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(ABSTRACT)

The scope of supercritical fluid chromatography continues to enlarge.

The use of open tublar and packed columns, nearly universal detectors and the
introduction of new mobile phases make it more important. In this work sulfur
hexafluoride is evaluated as a mobile phase for supercritical fluid
chromatography. The separation of a model aromatic hydrocarbon mixture using
different packed columns and operational parameters with UV as a detector is
presented. The chromatographic properties of supercritical sulfur
hexafluoride and supercritical carbon dioxide are compared under corresponding

chromatographic parameters.
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CHAPTER I

INTRODUCTION

The determination of the components of a complex mixture, both
qualitatively and quantitatively, has been a challenge in analytical
chemistry. The partial or complete separation of these complex mixtures
into their respective components is a crucial part of the analysis.
Chromatography continues to be a major method for fractionation. In
recent years, due to increased understanding of chromatographic
phenomena and the development of instrumentation, chromatography has
become a widely used analytical method.;

Information obtained from chromatographic experiments include: (a)
an indication of sample complexity based on the number of observed
peaks, (b) the qualitative identification of the sample components based
on the determination of peak positions and (c) the quantitative
assessment of the relative amount of the components corresponding to
each peak from peak area measurements. Probably, the most significant
research in this field has been the development of various hyphenated
methods which make peak identification more accurate and quantitative
analysis easier. In these methods, chromatography and spectrometry are
coupled to bring about the information required to identify peak
components. The need for such coupling lies in the fact that
chromatographic analysis with traditional non-specific detectors is

.1nsufficient for the identification of the components of unknown

mixtures. Basically, this arises from the uncertainty of the peak



retention time or retention volume and the non-specificity of the
detector. Hence a prior knowledge of the chemical components comprising
the mixture is required if only the chromatographic information is to be
used as a basis of identification. The spectrometric methods also do
not have the capacity on their own for identification and quantification
of the components of complex mixtures due to the overlapping spectral
features. Combination of the two analytical methods brings together the
separative power of chromatography and the identification and
quantification capacity of spectrometry, The information that can be
obtained from such coupling or interfacing is more than the sum of the
information gathered by both of them independently.1 In some cases2 it
has proved so successful that even co-eluting isomers in a mixture can
be identified.

In chromatography, separation is basically achieved through physical
methods where the components of the mixture are distributed between the
mobile phase and the stationary phase. The separation is therefore the
result of the difference in the distribution coefficients of the
individual components. The mobile phase may be a gas as in gas
chromatography (GC), a liquid as in l1iquid chromatography (LC) or a
supercritical fluid as in supercritical fluid chromatography (SFC).

GC was developed in the 1950'5.3 Today capillary GC offers very
high chromatographic efficiency such that it is the method of choice
whenever the nature of the sample to be analyzed warrants its use. What
makes this method particularly interesting is the ease with which it can
be interfaced with spectroscopic methods such as FTIR 45,6, and MS.7

However it has limited applications. This is because the sample



components must be volatile and thermally stable at the operating
temperature. Hence only about 15%8 of the known compounds can be
subjected to GC analysis.

In 19419 the use of LC was reported. In the last couple of decades
high performance 1iquid chromatography (HPLC) has greatly improved.
This method is complementary to GC, for it is capable of separating
mixtures containing thermally labile and/or nonvolatile compounds. In
LC retention time depends on the extent of interaction (which may be by
dispersion, dipole -dipole or hydrogen bonding) between solute
components and both the stationary phase and the mobile phase. In GC,
the mobile phase does not contribute to the relative retention of the
components of the solute. In LC selectivity can be enhanced by
modifying the mobile phase and by using different stationary phases.
LC, however, does not offer the high separation efficiency of GC. Hence
its application in complex mixture analysis is somewhat 1imited.
Besides, LC suffers from the lack of a simple, highly sensitive and
nearly universal detector which is compatible with all organic and
aqueous mobile phases.

The limitations of GC and LC may be alleviated with SFC. Although

10 used SFC for the separation of prophyrins as early as

Klesper et al.,
1962, not much work was done for the following two decades. This is
because of: (a) the rapid development of GC and later HPLC which
preoccupied the interest of analytical chemists and industrial
manufacturers, (b) the lack of understanding of the chemical and
_physical properties of supercritical fluids (SCF), and (c) the

instrumental problems associated with the high pressure system itself.



In SFC fluids above their critical temperature and pressure are used as
mobile phases. Such fluids have good solvating capability.ll For
example, Rijnder 12 has indicated that at 600°C and 1000 atmospheres
supercritical water can contain as much as 50% NaCl.

The diffusivities and viscosities of supercritical fluids are
intermediate between those of a liquid and a gas. As a result SFC
offers higher chromatographic efficiency (if capillary columns are used)
and faster analysis time than can be achieved in LC. It is also
possible to separate high molecular weight molecules not volatile enough
for GC analysis at relatively low temperatures. As in LC, the mobile
phase and the stationary phase may affect the selectivity. With some
modification of instrumentation for high pressure work, detectors
developed for either LC or GC can be used for SFC. Such changes include
the use of high pressure flow cells as in the case of LC-type detectors
with packed columns and the re-designing of flow cells to accommodate a
smaller volume in the case of capillary SFC. In either case the
decompression of the SCF would be after the detection. On the other
hand, with GC-1ike detectors (e.g., FID) decompression takes place
before detection. In such cases, to avoid clogging of tubing and
precipitation of eluates a very effective interface is required. Many
types of restrictors have therefore been developed for this purpose.13

The development of SFC continues with the use of capillary and
packed columns. Capillary SFC has the following advantages: (a) more
efficient separations, (b) longer columns can be used since the pressure
drop across the column is small. However, since the number of available

capillary column stationary phases is small, the selectivity that can be



brought about by the stationary phases can not be fully exploited.
Packed column SFC offers the following advantages: (a) preparative scale
separations can be achieved, (b) greater sample capacity is possible
leading to the use of less sensitive but information-rich detectors such
as FTIR, and (c) more theoretical plates per unit time.

So far many supercritical fluids, such as Freon 13, Freon 23 4

15 16 17 18 4,19 etc., have

pentane, "~ ammonia,” nitrous oxide,”" carbon dioxide,
been used in SFC. Randal?0 has given a comprehensive list of SCF's and
their uses. By far the most widely used is carbon dioxide due to its
low critical temperature and critical pressure, relative chemical
inertness and its non-response to the FID. However, there is still room
for the development of new mobile phases that may enable tﬁe separation
of a greater variety of samples and/or offer better selectivity for
proven separations.

Springing from this view, the utility of sulfur hexafluoride as a
SCF mobile phase using packed LC columns is investigated in this work.
Sulfur hexafluoride has mild critical parameters and is relatively

chemically inert. It is IR transparent in the 1700-4000 cm"1

region,
Hence, it offers a complementary IR window to other commonly used mobile
phases, such as carbon dioxide, which absorbs strongly within portions
of this range.

The use of sulfur hexafluoride for the separation of aromatic
hydrocarbons is presented. After optimizing the separation of a model
aromatic mixture using UV detection, the conditions developed were used
in the separation of aromatic isomers of interest. Finally

supercritical sulfur hexafluoride is compared with supercritical carbon

dioxide as a mobile phase.



CHAPTER II
MOBILE PHASE CONSIDERATIONS
2.1 INTRODUCTION

A supercritical fluid is a substance which has been heated above its
critical temperature and subjected to a pressure above its critical
pressure (Figure 1). It exists as a single phase with some
characteristics of both gases and 1iquids as well as some of its own
particular properties. Viscosities are gas-like, densities are liquid-
like and solute diffusivities are lower than gases but higher than
liquids as indicated in Table .2}

Generally, a supercritical fluid for SFC must have good solvating
properties, low critical parameters, be relatively inert chemically,
non-toxic, inexpensive and compatible with the method of detection.14
The latter point is of particular importance. For instance, carbon
dioxide may be strong enough to elute some chemical species with
hydroxyl functionality, however, the fact that carbon dioxide absorbs in
the 3600 cm'1 region rules out the use of FTIR as an hydroxyl detector.
This of course would apply for other chemical species of interest which
absorb in other regions where carbon dioxide absorbs. Similarly, with
flame ionization detector (FID) hydrocarbons can not be used as mobile
phases for they give an FID signal. Nevertheless, a number of SCF's
‘have been used. The critical parameters of some of these are listed in

Table II.22
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TABLE I.

ORDER OF MAGNITUDE QF SOME PHYSICAL PARAMETERS FOR GASES,

LIQUIDS AND SCF'S

Gas (NTP*) SCF
Density 10”3 0.3
(gm/cm's)
Diffusion coefficient 107} 1073 - 107%
(cmz/Sec)
Viscosity 1074 1074 - 1073

(g.cm'I/Sec)

*NTP: Normal Temperature and Pressure



TABLE II

PROPERTIES OF POSSIBLE PHASES FOR SUPERCRITICAL FLUID CHROMATOGRAPHY

Compound Atm Critical Point Data
b.p. (°C) Tc (°c) Pe (atm) d. (g/ml)

Nitrous Oxide -89 36.5 71.4 0.457
Carbon Dioxide -78.5% 31.3 72.9 0.448
Sul fur Dioxide -10 157.5 77.6 0.524
Sulfur hexafluoride -63.82 45.6 37.1 0.752
Ammonia -33.4 132.3 111.3 0.24

Water 100 374.4 226.8 0.344
Methanol 64.7 240.5 78.9 0.272
Ethanol 78.4 243.4 63.0 0.276
2-propanol 82.5 235.3 47.0 0.273
Ethane -88 32.4 48.3 0.203
Propane -44.5 96.8 42.0 0.220
n-Butane - 0.5 152.0 37.5 0.228
n-Hexane 36.3 196.6 33.3 0.232
n-Heptane 98.4 267.0 27.0 0.235
2,3-Dimethylbutane 58.0 226.8 31.0 0.241
Benzene 80.1 288.9 48.3 0.302
Diethyl ether 34.6 193.6 36.3 0.267
Methyl ethyl ether 7.6 164.7 43.4 0.272
Dichlorodifluoromethane -29.8 111.7 39.4 0.558
Dichlorofluoromethane 8.9 178.5 51.0 0.552
Trichlorofluoromethane 23.7 196.6 41.7 0.544
Dichlorotetrafluoroethane 3.5 146.1 35.5 0.582

3 sublimation point

Tc The critical temperature
Pc The critical pressure

dc The critical density
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Attempts have been made23’29 to describe the enhanced solubilty that
SCF offer adn to predict the realtive chromatographic elution strength
of SCF. In this chapter some of the solubility predicting models which
developed are presented. The SCF parameters that affect selectivity in
SFC are also discussed. Since sulfur hexafluoride is the
SCF of interest in this work, a literature survey of its use as a mobile

phase is presented.
2.2, SOLUBILITY MODELS

The enhancement of solubility in supercritical fluids has been
realized for a long time. Many models have been developed to describe
the solubility of substances in SCF and to predict the effect of
temperature and pressure on solubility. Such knowledge is important in
fully utilizing SCF's for the separation and extraction of complex
mixtures.

Sie et.al,23 have described the partition coefficient of saturated
hydrocarbons, olefins, arométics, alcohols, ketones and halogenated
compounds. Squalane was used as the stationary phase and carbon dioxide
as the mobile phase in the range of 30-40°C and up to 80 atm. King et.

24

al.,“" have described the solubility of anthracene in supercritical

methane, ethane and carbon dioxide in the temperature range of 63-185°C

25 measured the

and in the pressure range of 1-100 atm, King et.al,
sqlubility of ethanol in supercritical helium, hydrogen, argon, methane,
ethane, carbon dioxide and nitrous oxide at 10-100 atm pressure and 25,

50 and 75°C.
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Both, Sie et.al, and King et. al,23’24’25 have described the
enhanced solubility of analytes in SCF's, compared to gases, as a
consequence of the deviation of SCF's from perfect gas behavior. In
SCF's the intermolecular forces are no longer negligible. The extent to
which the intermolecular forces affect the partition coefficient for an
analyte (i.e, the relative solubility of the analyte in the two
phases) depends on the average distance between mobile phase molecules,
hence on pressure and density of the SCF's. A measure of deviation from
gaseous behavior is the second virial coefficient. From such
consideration Sie et.al, and King et.al. have shown that:

Ink. =1Ink_+ [(P- Po)/RT] (2B-V)

P po
where k_ is the partition coefficient at pressure P, k__ is the

p o
partition coefficient at some arbitrary pressure Po. Rpthe gas constant,
T the temperature, B the virial coefficient of the analyte and mobile
phase molecule pair which depends on temperature and interaction between
analyte and mobile phase molecules, and V is the partial molar volume.
This equation relates the partition coefficient (kp), the nature of the
supercritical fluid (B), temperature (T) and pressure (P). Hence if the
partition coefficient at some arbitrary pressure (kpo) is known, the
partition coefficient at some other pressures can be determined.

However this approach is good at pressures not more than 100 atm.zo

Giddings and co-workers26

developed a theory of solubility in
supercritical fluids based on regular solution theory and the Hildebrand
solubility parameter concept. Their model incorporates thermodynamics
and gas densities and relates them to the solubility parameter, which is

defined as the square root of the coehesive energy density. It has been
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shown that for solvents that obey the van der Waal's equation of state
the solubility parameter is expressed as:

6= [L.25p, /2 [og/p,]
where Pc is the critical pressure of the SCF, pg the density of the SCF
and Py is the liquid density of mobile phase. The first term depends on
the nature of the mobile phase (i.e., the chemical effect), and the
second term depends on the relative densities of the liquid and the SCF
(i.e., the state effect). This equation indicates that as pg approaches
Py» the maximum value of 6 is obtained. Hence though there is a.maximum
value of 6 at some high pressure, the solubility parameter can have a
range of values below the maximum. The maximum value depends on the
nature of the fluid. The other lower values, however, depend on the
operational parameters employed. Besides there exists a threshold

density of the fluid below which an analyte is not soluble in the SCF.

Giddings and co-workers26 have shown that:
2
log X = +Bp +
og X, Apg pg C

where Xo is the mole fraction of the analyte and A, B and C are
constants. Since the mole fraction and the density of the SCF relation
is parabolic, there exists a maximum solubility at some density. Hence,
even if the density of SCF is to increase beyond this value, the
solubility of the analyte decreases. From such consideration they
developed an eluotropic series (Figure 2) which indicates the relative
elution strength of SCF's. This model, though it decribes the analyte
retention and density relationship, it is qualitative and can not be

used to predict retention.27’28’29
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Schoenmaker?) has described another solubility predicting
thermodynamic model. The model assumes that the stationary phase
behaves as an incompressible fluid and that the mobile phase does not
dissolve in the stationary phase. He showed that:

InK=1nU+ In (P/p -!ET) + 1In I(p
where K is the distribution coefficient over the two chromatographic
phases in terms of mole fraction, U the fugacity coefficient of solute
as its mole fraction approches zero (i.e., very dilute solution is
assumed and column overloading is undesirable), V is the molar volume of
solute in liquid state and Kp is a constant. In principle, if the
retention of an analyte at some arbitrary pressure is determined (i.e,
if In Kp is determined), the retention of the same analyte at some other
pressure can be calculated. The equation was used to describe the
effect of pressure and density on the retention of naphthalene on a RP-8
column using carbon dioxide as the mobile phase.

Schoenmaker stated that his approach covers a wide range of reduced
pressures (0 - 10) and reduced temperatures (0.3 - 4). However since
pressure drop over a column is neglected the model is not applicable to
packed column SFC separations in its present form. Besides, since the
interaction of the stationary phase and the solute is not considered,
the retention data can only be calculated relative to some arbitrary
pressure.

Though many models have been developed, there is not a sufficiently
correct theory that fully describes solubility in SCF's and predicts the
relative elution strength of SCF's. It may be of interest to note that

though carbon dioxide and sulfur hexafluoride are very far from each
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30 reported that

other in the eluotropic series (Figure 2), Levy et.al,
these supercritical fluids may be of the same strength. In this work
the retention time of model mixtures is used to compare sulfur

hexafluoride with carbon dioxide under corresponding chromatographic

conditions.,
2.3 SELECTIVITY OF THE MOBILE PHASE

One of the reasons for looking into new mobile phases is to get
better selectivity. The selectivity in SFC depends on the nature,
composition, pressure and temperatuure of the mobile phase and the
composition of the stationary phase. Hence by changing these factors a

better separation of complex mixtures can be realized.
2.31 THE NATURE AND COMPOSITION OF THE SCF

The kind of separation that can be achieved for a given mixture
depends very much on the nature of the mobile phase. It has also been
shown31’32’33’ that ammonia which tends to yield hydrogen bonds with
hydroxyl and amino functionalities has greater affinity for hydroxyl and
amino groups, and carbon dioxide is a better solvent for solutes such as
terpenes, corticolsteriods, etc. Migration of such compounds in SCF
carbon dioxide is found to be with progressive solubility and this is
roughly in the order of unsaturation. SFC separations are based on
group type if a non-polar mobile phase is used and on molecular weight

if polar mobile phases are used. Polar stationary phases enhance group
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separation and non-polar stationary phases enhance separation according

34 have described the separation

to molecular weight.ll Taylor et.al.,
of a polar mixture composed of 2,6-di-tert butyl phenol, o-nitrophenol,
benzyl acetate, benzylbezoate, phenol, phenyl acetate, and benzyl

alcohol using carbon dioxide, Freon 13 and Freon 23. All the analytes
eluted with carbon dioxide. However benzyl alcohol did not elute with
Freon 23 and only 2,6-di-tert-butyl phenol and o-nitophenol eluted with
Freon 13. This emphasized that the kind of separation depends on the
mobile phase used. Wright et.al., have underlined this point by showing
that the capacity factor of n-C . is 3.25 and 2.83 using SCF carbon
dioxide and ethane respectively. On the other hand, the capacity factor
of p-chlorophenol is 2.00 and 3.44 with carbon dioxide and ethane
respectively.

The commonly used SCF mobile phases do not show good selectivity as
solvents. This is particularly important in the separation of solutes
of similar shape and size.35 The differentiation with such fluids is
based mainly on solute vapor pressure and no differentiation according
to functionality is exhibited. SCF's like carbon dioxide and ethane are
non-functional themselves. Hence they can interact only through non-
specific van der Waals forces. The addition of polar organic compounds,
modifiers, to such mobile phases brings about greater differentiation.

36

The effect depends on the functionality and the amount™" of the modifier

added and the stationary phase. The retention, selectivity and peak

37 have

shape can be varied by adding modifiers. Novotny et.al.,
indicated that the capacity factor for some polar aromatic hydrocarbons

can be reduced by as much as 35% by adding only 0.1% of 2-propanol to n-
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pentane primary mobile phase. Levy et.al.3° have used methanol, 2-
methoxy ethanol, l-propanol, tetrahydrofuran, dimethylsul foxide,
acetonitrile, sulfur hexafluoride and Freon 11 with carbon dioxide SCF.
Taylor et.al.,38 have shown that methanol as high as 20% can be used in
the separation of organometallic mixtures using carbon dioxide as the
primary moblie phase. It has been indicated37 that the effect of such
modifiers is more significant with packed columns than with capillary
columns.

The explanations offered for the effect of modifiers are the
following.39 (a) By reacting as a surfactant, the modifier decreases
the interfacial tension between the mobile phase and the stationary
phase. (b) The modifier affects the residual si]anol’groups remaining
in the stationary phase. This brings about competition between the
solute and the modifiers for the reactive sites. (c) An association of
the modifier and the solute molecule might be formed in the mobile phase
which makes the solute more soluble in the primary mobile phase. The
relative importance of these factors may vary depending on the type of

solute, the stationary phase, the kind and amount of modifier used.
2.32 THE PRESSURE AND THE TEMPERATURE OF THE SCF

The solubility of a substance in a SCF depends on the density of the
SCF. The density in turn depends on pressure and temperature. Hence,
by judiciously varying the temperature and pressure better resolution
gnd shorter analysis time can be achieved. Near the critical point the

compressiblity of SCF's approaches infinity. Hence density is very much



18

dependent on pressure. As a result, pressure is probably the most
important chromatographic parameter in SFC separations. Slight changes
in temperature near the critical point can also bring about significant
change in the density of the SCF.

40 has determined that with n-pentane as the SCF and 23%

Ri jnders
polyethylene glycol 6000 on 40-50 mesh sil-o-cel as the stationary phase
at 40 atm and 210°C, 1,3-dimethylnaphthalene elutes before 2-n-
decylnaphthalene. Under the same conditions but at higher pressure the
order of elution is reversed. At lower pressures the volatility seems
to be the dominating factor that determines retention time. But at
higher pressures the interaction between the solute and the stationary
phase becomes more important.

Pressure programming, obviously, can offer better separation of
complex mixtures by changing the density of the mobile phase with time.
Under isothermal conditions, the relative change in the partition
coefficient as a function of pressure is about the same for compounds in
an oligomer series.40 This leads to a predictable retention order.
Density programming is more appropriate especially near the critical
point, for pressure and density are not linearly related in this region
and it is the density which is the determining factor in solute

41 have made a detailed study on the

solubilty. Schoenmaker et.al.,
separation of mixtures using a fused-silica packed column utilizing
pressure programming. He indicated that by plotting the capacity factor
versus pressure one can determine the pressure range over which pressure
programming is most efficient in the separation of a mixture of

compounds, such as polystyrene oligomers, with a range of capacity
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factors. Better pressure programming efficiency corresponds to the
region in the curve (i.e., capacity factor vs pressure curve) where the
slope is higher.

The differential selectivity of temperature was shown by Randal.42
Using n-pentane as the SCF on an alumina column, l,l-binaphythyl eluted
after anthracene at 300°C and 40 atm. At 200°C and keeping the pressure
constant the elution order was reversed. This shows that separation is
based on molecular weight at lower temperature and at higher temperature
adsorption forces or solubility in the stationary phase becomes more
important.

Temperature programmihg of the SCF is not as common as pressure
programming is in SFC. However, it can offer shorter retention times
for late eluting peaks and can also offer better selectivity. Klesper43
emphasized the need for a better understanding of the influence of
temperature on the solubility of solute at low and high pressures. The
utility of negative temperature programming has also been shown.44’45
This is equivalent to increasing the pressure of the SCF. The
resolution decreases near the critical temperature. However, the effect
of such programming is unpredictable.

The best resolution, nevertheless, is obtained by simultaneous
pressure and temperature programming or density programming.46 For good
selectivity the pressure is typically near the critical value and the
temperature is greater than the critical value. For separation of the
widest range of compounds, the highest temperature consistent with the

thermal stability of the compounds involved and a pressure which allows

densities greater than the critical density are desireable.
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2.4 SUPERCRITICAL SULFUR HEXAFLUORIDE AS MOBILE PHASE

Sulfur hexafluoride is a colorless, odorless, and inert gas. It has
low toxicity and the recommended threshold limit of exposure is 1000

ppm. It has some depressant action upon the central nervous system and

exhibits mild anesthetic properties.48

Although sulfur hexafluoride has been used extensively to study the

48,40 it has not been widely used as a supercritical

30

critical phenomenon,
mobile phase for SFC. Levy et.al.,” attempted to use it as a modifier
for supercritical carbon dioxide. The retention of the compounds,
however, remained essentially the same. Thus, they concluded that
carbon dioxide and sulfur hexafluoride are of about the same elution
strength. However, Giddings et.al., indicated that the solubility
parameters of carbon dioxide and sulfur hexafluoride are not close to
each other (10.8 and 7.5 respectively) (Figure 2).

In a recent paper Schwartz and Brownlee50 described the separation
of model hydrocarbons and a gasoline sample using supercritical sulfur
hexafluoride on a silica narrow-bore column. The separation of
paraffins, olefins and aromatics was carried out on the silica column by
keeping the pressure at 3400 psi for the first seven minutes and then
stepping it up to 5000 psi. Simultaneously the temperature was kept at
50°C for the first seven minutes and then it was increased to 150°C.

The separation was carried out in less than 20 minutes without the need
of backflushing. However the separation between the paraffins and the
'olefins was not distinct. Moreover, a number of peaks appeared in each

'group peak'. Hence quantitative analysis of an unknown mixture would
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be difficult because integrating the area of all individual peaks would
be required. Furthermore, FID only gives an equal response factor to
hydrocarbons only if the difference in the number of carbons atoms in
the hydrocarbon molecules is not large. Brownlee et.al., have also
mentioned that benzene and toluene gave a higher response factor than
paraffins and olefins. Extensive calibration, therefore, may be
necessary to make approximate quantitation in this respect.
Supercritical sulfur hexafluoride (70°C and 300 atm) has also been
used in the extration of nicotine from tabacco leaves which contained
20% water by weight.20 Sammens et.al., 51 have described the
interaction between C5 - C10 paraffins with supercritical sulfur
hexafluoride. They defined the interaction parameter (%) as follows:
T2,° = B (T 10"
where Tlg and ng are the individual critical temperatures and Tlg is
the overall critical temperature. They showed that as the number of
carbon atom in the paraffins increases the value of the interaction
parameter decreases. This suggests that with increasing size the
interaction between sulfur hexafluoride and the paraffin becomes smaller
and smaller. The fact that the retention of paraffins as the number of

50

carbons increases in a chromatographic separation™ may be related to a

decrease of the interaction parameter, at least in part.



CHAPTER III
SFC/UV SEPARATION OF AROMATIC HYDROCARBONS
USING SULFUR HEXAFLUORIDE

3.1 INTRODUCTION

In this chapter sulfur hexaflouride is used as a SCF in the
separation of a model mixture of aromatic hydrocarbons using a UV
detector. The objective was to determine the column that offers the
best separation for a mixture of aromatic hydrocarbons and to study the
elution behavior of such compounds with SCF sulfur hexafluoride with
both polar and non polar stationary phases. A secondary goal of our
work was to determine the optimum conditions for separating
substitutional isomers of xylene, ethyl toluene and dichlorobenzene.
The separations of polar mixtures and polyaromatic hydrocarbon mixtures

are also presented.
3.2 EXPERIMENTAL

Figure 3 shows the schematic representation of the SFC/UV
instrumentation employed in this work. SFC grade sulfur hexafluoride
was obtained from Scott Speciality Gases (Plumstead, PA). The gas
cylinders were provided with a dip tube (siphon) to make sure that only
liquid is pumped from the cylinders and to avoid cavitation in the
transfer lines which causes the flow rate to fluctuate. To keep as much

of the sulfur hexafluoride in the liquid state in the cylinder as

22
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possible, the cylinders were provided with a helium head space at a
pressure of approximately ~1500 psi. The flow rate was observed to
fluctuate whenever the pressure in the cylinder dropped below
approximately ~800 psi. The transfer lines were kept at about -15°C by
passing a section of the transfer tube through a water/glycol bath.

This helped to keep the mobile phase in the liquid state during pumping -
which improved pumping efficiency. A 0.5 um filter was inserted in
place to prevent particles from the cylinder entering the pumping

system,

The supercritical chromatograph used was a Hewlett Packard
(Avondale, PA) Model 10828 1iquid chromatograph modified for SFC. It
was equipped with a high pressure 709785A variable wavelength UV
detector and a 1 cm long x 1 nm i.d. flow cell. A passive heat
exchanger was in-line between the UV detector and the oven to maintain a
stable eluent temperature in the UV cell. The pump heads were placed in
contact with heat exchangers through which the water/glycol mixture from
an external recirculating chiller was circulated. The injector valve
was a Reodyne Model 7125, 20 uL loop. To maintain the pressure, a
constant orifice manual back-pressure regulator was used.

Detection was carried out at 254 nm with reference at 430 nm. The
model compounds were obtained from Aldrich Chemical Company, ALTECH
Associates, and Fisher Scientific Company. These included benzene,
toluene, ethyl toluenes, xylenes, naphthalene and dichlorobenzenes. The
model mixtures were composed of 5 ug/ul with respect to each of the
. components using carbon tetrachloride as a solvent. The columns used

were all 25 cm x 4.6 mm i.d. with 5 pym particle packing. These included
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amino and cyano (DuPont), phenyl (IBM) and silica (ALTECH) columns. All
the columns were washed with 250 ml portions of HPLC grade water,
methanol, chloroform and hexane. Then the columns were treated for 3
hours with carbon dioxide at 100°C and 3000 psi pressure at a 0.5 ml/min
flow rate. Then the chromatograph was completely depressurized to get
rid of carbon dioxide. The columns were then equilibrated for about one
hour at 90°C and 3000 psi and at 0.3 ml/min flow rate with sulfur

hexafluoride.
3.3 RESULTS AND DISCUSSION

A. SEPARATION OF A MODEL AROMATIC MIXTURE

The separation of a model aromatic hydrocarbon mixture consisting of
benzene, toluene, xylenes, ethyl toluenes and naphthalene in carbon
tetrachloride solvent was achieved with amino, phenyl and silica column
(Figures 4, 5 and 6). The elution order in each case was as follows:
benzene, toluene, p-xylene, m-xylene, o-xylene, p-ethyl toluene, m-ethyl
toluene, o-ethyl toluene aﬁd naphthalene. Chromatograms were obtained
at both 95°C and 3700 psi inlet pressure and at 80°C and 4000 psi inlet
pressure, The separation time with the phenyl column was the longest
and with silica it was the shortest. All components appeared to elute
with these two columns. Naphthalene did not elute within 35 minutes
with the amino column at 80°C and 4000 psi but it eluted in 26 minutes
at 95°C and 37 psi (Figure 5). All other components eluted from this

column under the two sets of conditions. With the amino



26

1. Corboa tolrachioride
2. Sensone
3. Teleene
4. pXytene
S. m-Rylene
8. o-Tylene
er 7. ptihyltelvene
. 5. m-Ethyitetuene
9. 0-Ethyitelnene
10, Rephthslons

@
—e &

T T , 7
1) 10 12 " ) 20 28 30

[Y 2
=
-

TIME, min

Figure 4. Separation of Aromatics on 25 cm x 4.6 mm Phenyl
Column: A) 95°C and 3700 Psi, B) 80°C and 4000 Psi.

Time Axis for A and B are the same.
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Figure 5. Separation of Aromatics on 25 cm x 4.6 mm Amino
Column: A) 95°C and 3700 Psi, B) 80°C and 4000 Psi.
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Figure 6. Separation of Aromatics on 25 cm x 4.6 mm Silica
Column: A) 95°C and 3700 Psi, B) 80°C and 4000 Psi.
Time axis for A and B are the same.
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column o-xylene showed up as a shoulder on the peak attributed to m-, p-
ethyl toluenes. The p-and m-xylenes co-elute on both amino and silica
columns. With the phenyl column at 95°C and 3700 psi, m-xylene appeared
as a shoulder on the p-xylene peak. The solvent peak, benzene, toluene,
o-ethyl toluene and naphthalene were clearly separated from the others
on all the columns at the prescribed operational conditions.

The slightly better overall separation with phenyl column may be due
to the fact that the phenyl column is non-polar and has a greater
affinity for the non-polar eluents compared to the other columns used in
this study. Hence the process of analyte sorption and desorption would
be expected to be more differentiating. This is further supported by
the longer retention time observed with the phenyl column. The
appearance of o-xylene as a shoulder on the m-p-ethyl toluene peak may
be attributed to the somewhat less polar nature of amino column compared
to the silica column,

In all cases the separation was essentially according to molecular
weight and boiling point. The density at 50°C and 4000 psi is greater
than the density of the mobile phase at 80°C and 4000 psi. Hence the
elution strength at lower temperature would be expected to be greater
resulting in shorter retention time if solubility alone determine
elation time. However, it is clearly indicated in Figure 7, that the
elution time is longer at 50°C and 4000 psi than at either 80° and 4000
psi or 95°C and 3700 psi (Figure 6). This indicates that the retention
of the analytes is very much temperature dependent under the
' experimental parameters employed. This further implies that the vapor

pressure of the analytes may play an important role in the retention of
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the analytes.

Figure 8 shows a plot of retention time versus pressure at 95°C for
a mixture of p-xylene, p-ethyl toluene, benzene and toluene on a phenyl
column. It can be seen from this plot that the general trend of the
curve is the same for all the compounds. The retention time increases
with pressure to the same extent. Moreover, the difference in retention
time of among the four compounds remains the same in the range of the
pressure studied. Hence a line connecting consecutive points on the
curve of one eluate is almost parallel to any other line connecting
corresponding points on the curve of any other eluate. As a result
better separations can not be achieved above 3800 psi at 95°C. A
similar study was conducted with the three xylene isomers except this
time temperature was varied at constant pressure. The retention times
of the xylene isomers are plotted against temperature in Figure 9. It
can be inferred from the plot that at high temperatures (above 75°C) the
m and p-xylenes will co-elute. At lower temperatures (below 60°C) the
peaks show tailing and merge into each other resulting in loss of
resolution. This may be difficult to see from the curves for the peak
width is not taken into consideration in plotting the curves. As a
result the effort to separate the isomers was concentrated between 55-
70°C at approximately 3300 psi. The optimum separation of xylenes was
achieved at 60°C and 3400 psi (Figure 10). The optimum condition
achieved for the separation of ethyl toluenes and dichlorobenzenes also
turned out to be the same. The separations achieved were in the order
of p-m-0 in the case of xylenes and ethyl toluenes and m-p-o in the case

of dichlorobenzenes. Though no base line separations were achieved, the
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isomers could clearly be differentiated.
B. SEPARATION OF POLYAROMATIC HYDROCARBONS

Due to the interest in polyaromatic hydrocarbons as environmental
and health hazards their separation and quantitation has been of
interest. Hence the separation of polyaromatic hydrocarbons was
attempted using a cyano column. However only naphthalene and anthracene
eluted in 5.8 and 32.7 min respectively at 100°C and 2300 psi inlet
pressure. Benzene eluted in 2.0 min at the same temperature and
pressure. Figure 11 shows a plot of the log of the capacity factor
versus the number of aromatic rings. The curve is linear as was
recently observed in the separation of polyaromatic hydrocarbons using
carbon dioxide.52 To calculate the capacity factor, the solvent peak
(carbon tetrachloride) was taken as the unretained peak, though it was
retained to some extent in these separations. This observation may
explain the slight deviation that is observed in the plot.
C. SEPARATION OF POLAR MIXTURES

Jordan34

has reported that 2,6-di-tert-butylphenol, o-nitrophenol,
benzyl acetate, benzyl benioate, phenol, phenyl acetate and benzy!
alcohol can be separated using SCF carbon dioxide. We attempted this
separation with sulfur hexafluoride as the mobile phase. Only 2,6-di-
tert-buytl phenol eluted when C-18, RP-8, and phenyl columns were used.
Temperatures up to 100°C and pressures as low as 1500 psi and as high
as 4500 psi were employed. This suggests that carbon dioxide is a
stronger solvent compared to sulfur hexaflouride. 2,6-Di-tert-butyl

phenol apparently eluted due to steric hindrance of the hydroxyl part of

the molecule by the bulky and non-polar tert-butyl groups. An attempt
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was made to separate a mixture of aromatic amines, but they did not

elute from the columns employed.

3.4 CONCLUSION

Separations were essentially according to molecular weight and
boiling point for the components considered and the polar and non-polar

d 42 that separation according to

columns used. It has been observe
molecular weight is favored by going to a more polar mobile phase and a
more non-polar stationary phase. On the other hand, separation
according to group type is favoured by more non-polar mobile phase and a

>0 In our case the separation was according

more polar sationary phase.
to molecular weight with all the columns employed and the non-functional
and non-polar mobile phase used. Phenyl column, being less polar
relative to amino and silicon columns, offered the best separation. The
silica column offered the shortest retention time, though it was less
differentiating. Hence the separation of hydrocarbons with appreciable
molecular weight difference may better be achieved with silica column.
On the other hand the separation of closely related compounds, such as
substitutional isomers, may be better achieved with a phenyl column
where the partition coefficient is closer to unity than in the other
columns leading to better differentiation.

The fact that polar compounds did not elute even at high temperature
and low pressure clearly indicates that sulfur hexafluoride is a much
weaker mobile phase compared to carbon dioxide. This is in line with

the relative position of carbon dioxide and sulfur hexafluoxide in the
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solubility parameter scale (Figure 2). Hence sulfur hexafluoride will
be more useful in the separation of low molecular weight hydrocarbons.
It is conceivable that polar modifiers may be used to enhance the

elution strength of sulfur hexafluoride. Basic modifiers like ammonia

which can not be used with carbon dioxide may be a 1ikely candidate.



CHAPTER IV
COMPARISON OF SULFUR HEXAFLUORIDE AND CARBON DIOXIDE
4.1 INTRODUCTION

Carbon dioxide has low critical parameters (Table II), low viscosity
and good solubility for a wide range of compounds. It is an inexpensive

and a non-toxic gas. It has also proved to be compatible with

55 56

ultravio]et.53 flame 1on1zation,54 infrared™  and mass spectrometric
detection. Hence it is the most commonly used SCF in SFC separations.
It would, therefore, be reasonable to compare other supercritical fluids
with carbon dioxide for their chromatographic performance and cost of
analysis. In this chapter, supercritical sulfur hexafluoride and carbon
dioxide are compared by studying the effects of temperature and density
on the retention of a model aromatic hydrocarbon mixture. To make a

reasonable comparison, corresponding chromatographic conditions were

maintained.
4,2 EXPERIMENTAL

The SFC/UV instrumentation shown in Figure 3 was used. A model
hixture of aromatic hydrocarbons composed of benzene, toluene and o-
xylene was employed.' The concentrations were 5 ug/ul with respect to
the three compounds in carbon tetrachloride solvent. In each run 2 ul

were injected. The column used was a 25 cm x 4.6 mm i.d. cyano

39
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(DuPont). The column was treated in the same way as the amino, phenyl

and silica columns in Chapter III.
4.3 RESULTS AND DISSCUSSION

Figure 12 shows the relationship of reduced pressure and reduced
density at different reduced temperature isotherms. Reduced pressure is
defined as:

P = P/P,
where Pr is the reduced pressure, P is the experimental pressure and Pc
is the critical pressure. Similarly the reduced temperature is defined
as:

T. = T/Tc
where Tr is the reduced temperature, T is the experimental temperature
and Tc is the critical temperature. In Figure 127 region "A" is a one
phase region where only the SCF exists. In region "B" only the liquid
phase exists. "C" is a two phase region where both liquid and SCF
exists. In our experiments the region that was employed is “A". To
keep both carbon dioxide and sulfur hexafluoride under the same
chromatographic conditions, the study was carried out within the same
range of reduced parameters.

The capacity ratio, K‘, was measured from the retention times, tr’
of the substances and the retention time, tys of the solvent, carbon
tetrachloride. The relation between the capacity ratio and retention

time is given as follows:
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0.60

Figure 12. Reduced Isothermal Plots of Reduced Pressure vs. Reduced
Density
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V1 tn-to
K = X = K =
V2 to

where C1 and C2 are the concentration of an eluate in the stationary
phase and mobile phase respectively; V1 and V2 are volumes of the
stationary phase and the mobile phase and K is the partion coefficient.
Ideally, t, is the retention time of a chromatographic peak that does
not interact with the stationary phase. In our case, the solvent peak
(carbon tetrachloride peak) was used as a measure of to. Lower
molecular weight paraffins such as hexane would have made a better inert
substance to determine ty This was determined in experiments using
FTIR detection where it was observed that hexane and pentane eluted
earlier than carbon tetrachloride. We were not able to perform this
experiment with FTIR. However we do not expect this to cause a major

problem.

A. The Effect of Density on Retention

In determining the effect of the density of the mobile phase on the
retention of the model compounds, retention times were measured using
both supercritical carbon dioxide and sulfur hexafluoride. The
retention times were determined at a constant reduced temperature of
1.06 and at various reduced pressures. The corresponding reduced
densities were determined from Figure 12 which relates reduced pressure
and reduced density.

The plots of pressure versus the log of the capacity factor of the

eluates are shown in Figures 13 and 14. The plot of log K° vs reduced
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pressure indicates that sulfur hexafluoride is a poor mobile phase
compared to carbon dioxide. The retention with carbon dioxide was
consistently lower than with sulfur hexafluoride. In both cases the
capacity ratio (K”) decreases with increasing pressure, at constant
reduced temperature. This suggests a decrease in K (the partition
coefficient) with an increase pressure since Vl/v2 does not depend
strongly on pressure. This decrease of K° is mainly caused by a rapid
increase of the concentration of eluates in the mobile phase. This
demonstrates the rapidly increasing solvent power of the supercritical
fluids with increasing pressure. S-shaped curve of log K” vs. pressure
has been reported (Figure 15) for hexadecane using carbon dioxide mobile

58 In our

phase and chemically bonded Carbowax 400 stationary phase.
case there is a slight positive curvature. However, the negative
curvature that would be expected at lower pressure was not observed.
This may be because the pressure was not low enough. In the above cited

58

literature™ such curvature for hexadecane was observed at reduced

pressure below 1.4, which is lower than was employed here (1.5 <Pr

54 stated that such a S-shaped curve of

<4.0). Van Wansen and Schneider
log K” vs. pressure plot is typical for SFC runs such non-polar
compounds. They have indicated that the log K vs. pressure isotherms

are given by:

. °mob ®sta
6 In K v -V Kmob

6P R-T
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Figure 15. Temperature and pressure dependence of capacity ration with
SCF CO
2.
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*mob and V°stat are the partial molar volumes of the elutes at an

where V
infinite dilution in the mobile phase and stationary phase respectively
and KmOb is the compressibility of the mobile phase.

Similar curves (Figure 16, 17) were obtained when log K° was plotted
against the reduced density of the mobile phases. Van Wansen and
Schneider?? have also shown that the log K° vs density curves are given
by:

61nk* yomob _ y®mob - sp 1

6pmob : R*T deb . EMb

The curves (Figure 16, 17) are nearly linear. This indicates that the
right hand side of the log K° vs density equation is slightly dependent
on density. In fact at higher density the curve seems to flatten off
indicating that the capacity factor does not change very much with
density at higher densities. This is because at higher pressures the
density is already high and to attain still higher density, higher
pressure would be required to counter the effect of intermolecular
repulsions. At lower density, on the other hand, the capacity factor
varies rapidly with increasing density. At any rate, whatever mechanism
is occurring, it seems to be the same for all compounds with both carbon
dioxide and sulfur hexaflouride. Comparing Figures 13 and 14 it can be
seen that the log K° varies more rapidly for o-xylene and toluene with
carbon dioxide between reduced pressures 2.0 to 3.5 than with sulfur
hexafluoride. This may suggest that within these regions of reduced
pressures carbon dioxide may offer better pressure programming

capability.
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B. The Effect of Temperature on Retention

Keeping the reduced pressure constant at 3.0, the retention times of
the eluates were determined at different reduced temperatures. The
effect of reduced temperature variation on the capacity factor of the
eluates with both sulfur hexafluoride and carbon dioxide is shown in
(Figures 18 and 19). Retention depends both on volatility of the
eluates and solubility of the eluates in the SCF and the stationary
phase. The absolute temperature in the case of sulfur hexafluoride is
higher (TC = 46°C) than that of carbon dioxide (Tc = 31°C). Hence if
volatility were the determining factor, the retention of the eluates
with carbon dioxide would have been longer. However, the case was
reversed. Even if the same absolute temperature were maintained (Figure
20), the retention of eluates in carbon dioxide were smaller. This
indicates that volatility does not play the determining role in the
retention of the eluates when comparing both mobile phases. Hence the
retention of the eluates depends on their relative solubilities in the
mobile phase and the stationary phase. The difference of solubility of
the eluates in the respective mobile phases is a more important factor
in determining retention than the temperature difference. The results
acﬁieved, with the same stationary phase therefore, reflect the relative
elution strength of carbon dioxide and sulfur hexafluoride as SFC mobile
phases (i.e. sulfur hexafluoride is a weaker mobile phase compared to
carbon dioxide).

In Figure 18, it can be seen that the capacity factor of the elutes

decreases with increasing temperature sharply between reduced
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temperature 1.06 and 1.08 and then slowly at higher temperatures with
SCF sulfur hexafluoride on the other hand, the capacity factor of the
elutes increases nearly linearly with temperature with SCF carbon
dioxide (Figure 9). The increase in temperature has the following
opposing effects: (a) the vapor pressure of the eluates increases
resulting in the decrease of retention, (b) the density of the mobile
phase decreases with increasing temperature resulting in the decrease of
solubility of eluates in the mobile phase and hence increases retention.
However, since the two effects of increasing temperature are opposite to
each othere one may expect to see a maximum point in the capacity factor

1.59 using SCF propane have

vs. temperature curve. Leyendecker et.a
reported that such a maximum point was indeed observed in a plot of
capacity factor of PAH versus temperature at reduced pressures of 1.02
and 1.65. Such curves for chrysens are shown in Figure 21,
Our experimental results indicate that the increaseo of vapor pressure
of eluates wiht temperature and the consequent decrease in retention was
a more important factor than the decrease in the density of sulfur
hexafluoride. On the other hand, with SCF carbon dioxide the second
factor (the decrease in density of the mobile phase resulting in the
increase of retention with temperature) was a more important factor.
Figure 22 shows the effect of reducing the temperature to the
critical temperattuurree on the retention time of eluates. It can be
seen that the retention decreases sharply near the critical temperature
of the mobile phase (Tc = 46°C). This may be due to the high
sensitivity of the dehsity to temperature changes near the critical

temperature. In addition since the tempearture measuring accuracy is
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+1°C, the mobile phase might have been in a subcritical state (i.e. the
temperature may have been below 46°C). This gives the mobile phase a
more stronger elution strength resulting in the decrease of retention.
For practical reasons it is also of interest to determine the
variation of retention time with temperature at a constant reduced
pressure (Figure 20). It can be seen that the retention time of o-
Xylene decreases faster with an increase in temperature with sulfur
hexafluoride than with carbon dioxide. This suggests that the
solubility of the eluate in sulfur hexafluoride, relative to its
solubility in the stationary phase is increasing faster than with carbon
dioxide with increasing temperature. This implies that temperature
programming may be more appropriate with sulfur hexafluoride for a set
of compounds that elute with both carbon dioxide and sulfur hexafluoride

over the same temperature range.



CHAPTER V.,

CONCLUSION

The results obtained in this work indicate that sulfur hexafluoride
is a relatively weak mobile phase. Hence, its application is primarily
limited to the separation of low molecular weight hydrocarbons, e.g.,
the gasoline range hydrocarbons. It can not be used to separate polar
compounds and high molecular weight hydrocarbons. The use of a polar
stationary phase is more likely to give better group separation. On the
other hand, non-polar stationary phases, (e.g., phenyl column) are
better for the separation of substitutional isomers.

The effect of temperature and density on the retention of
hydrocarbons on a cyano column was the same with both sulfur
hexafluoride and carbon dioxide. However, the efficiency of temperature
and density programming depends on the mobile phase keeping other
chromatographic parameters constant.

Considering the limited application of sulfur hexafluoride and the
cost of analysis, which is four times that of carbon dioxide, in most
cases, with the exception cited previously carbon dioxide would be the
mobile phase of choice. This is particularly important if FTIR is used
as a detector since co-eluting compounds may be differentiated

spectrometrically even if the chromatographic selectivity suffers.
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