvents.
The “greenness” of preparative SFC can be further increased through CO,
recycling. This approach decreases operating costs and reduces the size of CO,
tanks required to supply the purification system(s). Except for analytical and
small preparative instruments, CO, recycling should be used. Recycling units
can be a component of the purification system or purchased as a separate unit.
A well-designed unit will achieve a recycling efficiency of 90-95% and mini-
mize carryover of modifier [2]. Because preparative SFC uses multiple injec-
tions and automated collection of purified products, if modifier is not
satisfactorily removed in the CO, recycling process, the mobile-phase polarity
will change over time, leading to reduced retention and resolution, impacting
purity, and recovery. Even the best designed and optimized gas-liquid separa-
tor will contain trace levels of solute and modifier in the gas. Some vendors
recommend the recovered CO, be further purified before being recycled [2].

CO; recycling occurs at a pressure of 40-50bar, slightly below the typical
pressure of CO, entering the preparative SFC instrument. The requirement of
high pressures for recycling eliminates the possibility of recycling for instru-
ments performing fraction collection at atmospheric pressure such as open
bed collectors described later in Section 7.9.2.
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7.4 Pumps and Pumping Considerations

7.4.1 CO, and Modifier Fluid Pumping

Accurate pumping of CO, is critical to successful operation of a preparative
SEC system. Liquid carbon dioxide is very compressible compared to tradi-
tional liquids used in preparative HPLC. The compressibility of CO, decreases
as it is cooled, so the pump heads of all preparative CO, pumps are cooled to
3-5 °C. In addition, heat exchangers are often installed in tubing feeding the
pump. While Peltier coolers can be used for analytical SFC, they offer insuffi-
cient cooling capacity for preparative SFC systems. The increased cooling
requirements are achieved with recirculating chillers.

Reproducible preparative chromatography requires consistent mobile-phase
flow. Many preparative systems include a CO, mass flow meter with a feedback
loop to pump control software. The use of a mass flow meter ensures a consist-
ent amount of material is pumped into the purification column. Accurate flow
also reduces mobile-phase density changes, which at low modifier percentages
can have an impact on retention.

Modifier pumps in preparative SFC systems are typically the same design as
those in preparative HPLC systems. Some vendors have added solvent selec-
tion valves to the modifier pumps, increasing flexibility for purification using
multiple modifiers.

7.4.2 Pressures and Flow Ranges

Pressure limits for modern preparative SFC systems are typically 250—350 bar
(25-35MPa). The higher pressure limit allows the use of small particle size
(5 pm) and increased flow rates that should lead to increased purities and puri-
fication throughput. The available pressure for chromatography is reduced by
the back pressure regulator (BPR) setting. A BPR setting of 150 bar leaves only
200bar pressure drop across the column and tubing for a system with a total
pressure rating of 350 bar. As most preparative SFC columns have an operating
limit of 200bar or less, the current pump pressure limits rarely limit operating
conditions.

Flow rates for preparative SFC vary depending on column size. Typical
flow rate ranges for various preparative SFC columns are listed in Table 7.2.
It is important to properly define the range of columns to be used with the
system when choosing a preparative SFC system. Most pumping systems
are accurate to 10-20% of maximum flow rate. In addition, larger systems
often use larger i.d. tubing to minimize pressure drops. The increased tub-
ing volume can lead to increased mixing, extra-column band broadening,
and reduced separation when used with smaller i.d. columns at reduced
flow rates.
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Table 7.2 Column inner diameter (i.d.) and flow rates.

Column i.d. (mm) Flow rate range (mL/min)
10 10-25

20 40-100

30 80-200

50 250-500

80 640-1280

100 1000-2000

7.5 Sample Injection

7.5.1 Injection of Solutions

Standard practice in preparative SFC is to dissolve material to be purified in an
organic solvent. Preparative SFC injection has two configurations: (i) mixed
stream injection and (ii) modifier stream injection. Schematics of these two
options are shown in Figure 7.3. Mixed stream injection introduces the sample
solution just prior to the column, after carbon dioxide and modifier solvent are
mixed. This approach has the advantage of introducing sample into the chro-
matographic system just prior to the column but requires the injection loop to
be decompressed prior to loading the sample solution. It also has a disadvan-
tage of introducing air into the system if the injection loop is not totally filled
prior to injection. Modifier stream injection introduces sample solution into
the modifier flow path prior to mixing with carbon dioxide. Modifier stream
injection has been shown to improve peak shape in preparative SFC under gra-
dient conditions [3, 4] and isocratic conditions [5]. Modifier stream injection
can be compared to “at-column dilution” (ACD) injection technique utilized
for preparative reversed phase chromatography [6, 7]. The decreased chroma-
tographic performance of mixed stream injection can be traced to the tempo-
rary localized increase in mobile phase strength due to the “slug” of solvent
used for dissolution (which often is a stronger chromatographic solvent rela-
tive to CO,), which can lead to peak distortion and reduced resolution.
Additional discussion on preparative SFC injection options can be found in
Section 8.3.6.

7.5.2 Extraction Type Injection

Ideally, the sample dissolution solvent should match polarity and composition
of the mobile phase. The presence of CO, in the mobile phase eliminates this
possibility in preparative SFC. An alternate injection technique that does not
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Figure 7.3 Instrument schematic for mixed stream and modifier stream injection.

rely on dissolution in organic solvent is using supercritical fluid extraction
(SEE) for injection. While this process is more time consuming than injection
of liquids, it can allow for injection of samples with poor solubility or injection
of materials containing insoluble impurities. This approach has been used for
chiral purifications [8] and achiral flash purifications [9]. Equipment sold by
PIC Solution Inc. offers SFE as an injection option [10].

“Extraction” injection involves placing the sample to be purified in an
extraction vessel and pressurizing the loaded vessel with the SFC mobile
phase. This initiates sample solubilization. The sample is often mixed with an
inorganic material such as silica to disperse the sample, increasing surface
area, and improve the solubilization process. The extraction vessel is switched
into the system flow path, allowing material dissolved in the SFC mobile phase
to flow onto the preparative column, and ideally to focus on the head of the
column. Additional information on extraction type injections can be found in
Section 8.3.6.
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7.6 Chromatographic Columns

As discussed previously, preparative SFC operates at high pressures. All col-
umns must have both sufficient pressure rating and packing stability for use at
high pressure. Stainless steel is the material of choice for preparative SFC col-
umns. Many of the stationary phases used for preparative SFC are also sold for
preparative HPLC. The pressure drop for HPLC can be lower than SEC; some
preparative HPLC columns are packed in column hardware not rated for the
higher pressures of preparative SEC. In the early days of preparative SEC, there
were stories of column ends being pushed off column bodies under the higher
pressures of SFC. Besides being a safety hazard, columns not designed for pre-
parative SFC may also suffer poor column lifetime due to insufficient packing
pressures during column preparation.

Smaller i.d. columns (1-5cm i.d.) are most often purchased as prepacked
columns. Larger i.d. columns (>5cm i.d.) are not used as prepacked columns
due to the difficulty in maintaining a well-packed column. It is advisable to use
dynamic axial compression (DAC) technology as column diameter increases.
DAC technology allows efficient packing and unpacking of columns with bulk
stationary phases, and during operation keeps the column bed stable via a pis-
ton that moves inside the chromatographic column. The piston maintains a
controlled pressure on the chromatographic bed during column operation,
providing excellent bed stability. The piston is driven by a hydraulic jack,
pushed by a liquid or a spring [11]. Most preparative column vendors are famil-
iar with SFC and sell columns properly designed and packed for use under
these conditions. It is recommended to inform vendors of plans to operate
their columns under SFC conditions prior to purchase.

Temperature changes have been shown to have increased impact on selectiv-
ity and efficiency in SFC relative to HPLC [12]. Changes in temperature can
affect mobile phase density which, especially at low-modifier percentages, can
impact retention and selectivity. In addition, poor temperature control can
result in temperature gradients within the column, resulting in poor peak
shapes. Temperature control can be accomplished by preheating the mobile
phase and/or heating the column in an oven. Some chiral separations can be
improved by working at sub-ambient temperature. This can be achieved by
cooling of the eluent via the heat exchanger after the pump.

7.7 Detection

While any detector used in analytical SFC can be used in preparative-scale SFC
(see Chapter 4 for more information), the majority of SFC purifications use
either UV/Vis or mass spectrometry detection. UV/Vis detectors, being non-
destructive, can be plumbed into the main flow of the preparative system.
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Unlike preparative HPLC systems, the UV/Vis flow cell in preparative SFC is
under pressure and must be rated for higher pressure operation.

Preparative SFC using mass-directed collection is a technique that has
gained popularity over the past 10 years [13-17]. Mass spectrometry is a
destructive detection method. Because of this, preparative SFC systems with
this technique incorporate a splitter to send a minor portion of the mobile
phase to the MS with the remainder being sent to fraction collection. Often a
make-up pump is used after the split to help move eluent to the mass spec-
trometer and to boost MS signal (see Section 4.3.1). For successful mass-
directed collection, a delay volume must be built into the system after the
splitter and before fraction collection. This delay volume, most often achieved
through coiled tubing, allows the mass spectrometer to confirm the presence
of the desired ion and then signal the fraction collector to collect the correct
peak. The delay volume must be properly calibrated at various flow rates to
ensure high-yield recovery [14].

7.8 Back Pressure Regulation

Proper backpressure regulation is a critical aspect of an SFC separation.
Modern analytical and preparative SFC equipment uses a back pressure regu-
lator (BPR) downstream of the UV detector to maintain the mobile phase as a
single phase. Improper back pressure regulation can result in changes in mobile
phase density, leading to irreproducible chromatography. BPRs for preparative
SFC systems are designed to maintain consistent pressure within a run and
between runs. While a large variety of BPRs are used in analytical SFC (see
Section 3.8), most preparative SFC systems use a BPR with a needle and seat
design as shown in Figure 7.4 [18]. The needle is moved, under the control of a
pressure feedback loop, to maintain desired pressure. These BPRs are designed
to accurately control pressure within a few psi over a range of flow rates, mobile
phase densities and mobile phase compositions.

7.9 Fraction Collection

The use of carbon dioxide-containing mobile phases makes fraction collection
particularly difficult. Standard collection processes used in preparative HPLC
are not suitable for preparative SFC. As SFC mobile phase exits the BPR, it
transitions from high pressure (100 + bar) to atmospheric pressure. This pres-
sure change results in a volumetric expansion of 250—500-fold as carbon diox-
ide moves from a highly compressed liquid to a gas. The mobile phase rapidly
transitions from a single phase to a biphasic mixture of liquid droplets and gas.
The extent of expansion decreases as the percentage of modifier in the mobile
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3

Figure 7.4 Cross-sectional view of needle and seat back pressure regulator. 1 = valve seat,
2 =valve needle, 3 = needle-drive solenoid, 4 = needle seal, 5 = return spring, 6 = gap
adjustment screw, and 7 = heater. Source: Used by permission from Springer Nature:
Springer Saito et al. [18].

phase increases. Another potential issue is Joule—Thomson cooling, which can
cause tubing blockage due to dry ice formation. Expansion in an uncontrolled
fashion can impact peak purity and isolated yields. A device to separate gas
from liquid postBPR is required. A number of options have been developed for
fraction collection and are discussed in the following sections.

7.9.1 Cyclone Collection

Cyclonic separation eliminates particulates from a stream of air, gas, or liquid. A
drawing of a cyclone separator used in preparative SFC instrumentation is
shown in Figure 7.5. SFC mobile phase that contains the analyte, liquid modi-
fier, and gaseous CO, enters the side of the cyclone. The high pressure (typically
40-60bar) pushes the heavier liquid portion (which contains the target com-
pounds) to the sides of the cyclone, where it rotates around the inside of the
vessel, being pushed down by gravity and gas flow until the liquid exits the bot-
tom of the cyclone. The lighter CO, gas exits the top of the cyclone where it is
vented or routed to a CO, recycler. The main advantage of a cyclone separator
is recovery of CO, at high pressure which allows efficient, cost-effective recy-
cling. If CO, recycling is not being performed, pressure within the cyclone can
be maintained at 10—15bar. Cyclone separators are more expensive relative to



7.9 Fraction Collection | 195

Flow in with
make-up CO, Vent

CO, Vent <=

Flow in  mm)° 5580
after valve

60 psi
4 bar)

(I

ey |
LI
<) 0
Vented Collection bed
collection
bottle

Figure 7.5 Collection options in preparative SFC. Source: Used by permission of © Waters
Corporation 2017.

other collection options due to the use of high pressure stainless steel. There is
a potential safety risk due to the liquid modifier exiting the separator at high
pressures. Cyclone separators are ideally suited for separations with a minimum
number of fractions are being collected (such as chiral purifications) into con-
tainers such as bottles or carboys. An alternate collection process should be
explored when multiple fractions (>6) or collection into test tubes is required.

7.9.2 Open-Bed Collection

Initial preparative SFC design used cyclonic separation for the separation of
CO, and modifier. This design was ideally suited for the first major use of pre-
parative SFC, namely, batch chiral purifications. As the preparative field
expanded into achiral purifications, there was a need for high throughput puri-
fication of multiple samples, requiring the collection of effluent fractions into
many different test tubes or other small vessels. This form of fractionation is
called open-bed collection. Cyclone separators are not compatible with open-
bed collection.

The first description of tube collection, in 2001, used a modified Gilson 215
fraction collector, achieving recoveries of between 50 and 77% depending on
the collection process [13]. Initial attempts for a commercial system allowing
high throughput collection into tubes used a robot that moved collection tubes
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into and out of a chamber during the collection process [19]. While this pro-
cess worked, the robot was expensive and incompatible with many of the high
throughput LC purification processes in operation at that time. Subsequent
research included installation of a larger i.d. tube at the end of the collection
needle. This tube served to reduce mobile phase linear velocity and allowed
high recoveries (87-92%) at flow rates up to 30 mL/min [14, 20].

The first commercial preparative SFC system allowing open-bed collection
was introduced in 2009. Numerous vendors now offer open-bed collection
with preparative SFC systems up to a flow rate of 100 mL/min including Waters,
PIC Solutions, and JASCO. A gas-liquid separator that was reported to allow
open bed collection at flow rates up to 350 mL/min was presented at a confer-
ence in 2012 but does not appear to have been commercialized [21]. An exam-
ple of a gas—liquid separation (GLS) suitable for open-bed collection is shown
in Figure 7.5. The GLS is a critical component of any open-bed collection sys-
tem and must be designed to maintain peak integrity with minimal peak

Table 7.3 Preparative SFC instruments currently available in the market.

CO, flow Modifier

Column rate range flow rate Detection
Manufacturer System sizes (mm) (mL/min) (mL/min) options
JASCO SP-4000 4.6-10 3-50 3-50 UV, MS
PR-4088 10-30 5-150 5-50 uv
Novasep 150 20-30 30-150 0-80 uv
400 30-50 100-400 0-160 uv
1000 50-80 250-1000 0-400 uv
3000 80-100 600-3000 0-1000 UV
PIC solution 100 10-30 0-100 0-50 UV, MS
200 20-30 0-200 0-100 uv
400 20-50 0-400 0-250 uv
600 30-80 0-600 0-250 uv
Sepiatec Prep SFC Basic 4.6-10 0-20 0-20 uv
Prep SFC 100 20-30 0-100 0-100 UV, MS
Prep SFC 360 25-50 0-360 0-360 uv
Waters Investigator 4.6-10 0.5-15 0.1-10 UV, MS
SEC 80q 20 10-70 4-70 uv
SFC 100 20-30 30-100 5-55 UV, MS
SFC 200q 20-30 20-200 4-70 uv

SFC 350 30-50 25-250 20-200 uv
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broadening as products pass through the GLS as well as prevent cross-
contamination within the unit. Additional information on various GLS designs
can be found in patents [22] or vendor websites and literature.

7.10 Conclusion

The capability and sophistication of preparative SFC equipment has increased
drastically since the first commercial instrument was introduced in the 1990s.
The first systems were available from one vendor, had maximum flow rates of
~70mL/min and offered only UV detection. As of 2017, numerous vendors,
including major as well as smaller instrument manufacturers, offer equipment
with a range of flow rates capable for purification of mg to kg quantities, offer-
ing both UV- and MS-based collection. A list of currently available preparative
SFC systems can be found in Table 7.3. The equipment advances have allowed
preparative SFC to move from a technique performing exclusively small-scale
chiral purifications for the pharmaceutical industry to a technique suitable for
both chiral and achiral purification at a range of purification scales and sup-
ports numerous industries.
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8.1 Introduction

Chemical reactions rarely produce products of high purity; starting materials,
reagents, and unwanted side products are often present and must be removed
using a separation technique. Standard separation techniques include crystalliza-
tion, distillation, precipitation, extraction, filtration, and preparative chromatog-
raphy. Crystallization, distillation, precipitation, extraction, and filtration are
beyond the scope of this chapter and will not be discussed. Purification using
preparative chromatography can be traced to Twsett’s initial research on chroma-
tography of plant pigments in the early twentieth century [1, 2]. Preparative chro-
matography equipment has changed drastically over the past 100years, moving
from open glass tubes packed with large particle irregular stationary phases and
using gravity to move mobile phase through the column, to today’s technology
that uses stainless steel columns packed with small particle stationary phases and
high pressure pumps to control mobile phase flow. The first reported use of SFC
was over 50years ago [3]. In this article, the author proposed the use of SFC for
purifications stating “the porphyrins could be recovered at the outlet valve”
Reviews of early purification work (through mid-90s) can be found in [4, 5].

The main difference between analytical and preparative chromatography is
the objective of the work. The objective of analytical chromatography is the
generation of information about the sample (purity, enantiomeric excess, and
impurity level) while the goal of preparative chromatography is the generation
of pure substances. Preparative chromatography is used in a number of indus-
tries with the major users being pharmaceutical, food, and chemical industries
[6-9]. Preparative chromatography in the food and chemical industries is
performed only when alternate separation techniques are not suitable.
Purification quantities in the food and chemical industries are very large; hun-
dreds of thousands of metric tons of high fructose corn syrup and m-xylene are
produced each year using continuous chromatography techniques.

Molecules synthesized in the pharmaceutical industry have higher molecular
weights and are often more complex, or require higher purities than those in the
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food and chemical industries. Due to the increased molecular complexity and
more rigorous demands, preparative chromatography is often a requirement for
production of pure material. Preparative chromatography plays an important
role in the pharmaceutical industry, from initial research where milligram
quantities are purified through manufacturing where hundreds of metric tons
per year are purified. The majority of larger scale (>1 kg) chromatographic puri-
fications in the pharmaceutical industry use liquid chromatography. These
larger scale purifications most often support pharmaceutical development and
manufacturing. During pharmaceutical discovery, where thousands of com-
pound per year with purification quantities ranging from mg to 1kg are encoun-
tered, the technique of first choice is SFC (R. Schmidt, C. Ponder, and M
Villeneuve, Supercritical fluid chromatography: how green is it? A life-cycle
comparison of high performance liquid chromatography and supercritical fluid
chromatography. Oral presentation at SFC, Boston, MA, USA. 2013) [10-19].
While the main focus of this chapter is SFC purifications in support of the phar-
maceutical industry, the techniques and practices described are suitable for
purification of any small molecule in a significant number of industries.

8.1.1 Advantages and Disadvantages of SFC vs. HPLC for Purification

Previous chapters have discussed the important advantages of SFC over HPLC.
For preparative batch chromatography these advantages include:

Increased flow rates

Reduced pressure drop
Reduced organic solvent usage
Easier product isolation
Lower separation costs

These advantages make SFC the technique of choice for purification in phar-
maceutical discovery. One measurement of purification efficiency is throughput;
how much pure material is produced per hour. SFC has advantages over HPLC
that directly impact throughput. The increased flow rate reduces cycle time,
allowing more material to be purified per hour. The reduced pressure drop of
SEC allows use of smaller particles, increasing chromatographic efficiency,
resulting in increased loadings, product purities, and yields. In SFC, the majority
of the mobile phase is liquid CO,, reducing the amount of organic solvent
required for separation. Post separation, CO, is removed via a gas—liquid separa-
tor, generating products at higher concentrations relative to HPLC. This reduces
the time and energy required for solvent removal post chromatography. The sum
of these advantages results in a purification technique that has higher productiv-
ity, may produce material of higher purity, uses less solvent and requires less
workup post purification. The end result is that SFC is faster and affords lower
costs for small molecule purification. It is no wonder that SFC is now the first
choice for small scale purification support within the pharmaceutical industry.
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While SEC has many advantages over HPLC for small molecule purification,
it does have some disadvantages. These disadvantages include (i) CO, supply,
(ii) fraction collection, (iii) higher equipment costs, and (iv) potential for an
oxygen deficient atmosphere. These issues will be addressed later in this chap-
ter and in Chapter 7 on preparative SFC equipment. Another disadvantage is
the inability to easily measure solubility in CO,/modifier mixtures, which is
also discussed later in this chapter.

8.1.2 Cost Comparison: Preparative HPLC vs. SFC

Preparative SFC relative to HPLC offers increased flow rates and reduced sol-
vent volumes that translate to faster purifications and reduced costs for solvent
purchase and disposal. In addition, there are significant cost savings resulting
from the use of primarily alcohol-based solvents vs. hydrocarbon-based sol-
vents. Reduced purification costs are one of the major drivers for numerous
companies moving from HPLC to SFC for small molecule purifications. The
costs savings have been documented for both chiral and achiral purifications.
Miller et al. demonstrated cost savings for small scale chiral purifications
(200-500 mg). At the 200-mg scale, purification costs were reduced from ~200
to 68 USD. At the 500-mg scale, the savings were even more impressive,
decreasing from ~496 to ~166 USD [13]. Riley et al. discussed cost savings
realized at Pfizer by the transition to preparative SFC. They observed an 83%
reduction in solvent cost and a 65% time reduction compared to HPLC for a
typical achiral purification. For chiral SFC purifications they observed a 96%
reduction in solvent cost and an 85% time reduction vs. chiral HPLC [20].

Francotte discussed the transition from reversed phase to SFC-based purifi-
cations for achiral purifications at Novartis [14, 21]. Using mass-directed puri-
fication, achiral SFC has replaced reversed phase HPLC for at least 75% of the
small molecule purifications in their laboratory. He has shown that preparative
SEC is two to three times faster, has 50% lower solvent costs, reduced evapora-
tion energy cost sevenfold, and reduced liquid waste 20% relative to preparative
HPLC. None of the cost comparisons above included the additional costs for
SFC vs. HPLC equipment or the costs associated with CO, distribution.

8.2 Safety Considerations

The major safety hazard for SFC purifications is related to the use of CO, as a
mobile phase. Preparative SFC equipment uses CO, flow rates of 50—1000 mL/
min. When using large volumes of CO,, one must be careful to avoid oxygen
depletion. The laboratory should be designed for the use of large volumes of CO,
to ensure adequate safety. This includes adequate ventilation to remove CO, that
may be released during a system or supply leak or other equipment malfunction.
As purification scale or the number of instruments increases CO, sensors may
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be advisable. These sensors serve as a warning when a high CO, concentration is
present and notify lab personnel to evacuate. Discussions with environmental
health and safety or other experts is recommended. Preparative SFC vendors are
another excellent source for information on best safety practices.

An additional safety hazard of preparative SFC is related to the collection of
separation products post purification. Most preparative SFC systems use a
gas—liquid separator that removes the majority of the CO, gas that is generated
post column when the system pressure is reduced to atmospheric pressure. A
well-designed preparative SFC system will allow venting of CO, gas from the
gas-liquid separator. While a gas—liquid separator removes the majority of the
CO,, it does not remove it completely. The organic solvent exiting the gas—
liquid separator still contains CO,. It is important to avoid collection of product
fractions in closed containers. A vent of adequate size to allow CO, to escape
the collection vessels without a pressure increase is required. It is also impera-
tive that the vent be constructed to eliminate possibility of kinking or blocking
of tubing. Many vendors use a large i.d. (1/2 in. or larger) corrugated tubing to
avoid potential for kinking of tubing, which could result in pressure increase in
the collection vessel. It is also recommended to use plastic or plastic coated
glass vessels for collection. There have been reported instances of explosion of
collection vessels due to inadequate CO, venting. While these vessel explo-
sions were traced to the use of vent tubing of inadequate size that allowed kink-
ing or plugging, it is best to err on the side of caution. Fraction collection
should occur in a ventilated cabinet or behind fume hood doors that will
contain any vessel explosion that could occur.

The final safety consideration for preparative SFC relates to the use of flam-
mable organic solvents. While this risk is lower for preparative SEC relative to
preparative HPLC due to the reduced solvent volumes, depending on purifica-
tion quantities it is still an important consideration. Any operation using flam-
mable organic solvent should occur in a properly designed laboratory. This can
include appropriate ventilation to avoid solvent exposure, sprinkler systems,
secondary containment as well as appropriate personal protective equipment.

As with any laboratory procedure, discussion with safety experts internal or
external to your organization is advised. For any laboratory new to preparative
SFC a safety hazard analysis is recommended to minimize any safety risks.

8.3 Developing Preparative Separations

Development of a preparative separation involves the following steps:

1) Definition of purification objective

2) Development of analytical method

3) Preparative separation

4) Recovery of product from mobile phase
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The following sections provide details on each of these steps as they relate to
SEC purifications. The first step of a purification is to define the purification
objective. The objective of the purification defines the work required for
analytical method development and can help select operating conditions.
Information required to define the purification objective include (i) chiral or
achiral separation, (ii) impurity isolation, (iii) number of components to be
isolated, and (iv) how much material will be purified. At this time purity and
yield requirements should be determined. Other critical information includes
(i) compound stability, (ii) solubility, and (iii) purity of crude material.

The next step is the development of an analytical separation that will be
scaled to preparative loadings. During method development the stationary and
mobile phases are chosen. For preparative separations, a stationary phase must
be stable, available in larger column sizes, and have high loading capacity.
Stationary phase stability is critical for preparative separations. Larger i.d. col-
umns, especially packed with smaller particle phases, are expensive. Phases
with excellent long-term stability provide long column lifetimes and reduce
purification costs. Another consideration, although not as important for pre-
parative SFC, is the ability to clean the columns to remove highly retained
compounds. Work only with stationary phases that are available in larger
quantities; either as larger i.d. prepacked columns or as bulk stationary phase.
It is a waste of time to develop a separation on a stationary phase that is only
available in analytical columns or in particle sizes not suitable for preparative
work (<5 pm).

The most critical stationary phase requirement for preparative separations is
high loading capacity. A stationary phase with a high loading capacity gives
Gaussian peaks at higher amount of injected compound relative to a phase with
low loadability. This allows increased amount of product to be produced per
unit time. The importance of loading capacity on productivity is shown in
Figure 8.1. While this example is for a preparative HPLC separation, the effects
shown are applicable to preparative SFC. The racemate was resolved with
methanol on two amylose based chiral stationary phases (CSP). For CSP1, the
selectivity is 2.25, for CSP2, the selectivity is 2.68. Due to a larger selectivity
value, one might predict that CSP2 would generate the highest productivity.
When these methods were scaled up to preparative loadings it was shown that
CSP1 had a higher loading capacity than CSP2. The increased loading produced
a nearly twofold increase in productivity for CSP1 even though the analytical
separation was inferior to CSP2. The importance of stationary phase loading
capacity is discussed further in the chiral and achiral sections of this chapter.

The next consideration during the analytical method development is mobile
phase. Mobile phase characteristics to consider include volatility, toxicity, cost,
and viscosity. An ideal chromatographic solvent would be volatile, have low
toxicity, be low cost, and have a low viscosity. The final step of any purification
is recovery of product from the mobile phase. Most recoveries are performed
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CSP 1 (20 pm, 4.6 x 250 mm) CSP 2 (20 pm, 4.6 x 250 mm)
Mobile phase: Methanol Mobile phase: Methanol
a=2.25 a=2.68
o
© <
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CSP 1
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Productivity (est.): 1.5 kkd (enantiomer) Productivity (est.): 0.8 kkd (enantiomer)

Figure 8.1 Impact of chiral stationary phase (CSP) loading capacity on purification
productivities. kkd: kilograms product/kilogram CSP/day. Source: Reprinted with permission
from —Caille et al. [22]. Copyright 2010 American Chemical Society.

using some form of solvent distillation at higher temperatures and reduced
pressures (i.e. rotary evaporation, falling film evaporators). It is imperative that
the mobile phase used for purification be volatile. Higher volatility solvents
reduce time and energy requirements for evaporation, leading to quicker and
lower cost purification processes. Volatility of any mobile-phase additives
should also be considered. Solvent toxicity is not critical in analytical chroma-
tography where smaller volumes of solvent are used. When scaled to prepara-
tive loadings, these separations can require liters to hundreds of gallons of
solvent, depending on the amount of material to be purified. For this reason,
solvent toxicity is an important criteria for any analytical method being devel-
oped for preparative scale-up. The third consideration is cost. Avoiding high
cost solvents reduces laboratory operating costs. The final consideration is
viscosity. Higher viscosity solvent limit the purification linear velocity, result-
ing in increased purification times and reduced productivities. It is for these
reasons that methanol is often the mobile-phase modifier of choice for SFC
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purifications. It is relatively volatile, has moderate toxicity, is inexpensive
relative to other solvents, and has lower viscosity relative to other SFC modifiers
such as ethanol and isopropanol.

Another factor to consider during method development is solubility. As a
general rule, a mobile phase offering higher compound solubility has a higher
preparative productivity than a mobile phase with a lower solute solubility. In
addition, higher solubility often translates to reduced solvent requirements for
the purification. The impact of solubility on purifications is discussed later in
this chapter.

The final mobile phase consideration during method development is com-
pound stability. During preparative purifications purified compounds can
remain in the mobile phase for hours or days until solvent removal is complete.
Compounds must be stable in these solvents both at room temperature as they
wait for evaporation, as well as at the elevated temperatures often used for the
evaporation process. It is disheartening to spend one’s valuable time to produce
pure material only to have it degrade or racemize while waiting for, or during
the evaporation step.

The above recommendations are only guidelines. Depending on the separa-
tion it may be necessary to use a modifier that has higher cost and viscosity. For
example, a separation using isopropanol may be much improved relative to
methanol. Or solubility in isopropanol may be significantly higher than in
methanol. In this case, use of isopropanol can result in higher productivity or
reduced purification times even with lower flow rates and increased evapora-
tion times.

What are the most important chromatographic characteristics of an analytical
method for scale-up to a highly productive preparative separation? Forssen
et al. [23] performed a theoretical study to answer this question. They calcu-
lated the following:

e Column length: the shorter the better

e Selectivity: the higher the better

e Retention factor for the first eluting component: the lower the better

e Stationary phase capacity: the higher the better

It should be noted that these are only guidelines. Optimum conditions vary
depending on whether the product of interest elutes first or second as well as
other related purification objectives.

One final reminder for the method development process: For an analytical
method, separation of all compounds in the mixture is a requirement. This is
not a requirement for an analytical method being developed for scale-up to
preparative loadings. The only requirement for this analytical method is sepa-
ration of the desired compound from other compounds in the mixture. It is not
a requirement that the other compounds be separated from each other. In fact
from a purification viewpoint, it is desirable to not have these compounds
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resolved from each other. This can lead to a shorter purification cycle time and
increased purification throughputs.

Once an analytical method is developed, it is time to scale to preparative
loadings. As discussed earlier, the amount of material purified does not qualify
a separation as a purification process. Instead it is the fact that material is col-
lected from the column for some subsequent use. The quantity can be as small
as 100 pg for structure elucidation, or larger quantities for subsequent syn-
thetic steps or biological studies. The size of the preparative column chosen
depends on the amount of material to be purified. Although preparative sepa-
rations can be performed on analytical scale columns (4.6 mm i.d.), this scale is
rarely used due to lack of fraction collection capabilities for analytical SFC
systems. This is one major difference from HPLC where collection is possible
by simply diverting flow directly from detector output to a collection vessel.
The presence of CO, in the mobile phase is a complicating factor for fraction
collection in SFC. This topic is discussed in detail in Chapter 7 on preparative
SFC equipment.

The majority of preparative SFC purifications are performed using 2 or 3cm
i.d. columns [12, 15, 17, 19, 24-26]. The largest prepacked columns for pre-
parative SFC have internal diameters of 5 cm. Larger diameter preparative SFC
columns can be packed using bulk packings and dynamic axial compression
(DAC) technology [27-29]. The amount of material injected onto a preparative
column should be in balance with desired purity and yield of the purification
product(s). With smaller amounts of material injected, it is possible to recover
product at high purity and yield. Increasing injection quantities results in a
balancing game between purity and yield. This is the classical purification
triangle with time, purity, and yield at the three apexes. It is only possible to
maximize two of the parameters at the expense of the third. The needs of each
purification project dictate the optimization process.

It is also possible to upgrade purity through crystallization of chromato-
graphic products. Chromatographic products with low purity can be crystal-
lized to achieve desired purities, leading to increased overall productivity
[30-33]. This approach is contingent on the development of a crystallization
process that is straightforward and results in minimal loss of product. Coupling
of chromatographic purification with crystallization is used mainly for chiral
separations where larger quantities (kg to metric ton) of material are to be
purified. For smaller quantities, it is often more time efficient to achieve desired
purity using only chromatographic purification.

How much material can be injected onto a preparative column and still
achieve desired resolution? The answer to this question depends on a number
of factors and cannot be determined without experimental data. Maximum
possible loading depends on a number of parameters including (i) chiral or
achiral separation, (ii) selectivity and resolution of analytical method, (iii) com-
pound solubility, (iv) adsorption isotherms, and (v) particle size. Assuming the
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same column size, one can typically load more material on an achiral column
than on a chiral column. In general, a higher selectivity/resolution allows more
material to be injected before peak overlap is observed. Achieving maximum
selectivity through extensive stationary phase screening is critical to develop-
ing high productivity purifications. All things being equal, a method offering
better solubility and larger saturation capacities allows increased amounts of
material per injection. Finally, smaller particle size results in sharper peaks and
larger injection quantities relative to larger particle size. A typical approach is
to use a small injection volume (50—100 pL) to confirm proper system operabil-
ity and then increase the injection size until touching bands are obtained as
shown in Figure 8.2.

While the majority of SFC purifications use ultraviolet/visible absorbance
(UV) detection, other detectors such as evaporative light scattering detection
(ELSD), refraction index detection (RI), and corona charged aerosol detection
(Corona CAD) have been used. Destructive detectors such as mass

0 0.5 1 1.5 2 25 3 3.5 4
Time (minutes)

0 0.5 1 1.5 2 25 3 3.5 4
Time (minutes)

Figure 8.2 Touching band example. Top chromatogram: UV trace for 1, 3, 5, 7, 8,9, and
10mL of 35 mg/mL solution. Bottom chromatogram: UV trace for 10 mL of 35 mg/mL
solution.
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spectrometry (MS) can be used if splitters are used to send only a portion of
the flow to the detector. In analytical chromatography using UV /visible detec-
tion, the wavelength is chosen to maximize detector signal. This is done to
minimize detection limits and ensure all components in a mixture are detected.
In preparative chromatography if a wavelength offering maximum response is
used, then the detector can quickly become saturated. This impact can be off-
set somewhat by using smaller flow cells designed for preparative separations
(see Chapter 7 for more details). Even with a preparative flow cell, detector
overload can easily occur and peak separation cannot easily be seen. It is stand-
ard practice in preparative chromatography to detune the wavelength away
from maximum absorbance to reduce UV signal intensity. Use of a photodiode
array detector or a multi-channel UV detector in analytical method develop-
ment can allow the user to determine an appropriate wavelength for prepara-
tive work.

Even when using a wavelength offering lower sensitivity or a preparative flow
cell to reduce detector response, peaks in preparative chromatography can
differ greatly from those seen in analytical chromatography. Peak shape in
preparative chromatography is determined by stationary phase particle size,
injection amount, injection solvent, adsorption isotherms, and the level and
number of additional components in the sample. Poor peak shape in prepara-
tive chromatography is not an indication of poor chromatography. This is illus-
trated in the preparative traces for CSP1 in Figure 8.1. Evaluation of the UV
trace would seem to indicate large overlap between the two enantiomers at
higher load. In reality, fractionation across the preparative peaks would show
that peak 1 can be isolated at high purity if it is collected to the point where
peak 2 begins to elute (valley between the two peaks). Also, peak 1 does not tail
as much into peak 2 as expected due to a phenomenon called sample self-
displacement [34]. In sample self-displacement the second eluting peak com-
presses the elution band of the first eluting peak, reducing tailing and allowing
peak 2 to be isolated at high purity with minimal yield loss.

8.3.1 Linear Scale-Up Calculations

For a consistent scale-up it is important to maintain identical mobile phase
linear velocities between the analytical and preparative columns. Flow rate is
set using the following equation:

. 2
(dmmeterp )
Flowrate, = flowrate, x———
(diametera )

Assuming identical column lengths with identical stationary phases, using
the above equation to set a preparative flow rate results in identical retention
times between the two column diameters. If column lengths are not identical,
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retention will vary depending on the ratio of the lengths. For example, if the
analytical column is 10cm in length and the preparative column is 25cm in
length, with constant linear velocity and assuming an isocratic mobile phase,
retention will be 2.5 x (25 cm/10 cm) longer on the preparative column relative
to the analytical column. The above equation is used for scaling between any
columns of different sizes, not just analytical and preparative columns.

Depending on the amount of material to be purified it may be necessary to
perform initial loading studies on a small i.d. column and then scale-up the
optimized separation to a larger column. This technique is routinely used in
preparative HPLC and has been shown to be accurate up to a one million fold
scale-up [35]. The same approach is useful for preparative SFC scale-up. If
particle size and column length are the same in both columns, and the same
linear velocity is used for the separation, identical results should be obtained
between the two columns. Load is scaled as a function of column size using the
following equation:

2
Dc012 ><Lc012
Load. 1, = Load.; % )
coll X Lcoll

where D is column diameter and L is column length.

8.3.2 Scaling Rule in Supercritical Fluid Chromatography

If column characteristics (particle size, dimension) are identical and mobile
phase linear velocities are kept constant between an analytical and preparative
column, it is possible to directly scale from analytical to preparative. Scale-up
becomes more complicated when these parameters are modified. In preparative
LC, scaling rules have been developed that allow transfer of methods from small
particle analytical columns to larger particle preparative columns [36, 37]. The
main difference between LC and SFC is the much higher mobile phase com-
pressibility of SFC. For a compressible fluid, changes in pressure lead to changes
in density. In SFC, mobile-phase density impacts retention and sometimes
selectivity. Changing particle size as well as column length changes average
column pressure, which in turn changes mobile-phase density and potentially
compound retention and selectivity. For this reason, the standard scaling rules
developed for preparative LC may not be suitable for preparative SFC.
Tarafder et al. have studied this phenomenon and developed scale-up rules
relevant to isocratic SFC purifications [38, 39]. They have shown for accurate
reproduction of performance during the scaling process, it is necessary to
maintain the same density variation profile in both the analytical and prepara-
tive system. The effect of not matching average densities across two columns is
shown in Figure 8.3. The only change between the two chromatograms is par-
ticle size (1.7 pm for top chromatogram and 5 pm for bottom chromatogram).
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(1) Caffeine, (2) Carbamazepine, (3) Uracil, (4) Hydrocortisone, (5) Prednisolone, and (6) Sulfanilamide
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Figure 8.3 Impact of not matching average densities. Increasing the particle size while
keeping all other experimental conditions the same, significantly affecting retention factors,
selectivity, and column efficiency in SFC. Source: Reprinted with permission from Tarafder

et al. [38]. Copyright 2014 Elsevier.

The change in particle size results in the columns experiencing different pres-
sure drops. For the 1.7-pm column the pressure drop is 5888 psi, for the 5-pm
column the pressure drop is 2004 psi. As SFC mobile phases are compressible,
and mobile-phase density varies with pressure, the 1.7-pm column has a mobile
phase of higher density relative to the 5-um column. The lower mobile phase
density for the 5-pm column results in increased retention as well as changes
in selectivity (compounds 2 and 3). Under LC conditions retention and selec-
tivity would not have changed. The only change would have been reduced
efficiency due to larger particle size.

To achieve comparable performance between SFC columns with different
operating pressure, and thus different mobile phase densities, the average
density between the two columns must be matched. For this calculation, densi-
ties are approximated using system pressure readouts and assuming a linear
pressure drop across the column. Densities of the CO,/methanol mixture are
calculated using REFPROP software from NIST. As mentioned earlier, differ-
ent system pressures result in different mobile phase densities. Maintaining
average densities across columns with different pressure drops is achieved by
increasing the automatic back pressure regulator (ABPR) setting for the
preparative SFC system. This is illustrated in Figure 8.4 for the separation on
columns with varying particle sizes and column dimensions. Matching mobile
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Figure 8.4 Use of matching average densities. The left side of the figure shows estimated density profiles across three different columns with
three different flow rates. The ABPR pressures were adjusted such that the average densities of all operations were similar. The right side of the
figure shows the chromatograms corresponding to these experiments. (ABPR settings: (a) 1500 psi, (b) 3600 psi, and (c) 3191 psi.) Source:
Reprinted with permission from Tarafder et al. [38]. Copyright 2014 Elsevier.
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phase densities and comparable chromatographic results are obtained by
increasing the ABPR setting to 3600 psi for the 5-pm analytical column and to
3191 psi for the preparative column.

8.3.3 Metrics for Preparative Separations

A number of metrics have been proposed to quantify a preparative separation
[40]. These include (i) throughput, (ii) production rate, (iii) productivity, (iv)
specific productivity, and (v) cost. The most useful metric is productivity, also
known as production rate. Production rate is a measure of the amount of mate-
rial that can be purified on a given quantity of packing material in a given time.
It is often measured as kkd; kg product/kg packing material/day. At times pro-
ductivity will be calculated as kkd for feedstock, not product. Using kg product
for productivity calculation is an improved metric as it takes into account the
purification yield. An example of production rate calculation is shown in
Figure 8.5. In this example, 1.1 g of racemate can be injected with a cycle time
of 4.5 minutes on a column packed with 295g CSP (assuming packing density
of 0.6 g/mL). This yields a production rate of 1.19kkd for the racemate.
Another useful metric for preparative separations is solvent usage. Solvent
usage is easily calculated by dividing solvent used per hour by gram of feed
processed or product produced per hour. For the separation shown in
Figure 8.5, solvent usage is 0.43 L/g racemate. The overall most important met-
ric for purification is the cost per kilogram of final product. This cost includes
all components of the separation including equipment, operators, facility, and

Cycle time:
| 4.5 minutes ‘

A
|

R | W—

0 2 4 6 8 10
Time (minutes)

Column: 5 cm i.d. x 25 cm, containing ~295 g CSP
350 ml/min, 30% 1:1 methanol:dichloromethane
1100 mg/injection

Injection Details: 1.1 g/4.5 minutes = 14.66 g/hour = 352 g/day
Solvent Details: 350 ml/min = 21 L/hour; 30% modifier = 6.3 L solvent/hour

Productivity (kkd racemate) = 0.352 kg product /0.295 kg CSP = 1.19 kkd
Solvent Usage (L/g racemate) = 6.3 L/14.66 g = 0.43 L/g racemate

Figure 8.5 Productivity calculation example.
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operating costs. This metric is difficult to calculate for smaller scale separa-
tions and is only used for large scale manufacturing purification processes.

8.3.4 Options for Increasing Purification Productivity

8.3.4.1 Closed-Loop Recycling

There are currently dozens of stationary phases that can be utilized for SFC
purifications. Even with all these possibilities there are still times when the best
analytical method does not provide resolution or selectivity sufficient to meet
purification demands. Closed-loop recycling and peak shaving are techniques
shown to improve throughput for preparative liquid chromatography [41].
These techniques are almost exclusively used for chiral purifications, but in
theory can also be used for achiral purifications. Closed-loop recycling is not
routinely used in preparative SFC due to difficulty in maintaining pressures, and
thus densities and volumes, within all components of a preparative SFC instru-
ment. Closed-loop recycling is a technique where the eluent exiting the chro-
matographic column is pumped back onto the column to increase separation.
This recycling is repeated until sufficient resolution is obtained. Peak shaving is
a technique where only the leading and tailing edges of an elution band (where
pure first eluting enantiomer and pure second eluting enantiomer elute) are col-
lected and the impure portion of the elution band is recycled. With the difficulty
of recycling within a preparative SFC system, a related approach is to collect the
impure band of the elution profile and then reprocess to improve isolated yields.

8.3.4.2 Stacked Injections

An additional technique for increasing purification throughput is stacked
injections. This technique is known by many names, including overlap injec-
tions and boxcar injections. With this technique, a second injection is made
prior to the elution of all peaks from the first injection. An example of this
technique is shown in Figure 8.6. Chromatogram A shows a single preparative
injection of racemate with a total run time of approximately 110seconds.
Examination of the chromatogram shows no product eluting during the first
50seconds of the separation with the elution time for the enantiomers being
only 60seconds. To fully optimize this separation, the stacked injection tech-
nique was used and an injection performed every 60seconds. The separation
of five stacked injections is shown in chromatogram B. Using this technique
the time required for separation was reduced by 45% with a corresponding
reduction in solvent requirement of 45%.

8.3.5 Importance of Solubility on Preparative Separations

As mentioned earlier, to achieve maximum purification productivity the sam-
ple should have high solubility (>25mg/mL) in the chromatographic mobile
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Figure 8.6 Stacked injection example. Chromatogram A: Single injection at time zero.
Chromatogram B: Stacked injection, injection made every 60 seconds. Injection indicated
by arrow.

phase. Measurement of solubility in CO, based solvents is complex and rarely
performed [42, 43]. In a standard preparative SFC experiment, the compound
being purified does not contact CO, until the injection step. Without CO,
solubility measurements it is difficult to predict what will happen when the
compound first interacts with CO, during the injection step. In a worst case
scenario, the compound will have such low CO, solubility that it will precipi-
tate out of solution, depositing on the inlet frit or in the column. This can lead
to a system pressure spike or increase, which will eventually lead to system
shutdown. While this does occur, it is rare.

Empirically compounds tend to exhibit lower solubilities in supercritical fluid
media than in neat organic solvents [44]. In a best case scenario, solubility in the
SFC mobile phase modifier would drive compound solubility, with CO, having
little impact. This is not always the case. Figure 8.7 shows the solubility of caf-
feine and theophylline in various CO, and organic solvent combinations. Graph
A for caffeine shows solubility in acetonitrile decreased as CO, was added. For
methanol, ethanol, and isopropanol, solubility increases with addition of CO,
(to 50%) and then decreases as the CO, fraction increases. The impact of CO,
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Figure 8.7 Solubilities of (a) caffeine and (b) theophylline in different CO, and organic
solvent combinations. Source: Reprinted with permission from Gahm et al. [44]. Copyright
2011 Wiley.

on the solubility of theophylline (graph B) is different from that observed with
caffeine with acetonitrile and isopropanol showing a decrease in solubility with
CO, addition. This data shows the difficulty in predicting solubility in CO,/
organic solvents based on organic solvent solubility alone.

Figure 8.8 is an example in which poor CO, solubility had a detrimental
impact on a preparative resolution. Analytical separation of this racemate
using 15% ethanol as modifier afforded baseline separation of the enantiomers.
When this method was scaled directly to preparative SFC, poor peak shape
was observed even with only 1 mg injected onto the preparative column. In this
separation, retention times decreased as the percentage of ethanol in the
mobile phase increased, which is expected. However, this separation is unusual
because even through the retention times decreased, resolution increased.
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—— 15% ethanol
—— 20% ethanol
25% ethanol

—— 30% ethanol
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Figure 8.8 Separation of 1 mg racemate (proprietary structure). SFC conditions: Chiralpak
AY, 5 pm, 2x 25 cm, 80 mL/min, 100 bar, 290 nm. See the figure for mobile-phase conditions.

This is not normally seen in preparative chromatography. With 15% ethanol
the majority of the mobile phase is CO,. With the racemate having poor CO,
solubility it cannot remain in solution and broad peaks are observed. As the
ethanol percentage in the mobile phase increases, solubility of the racemate
increases and peak shapes improves, while at 25% ethanol near baseline sepa-
ration of the two enantiomers is observed.

While solubility can impact purification productivity, it is often not an issue,
especially for small scale purifications. Some suggestions to minimize solubility
impact include the following:

o If poor organic solvent solubility is observed, it will probably not improve in
the presence of CO,.

o If multiple mobile phases show approximately the same resolution, choose
the one with highest modifier percentage.

o If poor solubility is observed in standard SFC modifiers, explore alternate
modifiers such as dichloromethane, tetrahydrofuran, methyl tert-butyl ether,
or ethyl acetate which may offer improved solubility.

o For large scale or time consuming separations it may be worthwhile to meas-
ure CO, solubility.

8.3.6 Preparative SFC Injection Options

Standard LC equipment introduces sample into the chromatographic system
after mixing of mobile phase and just before the column. SFC equipment has
two configurations: (i) mixed stream injection or (ii) modifier stream injection.
Schematics of the two configurations as well as advantages and disadvantages
of the two injection options are discussed further in Chapter 7. Miller et al.
published a comprehensive evaluation of mixed stream and modifier stream
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injection [45]. They showed that for the majority of the compounds evaluated, modi-
fier stream injection gave better resolution relative to mixed stream injection.
The improvement in resolution for modifier stream injection increased as injection
volume increased. The benefit of modifier stream injection over mixed stream
injection is shown in Figure 8.9. Both chromatograms show the chiral resolution of
100mg propranolol dissolved in 5mL methanol. The resolution using mixed
stream injection (chromatogram A) is drastically lower than modifier stream injec-
tion (chromatogram B). In mixed stream injection, there is a temporary localized
increase in mobile phase strength due to the methanol used for dissolution, which
can lead to peak distortion and reduced resolution. This difference is more pro-
nounced as injection volume increases and as retention time decreases.

Ideally for chromatographic analysis and purification, the sample should be
dissolved in the identical solvent mixture as the mobile phase. Due to the pres-
ence of CO, in the mobile phase, this option is not possible in preparative SFC.
In preparative HPLC, dissolution in the mobile phase is not always possible
due to limited solubility of the sample. In this case, it is standard practice in
both preparative SFC and HPLC to use dissolution solvents different from
the chromatographic mobile phase. This practice allows purification of com-
pounds with poor solubility in the mobile phase, or reduces injection volume

Chromatogram A Figure 8.9 Preparative separation of
100 mg of propranolol dissolved in 5mL
methanol. Chromatogram A: Mixed
stream injection. Chromatogram B:
Modifier stream injection. Source:
Reprinted with permission from reference
[44]. Copyright 2012 Elsevier.

0 1 2 3
Retention time (minutes)

Chromatogram B

Retention time (minutes)
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of compounds with minimal solubility. In HPLC, injection from stronger sol-
vents than the mobile phase can lead to poor peak shape, sample breakthrough,
and reduced loadings [46]. Miller et al. evaluated injection solvents to see if the
same effect was observed in preparative SFC [45]. Their studies (summarized
in Table 8.1) showed that dissolution solvent had minimal impact on plate
count, retention time, or resolution regardless of the dissolution solvent
strength for SFC purification. This is relative to HPLC purifications where the

Table 8.1 Effect of dissolution solvent on preparative SFC separation of trans stilbene
oxide®

Dissolution solvent Rt; Rt, N, N, Rs

Methanol 2.55 3.96 620 358 1.88
Ethanol 2.56 3.99 522 334 1.87
Acetonitrile 2.55 3.94 750 418 1.97
Isopropanol 2.59 4.08 507 300 1.86
75/25 isopropanol/heptane 2.60 4.06 548 329 1.88
50/50 isopropanol/heptane 2.60 4.07 642 355 2.02
25/75 isopropanol/heptane 2.59 4.05 691 388 1.96
10/90 isopropanol/heptane 2.59 4.02 722 399 2.05
heptane 2.57 4.00 762 399 2.03
50/50 methanol/dimethylether 2.59 4.01 421 436 1.85
75/25 methanol/dichloromethane 2.62 4.06 690 420 1.96

“ Chiralpak AD-H, 3 x 25 cm, 126 mL/min, 25% methanol w/0.2% diethylamine, 80 mg injection
(4mL @ 20 mg/mL), mixed stream injection.
Used with permission of [45].

Effect of dissolution solvent on preparative HPLC separation of trans stilbene oxide®

Dissolution solvent Rt, Rt, N, N, Rs

Heptane 3.22 8.27 3229 718 6.83
10/90 isopropanol/heptane 3.22 8.22 2740 826 6.97
25/75 isopropanol/heptane 3.19 8.13 2691 885 7.37
50/50 isopropanol/heptane 3.17 8.18 2192 834 7.32
75/25 isopropanol/heptane 3.10 8.11 1980 840 7.16
Isopropanol 3.06 8.16 391 718 6.19
Ethanol 1.19 8.37 1600 613 6.19

? Chiralpak AD-H, 3 x 15 cm, 42 mL/min, 10/90 (v/v) isopropanol/heptane, 50 mg injection
(2.5mL @ 20mg/mL).
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impact of stronger dissolution solvents resulted in broader peaks and reduced
plate counts, especially for the first eluting peak.

An alternate sample injection approach that does not rely on compound dis-
solution prior to introduction to the chromatographic system is coupling
supercritical fluid extraction (SFE) to a preparative SFC. This approach allows
injection of material with poor organic solvent solubility or injection of materi-
als containing insoluble impurities. This approach has been used for chiral
purifications [44] as well as achiral flash purifications [47]. The technique is a
feature on preparative SFC equipment sold by PIC Solution Inc. [48].
“Extraction” injection involves placing the sample to be purified (often as a
mixture with silica or other inorganic material) in an extractor that is pressur-
ized with the SFC mobile phase. Periodically the extractor is opened to the
column, allowing sample to elute from the extractor onto the preparative col-
umn for purification. This approach avoids the potential of sample coming out
of solution upon contact with CO,. The only material injected into the pre-
parative system is that which dissolves in the mobile phase. One disadvantage
to this technique is the inability to easily measure how much material is being
injected onto the column, and thus determine when the purification will be
complete. It may be necessary to continue to inject material from the extractor
until no additional material is eluting from the column.

8.4 Preparative Chiral SFC Purifications

8.4.1 Chiral Stationary Phases (CSPs) for Preparative SFC

Chromatographic resolution of enantiomers is critical to many areas of phar-
maceutical discovery and development. Analytical-scale separations of chiral
compounds via HPLC have been used in the pharmaceutical industry since the
first separations of enantiomers were reported in 1985 [49]. SFC has become
the predominant technique for preparative chromatographic purification of
enantiomers over the past 25years [10, 12, 13, 50, 51]. It has been reported that
chiral separations are the niche application for packed column SFC that is
responsible for keeping the technique visible from the mid-1990s to the late
2000s. Within many pharmaceutical companies SFC is used for greater than
90% of all preparative chromatographic separations, especially during discovery
when the quantities to be resolved are small (<1g) and the number of race-
mates to be resolved are large.

Chromatographic purification of racemates involves four steps. They are (i)
selection of a chiral stationary phase (CSP) and mobile phase, (ii) choice of
separation technique, (iii) preparative separation, and (iv) recovery of product
from the mobile phase. By far the most important step is selection of the chiral
phase and mobile phase. The selection of the separation conditions has a direct
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impact on productivity, the amount of solvent required, and ultimately the cost
for the separation. For a highly productive separation one desires a retention
factor of less than five for the second eluting enantiomer as well as maximum
selectivity. The low retention factor reduces cycle time for the separation,
allowing maximum productivity. The maximum selectivity allows larger quan-
tities of racemate to be loaded onto the column.

There are currently hundreds of CSP available on the market. The main types of
CSPs are polysaccharides [52—-54], Pirkle type [55], protein based [56], cyclodex-
trin [57, 58], and macrocyclic glycopeptides [59]. Each of these phases has differ-
ent characteristics. Additional details on each phase can be found in Chapter 5.
While all of these phases are useful for analytical separations, not all are suitable
for preparative separations. For a preparative separation a CSP must be stable,
available in larger column sizes or as a bulk packing, and have high loading capac-
ity. The characteristics of the types of CSPs are summarized in Table 8.2. Loading
capacity is the most critical requirement for a highly productive purification. A
CSP that has a high loading capacity generates Gaussian peaks at higher amount
of injected racemate relative to a CSP with low loading capacity. This allows
increased amounts of pure racemate to be produced per unit time. While produc-
tivity is dependent on the racemate to be resolved, as well as loading capacity, the
general trend is polysaccharide > Pirkle type > macrocyclic glycopeptides > cyclo-
dextrin > protein based. The majority of SFC preparative separations are per-
formed using polysaccharide based or Pirkle type phases. Structures of these CSPs
can be found in Chapter 5. The main limitation of polysaccharide based CSPs is
their limited solvent compatibility. Most polysaccharide based chiral selectors are
adsorbed on silica and can be dissolved and washed off the silica if the wrong
solvent is used. This limitation has been reduced with the introduction of immo-
bilized polysaccharide based CSPs, which will be discussed later in this chapter.

Table 8.2 Characteristics of chiral stationary phases (CSP).

Immobilized

Polysac- Polysac- Pirkle Protein Macrocyclic

charides charides type based Cyclodextrin Glycopeptides
Solvent Severe None None Reverse None None
limitations phase only
Loadability High Medium Medium VeryLow Low Medium
Range of  High High Low Medium  Low Medium
resolution
Large Yes Yes Yes No 2cmid. and 2cmid. and
column less less
sizes/bulk

availability
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8.4.2 Method Development for Chiral Purifications

During pharmaceutical discovery, thousands of different compounds are syn-
thesized and tested in order to progress the best molecule into clinical studies.
Depending on the chemical space being evaluated, this can result in the need
to resolve several hundred to several thousand different racemates for a typical
discovery project. The nature of drug discovery is that most molecules are
synthesized only once, usually at 25-100 mg scale. Optimization of the chiral
purification process for drug discovery requires rapid method development
and purification; SFC excels in both areas.

The high flow rates possible in SFC result in reduced time for screening of
chiral phases and modifiers. Flow rates of 4—5mL/min are standard for 4.6 mm
i.d. columns. This compares to 1-2 mL/min for HPLC screening with columns
of the same dimensions and particle size. Using SFC, a typical screening
method is often less than five minutes [12, 13, 60-77]. Most analytical SFC
equipment offers automated column and modifier switching valves to auto-
mate the method development process. Further details on analytical SFC
equipment can be found in Chapter 3. An example of an SFC method develop-
ment approach is summarized in Table 8.3. Studies in Amgen laboratories have
shown little difference between ethanol and methanol as a modifier for SFC
enantioseparations. Ethanol is only evaluated if acceptable separation is not
obtained with methanol or isopropanol. Due to the wide polarity range of

Table 8.3 SFC method development conditions.

SFC conditions

Column dimensions (mm) 4.6 x 100

Chiral stationary phases Chiralpak AD-H
Chiralpak AS-H
Chiralcel OD-H
Chiralcel OJ-H

Chiralpak IC
Flow rate (mL/min) 5.0
Modifiers Methanol w/ 0.2% diethylamine

Isopropanol w/ 0.2% diethylamine
Gradient conditions 5-55% over 3.5 minutes

55% for 1 minute
Temperature 40 C

Run Time 4.5 minutes

Source: Used with permission of [12].
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molecules being analyzed, initial evaluation is performed under gradient
conditions. Once the best CSP/modifier combination has been identified an
isocratic method is quickly developed prior to preparative separation. A guide
(Figure 8.10) has been developed to allow selection of appropriate isocratic
conditions based on gradient retention time. The chart is used in the following
manner; the average retention time for two enantiomers separated under gra-
dient conditions is calculated. Assume for this example the average retention is
2.5 minutes. Find 2.5 minutes on the x-axis (R, gradient) and move up the y-axis
to determine approximate retention time under various isocratic conditions.
A gradient retention time of 2.5 minutes would translate to approximately 0.5,
1.1, 1.5, or 2.3minutes for 30, 25, 20, and 15% modifier under isocratic
conditions. We have found an analytical retention time of approximately
1.5minutes, using 4.6 mm x 10cm analytical columns, gives adequate separa-
tion without excessive retention when scaled to preparative columns of 15 or
25cm in length. For this example, isocratic conditions of 20% modifier would
be evaluated at analytical scale prior to the preparative separation.

8.4.3 Preparative SFC Examples

8.4.3.1 Milligram Scale Chiral Purification

As discussed previously, SFC is an excellent technique due to the high speed of
analysis and purification. This was demonstrated well for the separation of the
enantiomers of compound 1 (Figure 8.11). One hundred and twenty milligrams
of this racemate was synthesized and required preparative enantioseparation
prior to biological testing. Using a method development process described in
Section 8.4.2, an analytical separation was quickly developed (Figure 8.11,
chromatogram A). This method was scaled to preparative loading using a
2-cm-i.d. column and a loading of 20 mg (Figure 8.11, chromatogram B). It is
evident from chromatogram B that loading was not optimized for this
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Figure 8.10 Guide for choosing isocratic conditions based on SFC gradient retention.
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Chromatogram A
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Figure 8.11 SFC separation of compound 1. Chromatogram A: Analytical separation:
Chiralpak AD, 5 pm, 4.6 x 100 mm, 40% isopropanol with 0.2% diethylamine, 5 mL/min,

100 bar back pressure. 10 uL of 1 mg/mL methanol solution injected. Chromatogram B:
Preparative separation: Chiralpak AD, 5 pm, 2x 15 cm, 40% isopropanol with 0.2%
diethylamine, 80 mL/min, 100 bar back pressure and detection at 270 nm. One-hundred and
twenty milligram racemate dissolved in 18 mL of 50/50 (v/v) methanol/dichloromethane,
3mL was injected.

preparative separation as more sample could be injected without compromis-
ing the separation. This is often the case during medicinal chemistry purifica-
tion support where sample size limits the loading experiments that can be
performed. Even with nonoptimized loading, the entire sample was purified in
under 30 minutes.

8.4.3.2 Gram Scale Chiral Purification

The example above illustrated the advantages of SFC for preparative resolution
of racemates during early stages of drug discovery when quantities of less than
200mg are often synthesized. SFC is also often the technique of choice when
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larger quantities of racemate need resolution. This is illustrated for the resolu-
tion of compound 2 in Figure 8.12. Larger quantities of this racemate (24.5g)
were resolved as this compound was an early intermediate to a large series of
final compounds being prepared for testing. Resolution of this amount of race-
mate avoided the need to develop analytical and purification methods for
approximately 50 final compounds. This approach greatly reduces the amount
of analysis and purification required, but it is imperative that no racemization
occurs during subsequent synthetic steps.

The best analytical SFC method is shown in Figure 8.12, chromatogram A.
Due to the larger sample size the preparative method was scaled to a 5-cm-i.d
column. This reduced the purification time approximately sixfold vs. scaling to
a 2-cm-i.d. column. The preparative separation of ~260 mg racemate is shown
in Figure 8.12, chromatogram B. The sharp peaks allowed a cycle time of only
1.5minutes to be used for processing the racemate. Using this approach the
entire 24.5 g of racemate was resolved in two hours.

Chromatogram A

0 05 1 15 2
Time (minutes)

Chromatogram B

0 05 1 15 2 25 3 35 4
Time (minutes)

Figure 8.12 SFC separation of compound 2. Chromatogram A: Analytical separation: (S,S)
Whelk-O, 5pm, 4.6 x 100 mm, 15% isopropanol, 5 mL/min, 100 bar back pressure. Ten
microliter of 1 mg/mL methanol solution injected. Chromatogram B: Preparative separation:
(S,S) Whelk-O, 5um, 5x 15 cm, 15% isopropanol, 350 mL/min, 100 bar back pressure and
detection at 215 nm. 24.5 g racemate dissolved in 120 mL of 50/50 (v/v) isopropanol/
dichloromethane, 1.5 mL was injected.
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8.4.4 Impact of Solubility on Productivity

Preparative separations require the introduction of larger amounts of chemical
onto the separation column. To avoid purification issues, it is important to not
only inject the sample onto the purification column, but also have the material
remain in solution as it travels through the column. If material comes out of
solution within the chromatography system, tailing peaks, and/or increased
system pressure can occur. The presence of CO, in the mobile phase negates
the ability to dissolve sample in the mobile phase. The common approach for
preparative SFC is to dissolve the racemate only in the modifier. Unfortunately,
many pharmaceutical compounds do not exhibit high solubility in methanol.
An approach used by some pharmaceutical purification laboratories is to dis-
solve racemates in a 1:1 mixture of methanol and dichloromethane (DCM).
This approach often results in acceptable peak shapes and allows rapid resolu-
tion. While the use of DCM/methanol mixtures allows introduction of race-
mate onto the column (provided solubility in methanol or methanol/CO,
mixtures is low), poor peaks shape including peak splitting and broadening can
still result. On rare occasion, sample precipitation can occur in the column
once dichloromethane is pumped away from the racemate, leading to high
pressure and system shutdowns. An example of peak splitting that can occur
due to poor solubility under preparative conditions is shown in Figure 8.13 for
Compound 3. For this racemate, a maximum of 15 mg could be injected; higher
amounts resulted in peak overlap and reduced purities and/or yield. Even at
15 mg injected, peak widths of 1-1.5 minutes are observed, greatly limiting the
productivity of the separation.

o 1 2 3 4 5 6 7
Time (minutes)
Figure 8.13 SFC separation of compound 3. Preparative separation: Chiralpak AD-H,
2x25cm, 35% methanol w/0.2% diethylamine, 80 mL/min, 15 mg racemate injected,

dissolved in 1 mL of 10/10/1 (v/v/v) methanol/dichloromethane/dimethylsulfoxide. Source:
Reprinted with permission from Miller [78]. Copyright 2012 Elsevier.
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8.4.5 Use of Immobilized Chiral Stationary Phase (CCP)
for Solubility-Challenged Samples

Polysaccharide-based CSPs have been used for almost 30 years for the prepara-
tive resolution of racemates [12, 79-90]. While these phases have proven
extremely useful, they have severe solvent limitations due to the derivatized
cellulose or amylose being coated on rather than bonded to the silica gel. The
derivatized polysaccharide is soluble in many organic solvents. Contact with
these solvents can result in dissolution of the polysaccharide and loss of resolu-
tion and/or column destruction. Numerous approaches have been developed
to make the polysaccharide insoluble, thus removing the solvent restrictions
[91-97]. During the past eight years a series of immobilized cellulose/amylose
CSP (Chiralpak IA, IB, IC, ID, IE, IF, and IG, manufactured by Daicel) have
been introduced. These CSP have no solvent restrictions, and have proven use-
ful in offering unique selectivity when solvents other than traditional solvents
used for chiral separations (i.e. other than alkanes, alcohols, and acetonitrile)
are required for resolution [98—100]. These CSPs have also proven useful for
preparative resolutions where the racemate to be separated is poorly soluble in
traditional SFC modifiers such as alcohols or acetonitrile [78, 101].

8.4.5.1 Immobilized CSP Example #1

The impact of poor racemate solubility on a preparative separation is illus-
trated in Figure 8.13. While poor peak shape was observed for this racemate,
due to the small amount of racemate to be resolved (~6g), it was possible to
process using these conditions. However, a large number of injections (400)
and ~30hours of separation time were required. What is the solution to this
type of separation problem when the quantity of racemate to be resolved
reaches a level where a brute force approach is not acceptable? In these
cases, the use of nontraditional modifiers and immobilized CSPs may be the
answer.

This approach was used when larger quantities of Compound 3 required
resolution. Solubility studies showed improved solubility in dichloromethane.
Thus, a modifier mixture of methanol/dichloromethane was explored. The
CSP evaluated was Chiralpak IA, which is the immobilized equivalent of
Chiralpak AD. The analytical separation is shown in Figure 8.14, chromato-
gram A. Separation with the Chiralpak IA CSP afforded lower selectivity
compared to the Chiralpak AD CSP (1.59 vs. 2.33), but it was felt the improved
solubility would allow higher preparative loadings even with reduced selectiv-
ity. The separation of 160 mg racemate on a 5-cm-i.d. x 25cm Chiralpak 1A
column is shown in Figure 8.14, chromatogram B. A late eluting achiral impu-
rity (~9 minutes) required a longer cycle time for removal. Using stacked injec-
tions 16 g of racemate were processed in under six hours and generated both
enantiomers at >99% ee and >90% yield.
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Chromatogram A
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Figure 8.14 SFC separation of Compound 3. Chromatogram A: Analytical separation:
Chiralpak IA, 4.6 x 100 mm, 30% 1:1 methanol:dichloromethane w/ 0.2% diethylamine, 5 mL/
min, 100 bar back pressure. Chromatogram B: Preparative separation: Chiralpak IA,

5% 15cm, 30% 1:1 methanol:dichloromethane w/0.2% diethylamine, 350 mL/min, 160 mg
racemate injected, dissolved in 4mL of 10/1 (v/v) dichloromethane/dimethylsulfoxide.
Source: Reprinted with permission from Miller [78]. Copyright 2012 Elsevier.

The two purification methods are compared in Table 8.4. Switching from
methanol to a methanol : dichloromethane modifier resulted in a greater than
threefold increase in productivity and a nearly eightfold decrease in solvent
usage. If the achiral impurity in the 16-g lot is ignored, or removed prior to the
chiral separation, a more accurate comparison between the methods can be
made. This allows the cycle time to be reduced from 3 to 1.75 minutes. A greater
than fivefold increase in productivity (0.078 to 0.46 kkd) and a nearly 14-fold
decrease in solvent usage (7.4 to 0.54 L/g racemate) as obtained under these con-
ditions. The use of a nontraditional methanol: dichloromethane modifier allows
16 g of racemate to be resolved in 3 hours compared to greater than 17 hours with
a methanol modifier. Solvent consumption was reduced from 118 to 15L.

8.4.5.2 Immobilized CSP Example #2

In another example, 762 g of racemate (Compound 4, proprietary structure)
enriched in the active enantiomer (ee ~20%) required resolution to meet purity
specifications of >98% ee. Following analytical method development, condi-
tions which afforded high selectivity (« =1.96) were achieved (Figure 8.15,
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Table 8.4 Comparison of purification methods for compound 2.

Productivity Solvent usage
cspP Mobile phase (kkd) (L/g racemate)
Chiralpak AD 35% MeOH w/ 0.2% 0.078 7.4
DEA in CO2

Chiralpak IA 30% 50:50 (v/v) DCM/ 0.268 0.94
MeOH in CO,

“Chiralpak IA 30% 50:50 (v/v) DCM/ 0.46 0.54
MeOH in CO,

MeOH = methanol

DCM = dichloromethane

kkd = kilograms racemate/kg CSP/day

“ Productivities and solvent usage obtained if achiral impurity not present in racemate and cycle
time was shortened from 3 to 1.75 minutes.

chromatogram A). Using a 5-cm-i.d. preparative column good separation was
achieved for a 100 mg injection (Figure 8.15, chromatogram B) but multiple
broad tailing peaks were observed when 600mg racemate was injected
(Figure 8.15, chromatogram C). The poor peak shape was attributed to low
mobile phase solubility.

During sample dissolution it was determined that high solubility was
achieved using a methanol : dichloromethane mixture. Analytical method
development using immobilized CSPs (Chiralpak IA, IB, IC, ID, IE, and IF) as
well as a Pirkle type CSP ((S,S) Whelk-O) which is covalently bound, and a
modifier of methanol : dichloromethane was performed. The best selectivity
was observed using the (S,S) Whelk-O CSP and a modifier of 30% 1:1
methanol:dichloromethane (Figure 8.16, chromatogram A). While the
Whelk-O method afforded lower selectivity relative to the Chiralpak AD
method (1.27 vs. 1.96), it was thought the improved racemate solubility would
afford improved peak shape and increased productivity. The preparative reso-
lution of 1100 mg of racemate using these conditions is shown in Figure 8.16,
chromatogram B. The nontraditional modifier afforded improved chromato-
graphic solubility and allowed 762 g of racemate to be processed in approxi-
mately 52 hours. Under these conditions, a productivity of 1.19kkd (kilograms
racemate/kg CSP/day) and a solvent usage of 0.43 L/g racemate was obtained.

8.4.6 Coupling of Chiral and Achiral Columns for SFC Purifications

Achiral impurities present in racemates can complicate the analysis or purifica-
tion process. A number of scientists have investigated the coupling of achiral and
chiral columns for analysis [103—105]. For racemates containing achiral impuri-
ties, standard approaches are to (i) purify prior to chiral purification or (ii) attempt
to develop a chiral SFC method that resolves the achiral impurity as well as the
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Chromatogram A Figure 8.15 SFC separation of
compound 4. Chromatogram A:
Analytical separation: Chiralpak
AD-H, 5 pm, 4.6 X 100 mm, 60%
methanol, 5 mL/min, 100 bar back
pressure. Ten microliter of 1 mg/mL
methanol solution injected.
Chromatogram B and C:
Preparative separation: Chiralpak
AD-H, 5 pm, 5% 15cm, 60%

0 0.5 1 1.5 2 25 3 35 methanol, 325 mL/min, 100 bar
Time (minutes) back pressure and detection at
295 nm. Chromatogram B:
Chromatogram B 100 mg racemate dissolved in

1mL of 50/50 (v/v) methanol/
dichloromethane was injected.
Chromatogram C: 600 mg
racemate dissolved in 6 mL of
50/50 (v/v) methanol/
dichloromethane was injected.
Source: Reprinted with

permission from Miller [102].
_M___n.] Copyright 2014 Elsevier.
0 1 2 3 4 5 6 7
Time (minutes)

Chromatogram C
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Time (minutes)
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enantiomers. Recent research has investigated coupling achiral and chiral col-
umns in attempts to eliminate preSFC purifications or complicated method
development to resolve both achiral impurities and enantiomers. Zeng et al.
described a 2D SFC system that isolated pure racemate in the first dimension
using a 2-ethylpyridine column; after trapping the racemate it was then trans-
ferred to a chiral column for preparative resolution [69]. Ventura documented a
process for identification of complimentary achiral columns that could be directly
coupled to chiral columns [106]. Either approach may not suitable as a higher
throughput purification approach due to the increased method development
time. These approaches may be more suitable for larger scale purifications.
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Chromatogram A
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Figure 8.16 SFC separation of compound 4. Chromatogram A: Analytical separation: (S,S)
Whelk-O, 5 pm, 4.6 x 100mm, 30% 1:1 methanol:dichloromethane, 5mL/min, 100 bar back
pressure. Ten microliter of 1 mg/mL methanol solution injected. Chromatogram B: Preparative
separation: (S,S) Whelk-O, 5 pm, 5x25cm, 30% 1:1 methanol:dichloromethane, 350 mL/min,
100 bar back pressure and detection at 295 nm. 1100 mg racemate dissolved in 10 mL of
50/50 (v/v) methanol/dichloromethane was injected. Source: Reprinted with permission
from Miller [102]. Copyright 2014 Elsevier.

8.5 Preparative Achiral SFC Purifications

8.5.1 Introduction to Achiral SFC Purifications

SEC has been routinely used for preparative enantioseparations for the past
20vyears. It is only during the past 5—10years that SFC has started to be used for
achiral SFC purifications. In the past, the majority of achiral purifications in
the pharmaceutical industry were performed using flash or reversed phased
chromatography. The major limitation of flash chromatography is the lower
efficiency obtained through the use of larger particle size stationary phases.
While reversed phased chromatography has advantages of efficiency and rela-
tively easy scale-up from analytical separations, it does have some disadvan-
tages. The main disadvantage is the use of aqueous-based mobile phases. Most
pharmaceutical compounds have poor solubility in aqueous based mobile
phases, leading to poor peak shape and/or poor loading under preparative
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purification conditions. This can impact purity and/or yield of the product as
well as purification productivities. A major green disadvantage of aqueous
mobile phases is the increased time and energy required for distillation of
product post purification. The use of SFC for achiral purifications greatly
reduces the amount of solvent required for purification, as well as the energy
and time required for distillation to recover products. The mobile phase : sta-
tionary phase interactions are very different in SFC relative to reversed phase
chromatography. As SFC uses polar stationary phases and nonpolar mobile
phases, it is considered a normal phase separation. For this reason, SFC often
offers orthogonal separations and selectivity relative to reversed phased HPLC
[107, 108]. This is well illustrated in Figure 8.17. It is important to remember
that SFC is not suitable for all small molecule purifications. For highly basic
molecules (pKa > 8), it has been proposed that SFC is not the ideal technique
for purification (due to poor peak shape, long retention) and reversed phase
purification should instead be used [21]. The recent explosion in the use of SFC
for achiral purifications is due to the advantages listed above.

8.5.2 Stationary Phases for Achiral Preparative SFC

Numerous major chromatography vendors have marketed large number of
achiral stationary phases for use in SFC over the past decade. The number of
phases used for analytical achiral SFC is greater than one hundred. The num-
ber of phases available in preparative columns is much lower, around 15-20.
Extensive work has been performed to characterize achiral stationary phases
for analytical SFC [109-116] but only anecdotal information on characteriza-
tion of achiral phases for purification has been published or presented at scien-
tific meetings [21, 117, 118]. The majority of available preparative SFC achiral
stationary phases are silica-based and any chemical modifications involve the
addition of small organic molecules (ethyl pyridine, amino phenyl, etc.); unlike
chiral stationary phases, loading capacities are approximately the same for the
majority of achiral stationary phase. The only consideration when choosing a
stationary phase for potential purification work is that the phase is available in
larger i.d. prepacked columns or is available as bulk packing. A good review of
the history of achiral stationary phases can be found in [114, 119].

8.5.3 Method Development for Achiral Purifications

Method development approaches for achiral purifications resemble those used
for chiral purifications; a series of stationary phases and/or modifiers are
evaluated and the best method selected for scale-up to preparative loadings.
One major difference relative to chiral method development is that most users
evaluate only methanol as a modifier [120, 121], especially during initial
method development. In the pharmaceutical industry the number of
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Figure 8.17 The orthogonal selectivity of SFC method vs. RP-HPLC method. SFC conditions:
100bar, 30 C, 3.0 mL/min, modifier: methanol 5-15% in 15 minutes, silica column. RP-HPLC
conditions: 5 C, 1.5 mL/min, water/acetonitrile (58:42 (v/v) to 48:52) in 60 minutes.
Ultrasphere ODS column. Source: Reprinted with permission from Wang et al. [108].
Copyright 2011 Elsevier.
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compounds to be purified can be large (up to hundreds/day). To meet these
demands it is necessary to streamline the method development and purifica-
tion workflows. Streamlining method development is often accomplished by
identifying four to six achiral stationary phases and one modifier for evalua-
tion. Additional column chemistries and/or modifiers can be evaluated if
adequate separation is not obtained. Pfizer scientists reported on the use of
method selection software which ranked the separations observed during
method development process, greatly reducing the time required for method
evaluation [120]. One disadvantage of achiral SFC is the lack of a generic
stationary phase that is suitable for a wide variety of compounds, analogous to
a C8 or C18 column for reversed phase chromatography.

8.5.4 Achiral SFC Purification Examples

8.5.4.1 Achiral Purification Example #1

The advantage of SFC for achiral purifications is well illustrated in the follow-
ing example. The target molecule (Compound 5, confidential structure) was
synthesized and then purified using reversed phase mass-directed preparative
HPLC. Synthesis generated two positional isomers that closely eluted by HPLC,
limiting the post purification purity to 70% (Figure 8.18, chromatogram A).
Normal phase generally resolves structural isomers better than reversed phase
chromatography. As SFC is a normal phase separation process, it was explored
for this separation. Using a previously described method development proto-
col [122], the analytical separation shown in Figure 8.18, chromatogram B was
developed. The preparative separation of 10 mg is shown in Figure 8.18, chro-
matogram C. Due to the small amount of sample to be purified (<100 mg),
loading was not optimized for this separation. Even without optimization the
separation was completed in approximately 30minutes, generating both
isomers at greater than 99% purity. In addition, product fractions were isolated
in less than 250 mL of methanol, allowing distillation to be complete in approx-
imately 15 minutes. Total time for the purification, from sample dissolution to
generation of dry products was less than two hours.

8.5.4.2 Achiral Purification Example #2

As previously discussed, SFC is a normal phase process and can offer orthogo-
nal separations to those developed using reversed phase conditions. This is
well illustrated in the purification of compound 6 (confidential structure).
Standard procedure in many pharmaceutical medicinal chemistry laboratories
is to use reversed phase liquid chromatography to analyze and ultimately purify
synthetic molecules [123, 124]. This approach was not feasible for compound
6 due to poor resolution of product and a major impurity by LC (Figure 8.19,
chromatogram A). However, the product and impurity were easily resolved
when the synthetic mixture was subjected to SFC using a diol stationary phase
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Figure 8.18 Analytical and preparative separation of compound 5. Chromatogram A:
Analytical HPLC separation of compound 4. Analysis conducted on HALO C18, 2.7 um, 3mm
i.d. x 50mm, flow rate of 2 mL/min. Solvent A: water with 0.1% (v/v) trifluoroacetic acid.
Solvent B: acetonitrile with 0.1% (v/v) trifluoroacetic acid. Gradient from 5% to 95% B over
1.5 minutes, hold at 95% B for 0.3 minutes. Chromatogram B: Analysis conducted on
Chiralcel OJ-H (100 mm x 4.6 mm i.d.) with a mobile phase of 55/45 methanol with 0.2%
diethylamine/CO,. A flow rate of 5 mL/min was used. Chromatogram C: Purification
conducted on Chiralcel OJ-H (150 mm x 20 mm i.d.) with a mobile phase of 55/45 methanol
with 0.2% diethylamine/CO,. A flow rate of 80 mL/min, detection at 256 nm and a loading of
10 mg were used. Source: Miller and Peterson [122] Reproduced by permission of The Royal
Society of Chemistry.

(Figure 8.19, chromatogram B). The SFC method was quickly and easily scaled
to a 2-cm-i.d. preparative column and the 900-mg mixture purified using a
series of 10mg injections (Figure 8.19, chromatogram C). Product with purity
of >99% was obtained.
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Figure 8.19 Separation of compound 6. Chromatogram A: LC Separation conducted on
Gemini (get remainder of conditions). Chromatogram B: Analysis conducted on diol column
(100mmx4.6 mm i.d.) with a mobile phase of 20/80 methanol with 0.2% diethylamine/CO2.
A flow rate of 5mL/min was used. Chromatogram C: Purification conducted on diol column
(250mm x 20 mm i.d.) with a mobile phase of 20/80 methanol with 0.2% diethylamine/CO..
A flow rate of 80 mL/min, detection at 254 nm and loading of 10 mg were used.

8.5.5 Purifications Using Mass-Directed SFC

The vast majority of SEC purifications use UV to detect peaks, and to direct
fraction collection. UV based fraction collection works but can be difficult for
some purifications. This includes target compounds with no UV chromophore,
or when using mobile phases that have high UV background (such as toluene,
ethyl acetate, or dichloromethane) that prevent monitoring at lower wave-
lengths. As collection based on UV detection requires setting of a collection
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threshold, for complex samples this can result in collection of numerous peaks.
These fractions must then be analyzed to determine which contain the desired
product. Mass-directed purification has been developed as an alternative to
UV-based collection [123, 125-131]. Mass-directed purification uses mass
spectrometry (MS) as a detector. The MS signal directs fraction collection so
that only the desired product is collected. The main advantage of this approach
is that the only material collected is the product of interest. LC based mass-
directed purification has been used for almost 20years and has led to the
purification of hundreds of thousands of compounds worldwide.

The first reported use of mass-directed SFC was published in 2001 [132].
Using a custom modified system they reported on the purification of a dozen
drug-like compounds. The use of custom modified SFC for mass-directed
purification of acid and base liable compounds not suitable for reversed phase
HPLC was reported by Arqule in 2006 [133]. The year 2008 saw the introduc-
tion of the first commercially available mass-directed SFC purification
platforms. The first models had maximum flow rates of 30 mL/min. while
recent models allow flow rates up to 100 mL/min [134].

The advantages of a mass-directed purification approach are illustrated in
Figure 8.20. The sample contained two products of interest (retention times of
~1.9 and 2.1 minutes in Figure 8.20, chromatogram A). If UV-based collection
were used the products at ~4minutes would be isolated in addition to the two
desired products, with each fraction requiring subsequent analysis to deter-
mine which is the desired product. The use of mass-directed purification
simplifies the collection process. The mass chromatograms at m/z 223 and m/z
237 are shown in Figure 8.20, chromatograms C and D. Use of MS to direct
collection resulted in only two fractions being collected. Mass-directed SFC is
routinely used for achiral purifications in the pharmaceutical industry and has
proven invaluable when large numbers of samples must be purified as part of
the drug discovery process [21, 121].

8.5.6 Impurity Isolation Using Preparative SFC

Isolation of impurities from reaction mixtures is a critical step in determining
reaction mechanisms and can help to improve synthetic yields. Regulatory
agencies require characterization of low level impurities as a requirement
of the drug development process. Current ICH (International Council for
Harmonization of Technical Requirements for Pharmaceutical for Human
Use) guidelines set thresholds, based on daily dose, above which impurities
must be identified. Impurity isolation is also a critical step of degradation stud-
ies, which are performed on active pharmaceutical ingredients (API) as well as
formulations.

There are numerous approaches used to identify impurities. One approach is
to use MS to obtain molecular mass as well as fragmentation data. Coupled
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Figure 8.20 Preparative SFC separation of two proprietary structures. Viridis 2-EP, 3x 10cm,
100 mL/min, 100 bar BPR. Modifier: methanol. Gradient Conditions: 5-55% over

10.5 minutes, held at 55% for 1 minute. Chromatogram A: UV trace (total response from 210
to 400 nm). Chromatogram B: ESI+ total ion current trace. Chromatograms C and D: mass
chromatograms of selected m/z ranges (223 and 237).

with knowledge of the synthetic process, it may be possible to propose a struc-
ture for the impurity. The proposed molecule can be synthesized and then
confirmed as the impurity via chromatographic analysis. For complex mole-
cules, synthesis can be a time consuming process. Often it can be easier to
isolate the impurity and confirm structure using characterization tools such as
NMR and high resolution MS. Impurity isolation is often accomplished using
preparative chromatography. There are two options regarding sample origin
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for impurity isolation. The first is to work with the compound that contains the
impurity at low levels. Due to the lower levels (often less than 0.5%) this
requires larger quantities of feedstock to isolate the material in quantities
required for identification (1-5mg). An advantage of this approach is the sam-
ple is mainly one component, which if easy to remove can result in an easier
isolation. A second option is to work with a feedstock that is enriched in the
impurity. An excellent source of enriched material is mother liquors generated
from crystallizations. As crystallizations are designed to reject impurities, the
mother liquors will often contain elevated levels of impurities of interest. This
will result in lower quantities of material to be processed to produce sufficient
quantities for identification. One downside of this approach is the sample
mixture may be more complicated, containing numerous compounds that
need to be resolved from the product of interest.

If the analytical HPLC method used for compound analysis is suitable for
preparative chromatography, isolation can be straightforward. The HPLC
method can be scaled to preparative loadings and the impurity of interest
isolated in one step. Often direct scale-up is not possible. For example, many
HPLC methods use nonvolatile buffers that cannot be easily removed from the
isolated impurities, or use a stationary phase that is not available in preparative
columns. In addition, the resolution between the impurity of interest and other
sample components may be insufficient for isolation. In this case it is necessary
to use other purification methods, while using the original HPLC method to
track the impurities through these alternate methods.

Impurity isolation, especially if more than one product is desired, is often a
multi-step process [135]. Initial steps will often be performed using a lower
efficiency separation process such as flash chromatography. The fractions that
result from the first purification step are then processed using a higher effi-
ciency process. Preparative reversed phase HPLC is frequently used for impu-
rity isolation. This approach works well, but does have some potential
limitations. Post purification, it is necessary to remove the mobile phase to
produce material for identification. Removal of aqueous-based mobile phases
can require higher temperatures or increased evaporation time. This can lead
to degradation and eventual rework to produce material of sufficient purity
depending on the stability of the impurity. RP-HPLC also uses additives such
as trifluoroacetic acid that may lead to compound stability issues or cause dif-
ficulties with the identification process. SFC has proven to be a valuable tool
for impurity isolation. Due to the unknown stability of impurities, rapid purifi-
cation and evaporation is required to ensure compound integrity. The rapid
flow rates, use of highly volatile solvents like methanol, and the higher concen-
trations of impurities post chromatography (relative to HPLC) can help to
minimize any potential degradation. In addition, the higher flow rates of SFC
relative to HPLC can reduce time requirements for impurity isolations. Riley
et al. discussed the use of SFC for impurity isolation at SEC 2008 [20]. For the
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isolation of an impurity at 0.3%, the use of SFC allowed the impurity to be
isolated in sufficient quantities for NMR analysis in six hours (method devel-
opment and purification time) and a solvent cost of less than 5 USD. This was
a 90% solvent cost reduction relative to HPLC. They also discussed an impurity
isolation process they titled “API Extraction” This technique is useful for
enrichment of low level impurities to a level sufficient for LC-NMR identifica-
tion. The goal of API Extraction is to remove the API, the main component of
the sample at 97-98%. This technique was shown to increase impurity levels
approximately 40-fold to a level sufficient for acquisition of high quality NMR
data using LC/NMR.

8.5.6.1 Impurity Isolation Example

To fully characterize a synthetic step, the isolation of six to seven impurities was
required. A decision was made to work with a mother liquor sample generated
during crystallization to isolate the penultimate product. Figure 8.21, chroma-
togram A shows the HPLC separation of the mother liquor sample. Low water
solubility and the presence of perchloric acid eliminated scale-up of the HPLC

Chromatogram A
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Figure 8.21 HPLC analysis of mother liquors. Analysis conducted on XBridge C18, 3.5 um,
3x 100 mm, flowrate of 1 mL/min. Solvent A: water with 0.1% perchloric acid. Solvent B:
acetonitrile with 0.1% perchloric acid. Gradient: 50-100% B over 9 minutes, hold at 100% B
for 3 minutes, 100-50% B over 0.3 minutes, hold at 50% B for 2.5 minutes. Chromatogram A:
original mother liquor sample. Chromatogram B: fraction enriched in 8 minute impurities.
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method for any isolation work. Due to the wide polarity range for the molecules
of interest an initial flash purification step using silica gel and methanol/dichlo-
romethane gradient was used to separate the mother liquor sample into numer-
ous fractions enriched in various impurities. From this initial purification and
additional flash purifications a number of the desired impurities were isolated.
The initial flash purifications were unable to isolate the peaks with retention
times of approximately 8 minutes by HPLC. HPLC analysis of the fraction
enriched with the eight minutes peaks is shown in Figure 8.21, chromatogram
B. The fraction contained three main peaks at approximately 46, 25, and 16 area
percent. For isolation of these peaks, preparative SFC was investigated.

Initial work involved achiral SFC method development to determine SFC con-
ditions that resolve the three peaks. The analytical SFC separation is shown in
Figure 8.22, chromatogram A. As expected the elution pattern for the SFC separa-
tion was different from HPLC and offered increased resolution. This method was
scaled to a 3cm i.d. preparative column. The preparative SFC separation of 100 mg
of this mixture is shown in Figure 8.22, chromatogram B. Using UV-based collec-
tion, all three products could be isolated in sufficient purity and quantity for
identification. The mass chromatograms for the three products are shown in
Figure 8.22, chromatogram C. The first two products have the same mass, elimi-
nating the possibility of using mass-directed purification for this separation. Due
to the close eluting peaks, and lack of baseline resolution between these peaks in
the mass ion chromatogram, use of mass-directed purification was not used as it
would result in both peaks being collected into the same fraction.

8.5.7 SFC as Alternative to Flash Purification

Flash chromatography [136—-138] is the purification method of choice, and is
the major source of solvent waste in a pharmaceutical medicinal chemistry
laboratory. While flash chromatography can be made greener by solvent
replacement strategies [139], the process still uses substantial amounts of sol-
vent. While preparative SFC is the technique of choice for chiral separations
and is beginning to see great use for achiral purifications, to date it has not
been used as an alternative for flash LC purifications.

During the past five years initial exploratory work on what has been termed
“flash SFC” has been performed [47, 140]. The result of this work shows that
flash SFC is a potential alternative for flash LC purifications. The recent intro-
duction of flash SFC equipment is another step toward the realization of the
promise of flash SFC [141]. Flash SFC has the advantages of greatly reduced
solvent usage (up to fourfold less) and increased purification productivity due
to higher chromatographic efficiency seen at elevated flow rates. Another
advantage of flash SFC is that products are up to four times more concen-
trated relative to flash LC, reducing time and energy requirements for product
isolation [47].
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Figure 8.22 SFC analysis of fraction enriched in eight minutes impurities. Chromatogram A:
analytical separation, separation conducted on DEAP column, 3 pm, 4.6 x 100 mm with a
mobile phase of 40/60 methanol/CO,. Chromatogram B: Preparative SFC separation of
100mg (2mL in methanol) using DEAP column, 3x 150 mm, 5 pm, 100 mL/min., 100 bar BPR,
modifier: 30% methanol. Chromatogram C: mass chromatograms of selected m/z ranges;
628 (solid line), 614 (dashed line).

The advantages of flash SFC are demonstrated through the separation of a
mixture of carbamazepine, flavone, and nortriptyline HCL The flash LC, and
flash SFC separation of 1200mg of this mixture is shown in Figure 8.23.
Comparison of the flash LC and flash SFC separations is shown in Table 8.5.
Flash SFC has a twofold increase in purification productivity and a greater than
threefold decrease in solvent usage. Products from flash SFC were two to five
times more concentrated than those from flash LC.
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Figure 8.23 Preparative separation of 1200 mg mixture of carbamezepine, flavone, and
nortriptyline HCl. Chromatogram A: LC purification was conducted on Interchim 30 pm silica
(150x 19mm i.d.) with a mobile phase gradient of methanol/dichloromethane/ammonium
hydroxide (0.5/99.5/0.05 to 10/90/1) over 18.5 minutes. A flow rate of 40 mL/min was used.
Chromatogram B: SFC purification was conducted on Interchim 30 pm silica (150x 19 mm
i.d.) with a mobile phase gradient of 5-55% methanol (w/0.2% diethylamine) in CO, over
nine minutes, 100 bar. A flow rate of 80 mL/min was used. Source: Reprinted with permission
from Miller and Mahoney [47]. Copyright 2012 Elsevier.

While the advantages of flash SFC are evident relative to flash LC there are still
a number of technical issues that must be addressed before this technology
becomes common place in the medicinal chemistry laboratory. The main issue
involves the flash SFC equipment. Most of the work to date in this field has used
standard preparative SFC systems with prepacked columns. Only recently has a
beta version flash SFC instrument been developed. Current SFC equipment is
too expensive to replace flash LC systems. A significant reduction in cost is
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Table 8.5 Flash LC/SFC comparison of preparative separation of carbamezepine, flavone,
and nortriptyline HCI.

Load Peak1 Peak 2 Peak 3 Solvent Productivity
Technique (mg) Volume (mL) Volume(mL) Volume(mL) (L/gcrude) (g/hr)®
LC? 1200 43 100 108 0.62 2.52
SEC 1200 7.6 18 58 0.19 5.04

“ Assume 10 minute re-equilibration for LC, 5 minutes for SFC.

» Higher loadings may have been possible but not investigated due to limited size of dry pack LC
cartridge.

Source: Used with permission of [47].

needed to compete with the relatively low cost of flash LC equipment. Also,
technology does not exist for flash SFC cartridges that is as easy to use, allows for
a wide range of sizes, and is as versatile as flash LC cartridges. In addition, signifi-
cant use of flash SFC requires a source and distribution network for CO,. Finally,
most preparative SFC collection uses cyclone type separators to separate carbon
dioxide from organic solvent post purification. A design allowing collection with
high purity and high recovery into test tubes is mandatory for a flash SFC system.
It is the author’s hope that SFC equipment vendors will begin to address these
issues and introduce equipment suitable for flash SFC purification.

8.6 Best Practices for Successful SFC Purifications

Previous sections of this chapter presented theoretical information and a
number of examples of SFC purifications. While knowledge of preparative SFC
is important for successful purifications, at times this knowledge alone is not
enough. It was military strategist Helmuth von Moltke who in the mid-
nineteenth century noted “no battle plan survives contact with the enemy”” The
same can be said of SFC purifications; the best laid purification strategy may
not survive contact with the sample. Each sample has its own characteristics
which may only be evident once the purification has begun. This requires the
chromatographer to change plans on the fly to deal with these peculiarities.
The last section of this chapter presents a number of best practices that have
been developed over the past 30years which, if followed, can increase your
purification success ratio. Some of these practices are relevant to all types of
preparative chromatography, while others are specific to SFC purifications.

8.6.1 Sample Filtration and Inlet Filters

The first best practice relates to filtering of sample solutions. It is recom-
mended to filter all samples prior to purification, even if the sample appears
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totally soluble. Small insoluble particles are difficult to visually detect. Inlet
and outlet frits of preparative columns are designed to maintain the station-
ary phase inside the column. Columns packed with 5 pm particle size col-
umns use frits with a porosity of 2 pm or less. The inlet frit can be easily
clogged due to insoluble sample components. Clogging of the inlet frit can
lead to increased column pressure drop. Material on the inlet frit will impact
the mobile phase flow path across the frit, leading to reduction in column
efficiency and in a preparative system, increased peak width which can lead
to reduced purities, yields, and purification throughputs. If precipitation on
the inlet frit is extensive, over time the pressure drop across the center of the
frit is larger relative to the outer parts of the frit, which can lead to the frit
deforming, resulting in the seal between the frit and column O-rings being
compromised. This can cause packing material to pass around the inlet frit
and escape from the column inlet, resulting in column failure. Even if frit
deformation is not observed, collection of solids on the inlet frit will require
the preparative column to be replaced, at a significant cost. Filtering of sam-
ples results in longer column lifetimes as well as preventing system shutdown
due to high pressure.

Section 8.3.6 discussed the various options for sample introduction in SFC
purifications. The majority of commercially available preparative SFC systems
offer either mixed stream or modifier stream injection. These techniques
require dissolution of the sample in organic solvent. It is only after injection
that the sample has any interactions with CO,. Depending on compound solu-
bility in CO,, it is possible that upon contact with CO, there may be sample
precipitation. Sample precipitation upon injection can occur in any purifica-
tion system where the sample dissolution solvent does not exactly match the
mobile phase. As it is impossible to match sample dissolution with the mobile
phase in preparative SFC (except with extraction as injection technique), this
phenomenon is more prevalent in SFC purifications.

Because of potential sample precipitation, an in-line filter is absolutely
required for SFC purifications. These filters contain a 2-pm disposable filter
that helps to remove any precipitation that may occur upon contact with CO,
after sample injection. These filters can also help remove any insoluble mate-
rial present from sample dissolution. The use of in-line filters is cheap insur-
ance for protection of expensive preparative SFC columns. In-line filters are
available from a number of vendors. To avoid increased pressure drop it is
necessary to use an in-line filter designed for preparative flow rates. The
replacement frequency for in-line filters is difficult to predict. It will vary
depending on amount of material purified, as well as sample components. As
the inlet filter traps insoluble material, distribution across the filter will be
modified, resulting in broader chromatographic peaks. This is shown in
Figure 8.24. A clogged inlet filter leads to increased peak width, which can lead
to decreased resolution between close eluting peaks. Replacement with a new
filter restores the separation.
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Figure 8.24 Effect of “dirty” inlet frit on SFC purification. Separation obtained with dirty
filter (dashed line) and after installation of a new filter (solid line).

It is difficult to predict when sample precipitation will occur due to CO, in an
SEC purification. Monitoring of column pressure drop is helpful for identifying
precipitation. Always monitor system pressure, looking for pressure spikes
upon injection. This can indicate material coming out of solution within the
system. If the pressure quickly drops to standard operating pressures, this may
not be a concern as whatever precipitated is quickly going back into solution. A
steady increase in pressure with each injection is an indication that material is
not being redissolved. When this occurs it must be immediately addressed.
Reducing the amount of material applied to the column may eliminate the pres-
sure increases. Another potential solution, if the chromatographic separation
allows, is to increase the modifier percentage which may improve solubility.

8.6.2 Sample Purity

The goal of preparative SFC is to isolate pure material. One would think that
the purity of the feedstock is not important. For small scale purification work,
the type of impurities present in the sample is not as important, but it becomes
more important as scale increases, and the need for high purification produc-
tivity becomes critical. For achiral purifications, a wide polarity range for
sample components can lead to long cycle times or the need for gradients, or
column washes to remove all components before the next injection. Gradients
or column washes lead to longer purification times, increased solvent usage,
and higher purification costs. Highly retained impurities may accumulate on
the stationary phase, which reduces binding sites and limits loading capacity.
Depending on the purification scale, a low efficiency prepurification (such as
flash chromatography, crystallization, or extraction) can help remove compo-
nents whose retention is far removed from the compound(s) of interest.

It is critical to remove residual metals prior to SFC purification. With the
increased use of metal-based reactions, residual metals are often observed in
samples submitted for SFC purification. Residual metals are often soluble in
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solvents used for sample dissolution (methanol) and are difficult to remove via
filtration. Upon contact with CO,, these metals often precipitate on the inlet
frit, or in the column and may even bind to the stationary phase. Metal removal
with metal scavengers or via flash chromatography is straightforward and
highly recommended prior to SEC purification [142].

Sample purity is also important for chiral SFC purifications. Selectivity is
lower in chiral separations relative to achiral separations; thus isocratic meth-
ods are used for nearly all chiral SFC purifications. Standard practice is to pro-
cess racemates using multiple stacked injections. The presence of achiral
impurities increases the required cycle time, leading to increased purification
time and cost. The impact of achiral impurities on cycle time is well illustrated
for the chiral separation in Figure 8.14 chromatogram B. The presence of an
achiral impurity at approximately 9 minutes requires a cycle time of 3 minutes
to achieve resolution of the enantiomers and removal of the achiral impurity. If
the achiral impurity had been removed prior to purification, the cycle time
could be reduced to 1.75minutes, a purification increase of greater than 70%.

8.6.3 Salt vs. Free Base

It is often preferable to purify basic compounds as free bases rather than as
salts when performing SFC purifications. Free bases often have higher solubil-
ity compared to salts under SFC conditions. This can lead to improved peak
shape, higher loadings, and improved productivity. This effect is shown in
Figure 8.25 for the preparative SFC separation of a proprietary racemate that
was purified as a free base, and as a toluene sulfonic acid salt. The free base was
soluble in methanol at 39 mg/mL, while the salt had a maximum solubility of
4.4mg/mL. Twenty milligram of the free base was baseline resolved on a 2-cm-
i.d. column. Using the same purification conditions, except for a larger 5-cm-
i.d. column, baseline resolution was lost with a 9-mg injection of the salt.

SFC analysis and purification of basic compounds often requires the addition
of a basic additive to reduce interactions with the silica and achieve good peak
shape. Depending on the pKa of the racemate, as well as the strength of the
base being used as an additive, it is possible to observe free base formation on
the preparative column. As the compound converts from its salt form to the
free base, multiple peaks (one for free base, one for salt) can be observed elut-
ing from the column. Figure 8.26 shows this effect. Chromatogram A shows
the resolution of 15mg of the HCI salt of this proprietary basic racemate
(Compound 7). The peak area for the two enantiomers did not increase as the
load was increased, but a nonretained peak increased in size. Chromatogram B
shows the resolution of 150 mg of the HCl salt. The majority of the peak area is
the nonretained peak eluting at approximately 1 minute. Collection and analy-
sis of the three peaks confirmed peaks 2 and 3 to be the product enantiomers
and peak 1 to be the racemate.
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Figure 8.25 SFC purification of salt and free base forms of proprietary compound.
Chromatogram A: SFC purification of free base was conducted on Chiralpak AD, 5 pm
(25x2cmi.d.) with a mobile phase of 40% methanol (w/0.2% diethylamine) in CO, with a
flow rate of 80 mL/min. Detection at 254 nm. Injection: 20mg in 0.5mL 1:1 (v/v)
methanol:dichloromethane. Chromatogram B: SFC purification of toluene sulfonic acid salt
was conducted on Chiralpak AD, 5 pm (15x5cm i.d.) with a mobile phase of 40% methanol
(w/0.2% diethylamine) in CO, with a flow rate of 300 mL/min. Detection at 254 nm. Injection:
2,9, and 22mg dissolved at 4.4 mg/mL in 1:1 (v/v) methanol:dichloromethane (solid, small
dash, and large dash lines, respectively).

The modifier for this separation contained 0.2% diethylamine. It was
proposed that upon injection, this basic additive acted to convert the salt to the
free base of the racemate. At 15mg load there is sufficient diethylamine in the
mobile phase to completely free base the injected racemate. As injection quan-
tity increased, the diethylamine levels were insufficient to free base all of the
injected racemate, leading to the HCIl salt of the racemate eluting at approxi-
mately one minute. This theory was confirmed by the fact that past a certain
level, peak areas for the two enantiomers did not increase, indicating all
available diethylamine had been consumed and no additional conversion to the
free base was possible.

Additional evidence for this theory was obtained after the racemic HCI salt
was converted to the free base and then purified under identical conditions.
Purification of the free base showed only two peaks, and no nonretained peaks
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were observed with increased loading. Ultimately 200mg of racemate was
injected with baseline resolution (Figure 8.26, chromatogram C).

Another option for purification when racemates are submitted as salts is to
free base in solution prior to injection. This is accomplished by adding excess
base to the sample solution. This technique has been used multiple times
within Amgen laboratories and other pharmaceutical companies. When using
this approach, it is important to select cycle times such that the salts present in
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Figure 8.26 SFC purification of salt and free base forms of Compound 7. Purification
performed on Chiralpak AD, 5 pm (15 x 2 cm i.d.) with a mobile phase of 40% methanol
(w/0.2% diethylamine) in CO, with a flow rate of 80 mL/min. Detection at 220 nm.
Chromatogram A: Injection of 15mg in 0.1 mL 1 methanol. Chromatogram B: Injection of
150mg in 1.0mL methanol. Chromatogram C: Injection of 300 mg of free base in 1.5mL 1:1
(v/v) methanol:dichloromethane.
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the sample that are generated during the free basing process (which are usually
nonretained) do not elute in a part of the chromatograms where products of
interest are being collected. If salts do elute with product it will be necessary to
remove them post purification via extraction or other separation technique. It
is also important that the racemate not degrade due to higher levels of base
used during dissolution/free base process.

8.6.4 Primary Amine Protection to Improve
Enantiomer Resolution

It is known that basic functional groups, such as primary amines, on analytes
can interact with residual silanols on all stationary phases and that these inter-
actions lead to tailing peaks. For chiral separations this may cause nonspecific
interactions that can reduce enantioseparation as well as cause tailing peaks.
For analytical separations these interactions can be reduced via additives that
serve to mask the residual silanols. Unfortunately, many of these additives are
not suited for preparative separations. Another approach is to derivatize the
primary amine function group of the analyte, removing the basic group that
interacts with the residual silanols. This approach was investigated by Kraml
et al. for the separation of amine enantiomers [143]. They showed that adding
a carbobenzyloxy (cbz) protecting group offered enhanced chiral resolution
compared to the nonprotected analogs for both HPLC and SFC. The enhanced
chiral resolution was shown at both analytical and preparative scales. To be
feasible addition and removal of the protecting group must occur rapidly and
at high yields. Cbz derivatization hits on both of these requirements; Cbz
derivatization is a simple chemical reaction that occurs at high yields and cbz
removal is also possible at high yields using catalytic hydrogenolysis conditions.
Besides cbz, tert-butyloxycarbonyl (boc) and fluorenylmethyloxycarbonyl
(FMOC) have also been shown to improve chromatographic enantiosepara-
tions when added as protecting groups to primary amines.

8.6.5 Evaluation of Alternate Synthetic Intermediates to Improve
SFC Purification Productivity

With the wide range of chiral stationary phases available these days it is possi-
ble to resolve most enantiomers at the milligram scale, even when low selectiv-
ity requires a brute force approach with long separation times and increased
solvent consumption. However, these brute force approaches are not recom-
mended as the amount of material to be purified increases. Minor changes in
racemate structure can drastically influence important parameters such as
solubility and selectivity that will impact purification productivity. Prior to any
large scale separation it is advisable to examine a variety of intermediates in the
synthetic scheme to identify the best resolution point.
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When evaluating which intermediate to chromatographically resolve, there
are a number of points to consider. These include the following:

e Compound solubility
o Chromatographic characteristics
— Selectivity
— Retention
e Solvent
— Cost, availability, toxicity, viscosity, volatility, and purity
Compound stability (in solution, during evaporation)
Purity and physical state of compound
o Potential for racemization at subsequent steps (chiral resolution only)

It is preferable to perform the separation as early as possible in the synthetic
route. This reduces the scale of subsequent reactions, eliminating waste, and
reducing processing time. For large scale chiral separations, it is desirable to
have racemate of high chemical purity. Achiral impurities can coelute with the
enantiomers or elute such that collection using UV detection is complicated.
Highly retained impurities can results in pollution of the CSP and ultimately in
loss of separation. Ideally, a separation should be performed on a racemate that
does not require the use of an acidic or basic additive. The presence of an addi-
tive complicates the mobile phase preparation step, and can complicate solvent
recycling if it is being performed. Another point to consider is the physical
state of the racemate. Is it a solid or an oil? At larger scale, an oil is difficult to
weigh for dissolution and makes for a complicated isolation post chromatogra-
phy. Upon chromatographic scale-up, the feed and resolved products are in
solution for longer periods of time. Stability studies in the mobile phase should
be performed and solvents with the potential to degrade the racemate should
be avoided. Finally, for chiral separations, subsequent chemical steps should be
evaluated for racemization potential. If the potential for racemization is identi-
fied, the enantioseparation should be placed after this synthetic step, or the
chemistry modified to reduce the risk of racemization.

A standard approach is to obtain solubility data on the racemate and use this
data to guide the method development process. A great analytical separation
coupled with poor solubility is a recipe for a low productivity purification. This
approach was used for a synthetic project requiring the generation of 100 g of
final product. Evaluation of the synthetic scheme showed three potential mol-
ecules for resolution (Figure 8.27). All three compounds were screened by SFC.
The best analytical methods for each racemate is shown in Figure 8.28.
Resolution of the boc-protected amine was poor and no further work was
performed on this compound. The free amine offered significantly improved
resolution relative to the boc-protected compound. Lastly, the final compound
was also resolved, although this compound suffered from poor solubility in
methanol and was not chosen for subsequent work.
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Figure 8.27 Chemical structures of resolution options (a) boc protected amine, (b) free
amine, and (c) final product.

The free amine analog showed resolution on Chiralpak IC CSP with metha-
nol, ethanol, and isopropanol as modifier. Solubility studies showed excellent
solubility (~100mg/mL) for all three solvents. The best enantioselectivity was
observed with isopropanol. However, isopropanol was eliminated as a possibility
for three reasons. The first was the long retention time for the second eluting
enantiomer. This would lead to long cycle times and limit productivity. The
second reason was the high viscosity of isopropanol would limit mobile phase
flow rates. Finally the high boiling point of isopropanol would lead to longer
distillation times. It was decided to resolve the free amine using Chiralpak IC
and ethanol w/0.2% diethylamine additive.

The next step was to perform the separation on a small scale (~2g). This work
would confirm productivity as well as determine solvent requirements. Finally,
the resolved enantiomers were taken through the final synthetic step to confirm
racemization did not occur. The separation was scaled to a 2-cm-i.d. column and
loading studies performed. As expected, based on excellent solubility and selec-
tivity, high loading was possible. The separation of 500 mg racemate is shown in
Figure 8.29, chromatogram A. Loading beyond 500 mg was possible but was not
attempted due to lack of racemate. A loading of 500 mg/injection resulted in a
productivity of 3.47 kkd racemate and a solvent usage of 0.32L/g racemate.

A larger lot of 357 g racemate was then submitted for resolution. To accom-
modate the increased sample size, a larger column with 5-cm-i.d. was used.
The resolution of 2g of racemate is shown in Figure 8.29, chromatogram B.
This separation resulted in a productivity of 3.6kkd racemate and solvent
usage of 0.37L/g racemate. A subsequent 100g lot of racemate was also sub-
mitted for chromatographic resolution. At the time of submission ethanol was
not available in the required volumes and the separation was performed using
methanol as a modifier. Separation of the primary amine intermediate had
lower selectivity with methanol modifier relative to ethanol (2.27 vs. 5.77, see
Figure 8.28) and a lower productivity was expected. Using methanol, a
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Figure 8.28 Analytical SFC separations of boc protected amine, free amine, and final product.

productivity of 3.18kkd racemate and solvent usage of 0.37 L/g racemate was
observed. Excellent scale-up from 2- to 5-cm-i.d. columns was observed for
this separation. This example demonstrates the value of evaluating all syn-
thetic steps in order to develop the most productive and cost-effective

purification.
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Figure 8.29 Preparative SFC separation of free amine. Chromatogram A: Resolution of 500mg,
dissolved in 5mL ethanol was conducted on Chiralpak IC, 5 pm (2 cm i.d. 25 ¢cm), 100 bar, with
a mobile phase of 50% ethanol w/0.2% diethylamine in CO,, 100bar, 265 nm. A flow-rate of
80mL/min was used. Chromatogram B: Resolution of 2000 mg, dissolved in 20 mL ethanol, was
conducted on Chiralpak IC, 5 pm (5cm i.d. x15cm), 100 bar, with a mobile phase of 50%
ethanol w/0.2% diethylamine in CO,, 100 bar, 300 nm. A flow-rate of 325 mL/min was used.

8.7 Summary

Preparative SFC has many advantages over preparative LC purifications. These
can include increased productivity, reduced solvent usage, and lower purification
costs. For small scale purifications encountered in pharmaceutical discovery, SFC
is the technique of choice for chiral separations and is rapidly becoming the tech-
nique of choice for achiral purifications. Currently large scale (>1kg) SFC purifica-
tions are rarely performed due to lack of equipment and contract facilities, but as
the advantages of SFC become better known it is hoped this situation will change.
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9.1 Introduction to Pharmaceutical Industry

Discovery and development of a pharmaceutical product is a complicated
process, requiring at least 10 years with the average cost for research and
development of a successful drug estimated to be 2.6 billion US dollars [1]. The
phases of pharmaceutical discovery and development are displayed in
Figure 9.1. Chromatographic analysis is an essential technique in all phases of
pharmaceutical R&D. Liquid chromatography, as a more established tech-
nique, is the predominant chromatographic technique. SFC has been used in
pharmaceutical discovery for the past 20years, but only in the last 5years have
advances in theory and equipment that allowed SFC to move into pharmaceutical
development and manufacturing. This chapter covers the use of supercritical

Modern Supercritical Fluid Chromatography: Carbon Dioxide Containing Mobile Phases,
First Edition. Larry M. Miller, J. David Pinkston, and Larry T. Taylor.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.
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Figure 9.1 Phases of pharmaceutical discovery and development.

fluid chromatography (SFC) within the pharmaceutical industry from discovery
to manufacturing. A number of different modalities including, but not limited
to, small molecules, peptides, proteins, and monoclonal antibodies are used
as pharmaceutical products. As discussed previously, SFC is not applicable
for analysis and purification of larger molecules. This chapter discusses the
use of SFC for small molecule analysis/purification within the pharmaceutical
industry.

9.2 SFCin Pharmaceutical Discovery

9.2.1 Early Discovery Support

The first step in pharmaceutical discovery requires understanding of the work-
ings of a disease including the biological origin of a disease, and the potential
targets for intervention. After a potential target is identified, the process of
drug discovery begins. Most pharmaceutical companies have in-house collec-
tions of hundreds of thousands of compounds. These collections are subjected
to high throughput screening (HTS) to rapidly access biochemical activity
against the biological target of interest. The “hits” from HTS identify molecules
for the lead optimization step of the discovery process. Quality of the compound
collection is critical to obtaining high quality hits. Samples are analyzed by LC/
MS to confirm purity and mass prior to entering the compound collection.
Often NMR is also used to confirm structure. Samples in a compound collec-
tion are acquired from a variety of sources including within the company and
external organizations. It is estimated that 5-10% of samples in most large
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compound collections do not contain the reported compound. Others may
contain the reported compound, but also additional impurities.

While LC/MS is the technique of choice for analyzing compound collec-
tions, SEC has been shown as a suitable alternative. Pinkston et al. compared
LC/MS and SEC/MS for the analysis of a large and diverse library of pharma-
ceutically relevant compounds from the Procter & Gamble Pharmaceutical
repository [2]. Their study evaluated 2266 small molecules with a wide variety
of functional groups, including nonpolar aliphatics, aromatics, carotenoids,
amine hydrohalides, quaternary ammonium salts, multicaroboxylate salts,
sulfonates, sulfates, sulfamic acid salts, phosphates, phosphonates, multiphos-
phonate salts, polyhydroxy compounds, and nitro compounds. When includ-
ing “hit’s with a strong peak related to the reported compound,” a total of 87%
of the compounds were eluted and detected by SFC/MS and 89.9% of the com-
pounds were eluted and detected by LC/MS. 3.7% of the compounds were
detected only by SFC/MS and 8.1% detected only by LC/MS. The only class of
compounds consistently detected by LC/MS and not by SEC/MS contained a
phosphate, a phosphonate, or a bisphosphonate. This study showed that SFC/
MS provided equivalent results to LC/MS for screening a large, diverse library
of drug-like molecules with SFC displaying the advantages of speed, environ-
mental friendliness, orthogonal selectivity, and reduced cost of operation.

In the early days of pharmaceutical research natural products were the major
source of pharmaceutical products. By 1990, about 80% of drugs were either
natural products or analogs of natural products, including antibiotics, antipar-
asitics, antimalarials, lipid control agents, immunosuppressants, and antican-
cer drugs [3]. Over the past 10 years the industry has moved away from natural
products, although some companies and academic organization are still
involved in this research [4]. Nothias et al. reported on the use of analytical and
preparative SFC to discover potent antiviral compounds from Euphorbia semi-
perfoliata whole plant extract [5]. A number of unknown diterpene esters that
displayed antiviral activity against Chikungunya virus as well as a potent and
selective inhibitor of HIV-1 replication were isolated using SFC-MS/MS and
semi-preparative SFC. The advantages of preparative SFC relative to HPLC
were evident; SFC allowed isolation in one day compared to 15days for HPLC
and avoided the use of ~100L of solvent.

9.2.2 SFCin Medicinal Chemistry

Once a “hit” is identified from a high throughput screen, the hard work of turn-
ing that molecule into a potential drug begins. This is the lead optimization
stage of pharmaceutical discovery. For a typical small molecule program thou-
sands of compounds are synthesized and tested to identify a molecule with the
necessary attributes to move from discovery into development. The medicinal
chemist must balance numerous properties during lead optimization. These
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properties fall into four categories: (i) target activity, (ii) safety, (iii) pharma-
cokinetics and drug metabolism, and (iv) physical properties. The relative
importance of properties within each category varies depending on the target
disease. It is not usually possible to design a perfect molecule that optimizes all
attributes. Safety properties can include hepatatoxicity, cardiotoxicity, geno-
toxicity, reproductive toxicity, and carcinogenicity. Properties related to phar-
macokinetics and drug metabolism can include reactive metabolites, in vivo
clearance, bioavailability, and plasma protein binding. Physical properties to be
optimized may include molecular weight, lipophilicity, polar surface area, per-
meability, and solubility. The discovery team draws on their expertise and
experience to balance each attribute until a molecule with acceptable proper-
ties is identified and the compound can move into development.

Standard procedure in medicinal chemistry lead optimization is to design a
molecule, synthesize it and then test it. The results from this cycle are used to
design the next molecule, which hopefully will have fewer limitations than its
precursor. The cycle is repeated hundreds of times with the knowledge from
each cycle helping to design the next. During these cycles thousands of different
compounds are synthesized and tested. The synthesis of each compound often
involves multiple purification steps in addition to 10-30 analyses depending
on the complexity of the molecule. Chromatographic analysis and purification
is a critical step in small molecule synthesis.

9.2.2.1 Analytical SFC

While SFC is an acceptable analytical technique to support small molecule
synthesis, only minor inroads have been made with SFC for achiral analysis.
The majority of achiral analyses performed in pharmaceutical research use
LC/MS for purity determination and mass confirmation. Early analytical SFC
systems suffered from poor quantitative performance, as well as poor repro-
ducibility and robustness [6]. By the time equipment vendors solved these
problems, LC/MS was established as the gold standard for pharmaceutical
analysis, a distinction that, even with the advantages of SFC, will be difficult to
change. One area where analytical achiral SFC has shown its value is method
development for purification. Prior to purification, an analytical method must
be developed. The standard approach for analytical method development is to
screen a number of stationary and mobile phases. The intrinsic advantages of
SEC such as reduced viscosity, lower pressure drops, improved efficiencies at
high flow rates, and reduced analysis times make SFC the first choice for high
throughput method development.

A large number of stationary phases are available for analytical SFC. Even
when the list is pared to include only phases available in preparative dimen-
sions, there are still dozens of options. An efficient method development pro-
cess must reduce the number of columns evaluated. A number of researchers
have developed approaches for achiral SFC method development for scale up
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to preparative loadings. While there are few publications on analytical achiral
SFC from pharma researchers, it is a commonly used technique within the
pharmaceutical industry. In 2005, White et al. described the incorporation of
achiral SFC into drug discovery in the UK laboratories of Eli Lilly [7].
They described a screening protocol consisting of seven stationary phases
(2-ethylpyridine, cyano, premier, silica, diol, diol with high carbon load, and
2-cyano). In 2011, de la Puente et al. described the achiral screening protocol
developed in Eli Lilly’s Spain facility [8]. From an initial evaluation of 11 phases,
it was shown that five of these columns (2-ethylpyridine, diethylaminopropyl,
benzenesulfonamide, diol, and dinitrophenyl) were able to resolve a target
compound from its impurities in greater than 85% of research mixtures. The
following year the same laboratory reported on further improvement of the 5-
column screen to a 2-column screen (HILIC cross-linked diol and 2-ethylpyridine),
which afforded a success rate of 85-90% [9]. More recently Francotte reported
on the achiral SFC screening strategy utilized at Novartis [10]. Their approach
used five columns for the primary screen (4-ethylpyridine, propylphenylurea,
HILIC silica, amino and di-amino). This screening approach is part of a strat-
egy that has allowed Novartis to transition 75% of their achiral purifications
from HPLC to SFC [10].

While achiral SFC has experienced tremendous growth in the past decade,
its growth pales in comparison to chiral SFC. Since the first analytical chiral
SFC separation was reported in 1985 [11], SFC rapidly became the first choice
for enantioseparations in pharmaceutical discovery. The majority of analytical
chiral SFC is performed with 5-pm stationary phases. Soon after introduction
of improved analytical SFC equipment, there was a shift to 3-pm phases and
more recently sub-2pm columns [12]. Superficially porous chiral columns
have also been recently introduced for analytical SFC [13]. Additional informa-
tion on analytical chiral SEC is found in Chapter 5.

9.2.2.2 Preparative SFC

The major use of SFC in small molecule drug discovery is compound purifica-
tion. Depending on whether an intermediate or final product is being purified,
and the stage of drug discovery, purification scale can vary from 50mg to
greater than 1kg. Chromatographic purification is a solvent and time intensive
process. The increased speed, reduced solvent usage, decreased evaporation
time, and increased environmental friendliness of SFC are the main reasons
many pharmaceutical companies routinely use SFC for both chiral and achiral
purifications [14].

Thousands of compounds are synthesized during small molecule lead opti-
mization. Each of these molecule needs some type of purification to achieve
acceptable purity for further evaluation. In the 1990s and early 2000s, high
throughput purification platforms were developed using reversed phase
chromatography and mass-based fraction collection [15-17]. While this
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technology is very powerful and was used, and is still used, for the purification
of tens of thousands of compounds per year, it does suffer from some limita-
tions. Many small molecules have poor aqueous solubility, leading to poor
chromatography. Evaporation of aqueous mobile phases is a time consuming,
energy intensive process. Finally, reversed phase purifications often use acidic
modifiers that can generate desired products as salts, which may not be suitable
for biological testing.

Many of the limitations of mass-directed reversed phase LC were eliminated
with the introduction of mass directed SFC systems. McClain et al. reported on
the evaluation of mass directed SFC as a replacement for mass directed LC in
Merck research laboratories [18]. Besides offering a complimentary separation
mechanism, evaporation time was reduced from greater than 8 to 1 hour. The
advantage of generating free base products was observed by Searle et al. [19].

Individual enantiomers behave differently within a living system, thus the
FDA requires that individual enantiomers be separated and tested. During
drug discovery, small quantities (~25-100 mg) of thousands of different mole-
cules must be synthesized. If the target molecules contains a chiral center, it is
necessary to ensure high enantiomeric purity. At times an enantiomerically
pure starting material can be sourced to provide chirality. Often enantiomeri-
cally pure starting materials are not available, and an alternate purification
strategy must be employed. Due to the small scale, and wide variety of chemi-
cal structures, it is not time efficient to develop an asymmetric synthesis, an
enzymatic process, or crystallization process to achieve high enantiomeric
purity. The quickest route to enantiopure material during the drug discovery
process is chromatographic resolution of a racemate. This approach has the
added benefit of generating both enantiomers, especially important as the
desired isomer is most often unknown at this stage of discovery.

The first preparative chiral separations were performed by HPLC in the
1980s with the introduction of polysaccharide-based chiral stationary phases
(CSPs) [20, 21]. The transition from HPLC to SFC began in the mid-1990s with
the introduction of preparative SFC equipment by Berger Instruments and
other vendors. While this equipment was suitable for both achiral and chiral
purifications, it found its main utility for preparative enantioseparations.
Preparative resolution of racemates by LC is solvent intensive, requiring 1-5L,
or more liters of organic solvent per gram of racemate depending on the sepa-
ration [22—-24]. Preparative SFC requires lower solvent volumes, often less than
1L/g of racemate, and sometimes as low as 200mL/g [14, 25-28]. The reduc-
tion in flammable solvent volumes allowed more purification equipment to be
located in one facility before reaching facility solvent limits. By the mid-2000s
many pharmaceutical companies, especially in the United States, had made a
near complete transition to SFC for preparative enantioseparations. The tran-
sition in Europe was slower, being completed in the early 2010s. Early uses of
preparative SFC used 2- and 3-cm-i.d. columns and the separation of milligram
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to gram quantities of racemates. The introduction of 5-cm-i.d. and larger
columns, as well as higher flow rate preparative SFC equipment now allows the
routine resolution of 1kg and larger quantities of racemate [28—30]. Additional
information on both achiral and chiral preparative SFC is found in Chapter 8.

9.2.3 Physiochemical Measurement by SFC

During lead optimization, a medicinal chemist balances a number of physical
properties of the molecules being synthesized and tested. A number of experi-
mental techniques, some chromatography based, are used to measure these
properties. Chromatographic measurements often have the advantage of being
higher throughput than other techniques. HPLC has been used to measure
lipophilicity [31-34], permeability [35], hydrophobicity [36], and log P [37].
Recently, researchers have begun to evaluate SEC for physiochemical measure-
ments, although only a few examples have been published.

Goetz et al. reported on an SFC method to measure permeability of cyclic
peptides [38]. This assay was developed for a project designing orally bioavail-
able peptides, with a goal to have a “reasonably high throughput method that
can be reliably used to produce data related to the permeability of peptides”
Goetz also developed an SFC method for the indirect detection of intramo-
lecular hydrogen bonding [39]. It is known that increased intramolecular
hydrogen bonding correlated with increased membrane permeability. The SEC
method correlated retention with the exposed polarity of a molecule. Molecules
that form an intramolecular hydrogen bond exhibits lower retention by “hiding
their polarity” Figure 9.2 shows the SFC analysis of two isomers: compound 1
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Figure 9.2 Superimposed chromatograms of compounds 1 capable of IMHB formation
(5.565 minutes) and 2 incapable of IMHB formation (6.353 minutes). Source: Adapted from
[39] with permission from American Chemical Society Publications.
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is capable of intermolecular hydrogen bonding and has shorter retention rela-
tive to compound 2 which is not capable of intermolecular hydrogen bonding.

9.2.4 Use of SFC for Pharmacokinetic
and Drug Metabolism Studies

As molecules with acceptable activity and physical properties are prepared in
lead optimization, it is necessary to explore the pharmacokinetics and drug
metabolism of the molecule. Pharmacokinetics is the study of the time course
of drug adsorption, distribution, metabolism, and excretion. Metabolism is the
metabolic breakdown of drugs by living systems. These studies involve admin-
istering the potential drug to a living system (e.g. mice) and measuring the level
of drug as well as metabolites. While metabolism studies are also performed in
animals, for early discovery work the typical test systems for metabolic stability
studies are liver microsomes or hepatocytes. The introduction of advanced
equipment with improved sensitivity has allowed SFC to be used to study
bioavailability, metabolites, as well as “in vivo” interconversion during PKDM
studies.

Bioavailability is a measure of the extent and rate at which a drug becomes
available in general circulation [40]. When developing a potential pharmaceu-
tical, high bioavailability is desired. Low bioavailability can result in varied
exposure making it difficult to dose patients. High bioavailability results in
administration of lower doses, which can help to reduce cost of drugs.
Bioavailability is typically assessed in vivo in rats or mice in early discovery. In
later stages of discovery bioavailability may be studied in dog or other species
[41]. Geng et al. reported on the development of an SFC-tandem MS method
for determination of lacidipine in beagle dog plasma for a bioavailability study
[42]. This method was validated and used for quantitation studies. Compared
to published LC/MS methods, the SFC method was simpler, used lower toxic-
ity mobile phase, exhibited sharper peaks, and a faster separation time of less
than 1.5minutes/sample. SFC was used for compound measurement in dog
plasma for ezetimibein [43] and 3-n-butylphthalide [44]. SFC-MS/MS was also
used for measurement of components of Dengtaiye tablets after administra-
tion to rats [45].

Upon dosing compounds are chemically modified, or metabolized by various
enzymes. Metabolism introduces polar groups into the compound, followed by
conjugation to generate polar metabolites that are excreted. Metabolism stud-
ies generate a wide range of metabolites, all with unknown structures. These
studies require sophisticated analytical technology to monitor metabolism.
The gold standard for metabolism studies is LC coupled to triple quad MS
(LC-MS/MS). SEC-MS/MS is now a viable option for metabolism studies of
pharmaceutical products [46, 47] and has also been explored for metabolism of
a fungicide on food products [48]. Yang reported on the use of SFC-MS/MS for
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simultaneous separation and quantitation of oxcarbazepine and its chiral
metabolites in beagle dog plasma [49]. A previously developed LC-MS/MS
method for this material had a run time of eight minutes and a LLOQ (lower
limit of quantitation) of 50 ng/mL. The sensitivity was not adequate for analyte
levels found in biological matrices and the long run time eliminated use in high
throughput environments. SEFC-MS/MS provide LLOQ of 5ng/mL for oxcar-
bazepine and 0.5ng/mL for the enantiomers with a run time of three minutes.

Standard practice within the pharmaceutical industry is development of
individual enantiomers as opposed to racemates [50]. When performing in
vivo pharmacokinetic studies on enantiomerically pure materials it is neces-
sary to assess interconversion (i.e. conversion of one enantiomer to the other).
Racemization or epimerization of labile chiral centers can be catalyzed by
enzymes involved in metabolism [51]. Analysis of these types of studies are
complicated by the need to separate and detect the drug product and metabo-
lites, as well as their corresponding stereoisomers. In addition, when intercon-
version occurs, it is at low levels; resulting in the need to detect stereoisomers
across a wider range of concentrations than in metabolic studies of nonchiral
molecules. Most metabolic studies of interconversion use HPLC or GC for
separation and quantitation; over the past three years a few papers have been
published using SFC as the analytical technique.

Yan et al. reported on the use of SFC for biotransformation studies of atropi-
somers in pharmaceutical research [52]. Individual atropisomers were isolated
using preparative SFC and the metabolic stability of the each isomer studied
using various species microsomes, hepatocytes, and plasma. The major N-
oxide metabolite in human plasma was formed as a racemic mixture of two
atropoenantiomers at a concentration of 0.1-1pg/mL. HPLC did not have
adequate sensitivity to detect the metabolite isomers at this concentration.
SFC had improved sensitivity over HPLC and was able to detect isomers at the
0.1-1pg/mL level. The same SFC method was used to confirm that the indi-
vidual atropisomers of the parent molecule did not racemize during the meta-
bolic studies. Simeone et al. developed a method for separation of enantiomer
of 9-hydroxyrisperidone metabolite of Risperidone [53]. This study showed the
formation of the R isomer of the metabolite is favored.

As mentioned previously, development of analytical methods for intercon-
version metabolite studies is complicated by the need to resolve the drug and
metabolites as well as corresponding stereoisomers. While the separation chal-
lenge can often be solved, high performing chromatographic techniques do
not always have the resolving power to separate all peaks. Goel et al. reported
the use of two-dimensional LC-SFC-MS [54]. The first dimension separation is
reversed phase HPLC. A series of trapping columns is used to park the drug
and metabolites from the initial separation. The trapped compounds from the
first dimension are then sent to a second dimension chiral SFC method. An
example of the separation potential of this configuration is shown in Figure 9.3.
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Figure 9.3 2D LC-SFC-MS analysis of API 1 and its metabolite. The chromatogram at the top
is the RPLC separation, the bottom is the secondary SFC separation demonstrating resolution
of the enantiomers for API 1 (left) and the metabolite (right). For experimental conditions see
section 2.4.3 of [54]. Source: Reprinted from [54], with permission from Elsevier.

9.3 SFCin Development and Manufacturing

As a potential pharmaceutical moves from discovery into development, there is a
large increase in the analytical burden. Discovery support requires development
of generic methods suitable for many different compounds, or if developed for an
individual molecule, are developed with minimal optimization. In development,
analytical methods are fully optimized, and analyze not only final products and
impurities, but also formulated products containing active pharmaceutical ingre-
dient (API) and one or more excipients. Stability indicated methods, as well as
bioanalytical methods for supporting clinical studies must also be developed.
Finally, all analytical methods supporting clinical development and manufactur-
ing must be validated, that is “proven it is suitable for its intended purpose’”
Validation of analytical methods is beyond the scope of this chapter. Readers are
directed to the following for additional information [55-58].

9.3.1 Analytical SFC Analysis of Drug Substances and Drug Products

The first generation of analytical SFC instrumentation suffered from poor
injection reproducibility, excessive detector noise, and inconsistent pump per-
formance, especially under low modifier conditions. These limitations made
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SFC impractical for use in regulated laboratory laboratories. Current genera-
tions of analytical SFC equipment have higher sensitivity, robustness, and
reproducibility, and are routinely used for validated assays. Additional infor-
mation on these equipment advances is found in Chapter 3.

Analytical characterization of drug substance in drug development is more
intensive than characterization performed in drug discovery. Methods are
required that resolve all impurities (many of them unknown) and degradation
products present as low as 0.05%. The impurities are often closely related in
structure to the drug substance and can be difficult to resolve. Methods must
be developed for not only the drug substance (active pharmaceutical ingredi-
ent, API) but also for the drug product (formulated mixture of API and excipi-
ents in final dosage form). These requirements put a premium on effective
method development. A number of generic SFC method development
approaches are discussed throughout this book. Most of these approaches are
not suitable when developing a method that requires validation and will be
used for release of drug substance or drug product. With analytical SFC mov-
ing into validated analytical laboratories, a number of method development
strategies suitable for validated methods have been published [59-67].

Galea et al. discussed an approach for selecting a dissimilar set of stationary
phases for impurity profiling in SFC [59]. To maximize the possibility that all
impurities are resolved from the API, method development should use col-
umns and mobile phases that provide different selectivities [60, 61]. In this
study, SFC retention of 64 drugs were measured on 27 columns. Correlation
coefficients and principal component analysis were used to select of set of six
dissimilar stationary phases (silica, C18, amino, Phenyl, HILIC, and cyano).
The orthogonality of these six columns was demonstrated through the analysis
of three drug mixtures. Lemasson et al. investigated selection of orthogonal
columns [63] as well as optimization of mobile phase composition for impurity
profiling of drug candidates [62]. Galea et al. investigated the effect of column
temperature and back-pressure for drug impurity profiling [64].

Dispas et al. evaluated the impact of different critical method parameters
(CMPs) including stationary phase, mobile phase, and injection solvent [65].
Design of experiments (DOE) and desirability function approaches enabled
optimal chromatographic conditions to maximize peak capacity with accepta-
ble values of symmetry factor. Interestingly, with the stationary phase used for
this study, the accepted practice of “matching polarity between dissolution
solvent (i.e. sample) and mobile phase” did not always hold true. Galea et al.
also used DOE in their studies, this time to optimize column temperature,
back-pressure, and gradient slope simultaneously [66]. Finally, Lemasson et al.
compared high performance LC and SFC coupled to MS for impurity profiling
of drug candidates [67]. Using a proprietary set of 140 pharmaceutical com-
pounds they showed comparable quality between the best UHPLC and
UHPSFC methods while also showing the two techniques to be highly
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orthogonal. It is their opinion that a combination of UHPLC and UHPSFC
maximize the chance of resolving all impurities in a drug substance, and should
be standard practice in pharmaceutical laboratories.

The first reported uses of SFC for drug substance and drug product analysis
was in the early 2000s [68, 69]. The methods provided good sensitivity, but
required high sample concentrations (10 and 12.5mg/mL) to detect impurities
at the 0.1% level. This is an indication of the poor sensitivity of early model
analytical SFC systems. Current analytical systems use more typical sample
concentrations of 0.5—-1 mg/mL. Neither paper reported on validation of the
SFC methods. In 2011, Wang et al. reported on an orthogonal method for
impurity analysis of mometasone furoate [70]. The method was capable of
trace level (0.05% of active) impurity analysis using an increased sample con-
centration and provided orthogonal selectivity to an existing HPLC method in
one-third the analysis time. The method was partially validated and it was
demonstrated with further validation that the method may be suitable for
release and stability testing. Li et al. described the development of a sensitive
and rapid method for the impurity analysis of the antibiotic rifampicin using
SEC [71]. The SFC method had improved resolution of impurities with a
reduced analysis time of 4minutes compared to 50 minutes for the HPLC
method. Figure 9.4 illustrates the orthogonality of SFC as well as the reduced
analysis time relative to HPLC. Development and validation of analytical
achiral SFC methods have also been reported for quinine sulfate [65] and
salbutamol sulfate [72].

A number of synthetic impurities are formed during the synthesis of small
molecules. The characterization and control of these impurities must be
performed prior to filing with regulatory agencies. The origin and downstream
fate of each impurity must be understood. Impurity fate and purge studies are
often used to gain this knowledge [73]. Typically, these studies are performed
using reversed phase LC-MS. Depending on separation complexity these stud-
ies may require two methods, one for percent area analysis and a different
method for peak identification. Also, reverse phase HPLC is not suitable for
intermediates or impurities that are not stable in aqueous environments.
Pirrone et al. reported on the use of SFC-MS as an analytical technique for
impurity fate mapping [74]. SFC showed improved separation for closely
related components as well as stability for intermediates that reacted with
water under HPLC conditions.

Release testing of compounds with a chiral center requires an enantioselec-
tive method to confirm enantiomeric purity. Marley et al. reported the
development and validation of an SFC method to determine (R)-timolol in
(S)-timolol [75]. The method was validated to meet the European Pharmacopeia
requirements of a limit test for enantiomeric purity. Compared to the existing
HPLC method listed in European Pharmacopoeia, SFC was 3 times faster and
used 11 times less solvent. Hicks et al. reported on Merck Research Laboratories
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Figure 9.4 Spectral correlative map of rifampicin and its impurities obtained with SFC
method RPLC method. Peak-2 and a, RQ; 4 and b, RF; 5 and e, 3-FR; 6 and ¢, RSV; 7 and d,
RNO; 1, 3, and f, unknown impurities. Source: Reprinted from [71], with permission from
Elsevier.

work to make chiral SFC a viable alternative to HPLC in support of pharma-
ceutical development and manufacturing activities [76]. Their findings illus-
trated that modern SFC equipment exhibits improved precision, reproducibility,
accuracy, and robustness compared to earlier SFC equipment. SFC also
provided superior resolution and peak capacity compared to HPLC. They
recommend the use of SEC for GMP studies of stereochemistry in pharmaceu-
tical development and manufacturing.



280

9 Impact and Promise of SFC in the Pharmaceutical Industry

The lower mobile phase viscosity of carbon-dioxide-based mobile phases
allows the use of longer column lengths, or coupling of different stationary
phases to offer increased resolution and unique selectivities. Coupling of an
achiral and a chiral column could theoretically allow both API assay, impurity
determination, and enatiopurity to be measured in one analysis. Coupling of
chiral and achiral columns has been reported, but we know of no publications
on column coupling in a validated environment [77, 78]. Venkatramani et al.
reported on a two-dimensional reversed phase LC-SFC method that would
allow simultaneous achiral and chiral analysis of pharmaceutical compounds
[79]. The peaks of interest from the achiral RPLC separation were concentrated
on C-18 trapping columns and then injected onto the second dimension SFC
system. The first dimension measured achiral purity and the second dimension
provided chiral purity. While impurity detection in the first dimension was not
discussed, one could envision this equipment configuration providing this
capability.

Analytical SEC is also used for the analysis of formulated drug products. The
first reported use of achiral SFC for dosage forms was reported in 2012 for the
separation and quantitation of chlorzoxazone, Paracetomol, and Aceclofenac
in their individual and combined dosage forms [80]. Alexander et al. reported
on the use of SFC for analysis of the triple combination tablet of lamivudine,
BMS-986001, and efavirenz as an antiretroviral human immunodeficiency
virus type 1 (HIV-1) treatment [81]. The tablets contained three APIs and 13
possible impurity/degradation products. All 16 peaks were resolved by RPLC;
by SEC 15 peaks were observed with one coeluting pair. A high degree of
orthogonality and more even distribution of peaks across the separation space
were observed by SFC. The authors also noted that the SFC method had advan-
tages of a nonsloping baseline as well as fewer system peaks. SFC exhibited the
sensitivity required for successful quantitation of impurities/degradation
products at the 0.05-0.1 area percent level. Plachka et al. reported on SFC
separation of agomelatine and its impurities [82]. The authors also developed
a validated UHPLC method that was compared to UHPSFC. An informative
comparison of the UHPSFC and UHPLC methods is shown in the spider dia-
gram in Figure 9.5. Both methods demonstrated very good results in terms of
repeatability, linearity, accuracy, and precision. UHPSFC provided slightly bet-
ter results for method precision and resolution between the API and trailing
impurity. All of the UHPSEC peaks were symmetrical and very sharp. UHPLC
exhibited higher sensitivity as measured by lower limit of quantitation (LLOQ).
The author noted the greatly increased method development time for UHPLC
relative to UHPSEC.

An interested study was performed to evaluate SFC for determination of
PEG adducts in pharmaceuticals [83]. Drug formulations containing polyethyl-
ene glycol (PEG) can generate reaction products between PEG and the APL
Adduct formation was measured by incubating PEG with two different
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Figure 9.5 Spider diagram comparison of developed UHPSFC and UHPLC methods for the
determination of agomelatine and its six impurities. Source: Reprinted from [82], with
permission of Elsevier.

pharmaceutical compounds, cetirizine, and indomethacin, at 80°C for
120 hours. The formation of polyethylene glycol esters was detected by a shift
in the elution pattern using evaporative light scattering detector, and was con-
firmed by mass spectrometry. Scientists in France compared HPLC and SFC
with ELSD detection for the determination of plasticizers in medical devices
[84]. Plasticized-PVC is widely employed as tubing in medical devices used for
blood transfusions, drug infusion, and dialysis. With some medical devices
containing up to 40% w/w of plasticizers, regulatory agencies are interested in
their identities, their levels, and their effect on human health. HPLC and SFC
methods to resolve four plasticizers and the methods were validated. Validation
studies showed HPLC to be more precise than SEC, but lower limits of quanti-
tation were obtained with SFC. The HPLC method was validated in the £10%
acceptance limits but SFC lacked the accuracy to quantify the plasticizers. The
authors felt the low accuracy in SFC may have been due to the instrument
used, and different results may have been obtained with an SFC from a differ-
ent manufacturer SEC can also be used for analysis of nontablet formulations.
In 2007, the use of chiral SFC for assay of an aqueous formulation was reported
[85]. Prior to this publication there was concern with direct injection of an
aqueous sample in SFC. These concerns included sample freezing, precipita-
tion, and distorted peak shape. This work showed that direct injection of a
100% aqueous formulation in SFC was feasible. The chiral method was vali-
dated, showing high degrees of selectivity, accuracy, precision, robustness,
sensitivity, and linearity over a wide range of concentrations. SFC has also been
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explored for quality control of vitamin D3 oily formulations [86]. By SFC, it is
possible to meet the specification established by the European Medicines
Agency (EMA). These results illustrated the possibility of using SFC-MS for
the QC of medicine and support the switch to greener analytical methods.

9.3.2 Preparative SFC in Development and Manufacturing

While preparative SFC is a widely used technique in pharmaceutical research,
its use within pharmaceutical discovery and manufacturing is limited. Large
scale purifications using liquid chromatography is a mature field with numerous
examples in pharmaceutical manufacturing. The use of continuous chromatog-
raphy (also called simulated moving bed, SMB), which offer high separation
productivities and use little solvent due to recycling, can result in low purifica-
tion costs [87—-90]. Also, there exist numerous contract research and manufac-
turing companies with large scale liquid chromatography equipment (both
batch and SMB) allowing separation of metric tons of material per year. To the
authors’ knowledge, there is only one contract facility with large scale prepara-
tive SFC equipment, and the size of the equipment limits production to less
than one metric ton per year for most applications. Work on continuous purifi-
cations (SFC-SMB) has been reported in the literature, but equipment has not
been manufactured beyond the proof of concept scale [91-94].

Preparative SFC has been used to isolate active ingredients from fish oil and
palm oil. The first reports of use of SFC in fish oil purification were in the late
1980s. The use of the ethyl esters of eicosapentaenoic acid (EPA) and doco-
sahexaenoic acid (DHA) has been promoted for numerous indications includ-
ing psoriasis, bowel disease, mental illness, and cancer prevention [95]. Over
the last 20 years there has been a shift to concentrated “omega-3 oils” contain-
ing higher levels of EPA and DHA with current over the counter products
reaching EPA+DHA concentrations of 50-55% [96]. Pharmaceutical products
containing fish oil were introduced in 2004 with the approval of Lovaza, con-
taining EPA and DHA at concentrations of 85%. As an adjunct to diet, this
mixture reduce triglyceride levels in patients with severe hypertriglyceridemia.
The year 2012 saw FDA approval of Vascepa, a highly concentrated EPA (96%)
formulation for reduction of triglyceride levels. The manufacturing processes
for Lovaza and Vascepa are proprietary, but based on the number of recent
patents and articles in the area of fish oil purification using SFC [97-100], it is
probable that large scale SFC is being used in the manufacture of high purity
EPA pharmaceutical products. The triglycerides of palm oil are used as a source
of biodiesel, but also contain ~1% of phytonutrients such as tocols, carotenes
andphytosterols, with a value of 970 USD per ton of biodiesel produced from
palm oil [101]. The high value of the byproducts from biodiesel production
made isolation economically feasible. While there have been additional publi-
cations on SFC purification of palm oil, it is unknown at this time if this process
is being used at manufacturing scale [102, 103].
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9.3.3 Metabolite/PKDM Studies in Development

Section 9.2.4 discussed the use of SFC for analysis of biological materials for
pharmaceutical discovery support. This section centers on SFC for the analysis
of pharmaceuticals in biological materials derived from humans. When a com-
pound moves into development and clinical studies, the same pharmacoki-
netic, and metabolism studies performed on rat, dog, and other species, are
also performed after human dosing. LC with triple quadrupole detection is the
method of choice in this field for analysis of complex samples where the ana-
lytes of interest are present in the low ng/mL level or less [104]. SEC equipment
advances now allow the required sensitivity for detection of these types of sam-
ples. Scientists in Norway developed an SFC method for enantiomeric separa-
tion and quantitation of citalopram in serum [105]. After validation, the
method was implemented in routine use for both separation and quantitation
of R/S-citalopram in greater than 250 serum samples as part of therapeutic
drug monitoring project. On-line SFE-SFC-MS was used to quantify ketamine
and its metabolites for metabolic profiling and pharmacological investigations
of ketamine in humans [106].

An SFC method was developed to quantify 15 sulfonamides and their N4-
acetylation metabolites in serum [107]. Separation of all 15 sulfonamides and
their metabolites was achieved in seven minutes. Pilarova et al. developed an
SEC-MS method for the high throughput determination of all isomeric forms
of vitamin E in human serum [108]. Two methods to resolve all eight tocophe-
rols and tocotrienols were developed, a high speed method with analysis time
of 2.5 minutes, and a high resolution method with analysis time of 4.5 minutes.
Readers with further interest are directed to the following review articles on
the use of SFC for bioanalysis [109-111]. The use of SFC for metabolic pheno-
typing, also referred to as metabonomics or metabolomics, was recently
explored [112]. A fast SFC-MS method for the analysis of medium and high
polarity (clogP of -7 to 2) compounds was developed and its utility demon-
strated for the separation of polar metabolites in human urine. A unique use of
SEC was recently published, a high throughput method for the separation and
quantitation of C; and C,; steroids and their C11-oxy metabolites [113]. The
unique selectivity of this method may hold promise in the identification of new
steroid markers in steroid-linked endocrine diseases, in addition to profiling
steroid metabolism and abnormal enzyme activity in patients.

9.3.4 SFCin Chemical Process Development

The goal of chemical process development is creation of a safe and cost effec-
tive synthetic route for generation of the larger quantities of active ingredient
required for clinical studies and ultimately for manufacturing. Many of the
types of analytical SFC support required for process development, such as
achiral and chiral analysis, have already been discussed in this chapter. This
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section discusses a few specialized areas that do not fall in the previously
discussed categories.

Development of a chemical process can involve evaluation of hundreds of
reaction conditions to characterize the reaction, and determine optimum oper-
ating conditions. Many of these reactions are performed in a high throughput,
parallel mode to minimize development time. Each of the reaction needs analy-
sis to determine yield and purity. A number of analytical technique are in use,
many based on LC separation [114—117]. SEC has been investigated as an ana-
lytical method to support high throughput experimentation. Scientists at Merck
described the use of MISER chromatographic analysis (Multiple Injections in a
Single Experimental Run) using SFC [118]. Using this technique, it is possible to
analyze a full plate of 96 samples in less than 34 minutes. The introduction of
sub-2 pm particles for chiral columns has expanded the potential of chiral chro-
matography for high-throughput screen of large compound libraries [12].

An additional use of SFC in chemical process development is impurity isola-
tion using preparative SFC. It is necessary to confirm the structures of reaction
byproducts in order to fully characterize a reaction step. The speed and reduced
requirements for solvent removal, make preparative SFC an ideal technique to
rapidly isolate milligram quantities of impurities for characterization by MS and/
or NMR. Due to the confidential nature of synthesis of compounds in the phar-
maceutical industry, most isolation work is not published. Klobcar et al. reported
on the isolation of oxidative degradation products of atrorvatatin [119]. Zhao
discussed isolation of multiple impurities from a mother liquor sample [120].

9.4 SFC for Analysis of lllegal Drugs

Once seized by law enforcement, illegal drugs are analyzed by a combination of
instrumental, immunoassay, microscopic, and wet chemical techniques. Often
more than one separation technique is used to increase specificity. Acceptable
separation techniques include TLC, GC, LC, and CE. Currently SFC is not an
approved separation technique. A review of SFC-MS for forensic analysis can
be found at [121]. Breitenbach et al. evaluated the use of UHPSFC for the
analysis of synthetic cannabinoids [122]). UHPSFC was evaluated due to its
superior resolution of positional isomers and diastereomers. SFC was able to
resolve the synthetic cannabinoid and nine of its positional isomers in under
10 minutes. Principal component analysis was used to demonstrate the orthog-
onality of SFC, GC, and HPLC.

The S-enantiomer of amphetamine has a greater CNS stimulant activity than
the R-enantiomer. The majority of prescribed amphetamine consists of the
pure S-enantiomer. Illegal amphetamine is available mainly as a racemic mix-
ture. To distinguish between legal and illegal amphetamine, chiral separation
of R- and S- amphetamine in biological specimens is required. Hegstad et al.
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presented the evaluation of SFC-MS for enantiomeric separation and quantita-
tion of R/S-amphetamine in urine [123]. The method was used routinely and
shown to be a reliable and useful tool for distinguishing R- and S-amphetamine
in patient samples.

Anabolic steroid misuse improves body weight gain and feed-conversion
efficiency in meat producing animals. Anabolic steroids are also used by ath-
letes to increase sports performance. Analysis of glucuronide and sulfate ster-
oids in urine is the accepted method to detect anabolic steroid misuse. Doue
et al. compared SFC-MS to HPLC-MS for the analysis of glucuronide and sul-
fate steroids in urine [124]. They determined that SFC-MS-MS had improved
sensitivity and reproducibility compared to HPLC-MS-MS. The technology
was used to confirm doping of estradiol in two animals by detection and quan-
titation of conjugated steroids. Desfontaine et al. developed UHPLC and
UHPSFC methods for screening of 43 anabolic agents in human urine [125].
These methods were compared to the reference GC-MS-MS method used for
steroid analysis in anti-doping laboratories. The UHPLC and UHPSFC methods
had numerous advantages relative to GC method, mainly sensitivity and matrix
effects. Endogenous compounds from the sample matrix that elute at the same
time as target compounds can negatively influence method accuracy, precision
and sensitivity through ion suppression or enhancement [126]. The matrix
effect of the three techniques (SFC, GC, and LC) is shown in Figure 9.6. These
results are in agreement with previous studies of matrix effects in SFC [127].
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Figure 9.6 Graphical representation of the importance of matrix effects for the three
methods. Weak matrix effects (W) correspond to —20% < ME, < 20, intermediate matrix
effects (1) to 20% < |[ME,|< 100%, and strong matrix effect (S) to ME, higher than 100% or
lower than —100%. Source: Reprinted from [125], with permission from Elsevier.
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9.5 Summary

Analytical and preparative SFC has been a core technology for pharmaceutical
discovery for the past 20years. Equipment and theoretical advances of the past
five years have allowed SFC to move from the nonvalidated environment of
pharmaceutical discovery to the validated environment of pharmaceutical
development and manufacturing. SFC has also moved into formulated drug
products, bioanalytical analysis, and analysis of illegal drugs; areas that have
been typically served by HPLC or other analytical techniques. As the chroma-
tographic and environmental advantages of SFC become more widely known,
expansion into other areas is expected.
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10.1 Petroleum Chemistry

10.1.1 Crude Refining Processes

Diesel/petroleum is a naturally occurring, yellow-to-black liquid found in geo-
logical formations beneath Earth’s surface, which is commonly refined into
various types of fuels. Three conditions must be met for oil reservoirs to form:
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(i) a source rock rich in hydrocarbon material buried deep enough for subter-
ranean heat to cook it into oil, (ii) a porous and permeable reservoir rock for it
to accumulate in, and (iii) a cap rock or other mechanism that prevents heat
from escaping to the surface. Within these reservoirs, fluids typically organize
themselves like a three-layer cake with a layer of water below the oil layer and
a layer of gas above it.

Crude oil is considered light if it has low density or keavy if it has high density.
It is referred to as sweet if it contains relatively little sulfur or sour if it contains
substantial amounts of sulfur. Light crude oil is more desirable than heavy crude
oil since it produces a higher yield of gasoline; while sweet oil commands a higher
price than sour oil because it has fewer environmental impurities and requires
less refining to meet sulfur standards that are imposed on fuels in consuming
countries. Petroleum includes only crude oil, but in common usage it includes all
liquid, gaseous, and solid hydrocarbons. It is indeed a crude material, being
messy, unstable, and dangerous to handle. An oil well produces predominantly
crude oil, with some natural gas dissolved in it. The hydrocarbons in crude oil are
mostly alkanes, various aromatic hydrocarbons, naphthenes, and asphaltics. The
other organic compounds contain nitrogen, oxygen, sulfur, and trace amounts of
metal such as iron, nickel, copper, and vanadium [1].

Components of petroleum are separated using fractional distillation. This
process separates different components of crude oil so that they can be further
refined. Fractional distillation begins when the crude oil is put into a high pres-
sure steam boiler. The crude oil is heated to temperatures up to 1112°F. After
the oil vaporizes, it enters the bottom of the distillation column through a pipe.
The distillation column is a tall tank that contains many trays or plates. The
vapor rises in the column, cooling as it rises. The specific vapors cool at their
boiling point and condense on the plates or trays in the column. Via this process
the components are partially separated from one another into fractions.

Liquid fractions of crude oil are then placed into 10 main categories. These
main products are further refined to create materials more common to every-
day life. The processes employed in addition to fractional distillation include
(i) vacuum flashing, (ii) thermal cracking, (iii) cat cracking, (iv) hydrocracking,
(v) gas plant alkylation, (vi) catalytic reforming, and (vii) blending in that order.
The yield of the previous process becomes the feedstock of the next process,
with distillation being the first process and blending the final one [2]. The main
products of petroleum are termed: asphalt, diesel, fuel Oil, gasoline, kerosene, lique-
fied petroleum gas, lubricating oil, paraffin wax, bitumen, and petrochemicals.

10.1.2 Petrochemical Processes

Petrochemicals are nonfuel compounds derived from crude oil and natural gas.
The feed-stocks for petrochemical plants are provided largely by refineries
and include gas, naphtha, kerosene, and light gas oil. Natural gas processing
plants are also a source of feedstock, thereby providing natural gas, ethane, and
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Figure 10.1 Petroleum refinery in Anacortes, Washington, USA. Source: https//wikipedia.
org/wiki/oil refinery Anacortes, Wahington,U.S. picture.

liquefied petroleum gas. Petrochemical plants are typically built adjacent to
refineries in order to be near the source of feedstock. Also, there often are
byproduct streams created in the plants that can best be utilized by returning
them to the refinery for processing. In fact, the boundary between the two types
of plant often become blurred as progressive integration of both fluid streams
and operating personnel takes place for increased efficiency. As a result several
very large refining and petrochemical plants have developed around the world
(see Figure 10.1). Petrochemical processes are, in general, much smaller than
refining processes, but there are exceptions like very large ethylene plants [3].

10.2 Introduction to Petroleum Analysis

The true test of the usefulness of an analytical technique is its range of appli-
cability in solving real-world problems. Supercritical fluid chromatography
(SFC) and supercritical fluid extraction (SFE) have always been able to attract
interest, owing to some to the intrigue stimulated by the use of the word
“supercritical” [4]. Practical analytical applications of the two techniques have
really only appeared in the last decade. The increasing demand for petroleum
and the dwindling supply of the natural resource have encouraged the petro-
leum industry to process high boiling crude fractions and to consider alternate
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sources of the petroleum, such as tar sands, shale oil, and coal. With a greater
diversity of fuels has come the need for new and better methods of hydrocarbon
analysis, particularly for heavy hydrocarbons. SFC offers new opportunities for
these hydrocarbon analyses that arise from (i) the availability of the flame ioniza-
tion detector and (ii) the possibility of achieving high chromatographic resolution
of heavy hydrocarbons that exceed the analysis range of gas chromatography.

Hydrocarbon type analysis primarily refers to the separation and quanti-
tative measurement of saturates, olefins, aromatics, and polar components.
Fractions may be further grouped into (i) straight-chain, branched, and cyclic
paraffins; (ii) olefins according to the number of unsaturated groups, or ali-
phatic vs. alicyclic structures; and (iii) aromatics according to the number of
rings. Polar compounds include heavy condensed aromatic hydrocarbons and
compounds containing sulfur, nitrogen, and oxygen heteroatoms.

Broadly speaking, petroleum analyses concern (i) class-type (e.g. aliphatic vs.
mono-aromatic vs. poly-aromatic) analyses and (ii) analyses of one or more
target compounds. In the case of petroleum products, there are relatively few
classes of molecules. The complexities of petroleum separations arise instead
from the enormous number of components present within these classes [5].
Furthermore, petroleum is refined through fractional distillation based on the
boiling points of compounds, and the number of components in a petroleum
fraction increases exponentially with boiling point [6]. Thus, fractions that
include low-boiling compounds are particularly complex. To add to the com-
plexity, traditional fossil fuel sources are dwindling and new ways to isolate
fuels from existing sources are being developed.

Given these enhanced oil extraction techniques and the inherent complexity
of petroleum, the sheer number of compounds in a sample demand a variety of
separation techniques for their analysis. In some cases, the number of compo-
nents can quickly exceed the available peak capacity of single-chromatographic
column techniques and thus require more advanced techniques, such as two-
dimensional separations to resolve more of the components. This chapter
looks at the history of petroleum separations with special attention concerning
how SEC currently contributes to this field.

The application of SFC to the separation of hydrocarbons and related com-
pounds started in the 1980s when it was discovered that SFC using carbon
dioxide as the mobile phase combined many of the advantages associated with
both gas chromatography (GC) and liquid chromatography (LG). For example,
SFC combines GC-like detectors with a LC-like mobile phase.

This chapter also examines advanced techniques such as two-dimensional
chromatography, which significantly increase the peak capacity of separations.
Multidimensional separations are ideally suited for addressing the analytical
challenges associated with measuring compounds in petroleum samples [7].
GC x GC can bring specific benefits to the entire range of petroleum analyses
from profiling potential oilfields during exploration to assessing the presence
of petroleum and its combustion products in the environment [8].
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It is relatively easy to couple SFC with either GC or even comprehensive two-
dimensional GC (i.e. SFC-GC x GC) because one obtains the sample as a gas after
decompression of the supercritical carbon dioxide [9]. In addition, it seems reason-
able to imagine a SFC x SFC system that could reach the performance of GC x GC
because long, high resolution columns can be used in the first dimension (SFC) fol-
lowed by a very fast separation which can be obtained in the second dimension (GC).

10.3 Historical Perspective

10.3.1 Hydrocarbon Analysis via FIA

Since its development first by Conrad [10] and later by Criddle and LeTourneau
[11], the petroleum industry initially used a fluorescence indicator adsorption
(FIA) method, ASTM D1319, for the determination of saturated, olefinic, and
aromatic hydrocarbons in naphtha, jet fuel, and diesel oil. The method served as
the industry standard for 30years because it was the only direct method of meas-
uring these groups of compounds. The method employed fluorescent dyes that
were placed at the head of an open, packed silica gel column. A sample of fuel was
added, followed by elution of the analytes through the column with isopropyl
alcohol. Saturates, olefins, and aromatics traveled down the column at different
speeds separating into discrete bands of different color. Under UV light, saturated
hydrocarbons remained colorless, olefins turned yellow, aromatics turned blue,
and the alcohol front turned red. The length of each band was measured wherein
each length corresponded to the volume percent of the chemical group. The
major problem associated with the FIA method was the operator’s ability to
consistently distinguish the sharp yellow, blue, and red fronts. The FIA method,
however, was never useful for highly colored shale or coal-derived fractions since
colored samples interfered with detection of the dyed zone boundaries.

In applying SFC to this separation, the use of high fluid densities, temperatures
close to the critical point, and 1-mm-i.d. columns packed with small silica particles
tended to minimize the volatility effects that caused band broadening. However, it
was found that with CO,, the separation of saturates from olefins was incomplete
because of the low polarizability of CO, compared to hexane and perfluorinated
hydrocarbons used as solvents in liquid chromatography. In other words, the gain in
quantitation was offset by a loss in resolution. The use of sulfur hexafluoride as
mobile phase that is reasonably compatible with FID is analogous to the use of per-
fluorinated hydrocarbons. In this case, the instrumentation was somewhat com-
plex, however, and sulfur hexafluoride was an environmentally objectionable fluid.

10.3.2 SFCReplaces FIA

In 1984, Rawdon and Norris at Texaco were probably the first workers to pro-
pose SFEC for fuel group separations [12] that retained the simplicity of a single
silica column operated with CO, as the mobile phase. Their instrumentation
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was a modified liquid chromatograph (HP1082 LC) with independent control
of pressure and flow. This arrangement was combined with a stand-alone
Gow-Mac gas chromatograph and flame ionization detector (GC-FID). Rawdon’s
and Norris’ results unfortunately could not be repeated owing to instability of
the silver loaded GC columns which were incorporated into the method to
separate olefins from paraffins [13, 14].

High performance liquid chromatography (HPLC) was another alternative to
FIA because of its speed and resolution capability, but HPLC lacked a sensitive
and a universal detector that could be used for the general analysis of petroleum
fractions [15]. Nuclear magnetic resonance and mass spectrometry have been
used, but neither of these techniques became operational for hydrocarbon
analysis because of initial high capital cost and operational complexities.

Today, SFC with flame ionization detection has been shown to work well for
hydrocarbon group analysis. It was determined that retention time reproduci-
bility was greatly enhanced by controlling the temperature of the SFC pressure
transducer on the pump. A UV, or other nondestructive detector, was often
placed before the BPR. Pressure density programming was used to elute
increasingly larger molecular weight analytes. In order for density-pro-
grammed SFC to be quantitative, however, the problem of variable split ratio
injection accompanying pressure programming needed to be resolved [16].

Packed column SFC/FID generally splits the column effluent before the back-
pressure regulator, thus directing the lesser fraction to the FID, and the majority
of the flow to the BPR. In other words, during a SFC pressure program run, with
column effluent split between FID and UV detection, the total flow remained
constant; while, the flow into the fixed restrictor associated with the FID increased.
Under these conditions, the FID “response factor” ceased to be constant. Apparent
molecular weight distributions were thus distorted, and indicated that larger
amounts of heavier components were present than was actually the case.

Several temporary strategies to deal with this issue were subsequently pub-
lished by Berger [14], but no long-term solution was apparent. Experimental
problems persisted: (i) fixed restrictors were irreproducible, with no two
restrictors being exactly the same, (ii) back pressure regulators tended to cause
serious band broadening if used in front of an FID, and (iii) pressure program-
ming caused major changes in column flow, dramatically changing peak widths
and column efficiency, plus potentially changing the detector response factor.
Nevertheless, with proper calibration, packed column SFC/FID remained a
useful quantitative tool in petroleum analysis.

10.3.3 Hydrocarbon SFC Analysis via ASTM 5186-91

The first standard analytical method of any kind to use SFC was ASTM
Method D 5186-91 for determination of aromatics in diesel fuel via the Western
States Petroleum Association Round Robin [17]. With an SFC method in hand,
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aromatic content could be quantified below 1% in as little time as two minutes.
The analysis was robust and repeatable on different instruments. The SFC
method used (i) a silica column, (ii) pure CO, at constant pressure, and (iii) a
flame ionization detector (FID). A sampling valve with a fixed loop was used to
introduce the sample. The ASTM method utilized Cy, and toluene as probes of
resolution. Method specifications called for a resolution greater than R = 4
between the solutes. Resolution using a 25-cm column was as high as 13.5.
By using higher flow rates, the analysis could be shortened to less than two
minutes with minimal loss of resolution (R = 11). The ASTM method called for
quantification using FID, but this method did not completely characterize
actual fuels [16].

A better understanding of the composition of fuels was, however, realized by
simultaneously using FID in conjunction with a UV detector. The method
eliminated the need for the separation of olefins from saturates. As a result, the
chromatographic equipment and methodology became extremely simple.
Samples were injected neat, a single silica column and isopycnic conditions
were used. The method was independent of sample size since calculations for
quantifications were based solely on peak ratio area measurements. FID that
acted as a general mass sensitive detector for all three carbon types provided
quantitative information; while, UV detection at 190nm provided high sensi-
tive, uniform detector response that permitted semi-quantitation of the olefin
fraction. Unlike the FIA method, the revised SFC method was suitable for
colored samples as well as samples containing materials with mass lighter than
hexane. Olefin quantitation by the SFC method correlated well with results by
the standard FIA method for a wide range of commercial gasolines. Dual UV/
FID chromatograms with a packed silica column are shown in Figure 10.2.
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Figure 10.2 SFC of standard gasoline using dual UV/FID detection, Conditions: 50 cm x
1 mm i.d. packed column, silica particles; CO,; 40 °C; 200 atm [18].
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10.4 Early Petroleum Applications of SFC

10.4.1 Samples with Broad Polymer Distribution

Because the density of carbon dioxide employed with SFC strongly depends on
the pressure of the system, pressure programming was used to process hydro-
carbon mixtures that exhibited a wide molecular weight range. The chromato-
gram displayed in Figure 10.3, for example, has separate peaks for the oligomers
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Figure 10.3 Chromatogram of a “monodisperse” polystyrene of 600 nominal molecular
weight with dimethyl formamide followed by silica gel column chromatography. The B(a)
A- and B(a)P-rich fraction is subsequently subjected to SFC for the final purification step.
Even though a nonpolar solvent is used, the chromatograms from the two different runs are
essentially similar albeit resolution is somewhat better on the right. Source: Altgelt and
Gouw [19], figure 3.
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of a polystyrene model mixture with molecular weights ranging from 266 to
1930amu. Chromatography was performed with pentane/methanol (20:1) as
the mobile phase on a stationary phase of Porasil C to which n-octyl groups
were bonded. The molecular structure of each oligomer was described by
CH; (CH,)3-(CH,CHCgH;),,-H, where n was the number of styrene molecules
in the polymer [20]. Further work in this area was subsequently described by
Klesper and Hartmann [21].

10.4.2 SFC Purification of Polycyclic Aromatic Hydrocarbons

Analysis of polycyclic aromatic hydrocarbons (PAHs) which are widely found in
fossil fuels and combustion products are of interest because of their alleged carci-
nogenic properties. In 1976, Gouw and Jentoft reported near complete resolu-
tion. The goal of the study was the unambiguous determination of very pure
fractions of benzo(a)pyrene [B(a)P] and benz(a)anthracene [B(a)A] from automo-
bile exhaust. Concentration of the PAHs by extraction with dimethylformamide,
followed by silica gel chromatography was carried-out [22]. The [B(a)A]- and
[B(a)P]-rich fractions were subsequently subjected to SFC for the final purifica-
tion step. In this step, the detector was first set at 280.5nm to obtain maximum
sensitivity for B(a)A. The wavelength was then shifted to 372nm for optimum
response to B(a)P. The analytes of interest were recovered in a high degree of
purity by carefully evaporating off the mobile phase. Open tubular columns [23]
containing bonded liquid crystalline poly(siloxane) stationary phases have
achieved PAH resolution superior to that obtained by GC with the same phases.

10.4.3 Coal Tar Pitch

Sie and Rijnders [24] obtained the chromatogram shown on the left in Figure 10.4
with isopropanol as the supercritical fluid mobile phase and alumina as the sub-
strate. The sample was a coal tar pitch commonly used in bitumen blending. The
expected location of various condensed PNAHs can be seen in the figure. The
chromatogram shows a series of distinctly separated peaks roughly corresponding
to groups of increasing molecular weight and ring number. The chromatogram on
the right in Figure 10.4, on the other hand, was obtained with n-hexane on alumina
W-200 (neutral). Even though a nonpolar solvent was employed, it is interesting to
note that the chromatograms from the two runs are essentially the same although
the results shown by the Japanese workers showed improved resolution.

10.4.4 Enhanced SFC Performance

The performance of a modified SFC instrument that later passed the require-
ments of ASTM Method 5186-96 for accuracy, linearity, and repeatability
proved to be supportive of the developmental work earlier described in
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Figure 10.4 Chromatograms of coal tar. Left: isopropanol as the supercritical fluid and
alumina as the stationary phase. The location of various condensed, polynuclear
hydrocarbons are indicated. The last two broad peaks probably represent 7- and 8-ring
aromatic compounds. Right: Chromatogram obtained with n-hexane on Almina W-200
(neutral). Source: Altgelt and Gouw [25], figure 5.
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Figure 10.5 Chromatogram of jet fuel sample A. Chromatographic conditions: column, 75
cm x 1 mm i.d. (5 pm particles, 60 A pore width); fused silica restrictor, 15um x 12cm; FID,
350°C; CO,, 40 °C and 200 atm; Hy, 90 mL/min; column effluent flow, 120 mL/min as
expanded gas. Source: Richter and Jones [16].

Reference 10. Up to a sixfold improvement in the precision was seen when the
pressure transducer was temperature-controlled independent of the labora-
tory air temperature that was allowed to vary between 22 and 29 °C and the
temperature of the transducer was controlled [16]. Figure 10.5 shows the chro-
matogram of diesel fuel whose results were typical of the results obtained for
all samples when using the optimized experimental conditions. Table 10.1
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Table 10.1 Effect of controlling the pressure transducer temperature.

RSD (%) without RSD (%) with
temperature control temperature control
Diesel C
Saturates 0.13 0.08
Monoaromatics 0.33 0.08
Polyaromatics 2.7 0.70
Total aromatics 0.25 0.14
Average 0.86 0.25
Jet fuel C
Saturates 0.09 0.02
Monoaromatics 0.74 0.28
Polyaromatics 9.6 1.2
Total aromatics 0.48 0.09
Average 2.7 0.40
Jet fuel D
Saturates 0.12 0.03
Monoaromatics 0.39 0.19
Polyaromatics 6.5 0.92
Total aromatics 0.41 0.09
Average 1.8 0.31

Source: Richter et al. [16]. Reproduced with permission of Oxford University Press.

shows that control of the pressure transducer temperature had a large impact
on the assay reproducibility.

10.4.5 Sulfur Detection in a Petroleum Matrix

Shearer and Skelton in 1994 investigated the analysis of sulfur compounds in
petroleum products via SFC using flameless sulfur chemiluminescence detec-
tion (SCD) [26]. At the time, this SCD was more sensitive and selective than
any other sulfur-selective detector for SFC. It also produced a linear and nearly
equimolar response to sulfur. A minimum detection limit of 0.3 pg of sulfur
was measured, and response to sulfur in different sulfur species was nearly
equimolar. Four years later, SFC with an open tubular column using 100%
supercritical carbon dioxide as the mobile phase was used to successfully ana-
lyze diesel fuel and other heavy refinery samples [27]. Surprisingly, sulfur
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selective detection following chromatography of petroleum-derived products
has not generated much excitement.

10.5 SFC Replacement for GC and LC

10.5.1 Simulated Distillation

Distillation is the primary separation process used to characterize petroleum
products before processing. Distillation data can be obtained by using true
distillation techniques or analytical techniques which simulate the distillation
process. SIMDIS is a technique which is inexpensive and rapid compared to
distillation techniques but it does not yield fractions for further characteriza-
tion [28]. In the field of petroleum analysis, SFC has proven to be a very attrac-
tive substitute for the elution of hydrocarbons having more than 80-130atoms
of carbon which otherwise would have been difficult to elute via either GC or
high temperature GC without cracking of the sample. Only one pump is
required to deliver the carbon dioxide. The maximum operating pressure of
the pump should be as high as possible (i.e. higher than 60 MPa) and pressure
programming is mandatory at fixed temperature.

Implementation of micro or narrow bore packed-column SFC for SIMDIS
application is quite straightforward because no split injection is required and
the columns exhibit high load capacity. Using alkyl bonded phases, the longer
the alkyl chain, the stronger the retention of hydrocarbons. They reported
heaviest paraffin separated with capillary SEC is C;5¢ on a coated 5% phenylpo-
lydimthylsiloxane stationary phase using CO, at 160 °C and pressure program-
ming starting 10 minutes from 100 to 550bar at 13.3 bar/min [29, 30]. SFC can
also be used for characterizing heavy crude components, with boiling points
up to 760 °C. The effect of C; to Cyg alkyl groups bonded to silica have been
investigated and the oligomer peak resolution obtained with packed capillary
columns approaches that obtained with open tubular columns. The true boil-
ing and retention times of n-alkanes, alkylbenzenes, PAH, and thiophenes have
also been correlated, and it has been found that the retention time differences
do not exceed 1minute for chemically different solutes with similar boiling
points. Figure 10.6 shows the SFC of the SIMDIS calibration standard on a
packed capillary hexylsilyl (Cg) column [28].

Data from SFC correlated well with data obtained by GC. Higher molecular
weight hydrocarbons can easily be eluted at operating pressures below 415bar
(e.g. density of CO, mobile phase approximately 0.71g/L). At this maximum
pressure, a column packed with hexyl bonded silica elutes hydrocarbons boil-
ing at more than 756 °C; whereas, a column packed with octadecyl silanol
(ODS-2) (Cyg); Figure 10.7 is more retentive and only elutes hydrocarbons boil-
ing up to 686 °C. Hydrocarbons of even higher boiling points can be eluted if
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Figure 10.6 Simulated distillation chromatogram of Polywax 655 on a 0.25m X 250 um i.d.
column packed with Waters Spherisorb SSW C6. Conditions: linear pressure programming

from 100 to 415 bar (hold for 60 minutes) at 3.5 bar min, FID detection. Source: Wilson [31].
Reproduced with permission of Elsevier.
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Figure 10.7 Graph of elution pressure versus the boiling point for packed columns.
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310

10 Impact of SFC in the Petroleum Industry

the column length is changed. The significant deviation between the retention
times of aromatics and straight chain alkanes of apparently similar boiling
points which occurs when simulated distillation is performed by GC may be
reduced using open tubular SFC and further minimized when packed capillary
columns are used, especially for aromatic compounds with three or more rings.
However, comparison may not be valid in view of the discrepancies between
published values of PAH boiling points.

10.5.2 Hydrocarbon Group-Type Separations - PIONA Analysis

Another highly studied application in the petroleum industry is hydrocarbon
group analysis. Group-type analysis refers to the separation and quantification
of hydrocarbon groups. A classic example is the PIONA analysis that is used to
profile the hydrocarbon content of a sample according to the concentrations of
paraffins, isoparaffins, olefins, naphthenes, and aromatics. Heavier crude frac-
tions are an unconventional petroleum source that has also been explored.
Processes such as Fischer—Tropsch reactions are being used to generate liquid
fuels from coal and shale. Liquid chromatography is commonly used but it suf-
fers from (i) lack of resolution, (ii) lack of universal detection, and (iii) long
analysis times. GC has also been used, but it is limited to the analysis of light
distillates due to the column temperatures that are required [28].

HPLC-like pumps, on the other hand, that are available in most SFC systems
can be implemented using a flow splitter prior to the column for the previous
analyses. High pressure syringe pumps can also be used without splitting the
flow rate before the column. In addition, packed column SFC can be an
improvement over open tubular columns via the implementation of a variety of
polar and nonpolar packed column stationary phases. Further experimenta-
tion protocol as it relates to GC-like and LC-like situations is available in refer-
ence [29]. Additional attempts to improve the resolution between groups or to
separate more fractions in diesel fuels have involved the implementation of two
different columns connected in series. A cyanopropyl-bonded silica connected
in series to a bare silica column was shown to enhance selectivity between aro-
matic groups. The use of longer columns can also enhance the overall resolu-
tion between families and sub-groups. An increase in pressure also results in
improved separation between saturates and aromatics. Separations using a
combination of silica and cyano or amino columns or the combination of silica
and 20% silver nitrate coated column are not as good as the separation obtained
with a single 5 pm silica column at the same temperature.

The D5186 ASTM method approved in 1991 for a successful separation of
nonaromatic and polyaromatic hydrocarbon groups required that tempera-
tures in the range of 30—40 °C be used for this separation. At low temperature,
the separation of saturates and mono-aromatics is easily achieved. However,
low temperatures are not adequate for separation between mono- and
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polyaromatics. In ASTM D5186-03, a resolution of at least 4 between the non-
aromatics (hexadecane) and mono-aromatics (toluene) must be obtained and
the resolution between the mono-aromatics (tetraline) and polycyclic aromat-
ics (naphthalene) must be at least 2. This means all the compounds eluted
before the end of the peak corresponding to hexadecane are assigned to the
non-aromatic hydrocarbons. The compounds eluting after hexadecane, but
prior to the time corresponding to the start of the naphthalene peak, are
assigned to mono-aromatics. All of the integrated area occurring after the start
time of the naphthalene peak through the final return to baseline is assigned to
polycyclic aromatic hydrocarbons [29].

More recently a different methodology has been reported, which involves
the separation of petroleum distillate into aliphatic and aromatic fractions
using a two-dimensional SFC x SFC system with a flow-switching interface.
The columns used were a liquid crystal polysiloxane capillary column and a
SB-biphenyl-30 capillary. The use of a liquid crystal column in the second
dimension to provide shape selectivity allowed separation of various iso-
mers, including chrysene, triphenylene, benz[a]anthracene, and benzo-
fluoranthenes [28].

10.6 Biodiesel Purification

The proposed use of biodiesel esters derived from a variety of biological
sources, such as canola, corn, fish, and other oils as diesel fuel blending com-
ponents has led to the need within the petroleum industry to determine these
compounds in the presence of the diesel fuel hydrocarbon matrix [32]. Fatty
acid methyl and ethyl esters ranging in carbon number from C10 to C26 would
be produced by trans-esterification of the mono-, di-, and tri-glycosides in the
oils with methanol or ethanol. The product of this reaction would then be
blended with conventional hydrocarbon-based diesel fuels.

As an energy source, biodiesel should have certain criteria. For example, the
level of impurities such of triacylglycerol, diacylglycerol, monoacylglycerol,
and free glycerol should be 0.2-0.8% for acylglycerols and 0.02% for glycerol.
These impurities vary in polarity, solubility, and volatility. A single gas chroma-
tographic method of analysis is not forthcoming unless one resorts to high
temperature separation and analyte prederivatization. The standard method
for determination of impurities in biodiesel currently involves nevertheless,
these experimental conditions. Previously, a state of the art method that incor-
porates a single short column, sub-2 pm octadecyl bonded silica particles, and
evaporative light scattering detection was developed for analysis of biodiesel
and impurities in standardized samples. Employment of the method to analyze
both a series of biodiesels prepared in house from tobacco seed oil and a com-
mercially available B100 biodiesel have been described [33].
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Figure 10.8 shows the separation of a mixture of Cyg triacylglycerols, diacyl-
glycerols, and monoacylglycerols, plus free glycerol spiked into model biodiesel
which was a mixture of fatty acid ethyl esters FAEE’s. Three different gradient
elution schedules and flow rates were employed in order to obtain faster analy-
sis with minimum lost in peak resolution and selectivity of all impurities.
Initially, the modifier gradient percentage was increased from 80/20 to 50/50.
Separation of all compounds was obtained in less than 10 minutes. Next, the
gradient was changed from 98/2 to 90/10 and the initial gradient ramp time
was changed from 10 to 2minutes. Final modifier concentration was 50/50.
The final trace in Figure 10.8 shows the separation of the same mixture using
the faster gradient elution. All components were separated in less than five
minutes. This final method was used for all analyses.
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Figure 10.8 UPC? Single injection of a mixture of model biodiesel, glycerol, and C;q
acylglycerols with different gradients, Oven temp.: 25°C, modifier 90/10 CH;CN/MeOH.
Method A: T = 0 minutes, 98/2 CO,/modifier, T = 10 minutes, 80/20, T = 12 minutes, 50/50,

T =15.5minutes, 98/2, Flow:1.0 mL/min. Method B: T = 0 minutes, 90/10 CO,/modifier,
T=10minutes, 50/50, T = 11.1 minutes, 90/10, Method C: T = 0 minutes, 90/10 CO,/modifier,
T =2minutes, 50/50 T = 6.1 minutes, 90/10. Source: Ashraf-Khorassani et al. [33], figure 3.
Reproduced with permission of Elsevier.
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In order to remove impurities from the synthesized biodiesel that was to
serve as the matrix, a simple two-step column chromatography process was
developed. In this process, tobacco seed oil biodiesel with associated impuri-
ties was passed through a bare silica column and eluted first using hexane and
then by elution of the remaining analytes using ethanol. Solvent from each
fraction was evaporated and the proper amount of each sample was dissolved
in MeOH/DCM. Analysis of the fractions was performed using the SFC
method developed previously. Figure 10.9 shows separation of the biodiesel
matrix before purification, after purification, and when either hexane or etha-
nol was the eluting solvent. As can be observed, nearly pure synthetic biodiesel
was obtained with the hexane elution. Monoacylgycerols were again easily
separated and detected in these biodiesel samples using packed column SFC
with post-column light scattering detection.
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Figure 10.9 UHPSFC/ELSD of three different batches of synthetic biodiesel.
Chromatography conditions: T = 0 minutes, 90/10 CO,/modifier, T = 10 minutes, 50/50,
T=11.1 minutes, 90/10, T = 15.5minutes, 98/2, Flow = 1.0 mL/min, 25 °C, Column: ACQUITY
UPC? HSS Cyg SB column (150 mm x3.0mm, 1.8 um). Source: Ashraf-Khorassani et al. [33],
figure 4. Reproduced with permission of Elsevier.
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10.7 Multidimensional Separations

Petroleum is a sample that is inherently complex in terms of increasing molec-
ular weight of the compounds in the sample. This poses a practical challenge
for analytical chemists involved in petroleum research and production. To
satisfy the increasing demand for petroleum-based fuels and related products,
companies are turning more and more frequently to upgrading heavier cuts of
crude oil. These samples are more complex than those from lighter oil
resources. These heavy fractions also tend to include a higher proportion of
nitrogen, sulfur, and oxygen containing species than the lighter fractions.
These compounds cause problems both with refinery operations and finished
products, thus making for interesting analytical targets [34].

The analysis problems presented by petroleum and other complex samples
can be solved by using a high-resolution technique such as multidimensional
chromatography which has been developed to overcome the limited peak
capacity of one-dimensional chromatographic methods. In roughly the last
20years, significant technological advances in areas such as column technol-
ogy and column coupling technology, mobile phase flow control, and detector
design have been coupled with improvements in electronics and computers
resulting in a proliferation of multidimensional separation techniques.
GCx GC was first demonstrated by Liu and Phillips in 1991 [35], and the
petroleum community has played a very active role in supporting and promot-
ing the technique.

Essentially all the applications of multidimensional techniques for the analy-
sis of petroleum samples during this period have involved comprehensive two-
dimensional gas chromatography (GCxGC) or comprehensive gas
chromatography—mass spectrometry (GC x MS) with the bulk of the attention
being paid to petroleum vacuum gas oils since GC is amenable to all but the
heaviest petroleum samples. GCx GC is a dual-column technique wherein
both separations are performed in the gas phase that are coupled by a modula-
tor. The role of the modulator is to trap/collect effluent from the primary col-
umn and then periodically introduce the collected fraction to the secondary
column. Several reviews have been published that trace recent developments
in the application of comprehensive multidimensional techniques that involve
gas chromatography [36, 37]. The following section will however deal exclu-
sively with multidimensional techniques for analysis of petroleum products
that incorporate SFC in the hyphenation process.

10.7.1 Comprehensive Two-Dimensional SFC

Two-dimensional gas chromatography is popular in many sectors such as oil,
food, biology, and the environment because it improves the efficiency, the
selectivity, and the resolution of separations to advantage for the analysis of
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very complex samples. It has become desirable to develop a comprehensive
two-dimensional separation technique that allows the easy elution of low vola-
tile compounds that are difficult to elute in GCx GC while preserving flame
ionization detection. This technique is SFC when neat carbon dioxide is used
as the mobile phase [38]. Given that the best SFC kinetic features that include
(i) fast separations, and (ii) low mobile phase viscosity that allows (iii) long
packed columns which exhibit (iv) c. 100000 theoretical plates that under rea-
sonable conditions could provide (v) a peak capacity in the same range as
GC x GC can be feasible with SFC x SFC [32].

The design and implementation of comprehensive two-dimensional SFC
using neat carbon dioxide as the mobile phase involved two conventional
supercritical fluid chromatographs hyphenated via an online comprehensive
2D liquid “chromatography-like” interface. Two types of packed columns were
used: bare silica and C;g3 bonded silica. It consisted of two “loop switching”
valves that allowed the collection of the first dimension column effluent. Both
dimensional separations were monitored via UV detection. The feasibility of
comprehensive 2D SFC was demonstrated on synthetic mixtures of hydrocar-
bons, and its potential on real sample analysis was illustrated by the separation
of heavier coal-derived distillates. The chromatogram of a vacuum distillate
obtained from coal tar liquefaction demonstrated the effectiveness of the com-
prehensive 2D system. The separations reported here show that SFC x SFC can
be a promising alternative to GC x GC for analyzing petroleum samples heavier
than middle distillates. SFC might also be implemented as one dimension in a
SFC x LC system or in an LC x SFC system.

10.7.2 SFC-GCxGC

Even though GC x GC has considerably improved the analysis of complex sam-
ples, it is still a hard task to fully characterize some diesels, and even extremely
difficult when heavy fractions are concerned. These matrices are exceedingly
complex due to their wide range of physicochemical properties preventing
them from being separated by only two dimensions. Clearly, the addition of a
separating mechanism similar to GC x GC is necessary. SEC is a valuable tool
prior to comprehensive two-dimensional gas chromatographic (GCxGC)
analysis to investigate the composition of petroleum vacuum oils (VGOs) and
selectively analyze phenolic compounds in coal-derived middle distillates
[39, 40]. In the first case, a multidimensional SFC system is used to separate
saturates, aromatics, and polar compounds in VGO samples, and in the second
case a single ethylpyridine stationary phase is sufficient to selectively separate
phenols.

When considering online hyphenation of an LC system with a GC or
GC x GC system, the key technical issue is the evaporation of the LC mobile
phase that must induce a limited reinjection band for GC. SEC using CO,
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seems more compatible with a gas phase dimension than an LC dimension.
The improved compatibility of SFC can be attributed to the expansion stage
from the supercritical state to the gas state without any loss of the products of
interest. Additionally, SFC separations can provide higher selectivity because
of the variety of solvent, solutes and stationary phase interactions and because
they are often faster than LC separations.

SFC-GC x GC enables the temporary storage of SFC fractions inside sam-
pling loops for subsequent analysis by GC x GC. The interface was configured
for the characterization of heavy petroleum fractions. The SFC dimension was
adapted to perform a group type separation into saturated, unsaturated, and
polar fractions. The GC x GC dimension was set in order to realize high tem-
perature separations with two sets of columns.

10.7.3 Comprehensive - SFC-Twin-Two-Dimensional (GC x GC)

A new approach based on a three-dimensional chromatographic system has
been proposed for PIONA analysis [41]. For the first time, SFC has been
hyphenated to twin comprehensive two-dimensional gas chromatography
resulting in a highly resolutive analytical tool. The valve diagram of a SFC sys-
tem used for group type separation, and the valve diagram of SFC-Twin-GC x
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Figure 10.10 Valve diagram (a) of SFC system used for group type separation and valve
diagram (b) of SFC-twin-GC x GC for extensive group type analysis of middle distillates.
Source: Adam et al. [41]. Reproduced with permission of Elsevier.
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GC for extensive group type analysis of middle distillates is shown in
Figure 10.10. The comparison of results with reference methods (GC x GC)
and (GC x MS) [34] has also been proposed and clearly illustrates the benefit
of the SFC-twin-GC x GC approach. The additional separation dimension
prior to GC x GC allowed unequaled quantitative possibilities and reduced the
risk of misidentification. Saturated and unsaturated hydrocarbons that have
been fractionated by SFC are transferred on two different GC x GC columns
sets (twin GC x GC) placed in the same oven. The benefits of SFC-twin-GC x
GC were demonstrated for the extended alkane, iso-alkane, alkene, naph-
thenes, aromatic analysis (so called PIONA) of diesel samples, which can be
achieved in one single injection. For that purpose, saturated and unsaturated
compounds were separated by SFC using a silver loaded column prior to GC x
GC analysis. Significant discrepancies were observed between SFC-twin-GC x
GC and reference methods. For instance, alkenes and naphthenes were quanti-
tatively recovered in the saturated and unsaturated fractions respectively,
allowing their identification in various diesel samples. Thus, resolution
between each class of compounds was significantly improved compared to a
single GC x GC run, and for the first time an extended PIONA analysis (i.e. the
separation of hydrocarbons by chemical class and by carbon number) of diesel
samples in a single injection can be reported [37].
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11.1 Introduction

SFC has had its greatest economic impact in recent years in the pharmaceutical
industry, as illustrated by the applications described in Chapter 9. Yet some of
the earliest applications of SFC were in the foods, polymer, and personal care
industries [1]. The impact of SFC in these areas continues to this day, fueled by
the widening applicability of SFC to more polar mixtures than in the early years
of SFC. This chapter illustrates some of the more prominent applications of
SEC in these areas.

Modern Supercritical Fluid Chromatography: Carbon Dioxide Containing Mobile Phases,
First Edition. Larry M. Miller, J. David Pinkston, and Larry T. Taylor.
© 2020 John Wiley & Sons, Inc. Published 2020 by John Wiley & Sons, Inc.
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11.2 Selected Applications in the Foods Industry

11.2.1 Fats, Oils, and Fatty Acids

Fats and oils are important, high value components of most foods. They are
also complex, nonpolar mixtures, and were thus logical targets for early practi-
tioners of SFC, given the nonpolar nature of pure CO, [2]. Refined oils and fats
typically contain neutral lipids, consisting of triglycerides, with lower levels of
mono- and diglycerides, free fatty acids, and trace levels of many other natural
components. The latter include carotenoids, tocopherols and tocotrienols,
phytosterols, phosphatides, waxes, alkanes, and alkenes such as squalene.
Figure 11.1 provides structures of some of these major and minor components.
Some oils may contain ultra-trace levels of process-derived species, such as
chlorinated propanediol esters, dichloropropanol esters, and glycidyl esters.
As a result of oxidative and hydrolytic stress during cooking, oils and fats pro-
duce a complex mixture of oxidation products including hydroperoxides, alde-
hydes, alcohols (both free and incorporated into triglyceride structures),
alkanes and alkenes, dimers and trimers, and even species as polar as glycerin
[3]. Natural oils and fats present in foods also contain polar, complex lipids.
Many of these contain a polar head group, linked to a glyceride structure, as
with phospholipids, glycolipids, sphingolipids, ceramides, and gangliosides.
These are incorporated into cellular structures or have distinct bioactive roles.
Even the relatively “simple” triglyceride has dozens of distinct structures with a
wide variety of properties related to the length and degree of unsaturation of its
fatty acid components, not to speak of stereoisomers. So it’s little surprise that
separation scientists have worked long and hard to provide separations and
improved understanding of the world of fats and oils.

Chemical derivatization of polar groups, and the use of short, open tubular
columns coated with high-temperature-stable, cross-linked, thin-film stationary
phases provided successful separations of fats and oils by gas chromatography.
Yet the very high temperatures required for the elution of the least volatile
triglycerides (>350°C) results in structural changes in, and even degradation
of, a fraction of the “high boilers” HPLC has also been used for fats and oils
analysis. Detection of lipids can be challenging in traditional HPLC. In con-
trast, some of the first applications of SFC to fats and oils used water-saturated
CO, as the mobile phase and took advantage of the universal and sensitive
flame ionization detector [4]. A wide range of applications of SFC to lipids has
been described in more recent years. Laboureur et al. [5], Donato et al. [6], and
Yamada and Bamba [7] have provided recent reviews of the use of SFC and
SEC/MS in the field of “lipidomics”

Sandra et al. illustrated the potential of SFC for the characterization of fats
and oils [8]. They made good use of argentation chromatography to resolve the
various saturated and unsaturated triglycerides, and used both pressure and
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Figure 11.1 Some components of refined vegetable oils: (a) triglyceride containing palmitic (top), oleic (middle), and linolenic (bottom) acids. A
diglyceride contains two fatty acids and an unesterified hydroxyl group on the glycerol backbone, while a monoglyceride contains a single fatty
acid and two unesterified hydroxyl groups; (b) all-trans beta-carotene (a source of vitamin A); () alpha-tocopherol (a source of vitamin E); (d)
beta-tocotrienol; (e) elaidic acid, a trans fatty acid; (f) phosphatidylcholine, a phosphatide; (g) squalene; and (h) sitosterol.
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modifier gradients to effect the separation. Not only did they use silver impreg-
nated SFC columns for better selectivity for degree of unsaturation, but they
also added silver nitrate in methanol as a make-up fluid post-column, just
before pneumatically assisted electrospray ionization. The triglycerides formed
intense silver adduct ions. Atmospheric pressure chemical ionization (APCI)
provided comparable results. Figure 11.2 shows an example of the triglyceride
separations they achieved. Both APCI and silver-ion-adduct ESI in SEC/MS
provided far better response than did UV absorbance detection, as detailed in
the caption. Note the excellent separation according to the number of double
bonds in the triglyceride structures.

While conceptually simpler than actual oils and fats, chromatographers have
devoted much effort to the separation of fatty acids. The fatty acid distribution
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Figure 11.2 SFC separation of refined soybean oil with UV absorbance detection at 210 nm
(a) and APCI-MS detection (b). Triglyceride composition and isomer distribution key:

P = palmitic moiety, O = oleic moiety, S = stearyl moiety, L = linolyl moiety, Ln = linolenyl
moiety. Chromatographic conditions: sulphonic silica based strong cation-exchanger
column (Nucleosil 100-5 SA, 25 cm x 4.6 mm i.d. x5 pm) impregnated with silver ions;
column temperature: 65 °C; flow rate: 1 mL/min; modifier: 6/4 acetonitrile/2-propanol;
pressure gradient: 150 bar (2 minutes) to 300 bar at 1.5 bar/min; modifier gradient: 1.2%
(2minutes) to 7.2% (28 minutes) at 0.3%/min, then to 12.2% at 0.54%/min. Injection volume:
5 pL of a 10% solution for UV and of a 0.1% solution for MS, both in CHCls. Source: Reprinted
with permission from reference [8]. Copyright 2002, Elsevier.
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of an oil has been related to its health effects and to the authenticity of high
value oils. For example, many believe that trans fatty acids, and perhaps satu-
rated fatty acids, to have negative health effects, while polyunsaturated fatty
acids, notably those associated with fish oils, are reported to have positive
health effects [9]. Another example is tracing the origin and authenticity of
extra-virgin olive oil. Gas chromatography is the mainstay of fatty acid analysis.
But longer chain fatty acids must be derivatized (most commonly by methyla-
tion) to be eluted by GC. Even with derivatization, structural changes (double
bond migration) are known to occur for the most unsaturated long-chain fatty
acids during GC analysis. In contrast, SFC has been used to separate underi-
vatized fatty acids at relatively low temperatures, avoiding this issue, as
described below.

Qu et al. used the solvating mobile phase of SFC to separate underivatized
fatty acids [10]. Figure 11.3 shows the SFC/MS separation of a mixture of fatty
acid mixtures on two very different columns: 2-ethylpyridine (2-EP) and octa-
decylsilane (C18). The C18 column appears to provide better selectivity. Also,
note that the two columns show quite different retention for saturated and
unsaturated fatty acids (more highly unsaturated eluting later on the 2-EP, but
earlier on the C18). Conditions are listed in the figure legend.

Similarly, Ashraf-Khorassani et al. demonstrated the SFC separation of
underivatized fatty acids, as well as complex oil samples using ELSD, UV, and
mass spectrometric detection [11]. Figure 11.4 shows an impressive separation
of all the components of a commercial fish oil sample, ranging from triglycer-
ides and fatty acid methyl esters, to free fatty acids and glycerol, without
derivatization.

Clearly SEC is widely applicable to fats and oils, but there are many other
lipophilic, and some not so lipophilic, mixtures of importance in foods where
SFC has shown its utility. The first example we’ll discuss is the widely present
tocopherols.

11.2.2 Tocopherols

Tocopherols are the subject of increasing interest in the food industry. They
are primarily known for their vitamin E activity, and are widely present in seed
and nut oils. Many foods, such as breakfast cereals, are fortified with tocophe-
rols for their vitamin E activity. But their use as natural antioxidants has
become increasingly common as food producers remove synthetic antioxi-
dants (such as BHT, BHA, and TBHQ) from their foods. Therefore, separation
and quantification of tocopherols has become even more important to food
scientists as they study the stability and antioxidant effects of these congeners.
Tocopherols are nonpolar, lipophilic species, so have long been the subject of
separation using SFC [12—15]. More recent research has focused on the ability
of SFC to separate these mixtures much more rapidly than practical using
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Figure 11.3 Total ion chromatogram (TIC) and extracted ion chromatograms of standard
free fatty acid mixture (10.0 pg/mL each) from (a) BEH 2-EP column (1.7 pm,
3.0mmx100mm i.d.) and (b) HSS C18 SB (1.8 um, 3.0mm x 100 mm i.d.). Peak
identifications: myristic acid (C14:0, m/z 227.20), palmitic acid (C16:0, m/z 255.23), a-
linolenic acid (a-C18:3, m/z 277.22), y-linolenic acid (y-C18:3, m/z 277.22), linoleic acid
(C18:2, m/z 279.23), oleic acid (C18:1, m/z 281.25), stearic acid (C18:0, m/z 283.26), and
arachidic acid (C20:0, m/z 311.30). Backpressure: 1500 psi; eluent A: CO,, eluent B: 50/50
methanol/acetonitrile with 0.1% formic acid; flow rate: 1.6 mL/min; column temperature:
40°C. The mobile phase gradient was held at 97% A for 1 minute, and was ramped to 93% A
at 6 minutes. Source: Reprinted with permission from reference [10]. Copyright 2015,
Elsevier.
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Figure 11.4 UHPSFC/ELSD separation of fish oil Brand A and a mixture of standards
containing fatty acid methyl ester (FAME), free fatty acid (FFA), triacylglycerol (TAG),
diacylglycerol (DAG), monoacylglycerol (MAG), and glycerol. Ln = lenolenic acid.
Chromatographic conditions: initial mobile phase mixture: 98/2 (A/B), 98/2 at 0.5 minutes,
96/4 at 8 minutes, 80/20 at 9 minutes, 80/20 at 11 minutes, 50/50 at 11.1 minutes, 50/50 at
13 minutes, 98/2 at 13.1 minutes, and 98/2 at 15.0 minutes. A = CO,, B = MeOH with 0.1%
(v/v) formic acid, flow: 1 mL/min, column temp.: 25 °C, back pressure: 1500 psi, column HSS
C18 150%x3.0mm, 1.8 um, ELSD with makeup flow of 2-propanol at 0.2 mL/min. Fish oil
Brand A conc.: 5%. Source: Reprinted with permission from reference [11]. Copyright 2015,
Elsevier.

HPLC [16, 17]. For example, Mejean et al. compared a number of columns,
modifiers, and other chromatographic conditions, and came up with an opti-
mized separation of the tocopherols, as shown in Figure 11.5 [16], with a total
analysis time of less than five minutes.

11.2.3 Other Vitamins

Tocopherols are somewhat unusual in that they are valued both for their role
as vitamin E, and for their natural antioxidant activity. But SFC has been useful
in the separation of other vitamins as well. Many of the vitamins are fat soluble,
so were natural targets for separation by SFC in its early development [18, 19],
and the literature is particularly rich in descriptions of the use of SFC
for the characterization of mixtures containing carotenoids and vitamin A.
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Figure 11.5 Chromatogram of tocopherol and tocotrienol standards produced using a NH,
column after optimization, with a gradient of CO,/EtOH + formic acid (0.1%). Flow rate of
1.5 mL/min, at a column temperature of 30°C, 1 pL injected with a concentration of

1 mmol/L for each tocopherol and tocotrienol. UV detection at 295 nm. Source: Reprinted
with permission from reference [16]. Copyright 2015, Springer Nature.

A remarkable example of taking advantage of the uniqueness of SFC was the
coupling of SFC with NMR for the characterization of vitamin A acetate by
Braumann et al. [20]. They separated five cis/trans-isomers of vitamin A ace-
tate, and noted that when using pure CO, as the mobile phase, “...no solvent
signal suppression is necessary and the unrestricted observation of the whole
spectral range is possible, contrary to the HPLC separation in n-heptane,
where in the aliphatic region almost 2 ppm of the ~ H NMR spectrum are
affected by the suppression technique” [20]. Lesellier, West, and coworkers
have used carotenoids as probe analytes in their extensive work to compare
and classify columns for HPLC and SFC [21-26]. Bamba and coworkers dem-
onstrated impressive separations of carotenoids as well [27]. Figure 11.6 shows
an example of their work with carotenoids in which advantage is taken of the
low viscosity of the CO,-based mobile phase to couple three 100-mm mono-
lithic columns while maintaining a flow rate of 3mL/min [27]. The longer col-
umn clearly provides a better separation of the isomers. Note the retention-time
inversion of the lutein and beta-carotene when moving from one to three
coupled columns.
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Figure 11.6 Analysis of the carotenoids in C. reinhardtii by SFC-MS using monolithic ODS
columns. Analysis conditions: flow rate, 3 mL/min; outlet pressure, 10 MPa; column
temperature, 35°C; mobile phase, CO, and methanol (+0.1% ammonium formate) 10-30%
20 minutes. Column: (A) one monolithic ODS column and (B) three connected monolithic
ODS columns; The plotted signals are for mass chromatograms of (b) b-carotene, (c) lutein,
(d) zeaxanthin, (e) antheraxanthin, (f) neoxanthin, and (g) violaxanthin. Source: Reprinted
with permission from reference [27]. Copyright 2009, Wiley.
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11.2.4 Food Preservatives (Other Antioxidants
and Antimicrobials)

Tocopherols belong to both the important classes of vitamins and natural anti-
oxidants, and were discussed in Section 11.2.2. But SFC has been used for the
characterization of other up-and-coming natural food antioxidants as well. For
example, Ramirez et al. used SFC to separate rosemary extract actives [28]. The
remarkable aspect of this work is that the use of a stationary phase consisting
of silica particles coated with what are generally considered gas-chromatography
phases (5% phenyl, 95% methyl silicone and poly(ethylene glycol)) allowed the
elution of the relatively polar actives (carnosol, carnosic acid, and rosmarinic
acid) using pure CO,, with its wide ranging compatibility with detection
options. Ramirez et al. used pressure programming at a relatively high column
temperature of 100°C. Their successful approach was in sharp contrast to most
contemporary packed column SFC, which uses bonded stationary phases,
mobile phase composition gradients, and relatively low temperatures, as
described in Chapter 6.

Antimicrobials are an important class of food preservatives. Berger et al.
described a surprisingly simple and very rapid method for the determination of
two widely used antimicrobials, sorbate and benzoate salts, as well as the cor-
responding acids [29]. Twenty-five beverages and semi-solid foods (such as
mustard and mayonnaise) were simply diluted with acidified methanol (to
ensure that the salts were converted to the protonated form), and injected. The
SEC/UV method was isocratic, operating at 3.5 mL/min of a mobile phase of
CO, with 8.5% methanol containing 0.3% acetic acid. The column was a
4 x 250 mm (in total 1 m in length), 4.6-mm-i.d., 5-pm diol column operated at
50°C and 150 bar column outlet pressure. While the authors found all the
beverages correctly labeled, they found some of the semi-solid foods incor-
rectly labeled. This was indeed an unusual method for SFC, in which aqueous
samples are simply diluted and injected. Not only was the method simple and
highly efficient, but it was also very fast — ~7-fold more rapid than the pub-
lished HPLC method.

11.2.5 Coloring Agents

Producers of food, both small and large companies, are moving rapidly to the
adoption of natural coloring agents for their foods. These are most often
extracts of fruits, vegetables, and other plant materials, and can be quite com-
plex. Determining the important colorants in these extracts, with the goal of
standardizing the potency of the colorants, is useful in assuring reliable and
reproducible extracts, and, ultimately, consumer acceptance. Berger and
Berger explored the use of a variety of 1.8-pm stationary phases, including
three C18 phases, a cyano, a silica, and a diol for the separation of pigments in
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paprika oleoresin using a CO,/2-propanol mobile phase [30]. The C18 phases
were best for unsaponified pigments, while the silica column provided the best
separation for saponified mixtures. The separations required less than 11 minutes,
far faster than similar HPLC separations. Interestingly, one of the commercial
pepper products examined appeared to contain artificial dyes.

Many natural pigments are apocarotentoids, Cy isoprenoids such as bixin (a
coloring agent present in annatto) and crocetin. Giuffrida et al. developed an
impressive separation of apocarotenoids from red habanero peppers [31]. They
used SEC/MS/MS with APCI, combined with a fused-core C30 column and a
simple CO,/methanol mobile phase to determine 25 different apocarotenoids.
The fused-core column and the selectivity of their selected reaction monitor-
ing (SRM) detection approach allowed a very rapid analysis — less than five
minutes. The same group has explored the advantages of online SFE/SFC/MS
for the extraction and determination of carotenoids [32].

Natural pigments are often more expensive and less stable (especially across
the wide range of pHs encountered in foods) than synthetic food colorants.
There is therefore economic incentive for the rare unscrupulous supplier to
supplement their extracts with synthetic legal, or even illegal, dyes. Not sur-
prisingly, researchers have used SFC for rapid screening of foods and natural
pigment extracts for these unwanted dyes. For example, Dolak et al. developed
a rapid (less than eight minutes) SFC/UV/MS separation of the Sudan I-IV
dyes, which are classified as Class 3 carcinogens, in foods [33]. Khalikova et al.
developed and validated an impressive method for the extraction and determi-
nation of 11 illegal dyes in chili spices [34]. The SFC/UV separation was
completed in less than five minutes using a fluoro-phenyl stationary phase
operated at 70°C. The mobile phase was CO, with a methanol:acetonitrile (1,1)
modifier containing 2.5% formic acid. Limits of detection were in the sub-ppm
range, while recoveries and reproducibilities were comparable to those
obtained by HPLC/UV with much longer analysis times.

11.2.6 Sugars

Sugars are of great importance in all kinds of foods, and are among the most
polar of nonionic organic molecules. As such, they would not be obvious can-
didates for SFC separation, and, in fact, they are not common solutes in SFC.
However, Herbreteau et al. [35] and Morin-Allory and Herbreteau [36] pub-
lished impressive separations of mono-, di-, and trisaccharides using SFC/
ELSD. The columns were polar phases (cyano-, diol- and nitro-bonded silicas),
and the mobile phase was CO, with a gradient of methanol. While the reten-
tion mechanism in SFC was shown to be similar to that of HPLC [36], the
selectivities for various saccharides was different for the two methods [35].

A subsequent study of the SFC separation of saccharides by Salvador and the
group referenced above expanded the mobile phases investigated to CO,/
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methanol, CO,/methanol + water additive, and CO,/methanol + water and
trimethylamine additives, and compared “bare” silica to Cl-silica columns
[37]. A somewhat elevated column temperature (60°C) and a higher flow rate
(5mL/min for a 4-mm-i.d. column) allowed the elution of a range of saccha-
rides in <10 minutes.

11.3 Selected Applications in the Field
of Synthetic Polymers

Natural polymers are the materials of life, while synthetic polymers have
become the materials of everyday life. It is widely accepted that synthetic poly-
mers have made great contributions to the quality of modern life, and what we
consider modern living would be difficult without them. Polymers are complex
structures. These structures enable their utility, and vary greatly in molecular
weight distribution, terminal groups, blocks, crosslinking, branching, etc.
Chemists use a variety of separation methods to characterize polymers, as they
seek to establish structure—function relationships. This section focuses on
selected applications of SFC in the characterization of synthetic polymers.

11.3.1 Molecular Weight Distribution

The most common application of SFC in the characterization of polymers has
been the determination of the molecular weight distribution of relatively low
molecular weight polymers/oligomers [38]. Many low to medium polarity
oligomers have good solubility in pure CO,, and SFC has long been used to
determine molecular weight distributions. Examples include polyethylenes,
polyethylene glycols [39, 40], polysiloxanes [41-43], and polyurethanes [38]).
Polysiloxanes have great solubility in pure CO,, and polysiloxanes ranging up
to average molecular weights of ~20000 Da can be characterized. Figure 11.7
shows the SFC separation of a polysiloxane by Berger and Todd [44]. These
authors demonstrate the advantages of CO, as a mobile phase, using both
flame ionization detection and UV detection at 191 nm. The siloxanes don’t
absorb at all, and are therefore not detectable, at 205 nm, typically the lowest
detection wavelength used in reversed phase HPLC. The authors state that UV
absorbance of the siloxanes drops off precipitously as wavelength rises, with
little absorbance at 195nm. In the same publication, the authors show the
advantage of using hexane as a modifier for polysiloxanes. Hexane provides an
even greater elution range.

Takahashi et al. have gone one step further in the application of SFC as a
separation tool for oligomers according to degree of polymerization (i.e.
molecular weight) [45, 46]. They used preparative-scale SFC to isolate single
oligomers from a distribution, each with a particular degree of polymerization.
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Figure 11.7 (top) SFC/FID chromatogram of DC-200 polydimethylsiloxane with a viscosity
of 10 centistokes. The tail of the chromatogram is presented at an expanded scale to show
more detail. Column: 4.6 X 200 mm, 5 pm Hypersil ODS, 2 mL/min, 150°C, initial outlet
pressure 80 bar, 5bar/min to 370 bar, hold. 0.5 pL injection of 1:5 sample in hexane. FID
detection, split flow ~10-40 mL/min expanded gas (pressure dependent). (bottom) Same
sample separated using a 2.1 x250 mm, 5-um Deltabond Octyl column, at 0.4 mL/min, with
an asymptotic density program. Injection size 10 pL neat. UV detection at 191 nm. Source:
Reprinted with permission from reference [44]. Copyright 2001, Springer Nature.
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They then used these pure oligomers to characterize the response of a variety
of detectors (ultraviolet absorbance, evaporative light scattering, and matrix-
assisted laser desorption/ionization mass spectrometry) as a function of mass.

11.3.2 Structural Characterization

Polymers are often not simple repetitions of a single monomer. They may have
a variety of blocks or branches, each with its own distribution, as well as a
variety of terminal groups. These structural differences can have dramatic
effects on function, so understanding these differences is helpful. For example,
Pretorius et al. used analytical and preparative-scale SFC, size-exclusion chro-
matography, and electrospray ionization mass spectrometry (ESI-MS) to char-
acterize polyesters synthesized from phthalic acid and propylene glycol [47].
Important parameters were degree of polymerization, end-group functional-
ity, and molecular topology (i.e. linear, cyclic, and branched). The most
successful approach, providing detailed information about the nature of the
polymer, involved fractionation by preparative-scale SFC followed by ESI-MS
of the fractions.

Another example of the use of SFC for the separation and characterization of
copolymers is shown in Figure 11.8. Pinkston et al., used SFC/MS to explore
the structures of ethoxylated-propoxylated block copolymers [48]. The com-
plexity of the polymer was such that multiple coupled columns (dimensions up
to 2m x 4.6 mm) operated at relatively high temperature (100°C) were used for
the separation, and qualitative and quantitative characterization was per-
formed using an image-analysis-based approach. The low-m/z background
ions (visualized as horizontal streaks in the image) were removed by the image
analysis software to allow for easier identification and integration of low-m/z
peaks. Separation based on retention time and m/z allowed identification and
quantification of the individual oligomers in the blocks as well as the terminal
groups. These analyses were used to help guide the polymer chemists as they
optimized their synthetic approach. This is a great example of the power of
coupled columns to provide high efficiency separations in SFC.

11.3.3 “Critical Condition” Group/Block Separations of Complex
Polymers Using CO,-containing Mobile Phases

An interesting application of CO,-containing “enhanced fluidity” mobile
phases is the separation of complex polymers at the “critical condition” [49]
(not to be confused with “supercritical”). In this approach using traditional
liquid mobile phases, the mobile phase composition is tuned such that the
separation is “blind” to at least one oligomeric block, but separates the oligom-
ers of another block or separates the polymers based upon terminal groups.
Finding the critical condition by tuning the mobile phase composition can be
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Figure 11.8 Retention time-m/z-intensity contour plot of a low-molecular-weight
alkoxylated polymer. A: CgE;( (octyl decaoxyethylene - single component) internal standard;
B: unreacted starting material with an alkyl capping group on only one end of the molecule;
C: reaction product with alkyl capping groups on both ends of the molecule;

D: reaction product with a dimerized alkyl capping group on one end of the molecule;

E: reaction product with a trimerized alkyl capping group on one end of the molecule; and
F: doubly-charged species. Source: Reprinted with permission from reference [48]. Copyright
2002, Springer Nature.

challenging in traditional adsorption chromatography or gel permeation chro-
matography (GPC) with liquid mobile phases. But the addition of CO, to the
mobile phase allows one to use composition, pressure, and temperature to
affect the retention of various components of the polymer, and to more easily
achieve the critical condition. Olesik and her colleagues expanded on this
approach with examples of critical condition separations of poly(styrene-
methyl acrylate) copolymers [50, 51], and of di-block and tri-block telechelic
polymers [52]. (“Telechelic” polymers are polymers that are designed to react
further to form even larger or more complex polymers.)

11.3.4 Polymer Additives

Additives are often what turn polymers and polymer blends into useful, resil-
ient products. Additives are used to make polymers more rigid or more supple,
to extend the life of products by resisting oxidation and photodegradation, or
to help provide novel properties by allowing the blending or layering of
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dissimilar polymers. Additives are often lipophilic and polyfunctional, so SEC
is a great tool for their separation and characterization.

Carrott and Davidson [53] explored the use of SFC for the characterization
of polymer additives with both positive and negative APCI. For example, they
found limits of detection in the tens of pg for Tinuvin 327 (a light stabilizer)
and Irganox 1010 (an antioxidant) using either positive or negative-mode
ionization. Figure 11.9 shows the rapid (<14 minutes) separation of six com-
mon polymer additives.

Performance improvements in the intervening years were illustrated by
Zhang and Du in 2014 [54]. So called “ultra-performance SFC” was used to
separate seven common polymer additives in less than five minutes. Microwave-
assisted extraction (MAE) was used to extract additives from real samples. The
combination of MAE with SFC/UV was able to provide recoveries of the seven
common additives from 70 to 119% with RSDs of less than 10%.

Online supercritical fluid extraction/SFC of additives in polyethylene mini-
mized sample handling and the use of organic solvents [55]. Zhou et al. used a
simple glass-wool-packed cryogenic trap as an interface between the SFE and
SFC steps. Results were comparable to those obtained with off-line SFE/HPLC
and off-line liquid extraction/HPLC, with the exception that precision was
lower in the SFE/SFC analysis. The poorer precision was ascribed to the much
smaller sample size used in the online approach and sample inhomogeneity.

Tinuvin 327
1004 { Irgafos 168
Erucamide
Tinuvin 328
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] Cyasorb UV1164
= Irganox 1010
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0 ..
0 14
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Figure 11.9 Positive ion atmospheric pressure chemical ionization total-ion-current
chromatogram of six common polymer additives [53]. Column: 250 X 4.6 mm C;g; Mobile
phase: 2% methanol in CO, for 1 minutes, then ramped to 10% methanol over 10 minutes,
then held at 10%. Flow rate of 2mL/min and a column inlet pressure (note - rather than
outlet pressure) of 200 bar. Source: Reprinted with permission from reference [53].
Copyright 1998, the Royal Society of Chemistry.
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11.4 Selected Applications in the Personal
Care Industry

11.4.1 Lipophilic Components of Cosmetics

Many cosmetic products contain lipophilic mixtures that are critical to their
function. These mixtures protect the skin, stabilize coloring agents, provide
adhesion, enhance or diminish light reflection, etc. The lipophilic nature of
these mixtures made them natural candidates for separation by SFC. An example
is the SFC separation of natural and synthetic waxes [56, 57]. Li used supercritical
fluid extraction to extract complex mixtures of waxes from mascaras, followed
by characterization by SFC and multivariate analysis [57].

11.4.2 Surfactants in Cleaning Mixtures

A great number of personal care cleaning products contain surfactants.
Nonionic surfactants are mild, effective, and rarely display adverse effects, so
they are popular choices among surfactants. SFC and SEC/MS have long been
used for their characterization [58]. One example is shown in Figure 11.10,
where Hoffman et al. used 1,3-diphenyl-1,1,3,3-tetramethyldisilazane to
derivatize the terminal hydroxyl group of a C;3(EO);¢ polyethoxylate surfactant
[59]. This derivatizing agent converted the terminal hydroxyl to a —O-Si(CHj),-
phenyl group, which provided much improved chromatographic behavior and
UV detection sensitivity. The figure shows a comparison of separations using
various single and coupled columns. The authors explored the use of other
derivatizing agents, as well as high temperature elution of the underivatized
surfactant with low UV detection (195nm). Best results were obtained by
coupling two “polar embedded” C18 columns (a Discovery C18 and a Discovery
RP-AmideC16 column), as shown in Figure 11.10.

11.4.3 Emulsifiers in Personal Care Products

Emulsifiers are used to stabilize personal care products containing multiphase
mixtures of polar and nonpolar ingredients, such as creams and lotions.
Polysorbate 80 is one emulsifier commonly used in this way. It’s quite a com-
plex mixture, including polyethylene glycol (PEG), and PEG coupled to fatty
alcohols, to saccharides, and to saccharides which are themselves esterified to
one or more of a variety of fatty acids. The complexity is compounded by the
oligomeric distribution of the PEG chain. Variation in the relative proportions
of these components provides different properties and better, or worse, perfor-
mance in various product applications. So characterizing Polysorbate 80 can
be helpful in correlating structure to performance. Pan et al. used “ultra perfor-
mance” SFC, coupled with tandem mass spectrometry, to characterize
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Figure 11.10 SFC/UV of SFC of C;4EO,, surfactant derivatized with 1,3-diphenyl-1,1,3,3-
tetramethyldisilazane; mobile phase: CO, modified with acetonitrile. Oven temperature:
40°C; mobile phase flow rate: 2.4 mL/min; outlet pressure: 120 bar; detection at: 215nm.
Linear modifier gradient: 1% modifier held for 5 minutes increased to 20% at 1%/min, held
at 20% for 5 minutes. (a) Discovery C18 column; (b) Discovery RP-AmideC16 column; (c) Two
Discovery RP-AmideC16 columns; and (d) Discovery C18 column+Discovery RP-AmideC16
column. All columns were 4.6 mm x 250 mm, 5 um. Source: Reprinted with permission from
reference [59]. Copyright 2004, Elsevier.

polysorbate 80 [60]. They optimized flow rate, column temperature, and
pressure and obtained a fast (~8 minutes) separation of the various oligomeric
series present in the mixture. The analysis was suitable to help develop struc-
ture vs. performance relationships.

11.4.4 Preservatives

Preserving a personal care product from microbial degradation is of critical
importance to its effectiveness and reputation. One last set of applications
from the personal care industry includes preservatives, and illustrates the ver-
satility of “SFC” instruments. Kapalavavi et al. [61], and Yang et al. [62] used
high temperature HPLC and subcritical water chromatography to separate
sunscreens in skincare creams [61] and preservatives in skincare products [62].
Figure 11.11 provides an example of the results with a series of paraben pre-
servatives. No organic solvent was used in the mobile phase, making subcriti-
cal water chromatography (SCWC) one of the “greenest” condensed-phase
chromatographic methods available. The authors recommend the use of a
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Figure 11.11 Subcritical water chromatography chromatograms obtained using 100%
water on XBridge C18 column with programmed temperature at 1.0 mL/min. (a)
Preservatives standard mixture; (b) SC-EC3 skincare cream sample. Best chromatogram
mode for UV detection: first two peaks (benzyl alcohol and methyl paraben) were detected
at 210 nm, whereas the other parabens were detected at 256 nm. Programmed
temperature: initial temperature of 100 °C was increased to 150°C at 15°C/min and then
maintained at 150°C. Peak identification: 1, benzyl alcohol; 2, methyl paraben; 3, ethyl
paraben; 4, propyl paraben; and 5, butyl paraben. Source: Reprinted with permission from
reference [62]. Copyright 2012, Wiley.
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commercial SFC instrument for SCWC, as most fit the requirements for
SCW(C as long as a column oven with a high (150-250°C) upper temperature
limit is available. The solvating power of subcritical water for relatively nonpo-
lar analytes, like sunscreens and preservatives, increases as the temperature of
the water rises. Yang et al. therefore used temperature programming to
strengthen the mobile phase in the experiment shown in Figure 11.11. SCWC
is an environmentally friendly tool for thermally stable analytes.

11.5 Conclusions

The health care and pharmaceutical arenas have benefited from widespread
application of SFC. But SFC has also been a useful tool in many other areas.
Here, we've illustrated selected applications of SFC in the foods, polymers, and
personal care worlds. SFC provides speed and/or higher efficiencies, coupled
with a normal-phase separation mode, usually orthogonal to the selectivity of
reversed-phase HPLC.
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