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Abstract
Improving Off-line and On-line Supercritical
Fluid Extraction Techniques by Elevating the
Post-Restrictor Pressure
Mark Adam Stone
The high flow rate that results as fluid decompresses through the restrictor is arguably the single
greatest problem with supercritical fluid extraction techniques. As a result of these high flow
rates, solvent trapping is not efficient in many cases, and the more complicated sorbent trapping
technique must be used. In addition, loss of the collection solvent may occur during the process
making it difficult to work with small volumes, which are desirable from the standpoint of
sensitivity, cost, and environmental concerns.
Similarly, these high decompressed flows have made it difficult to directly interface supercritical
fluid extraction methods with separation techniques. This is unfortunate as supercritical
extractions are ideal for on-line coupling in other respects, such as the fact that the fluid becomes
gaseous upon depressurization and that supercritical fluids generally extract less contaminant
material. In this thesis we have shown that, by elevating the post-restrictor pressure, the
decompressed flow rate can be reduced, and these problems can be minimized, considerably.
Off-line trapping becomes much simpler when working at elevated pressures as the need for
sorbent trapping is virtually eliminated and solvent trapping may be conducted with much less
difficulty.
Elevated post-restrictor pressures were found to be very beneficial for on-line work as well.
SFE/GC was carried out with complete transfer of the extraction effluent to a capillary GC
column, which has not previously been demonstrated. Likewise the use of an open-tubular
column interface, maintained at moderately elevated pressures, allowed SFE/HPLC to be
conducted with quantitative analyte transfer, even in the presence of 10% modifier. In all cases but especially for the on-line methods - more practical extraction parameters were possible,
including extraction vessel volume, extraction flow rate, and dynamic extraction time.
Another benefit of elevating the post-restrictor pressure is that higher extraction flow rates will
generally be possible. The benefits of this were not evaluated in the research presented here,
however, the effect that the extraction flow rate can have on extraction time is considered, from a
theoretical standpoint, in Chapter five.
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Chapter One
Introduction

1.1 Advantages of Supercritical Fluid Extraction
Beginning in 1986 supercritical fluid extraction methods began to appear frequently in the
literature. The early days of SFE coincided with a time of high environmental consciousness and
much enthusiasm was generated by the fact that extractions could be conducted with (most
commonly) carbon dioxide, which is neither harmful to the chemist or the environment.

Another common selling point of supercritical fluid extractions was that they were more selective
than extractions with liquid solvents. In many cases, less contaminant material was extracted,
which is important as this material can obscure the chromatographic separation or affect the
performance or lifetime of the analytical column. The greater selectivity of SFE often removes
the need for a cleanup step. In addition to the inherent selectivity of these fluids, there is also the
possibility of pre-extracting the sample with milder conditions so as to remove relatively volatile
contaminant material prior to extracting the analytes of interest. Adding sorbent to the outlet end
of the extraction vessel, or in a separate cartridge, is yet another way to generate cleaner extracts.
This latter approach could be used with conventional extractions but would not be as effective
due to the inability to tune the solvating power of liquid solvents.

It is well known that supercritical fluids have more gas-like mass transport properties such as
diffusivity, viscosity, and surface tension. This facilitates faster penetration of the fluid into, and
out of, the matrix being extracted and can lead to faster extractions in cases where this is the ratelimiting factor.
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A fundamental difference, compared with liquids, is that supercritical fluids are generally gaseous
under ambient conditions. This allows more concentrated extracts to be obtained as the extraction
fluid itself evaporates upon decompression. In addition, smaller volumes of liquid waste are
generated. This also suggests that the technique should be easier to interface with
chromatographic systems as solvent elimination is generally considered the primary obstacle in
on-line coupling techniques. This is one of the most compelling advantages of supercritical
extractions. On-line methods are highly beneficial as they are far less labor intensive than off-line
approaches; opportunity for the sample to become contaminated or for analytes to volatilize or
degrade are minimized; and they allow for maximum sensitivity in cases where the analytes are
quantitatively transferred to the separation column.

An issue that is almost never discussed is the possibility of automated on-line drying of the
sample which may be accomplished, in certain cases, by means of a preliminary low pressure /
elevated temperature step, i.e. purging with hot gaseous carbon dioxide. When possible, this
would be a substantial advantage as it would eliminate the need for a drying agent, which can
increase the total mass that is extracted and may retain polar and high molecular weight
compounds. Eliminating the drying agent would also further minimize the manual labor required.
This approach could be used with dynamic liquid extractions (e.g. the accelerated solvent
extraction technique) but it would be more difficult to implement. First, a separate gas supply
would be needed which would add more complexity and hardware to the system. Secondly,
liquids and gases are generally not very miscible. When the liquid solvent subsequently comes
through the extraction vessel some of the gas may become suspended in the liquid. This
suspended gas might make contact between the solvent and the matrix somewhat less efficient
resulting in longer extraction times.

3

In sum, extracting with supercritical fluids can make for a far less labor-intensive process as
compared to extraction with liquid solvents. Supercritical extractions can offer gains in
sensitivity, selectivity, and speed, while minimizing analyst exposure to toxic solvents, and
lessening the quantity of hazardous substances introduced to the environment.

1.2

Disadvantages of Supercritical Fluid Extraction

Despite all of these advantages, SFE is still used by only a small fraction of laboratories: less than
5% according to a survey by LC-GC magazine (1). This is largely due to three primary
disadvantages of the technique. First, method development tends to be more difficult and labor
intensive than is the case for liquid solvent extraction methods. Secondly, there is some lack of
flexibility in the selection of extraction parameters that can be used: this is particularly true for
on-line techniques as will be discussed shortly. Lastly, associations between analytes and certain
binding sites in the sample matrix can be more difficult to overcome with supercritical fluids than
with liquid solvents.

In order to compare supercritical and liquid extraction techniques in terms of the method
development difficulties involved, we may divide the process of developing an extraction method
into three steps, and consider each separately. First, there is the selection of the extraction solvent
to be used: organic liquid or supercritical fluid with modifier as the case may be. One must first
consider the polarity of the extraction fluid. Fundamentally - and from the standpoint of difficulty
- there is no difference between selection of the solvent system to be used in a conventional liquid
extraction or the selection of a modifier to adjust the polarity of a supercritical fluid. However,
supercritical extractions modifiers often do more than simply adjust polarity. It has been
suggested that, with many sample types, displacing analytes from the active sites in the sample
matrix and/or passivating those sites are the primary function of modifiers (or alternate
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supercritical fluids in some cases)(2-11). In these cases the selection of a modifier becomes less
trivial.

The second issue is the selection of the temperature and pressure at which the extraction is to be
conducted. The selection of temperature is important for both supercritical and conventional
extraction methods as it affects solubility, extraction kinetics, and may help overcome matrixanalyte interactions.1 The selection of pressure is secondary with liquid extractions, primarily
allowing the analyst to work above the boiling point of the solvent (12,13). However, with a
supercritical fluid, both temperature and pressure have a strong effect on solvating power. For
both the issue of solvent/modifier selection as well as the selection of temperature and pressure,
one can conclude that there is only a moderate increase in difficulty when extracting with a
supercritical fluid as opposed to a liquid solvent.

Because supercritical fluids become gaseous upon decompression, some method must be used to
trap, or “hold onto”, the analytes in the post-restrictor part of the system. There can be little
question that the issue of trapping presents, by far, the greatest additional difficulty in
supercritical fluid extractions over that of liquid extractions. With liquid solvents the issue of
trapping is nonexistent; with supercritical fluids trapping is (at least in the view of the author) the
most difficult and labor-intensive part of the process. There are two approaches generally used for
off-line collection. Of these, solvent trapping is the simplest method as it involves trapping the
analytes directly, usually in 3-15 mL of a suitable solvent. In many cases, the solvent trapping
technique will not trap the analytes sufficiently and the more complicated sorbent trapping
technique must be used i.e. trapping on a solid material. Sorbent trapping is more difficult as
there are more variables to contend with. Once trapped on the solid, the analytes must

1

Of course, some conventional methods, such as soxhlet, do not allow the selection of temperature.
However, this does not detract from the importance of temperature as a variable.
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subsequently be eluted from the trap with solvent. Hence, in addition to selecting the type and
mass of sorbent, one must select the type and volume of solvent to be used for elution. Different
temperatures are often used for trapping and elution: below ambient and above ambient
respectively. All of this leads to more difficulty in the method development process and requires
an SFE system with more hardware, including a pump for the elution solvent as well as both
heating and cooling capability. Furthermore, sorbent trapping is less flexible than solvent
trapping. It has been shown to be virtually impossible to trap analytes of varying
chemical/physical properties on a single sorbent trap (14,15), whereas analysts were able to
achieve good recoveries (generally 80% or better) with solvent trapping of the same compounds
in 7 different solvent systems (16). The difficulty lies largely in the need for a solvent which is
chromatographically strong against the sorbent phase and simultaneously has good solubility for
the analytes. In addition, irreversible binding to the sorbent can occur with polar, acidic, or basic
compounds. Using inert solids would be expected to remove some of this complexity. However,
even with inert materials, the nature of the elution solvent can be important. This has been shown
with polyethylene frits (14) and glass beads (17). In addition, inert materials generally do not trap
efficiently.

Sorbent trapping becomes more problematic when the extraction method employs liquid
modifiers as they have a tendency to condense in the trap region and prematurely elute the
analytes from the sorbent. The trap must be at elevated temperature to avoid this. In sum, solvent
trapping is far more simple and flexible than sorbent trapping. It should be mentioned, however,
that sorbent trapping may offer an advantage in that certain compounds can be selectively trapped
and/or eluted with a carefully designed method.

Unfortunately, solvent trapping suffers from a few fundamental problems: it is not as efficient as
sorbent trapping for volatile analytes; both volatiles and semivolatiles can be lost via aerosol
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formation (18); and evaporation of the collection solvent generally occurs during the process. All
of these issues lead to the greater method development difficulties that exist for supercritical
extraction techniques, as well as resulting in a lack of flexibility in the selection of extraction
parameters.

Table 1.1 summarizes the issues, and relative difficulty involved when developing an SFE
method in comparison with those that exist for a liquid extraction method, in the three
fundamental areas described above. Table 1.2 compares solvent trapping and sorbent trapping in
terms of the variables, and difficulties, associated with these two methods.
Table 1.1
Method Development Comparison

Solvent/
Modifier
Selection

Temperature
and Pressure

Trapping
Method

Liquid Extractions

Supercritical Extractions

Relative Difficulty of
SFE over Liquid
Solvent Extractions

Must choose a solvent
system.

Must consider modifier both from
standpoint of polarity and active
site interaction.

Moderate difference

Temperature is important:
affects solubility,
extraction kinetics, and
helps with matrix-analyte
interactions. Pressure
generally of secondary
importance: allows use
of temperatures above
the boiling point
of the solvent.

Pressure important as well as
temperature. Has substantial effect
on solvating power.

Trapping issue
nonexistent.

Developing a trapping method can
be complex (see Table 1.2).

Moderate difference

Substantial difference

In Chapter two, data will be presented suggesting that, by trapping at elevated pressures, the need
for sorbent trapping is essentially eliminated and most of the variables/difficulties associated with
solvent trapping are largely eliminated as well. Hence the complications summarized in Table 1.2
are drastically simplified such that, in most cases, one would only need to consider the type and
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volume of collection solvent. Subsequent chapters will demonstrate similar advantages for on-line
techniques.

The other fundamental problem with supercritical fluid extraction techniques - in addition to the
method development/flexibility issues - concerns the tendency for the analytes to interact with
certain sites in the matrix. These matrix-analyte interactions tend to be more problematic with
supercritical fluids than with liquid solvents. In some cases, this is simply a result of the highly
non-polar nature of supercritical carbon dioxide. A more polar extraction fluid may be needed
Table 1.2
Comparing Solvent Trapping and Sorbent Trapping

Variables to Select

Solvent Trapping

Sorbent Trapping

Type, Volume, and Temperature of
Collection Solvent Primarily.

Type and Mass of Sorbent.

Trapping Efficiency also Effected by
Extraction Flow Rate, Extraction
Time, Geometry of Collection
Solvent, and Restrictor Temperature.

Evaporation and Aerosolization of
Solvent Often Occur.

Type and Volume of
Elution Solvent.
Temperatures for Trapping
and Desorption.
Not Flexible. Cannot
Simultaneously Handle
Analytes of Differing
Physical/Chemical
Properties.

Difficulties
Irreversible Adsorption Often
Occurs with Polar, Acidic, or Basic
Molecules.

Trapping is not Efficient
in Many Cases.

Can be Problematic when
Modifiers are Used.
Requires Additional Hardware.

either to solubilize the analytes, or to disrupt interactions between the analyte and matrix. The
addition of relatively small quantities of a polar modifier to the supercritical fluid can often
eliminate this problem. However, in many cases it is not just the polarity but also the inherently
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lesser solvating power of supercritical fluids that is the cause of this problem. As mentioned
above, there is a connection between the issue of matrix-analyte interactions and the selection of
modifiers in that one purpose of the modifier is to displace analytes from active sites in the matrix
or to passivate these sites. Recent work has shown that simply conducting the extractions at
higher temperatures goes a long way towards minimizing the issue of matrix-analyte interactions
(4-6,19-28). Additionally, Friedrich et al. had some success with the use of binary modifiers (9).
In Chapter five arguments are presented suggesting that higher extraction flow rates would also
be useful in this regard. It is probable that a combination of these three approaches: use of
appropriate modifiers, higher temperatures, and higher flow rates, could considerably minimize
the difficulties that exist with respect to matrix-analyte interactions.

1.3 Arguments For Elevating the Post-Restrictor Pressure
We would argue that there is a relationship between all of the difficulties discussed above and the
large flow rates that exist in the post-restrictor region of an SFE system. There is a simple reason
that these flows are so high. In order to obtain supercritical conditions in the extraction vessel,
this portion of the system must be at elevated pressure. The required pressure is generated as the
pump works against the resistance provided by the outlet restrictor. As a result of this
configuration, it is only the region between the pump and the restrictor that is pressurized. As the
fluid passes through the restrictor it decompresses, and the volumetric flow rate increases by the
same factor that the density drops: commonly a factor of ~400. The result is that the volumetric
flow rate through the part of the system where trapping is occurring is typically 400 times greater
than the flow rate through the extraction vessel. The exact relationship is given in equation [1]

FlowTrap = FlowExtraction Vessel (ρExtraction Vessel / ρTrap)

[1]

The complications discussed with respect to off-line trapping are a direct result of the large flow
rates that exist in this part of the system. In addition, these high flow rates are the reason that on-
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line coupling with separation methods (which should be one of the best selling points of SFE) has
been difficult and not very practical. The volumetric flow rate of the gaseous stream is so high
that it is difficult to direct this flow onto an analytical column, or interface, and achieve efficient
trapping. Often the solution is to use lower extraction flow rates, or shorter extraction times, or
smaller extraction vessels. Hence, the selection of extraction parameters is also affected by these
high decompressed flow rates.

There is also a connection between these high decompressed flows and the problem of matrixanalyte interactions. Because the extraction flow rate and the post-restrictor flow rate are
proportional to one another, as shown in equation [1], when the flow rate through the extraction
vessel is raised the flow rate in the trapping region increases by the same factor. The concerns
with respect to excessive decompressed flow rates, therefore, restrict the analyst to the use of
relatively moderate extraction flow rates: most commonly 1 mL/min. Raising the extraction flow
rate would help minimize the problem of matrix-analyte interactions simply because the analytes
would have fewer encounters with active sites as they move through the matrix. The pressurizedtrapping techniques advocated in this thesis make trapping more efficient and, therefore, would
allow higher extraction flow rates to be used. Although the research presented here does not
specifically address this issue, the significance of the extraction flow rate will be considered in
Chapter five.

Since the increase in flow rate results from the drop in fluid density on going from the extraction
to the trapping region of the system, a simple approach to reducing the decompressed flow rate
would be to maintain an elevated pressure on the post-restrictor part of the system. Table 1.3
demonstrates the reduction in trap flow rates that may be obtained by increasing the pressure in
the trap. The calculations are based on the conditions used in the solvent trapping study (Chapter
2) and show the post-restrictor flow rates that result for various collection vial pressures, for an
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extraction flow rate of 1 mL/min. The numbers demonstrate that there is a substantial reduction in
the decompressed flow rate as the pressure in the trapping region is increased. Because there is
negligible analyte solubility in the carbon dioxide, in this pressure range, it is the volumetric flow
rate (not the mass flow rate) that is important. The numbers show that a collection vial pressure of
25 atm results in a decompressed flow rate that is reduced by 97% from what it would be with an
unpressurized vessel. However, substantial reductions are obtained even at very moderate
pressures. For example, at 5 atm the decompressed flow is reduced by 84%. It can also be noted
that there is an effect of diminishing returns. More is gained on going from 0 to 5 atm, then is
gained going from 5 to 15 atm, despite the fact that the second interval is twice as large as the
first. Still less is gained going from 15 to 25 atm.
Table 1.3
Post-Restrictor Flow Rates as a Function of Collection
Vial Pressure For an Extraction Flow Rate of 1 mL/min
Gauge Pressure
Post-Restrictor Flow
Percent Reduction
(atm)
(mL/min)
From Unpressurized
397
Open vessel
64.1
84
5
22.1
94
15
12.4
97
25
Calculations were based on extraction at 400 atm and 100°C
with the collection vessel estimated to be at 10°C.
Densities were obtained from the Gas Encyclopedia (29) or by using the
SF-Solver software (distributed by Isco, Inc.). The post-restrictor
flow rates were then calculated using equation [1].
These decreased flow rates make trapping more efficient. For example, when trapping directly on
an open tube coated with sorbent, as with the SFE/GC method in Chapter three, breakthrough
time (tb), which is a measure of trapping efficiency, would be given by equation [2].

tb = L(1 + k)Πr2 / Flow RateAt Head of Column

2

[2]2

When trapping directly on the analytical column, the analytes must be retained on a short segment at the
head of the column in order to obtain good chromatography. In this context breakthrough time (tb) should
be thought of as the time required for the analyte peaks to migrate beyond the range of this segment.
Additionally, in this configuration, trapping efficiency should not be thought to increase with column
length (L).
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For solvent trapping there is no such equation, however, in all likelihood there would still be an
inverse relationship between trapping efficiency and the flow rate in the trap.

In addition to the flow rate effect, there are two other arguments that can be made for
maintaining a somewhat elevated pressure in the trapping region. First, in the gaseous region, a
moderate increase in pressure causes a reduction in the concentration of volatile analytes in the
gas phase. This is because at the higher pressures there will be a greater number of carbon dioxide
molecules in the gas phase. It follows from this that there will be a greater number of collisions.
Hence, there is a driving force “pushing” material out of the gas phase. Because this effect results
from the increased number of collisions with solvent molecules we refer to it as the collision
effect. This phenomenon is clearly seen in Fig 1.1, from reference 30. The Figure shows that the
mole fraction of naphthalene in the gas phase decreases as the pressure is increased. It is not until
Figure 1.1
Mole Fraction of Naphthalene in Solution as a Function of Pressure

Figure reprinted from reference 30.
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we begin to approach the critical pressure that this reverses and the concentration increases with
further increases in pressure. By working in the pressure range where the analytes have a
decreased concentration in the decompressed fluid, they will associate more with the trapping
solvent or stationary phase, as the case may be. In chromatographic terms we could say we are
increasing the retention factor (k), the effect of which is also manifested in equation [2] and
which results in an increase in trapping efficiency.

The final argument applies only to the case of solvent trapping. When the trap is pressurized, the
gas bubbles will be smaller in size as they are released from the restrictor and rise through the
trapping solvent. Two things result from this. The average distance the analytes must travel to
reach the liquid is decreased. Hence, there is a positive mass transfer effect by which movement
of analytes into the collection solvent is facilitated. Additionally, the volume of the “mobile
phase” (again using chromatographic terms) is reduced which would also increase k in equation
[2] thereby making trapping more efficient.

1.4

Importance of Avoiding Excessive Pressures
in the Trapping Region

It is important to realize that the pressure should not be elevated past the point where the carbon
dioxide becomes liquid or supercritical in the trapping region. As can be seen from the phase
diagram in Fig 1.2, the pressure at which the fluid is no longer gaseous will depend on the
trapping temperature. In fact, it will be shown subsequently that, at elevated pressures – even
while the fluid is still in the gaseous state – it will begin to acquire solvating power, making
trapping less efficient. This is also seen in Figure 1.1 where the solubility increases prior to
reaching the critical point. Hence, the phase diagram should not be thought of as a definitive
statement on the maximum pressure that can be used in a given situation. The issue of optimal
pressure ranges in considered in Appendix II. In addition when doing on-line coupling of SFE
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with a separation technique it is generally important that most of the modifier used in the
extraction evaporates quickly as it exits the restrictor and passes through the column or interface.
Excessive pressures make this difficult.
Figure 1.2
Carbon Dioxide Phase Diagram

Figure reprinted (and slightly modified) from reference 18.
TP = Triple point. CP = Critical point.

Another concern is that when an elevated pressure is maintained in the trap there will be less
pressure drop across the restrictor. As a result the Joule-Thomson cooling effect will be smaller
and the trap temperature will be higher than it otherwise would be. In order to gain some insight
into the importance of temperature in this regard we may first note that trapping, in SFE, is a gas
chromatographic process.3 Therefore, temperature will have the same effect as it does in gas

3

“Quasi gas chromatographic” may be a better term when discussing solvent trapping as a non-bonded
liquid is not a true stationary phase.
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chromatography. In Figure 1.3 data are plotted from the classic GC temperature study by Harris
and Habgood (31). The diagram plots GC retention volume (Vr) against temperature. Retention
volume is directly proportional to breakthrough time at constant flow, hence, it also is a measure
of trapping efficiency. The diagram shows that retention volume increases as temperature

Figure 1.3
Retention Volume as a Function of Temperature
For Elution of Analytes from a GC Column
600

Vr (mL)

500
400

Cl-toluene

300

Heptane

200

Hexane

100
0
0

100

200

Temp (C)

Data replotted from the 1964 study by Harris and Habgood, Ref 31.
Stationary phase described as “Apiezon L on Firebrick”.

decreases and that this effect becomes very pronounced at lower temperatures. Hence, the trap
temperature has a very significant effect on trapping efficiency. The issue of Joule-Thomson
cooling is less important for on-line methods as trapping does not occur immediately downstream
from the point of decompression.

These issues suggest that maintaining excessive pressures in the trapping region should be
avoided. This is not a cause for concern, however, as the previous discussion suggested that
excessive pressures will not be required.
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In summary, three areas can be identified where there is need for improvement in classical
supercritical fluid extraction techniques
•

Method development intensiveness for both off-line and on-line extractions.

•

Lack of flexibility in selection of extraction parameters. Particularly for on-line
work where very impractical parameters must often be used.

•

Issue of matrix-analyte interactions.

In this thesis we present data and/or arguments demonstrating that use of pressurized-trapping
techniques can substantially minimize all three concerns.
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Chapter Two
Improved Solvent Trapping at Elevated
Collection Vial Pressures

2.1 Introduction
Trapping of analytes from the effluent of a supercritical extractor is typically done after complete
decompression of the supercritical stream. As discussed in Chapter one, the sharp drop in density
causes a sharp increase in volumetric flow rate which makes the trapping of both volatile and
semivolatile analytes difficult and often results in loss of collection solvent.

Table 2.1 summarizes published work where solvent trapping has been achieved successfully
with volatile analytes. The first entry in the table represents the only paper – as far as we are
aware – where collection vial pressure was considered as a variable. The authors report that with
a collection vial pressure of 2 atm, and by maintaining the temperature at -20°C, they were able to
achieve quantitative recoveries of benzene and n-heptane in only 7 mL of CH2Cl2 (32).

In the absence of any collection vial pressure, volatile analytes such as toluene, acetophenone, noctane, and n-nonane typically require 15 mL of solvent and cooling of the collection vial, for a
30 minute extraction. Cases where smaller volumes have been used typically employ short
extraction times and focus on less volatile analytes. Burford et al. reported ~90% collection of
octane in only 2.5 ml of CH2Cl2, however, the extraction was only 10 minutes long and the trap
temperature was very cold. The authors reported that recoveries dropped below quantitative if the
restrictor temperature was raised above 100°C (33).
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Table 2.1
Solvent Trapping of Volatiles
Time
(min)

Flow
(ml/min)

Solvent/Volume
(mL)

Collect Vial
Temp (°°C)

30

1.5

CH2Cl2/7
(2 atm pressure)

- 20

CH2Cl2/15

NC

Various/15

5

30
30

2-2.4
0.3

15

0.5

Hexane/15
Hexane/5

2
2-5

40
15
10

0.6
1
1

CH2Cl2/2.5-10
CH2Cl2/3
CH2Cl2/2.5

5
NC
-20 - -30*

Most Volatile Analytes/
% Recoveries
Benzene / 102
Heptane / 102
Benzene / 90
Octane / 95
Acetophenone / 80-95
Dimethylaniline / 79-91
Nonane / 100
Toluene / 97
Nonane / 92-93
Dichlorobenzene / 99.8
Dimethyl phthalate / 100
Decane / ”quantitative”
Octane / 90-93

Ref
32

16
34

35
36
33

* Temperature may be somewhat higher during the first 2 minutes.
NC = Temperature not controlled

In the present study, the effect of different collection vial pressures were evaluated. The best
results were obtained at 25 atm. With the collection vial at 25 atm the trapping efficiencies of
different solvents were then investigated. Also considered were the effect of solvent volume,
extraction flow rate, collection solvent geometry, and restrictor temperature.

2.2 Experimental Methods
All extractions in this study were performed with a Prepmaster extractor (Isco-Suprex;
Lincoln,NE). Except where otherwise indicated the extractions were 30 min in duration, an
extraction flow rate of 1 ± 0.2 mL/min was maintained, and the collection vial pressure was set at
25 atm. Restrictor heating was only used for the data presented in Tables 2.6 and 2.7. The flow
was controlled by crimping the 1/16” stainless steel tube that connects the extraction vessel to the
bottom of the collection vessel. The end of the crimped line was then bent so that the part
immersed in the trap solvent was pointed in a downwards direction. The valve diagrams for each
step are depicted in Figure 2.1. Each run was begun by filling the extraction vessel with sand,
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spiking with 100 uL of the stock solution, and placing approximately 1 mL of solvent in the
collection vessel. First the trap, and then the extraction vessel, were pressurized (step 1 and 2
respectively). There was a four second delay in the static/dynamic valve change on going from
step 1 to step 2. Once the entire system was pressurized the dynamic extraction / trapping step
was begun. At the end of the run, the collection vessel was depressurized by carefully loosening
the nut and ferrule at the top of the vial. Forty microliters of a 70 ug/mL dichlorobenzene

Figure 2.1
Valve Diagrams for Pressurized Solvent Trappinga
Step 1: Trap Pressurization

Step 2: Vessel Pressurizationb
Back pressure regulator

Back pressure regulator
plug
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Step 3: Dynamic Extract/Trap

Step 4: Depressurize
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plug
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5
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4
5

Collection Vessel

6
1

plug
Line Crimped

SFE
Pump
a

S = static, D = dynamic; A and B are arbitrary designations of valve position.
b
The static/dynamic valve change was delayed 4 seconds in step 2.

internal standard solution in acetone were then injected into the collection vessel. The contents of
the vessel were mixed by expelling air into the liquid several times with a disposable pipet and a
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portion of the solvent was pipetted into an autosampler vial for GC analysis. For the runs using 2
mL of collection solvent, the volumes of spiking and internal standard solutions were doubled.

Extractions were conducted with a 3.5 mL stainless steel vessel (Keystone Scientific;
Bellefonte,PA). A 5 mL stainles steel extraction vessel (also from Keystone) – with a 7 mm
internal diameter – was used as the collection vial. The frits were removed from both ends of the
collection vessel and were replaced with hollowed-out frit rings (Upchurch Scientific; Oak
Harbor, WA). Additionally, the narrow opening in the endcap of the extraction vessel was drilled
to 1/16”. This allowed the restrictor line to be inserted into the bottom of the vessel. The larger
opening was also important to insure that the collection vessel pressure was equivalent to that set
on the regulator, as the narrow opening at the top of the vessel would have created a
backpressure, thus elevating the pressure in the vial. A 1/16” OD, 0.03” ID line connected the
collection vessel to the backpressure regulator (Process Instruments; Cross Lanes, WV). All other
lines had an internal diameter of 0.01”. For the heated runs, heating tape was wrapped around a 6
inch portion of the line that leads into the bottom of the collection vessel.

A Gasoline Range Organics mixture was obtained (Restek; Bellefonte, PA) containing isooctane,
benzene, toluene, chlorobenzene, ethylbenzene, m-xylene, 1,2,4-trimethylbenzene, and
naphthalene. A chlorobenzene stock solution was prepared separately. From these two stocks a
working solution was prepared. The solution used for the first portion of the study (evaluation of
collection vial pressure) contained all analytes at 40 ug/mL in methanol. For the remainder of the
study, a solution prepared in CH2Cl2 at the equivalent concentration was used.

A Hewlett-Packard model 5890 Series II GC with a model 5972 mass spectrometer (Wilmington,
DE) was used to analyze the extracts. The injector temperature was 310°C and the mass
spectrometer transfer line (detector B) was set at 280°C. The GC column head pressure was held
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at 18 psi for 1 minute. After injection, the pressure was ramped down to 5 psi. A constant helium
flow of 1.7 mL/min was maintained for the remainder of the run. The column temperature was
held at 35°C for 4 minutes, ramped at 5°C/min to 80°C, then ramped at 25°C/min to a final
temperature of 220°C. A 15 meter Rtx-20 column (20% phenyl / 80% methyl polysiloxane) was
used with a 0.25 mm ID and 0.5 um film thickness (Restek; Bellefonte, PA). A 10 meter length of
guard column was placed between the injector and the column. A half microliter of solution was
injected at a split ratio of 1:4.

To normalize for losses which were expected to occur with some of the more volatile analytes, as
well as for the effect the expansion volumes of the different solvents may have on quantitation, a
calibration standard was prepared each day from the same stocks used for spiking and in the
solvent used for collection.

The collection solvent volumes reported throughout the chapter are final volumes. An additional
increment of trap solvent was added at the beginning of the run such that the desired volume of
solvent resulted at the end of the extraction. It was found that most of the solvent loss occurred
before the dynamic extraction begins (Figure 2.1, step 1). Therefore, the reported volumes should
represent, reasonably well, the volume at which the actual extraction occurred.
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2.3 Results and Discussion

Theoretical Background
As discussed in Chapter 1 there are several factors that suggest that more efficient solvent
trapping should be obtained if the collection vessel is pressurized:
•

The flow rate through the collection solvent will be reduced.

•

Due to the collision effect a larger fraction of analytes will be in the solvent phase at
any given time (if working in the appropriate pressure range; see Figure 1.1).

•

The smaller diameter gas bubbles will facilitate more rapid mass transfer of analytes from
the gaseous carbon dioxide into the collection solvent as well as reducing the volume of
the gaseous fluid, or “mobile phase” in chromatographic terms.

There is no formula that relates flow rate and rate of analyte loss for a liquid trap. However, for
both packed and open-tubular traps, equations can be derived which show that the two parameters
are inversely proportional. For solvent trapping the relationship may be less straightforward.
What is important is that the rate of analyte loss is strongly dependent on the fluid flow rate.

The data presented in Table 1.3 have demonstrated that very substantial reductions in the
decompressed flow rate may be obtained by moderate elevation of the collection vial pressure. A
maximum pressure of 25 atm was chosen for this study because at this pressure the fluid remains
gaseous even at temperatures down to -5°C (see Fig 1.2). Joule-Thompson cooling occurs to a
lesser extent with this approach because there is less of a pressure drop. It was thought unlikely
that the temperature would fall below -5°C during the extraction.

Trapping Data at Variable Pressures
In what follows quantitative is defined as having a recovery ≥ 90%. The first experiments were
concerned with demonstrating that recoveries could be improved by pressurizing the collection
vial. Data points were obtained with collection vial pressures of 5, 15, and 25 atm, as well as with
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an open collection vessel, at dynamic extraction times of 15, 30, and 60 minutes. Two mL of
ethanol were used for collection. Each data point is the average of three replicate extractions. The
RSD’s are ≤ 4% in almost all cases, but rise into the mid 20’s in a few cases where the recoveries
are quite low. In Fig 2.2 the data are plotted for the three most volatile analytes as well as for
naphthalene. A clear increase in recovery with increasing collection vial pressure is observed.
There does appear to be an effect of diminishing returns. For example, a fairly small difference
was observed between values at 15 and 25 atm. This is logical as it matches the pattern of
decreasing flow rates in Table 1.3. This also explains why some success can be realized with trap
pressures as low as 2 atm (32).

Evaluation of Trap Solvents and Solvent Volumes
The next set of analysis were focused on evaluating the effect of different trap solvents and
solvent volumes. The data are presented in Table 2.2. The viscosities of each solvent are also
indicated in the Table in units of centipoises (cP). All viscosities correspond to a temperature of
20°C. Data, are in the form of percent recovery, with RSD’s in parentheses.

As one would anticipate, pentane and methylene chloride showed better recoveries, in almost all
cases, than acetone or alcohol solvents. With pentane, even isooctane was quantitatively trapped
in 1 mL of solvent. However, the difference in recoveries obtained with different solvents was
less pronounced than would be anticipated.

That recoveries should increase with larger volumes of trap solvent is intuitive and has been
demonstrated in the literature. For example, the recovery of naphthalene was observed in 5 and
15 mL of acetone and found to increase from 70 to 86% (37). Similarly, it was shown that for
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Figure 2.2
Recovery as a Function of Collection Vial Pressurea

a

Each point represents a separate experiment.
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Table 2.2
Evaluation of Different Trap Solvents and Solvent Volumes:
% Recovery (RSD)a
Solvents
Volume 1 mL
Compounds
Isooctane
Benzene
Toluene
Chloro
benzene
Ethyl
benzene
m-Xylene
Trimethyl
benzene
Naphthalene
a

Solvents
Volume 2 mL

Pentane
0.24 cP

CH2Cl2
0.44 cP

Acetone
0.32 cP

MeOH
0.59 cP

EtOH
1.36 cP

IPA
2.50 cP

Pentane
0.24 cP

EtOH
1.36 cP

91.6 (1.6)

82.6 (0.60)

79.9 (0.51)

63.4 (10)

69.5 (6.5)

74.4 (5.4)

90.9 (0.50)

78.7 (0.45)

95.8 (1.6)

102

101 (2.2)

86.6 (8.4)

86.3 (3.7)

85.0 (4.4)

97.2 (0.024)

98.1 (0.11)

92.2 (2.7)

92.3 (0.87)

95.4 (0.25)

86.3 (5.5)

87.1 (1.8)

88.0 (3.6)

91.8 (0.31)

92.3 (0.34)

94.0 (3.4)

93.7 (0.56)

92.4 (0.54)

93.5 (4.0)

93.0 (1.8)

93.0 (2.6)

93.1 (0.38)

97.1 (0.10)

95.0 (3.8)

94.3 (0.84)

92.4 (0.41)

92.2 (3.7)

92.7 (1.7)

93.0 (2.5)

94.7 (0.005)

96.5 (0.055)

95.3 (3.3)

94.9 (0.86)

91.8 (1.0)

92.0 (3.3)

92.5 (1.9)

93.7 (2.9)

94.7 (0.37)

96.2 (0.050)

97.6 (4.6)

96.3 (1.2)

93.0 (0.33)

95.8 (2.2)

97.4 (1.0)

96.2 (0.81)

97.0 (0.11)

98.1 (0.36)

98.0 (4.3)

97.9 (0.74)

96.2 (0.70)

98.4 (1.3)

102

97.7 (0.03)

99.4 (0.32)

99.9 (0.81)

(0.73)

(1.1)

Collection vessel at 25°C for all runs. Viscosity data correspond to a
temperature of 20°C. cP = Centipoises.

benzene, recovery in 8 vs 15 mL of CH2Cl2 increased from 60 to 90% (32). There are only two
studies (as far as we are aware) where successful trapping of analytes as volatile as C8 or benzene
have been reported. One required either 7 mL of CH2Cl2 with 2 atm pressure and cooling down to
- 20° C or 15 mL of CH2Cl2 without pressure or cooling (32). The second study used only 2.5 mL
of CH2Cl2, however, the extraction was only 10 minutes long and the temperature was in the -20 -30°C range (33). The fact that recoveries in Table 2.2 were generally quantitative for all but the
isooctane results, when trapping in only 1 or 2 mL of solvent - including poor trapping efficiency
alcohol solvents - is a testament to the improvement in trapping efficiency gained by virtue of
elevating the collection vial pressure.
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It is also interesting to note there appears to be no correlation between trapping efficiency and
viscosity. This is particularly noteworthy with the alcohol solvents as there are large differences
in viscosity but fairly small differences in recovery.

Effect of Collection Solvent Geometry
The effect of collection solvent geometry was evaluated by comparing the results obtained with a
given volume of solvent vs the equivalent volume with 6 glass inserts, 2 mm ID by 5 cm in
length, added to the collection vial. The data are presented in Table 2.3 along with the calculated
height of the solvent layer for each case. There was virtually no difference observed with either 1
or 2 mL of trap solvent. In the 2 mL data the benzene result seems notably higher without inserts,
however, this is not of concern as some erratic behavior was observed for benzene throughout the
study which is believed to result from some type of azeotrope effect.

Previous work with 2.5 mL of an unspecified solvent demonstrated a difference in recovery for
carvone (82.6 vs 93.3%) when the height of the layer was 8 vs 22 mm (35). Although this
difference is fairly small, it is significant considering their extraction time was only 10 min. The
Table 2.3
Effect of Collection Solvent Geometry:
% Recovery (RSD)
1 mL Ethanol

2 mL Ethanol

Without
Inserts
(26.0 mm)

With
Inserts
(50.9 mm)

Without
Inserts
(52.0 mm)

With
Inserts
(76.7 mm)

Isooctane

69.5

(6.5)

72.2 (1.7)

78.7 (0.45)

74.3 (2.0)

Benzene

86.3

(3.7)

86.4 (2.6)

98.1 (0.11)

92.6 (1.2)

Toluene

87.1

(1.8)

87.7 (2.0)

92.3 (0.34)

90.8 (0.25)

Chlorobenzene

93.0

(1.8)

94.5 (0.82)

97.1 (0.10)

95.3 (0.85)

Ethylbenzene

92.7

(1.7)

94.5 (0.41)

96.5 (0.055)

94.5 (0.92)

m-Xylene

92.5

(1.9)

95.3 (0.41)

96.2 (0.050)

94.4 (0.79)

Trimethylbenzene

97.4

(1.0)

97.9 (2.3)

98.1 (0.36)

97.7 (1.2)

Naphthalene

102

(1.1)

99.9 (4.1)

99.9 (0.81)

Compounds

101

(0.82)

26

fact that we generally observed no significant effect with more volatile analytes, in only 1 mL of
ethanol, is further evidence for the improvement in trapping efficiency may be obtained by the
elevated trap pressure.
Effect of Flow Rate
Data demonstrating the effect of flow rate are presented in Table 2.4. With 2 mL of collection
solvent, a somewhat elevated isooctane result was observed at a flow of 0.4 mL/min. Very weak
trends were observed for the other analytes. When only 1 mL of solvent was used for collection, a
discernable trend was observed for isooctane, benzene, and toluene. Trends were barely
noticeable for other analytes.

Although few studies have focused on the effect of flow rates on the solvent trapping of volatiles,
substantial effects have been reported. Lengenfeld et al. (35) showed a drop in recovery of
α-pinene when the flow was raised from 0.3 to 1.2 mL/min (94.5 to 76.6%). They used an
extraction time of 30 min and 5 mL of solvent. Ashraf-Khorassani et al. stated that decreasing
flow from 2 mL/min to 0.9 mL/min – while doubling the length of the extraction to one hour –
led to a drastic increase in the recovery of naphthalene (<20 to >90%) in 2 mL of CH2Cl2 (17).
Again, in our work we are noticing less of an effect than has been observed previously.

Effect of Restrictor Line Heating
Finally, the effect of restrictor line heating was evaluated, Tables 2.5 and 2.6. It was found that
heating the restrictor did cause a small decrease in the recoveries of the volatile analytes in 1 mL
of solvent. The effect was less noticeable when collection was performed in 2 mL, particularly
with pentane as solvent. Surprisingly, there was very little difference in the results with line
temperatures between 100, 150, and 200°C.
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Table 2.4
Effect of Extraction Flow Rate:
% Recovery (RSD)
1 mL ethanol

2 mL ethanol

0.4 mL/min

1 mL/min

0.4 mL/min

1 mL/min

1.5 mL/min

Isooctane

77.8 (6.2)

69.5 (6.5)

64.7

(1.7)

85.6 (3.2)

78.7 (0.45)

76.0 (0.70)

Benzene

92.0 (4.0)

86.3 (3.7)

86.1

(1.4)

92.4 (3.1)

98.1 (0.11)

99.5 (2.7)

Toluene

89.6 (2.9)

87.1 (1.8)

83.4

(1.9)

93.4 (2.4)

92.3 (0.34)

89.8 (0.76)

Chlorobenzene

92.0 (1.7)

93.0 (1.8)

91.7

(2.4)

94.8 (1.6)

97.1 (0.10)

95.4 (0.55)

Ethylbenzene

93.4 (1.7)

92.7 (1.7)

90.9

(2.5)

96.6 (1.5)

96.5 (0.055)

95.6 (1.2)

m-xylene

93.1 (1.9)

92.5 (1.9)

91.0

(2.4)

96.7 (1.3)

96.2 (0.050)

94.8 (1.7)

Trimethylbenzene

95.3 (1.1)

97.4 (1.0)

95.0

(2.2)

99.6 (0.81)

98.1 (0.36)

97.9 (1.6)

Naphthalene

98.9 (0.53)

102

99.8

(1.3)

103 (0.94)

99.9 (0.81)

102 (0.91)

Compounds

(1.1)

1.5 mL/min

It is interesting to note that, even with classical solvent trapping, the effect of restrictor heating is
not as drastic as one might expect. It has been demonstrated that, at temperatures ≤ 200°C,
recoveries are not affected for naphthalene (in 15 mL acetone for 45 min)(37), n-octane (in 2.5
mL of CH2Cl2 for 10 min)(33), or for n-nonane (in 5 mL of hexane for 30 min)(34).

Although we did not have cryocooling capability on our system, the benefit of trapping at lower
temperatures was evaluated by exploiting the Joule-Thompson cooling effect. In these runs the
system was held in the trap-pressurization stage for 15 minutes before moving to the next step.
In this stage, extraction fluid flows though the collection vial, but not the extraction vessel, and
some cooling of the collection solvent occurs. The result was a noticeable increase in recoveries
such that benzene was quantitative in 1 mL of ethanol with the restrictor at 200°C, Table 2.6.
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Table 2.5
Effect of Restrictor Line Heating with Pentane as Trap Solvent:
% Recovery (RSD)

100°°C

1 mL
Pentane
150°°C

200°°C

2 mL
Pentane
200°°C

Isooctane

84.4 (0.74)

85.5 (1.1)

83.3 (3.7)

92.8 (0.019)

Benzene

93.6 (0.21)

93.3 (1.6)

87.0 (7.4)

100

Toluene

87.6 (0.72)

88.8 (0.81)

85.8 (3.6)

93.4 (0.011)

Chlorobenzene

90.7 (0.54)

91.7 (0.96)

89.2 (3.1)

95.5 (0.033)

Ethylbenzene

91.6 (0.70)

92.9 (0.98)

91.1 (2.6)

95.7 (0.035)

m-Xylene

91.2 (0.57)

92.5 (1.2)

91.0 (2.2)

95.4 (0.10)

Trimethylbenzene

93.6 (0.80)

95.7 (0.49)

94.6 (1.3)

96.0 (0.12)

Naphthalene

95.4 (0.58)

97.2 (0.76)

97.0 (0.70)

98.9 (0.35)

Compounds

(0.72)

Table 2.6
Effect of Restrictor Line Heating with Ethanol as Trap Solvent:
% Recovery (RSD)
1 mL Ethanol
with 15 min
Pre-cool
200°°C

200°°C

2 mL
Ethanol
200°°C

Isooctane

62.5 (0.99)

59.3 (4.7)

64.9 (0.52)

72.6 (2.6)

68.2 (1.2)

Benzene

82.0 (1.4)

78.8 (3.9)

85.9 (0.062)

92.6 (2.5)

94.2 (1.4)

Toluene

82.1 (1.6)

80.8 (3.0)

86.1 (1.2)

90.9 (0.78)

88.9 (0.65)

Chlorobenzene

89.1 (2.8)

89.1 (2.2)

91.4 (0.82)

96.4 (0.77)

95.2 (1.9)

Ethylbenzene

87.5 (2.9)

88.0 (2.1)

90.8 (0.98)

96.6 (1.2)

94.9 (1.6)

m-Xylene

87.7 (2.6)

88.3 (1.8)

90.6 (0.73)

96.2 (1.2)

94.6 (2.3)

Trimethylbenzene

90.7 (3.4)

92.4 (1.2)

93.1 (1.6)

100

(0.67)

97.7 (2.6)

Naphthalene

93.2 (4.7)

96.0 (1.1)

95.0 (1.4)

101

(0.97)

100

Compounds

100°°C

1 mL
Ethanol
150°°C

(5.1)
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2.4 Conclusion
It has been shown that solvent trapping can be improved considerably by maintaining an elevated
pressure on the collection vessel. For a 30 minute extraction, at a 1 mL/min flow rate, with the
restrictor line at 200°C, recoveries were quantitative down to chlorobenzene in only 1 mL of
ethanol, with benzene and toluene recoveries just below quantitative. By keeping the system in
the trap pressurization stage for 15 minutes, which allowed cooling of the collection solvent
prior to extraction, the range of analytes recovered quantitatively was extended down to benzene.
With pentane as the collection solvent, or with 2 ml of ethanol, similar results were obtained
without pre-cooling. It should be noted that a cooling interval of 15 minutes was selected
arbitrarily. Most likely, much shorter time periods are all that would be required. In Appendix III
an alternate valve diagram is recommended that would allow the entire system to pressurize in
one step and where the collection vessel would automatically be cooled during this process.

The Joule-Thompson effect was less pronounced in this study as there was less of a pressure drop
than would occur with classical solvent trapping. As a result, the collection vial temperatures
were somewhat higher than would normally be the case (even when precooling was used). Given
the importance of trap temperature, it is encouraging that good results were obtained despite this
fact. If a system were designed with the capability to cryocool the collection vials, it is expected
that quantitative recoveries could be achieved with even smaller volumes and/or with more
volatile analytes. However it seems that, for the vast majority of applications, quantitative
recoveries could be obtained without any external cooling mechanism.

The effect of different solvents, solvent volumes, restrictor line temperatures, and flow rates on
volatile compound recovery were generally less than has been observed with unpressurized
trapping. Essentially no effect was observed for collection solvent geometry.
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By making solvent trapping more efficient and less sensitive to the above-mentioned variables, it
is expected that the need for sorbent trapping would be virtually eliminated. In addition, when
trapping at these pressures, very little loss of the collection solvent was observed. These factors
have the potential to greatly simplify off-line supercritical fluid extraction, eliminating virtually
all of the factors in Table 1.2, and making the technique far more user friendly.
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Chapter Three
SFE/GC With Quantitative Transfer of the Extraction Effluent to a
Megabore Capillary Column

3.1 Introduction
The on-line coupling of extraction and separation techniques is highly beneficial. The resulting
process is far less labor intensive than off-line analysis. Opportunity for the sample to become
contaminated, or for analytes to volatilize or degrade, are minimized. On-line methods also offer
improved sensitivity in cases where all extracted analytes are transferred to the separation
column. The primary obstacle to accomplishing on-line coupling is that chromatographic systems
cannot tolerate the large volume of liquid solvent typically used in the extraction. Gases, by their
nature, have a tendency to “self-evacuate”, hence, gas-phase methods such as purge-and-trap and
thermal desorption, have always been done on-line. These methods, however, cannot recover
non-volatile analytes.

Burford et al. have noted that extractions with supercritical fluids are ideal, in many ways, for online coupling (38). Because these fluids have solvent strengths approaching those of liquids, they
are capable of extracting a wide range of non-volatile compounds from a variety of matrices.
Under ambient conditions these fluids become gaseous, and hence, are easy to eliminate from the
system. In addition, supercritical fluid extractions tend to be more selective than extractions with
conventional solvents. This is important as quantitative transfer of the effluent implies that large
amounts of contaminant material may be transferred as well. This co-extracted material can
obscure the peaks of interest and affect the performance or lifetime of the column.
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However here, as with off-line SFE, the issue of high decompressed flow rates is problematic. It
is because of these high flow rates that SFE/GC has, thus far, been an impractical technique, and
the sensitivity of the technique has been limited as poor trapping efficiency has restricted analysts
to the use of very small extraction vessels and/or large split ratios. The status of SFE/GC was
thoroughly reviewed several years ago (38). A brief overview is provided here.

Analysts have generally taken one of three approaches to on-line SFE/GC. Some researchers have
made use of external traps as an interface between the two systems (39-47). These traps generally
have larger active cross-sections than open tubular columns which result in lower linear
velocities. If packed with sorbent, a lower phase ratio is possible. Both of these factors should
result in more efficient trapping. However, the increased retention and larger dead volume mean
that a greater flow rate, per unit time, will be needed to desorb the analytes and efficiently
transfer them to the column. Hence the ultimate objective, to avoid introducing an excessive flow
to the GC, is partly defeated. The use of inert materials such as stainless steel or glass should
lessen this concern, however, these materials do not trap many analytes efficiently even under
cryogenic conditions. As a result of these issues, as well as the additional hardware required, it is
preferable to avoid the external trapping approach.

Trapping directly on the analytical column - internal trapping - largely avoids these complications
and requires less hardware, however, most GC separations use capillary columns which have
small internal diameters (0.1 to 0.53 mm). When the high flow from the SFE is delivered to the
head of a capillary column, a very high linear velocity results. Consequently, transfer of the entire
effluent from a supercritical extractor to a capillary column has not been possible. One approach
has been to depressurize the effluent in a conventional injection port with the split valve open:
which we refer to as the internal/split approach (46,48-52). The split ratios used are typically
such that at least 95% of the analytes are vented, hence, the sensitivity advantage we hope to gain
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from an on-line technique is lost. In one or two cases a time-split approach has been used instead
of a continuous split. In these cases, the flow is directed on-column for very short periods of time
such as 10 (53) or 3 (54) seconds.

The alternative to decompression in the injection port is to place the restrictor directly into the
analytical column: which we call the internal/on-column approach (40, 55-63). Splitting still
occurs in this configuration as the majority of the decompressed fluid “backs out” of the column.
However, there have been a few papers that have used this approach and reported quantitative
transfer of the analytes, despite the fact that the transfer of extraction fluid was not quantitative.
This was due to retention of the analytes by the column’s stationary phase (58-60). The
parameters used in these studies are summarized in Table 3.1. As is clear, these methods have
been restricted to extraction parameters that are not very practical: small extraction vessels, low
flow rates, and short dynamic extraction times. Generally, subambient temperatures have been
required. The majority of real-world applications cannot be handled given these limitations.

Table 3.1
On-line SFE/GC Studies With Quantitative Transfer of Analytes
Using the Internal/On-column Approach
Vessel Volume
(mL)
0.3
0.1
0.3

Extraction
Flow Rate
(mL/min)
N/A (15 – 25 um)
N/A (25 um)
0.4

Dynamic
Extraction Time
(min)
10 – 15
10
10

Trapping
Temperature
(°°C)
-30 – 5
5
-30 – 5

Reference
58
59
60

N/A = Flow rate not given. Restrictor ID provided instead.

There are also inconveniences with respect to flow control with the internal/on-column method.
For example, it has not been possible to use a variable restrictor in this configuration. They are
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too bulky to fit directly into the head of a capillary column.1 Additionally, they do not work well
at the low flow rates that analysts have been forced to use. Narrow fused silica restrictors are
generally used instead. These make the control of flow rate difficult and need to be frequently
replaced.

In this study, supercritical fluid extraction (SFE) was directly coupled with gas chromatography
such that the entire extraction effluent was directed onto the GC column. A sealed connection
between the restrictor and the column ensured that no loss of analyte could occur. The elevated
pressure generated in the column itself resulted in a reduced flow rate at the head of the column,
making efficient trapping possible. Metal-jacketed capillary columns were used as they can
tolerate elevated pressures. In addition to maximizing sensitivity, very practical extraction
parameters were possible.

3.2 Experimental
A Prepmaster supercritical fluid extractor (Isco-Suprex; Lincoln,NE) was used with a model 5890
Series II gas chromatograph (Hewlett-Packard; Wilmington, DE). These components were
interfaced by way of a six-port valve with 1/16” fittings and a type E rotor (Valco; Houston, TX).
A 2 mL vessel was used for all extractions (Keystone Scientific; Bellefonte, PA). The vessel was
packed with sand and spiked with 2 uL of stock solution at the beginning of each run. For direct
injection of standards an equivalent volume was injected using the splitless technique with a 2
minute purge time.

1

If quantitative trapping is to be accomplished, the restrictor must be placed inside the analytical column
so that the analytes contact a cool stationary phase upon decompression. Otherwise they will exit the
system with the bulk of the extraction fluid.

35

The valve diagrams for each step are depicted in Figure 3.1. The static/dynamic (S/D) valve and
the A/B valve were part of the supercritical extractor and were controlled by the SFE software.
The trapping/chromatograph (T/C) valve was installed separately and was controlled by the GC.
Heating tape was used to keep the T/C valve at 270 ± 10°C. The guard and analytical columns
were located inside the GC oven, and the T/C valve was mounted directly on top of the oven. The
backpressure regulator was obtained from Process Instruments (Cross Lanes, WV).

During the dynamic extract/trapping step, the column was maintained at either 40°C or 6°C: the
latter by placing the column in a large beaker of ice water. After trapping, the system was held in
the depressurization stage for 40 seconds before beginning the separation. This allowed
complete depressurization to occur prior to the chromatographic step.

All extractions were performed at 400 atm and 95°C with carbon dioxide as the extraction fluid.
The 1/16” OD, 0.01” ID stainless steel line going into T/C port 6 was crimped at the end such that
the desired flow rate was obtained, then filed on the sides so that it fit into the valve port. For
most of the study, two restrictor lines were used to maintain the extraction flow rate at 0.7 or 2.2
mL/min, within a range of ± 0.2 mL/min. These are subsequently referred to as the low-flow and
high-flow restrictors respectively. All other stainless steel lines were 1/16” OD, 0.02” ID
(essentially the same ID as the analytical columns).

For the non-polar analytes, a 15 meter MXT-5 column (5% phenyl / 95% methyl polysiloxane)
was used with a 0.53 mm ID and a 1.5 um film. For the polar analytes an MXT-50 column
(50% phenyl / 50% methyl polysiloxane) was used with equivalent dimensions. A 10 meter
guard column was used in both cases. The analytical and guard columns were obtained from
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Restek (Bellefonte, PA). Use of metal-jacketed columns allowed application of the elevated
pressures required in the study and resulted in a rugged system.

Figure 3.1
Valve Diagrams for SFE/GC
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The column segment connecting the injection port to the T/C valve was 10 meters in length with
a 0.28 mm ID, also metal jacketed (although this length of column experiences no excessive
pressure). The narrower diameter used here made the control of flow easier during the
chromatographic step. A constant GC head pressure of 15 psi was maintained during the
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separation. Helium was used as the carrier. The injector and detector were set at 280°C. With the
non-polar column, the oven was held at 40°C for 2 minutes, then ramped at 15°C/min to a final
temperature of 280°C, and held there for 5 minutes. An identical program was used with the
moderate polarity column except that the final temperature was 240°C.

Both a non-polar and a polar analyte mix were evaluated. The non-polar analyte mix contained
the following at 50 ug/mL in hexane: n-nonane (C-9) (does not appear in any of the figures);
dichlorobenzene; naphthalene; n-tetracosane (C-14); acenaphthene; anthracene; n-nonadecane
(C-19); n-eicosane (C-20); pyrene; chrysene; n-octacosane (C-28). The polar analyte mix
contained the following at 100 ug/mL in methylene chloride: phenol; isophorone and
nitrobenzene (appear as combined peak in figures); 2,4-dinitrotoluene; 2,6-dinitrotoluene;
phenanthrene; di-n-octyl phthalate.

3.3 Results and Discussion
Theoretical Background
The following equation, describes the way various parameters affect breakthrough time (tb) on an
open tubular column. Since trapping in this type of system is a chromatographic process, and
because we are trapping on a capillary column, we may use this equation to model trapping
efficiency by considering that anything which increases tb translates to more efficient trapping.
tb = L (1 + k)Πr2 / Flow rateAt Head of Column

2

[1] 2

Because we are trapping directly on the analytical column, the analytes must be retained on a short
segment at the head of the column in order to obtain good chromatography. In this context, breakthrough
time (tb) should be thought of as the time required for the analyte peaks to migrate beyond the range of this
segment. In addition, in this configuration, trapping efficiency should not be thought to increase with
column length (L).
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Table 3.2 demonstrates the effect of column head pressure on flow rate. Densities were obtained
from the Gas Encyclopedia (29) or by using the SF-Solver software (distributed by Isco, Inc.).
The head-of-column flow rates were then calculated using equation [2].
FlowHead of Column = FlowExtraction Vessel (ρExtraction Vessel/ρHead of Column)

[2]

Table 3.2
Flow Rate Through Column as a Function of Column Pressurea
Pressure at Head
of Column
(atm)
b

Flow Rate at Head of Column (mL/min)
For 0.7 mL/min
For 2.2 mL/min
extraction flow rate
extraction flow rate

Percent Reduction
From Flow at
2.02 atm

2.02

156

489

-

15
30
45
60

20
9.1
5.5
3.6

62
28
17
11

87
94
97
98

a

Values were calculated based on an extraction at 400 atm and 95°C,
with the chromatographic column at 40°C.

b

This is the absolute pressure that corresponds to a set head pressure of
15 psi. This represents a typical pressure at the head of a 0.25 mm ID capillary
column (most commonly used in previous methods) when there is no sealed
connection with the supercritical extractor: such as with the internal/on-column
configuration.

When fluid moves through a capillary column a gradient exists such that the pressure decreases
on going from the head, towards the end, of the column. The Hagen-Poiseuille equation [3]
describes exactly how the variables involved affect the pressure. The pressure at the head of the
column (pHC) is a function of the pressure at the back end of the column (pEC), the distance
between these points (L), as well as the viscosity of the gas (η), and the flow rate, measured at the
column outlet (Fc). There is also a very strong dependence on the column’s internal radius (r).
pHC = (Fc16ηLpEC / Πr4 + pEC2)1/2

[3]
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Increasing the pressure at the head of the column can be accomplished in three ways. A narrower
ID column can be used, a longer column can be used, or the end of the column may be
pressurized. The relative merits of these approaches are considered in Appendix II.

There are other factors that effect trapping efficiency on an open-tubular column. The
composition and thickness of the stationary phase, as well as the oven temperature manifested in
the capacity factor (k) of equation [1]. The internal radius (r) would seem to be particularly
important as this parameter is squared, however, as discussed in Appendix II, trapping efficiency
is essentially independent of the internal radius of the column.

As discussed in Chapter one, the collision effect will also be a potential advantage here. Hence,
in summary, we may say that by doing on-line SFE/GC such that a somewhat elevated pressure
exists at the head of the column, better trapping efficiency is expected due to two factors:
•

The flow rate effect, i.e. the flow rate at the point of trapping will be reduced.

•

The analytes will associate more with the stationary phase due to the
collision effect (assuming the pressure is not beyond the ideal range
- see Figure 1.1 and brief discussion in Appendix II).

Pressure Study
The first experiments were concerned with demonstrating the effect of different column endpressures on the trapping efficiency of the system with non-polar analytes. The high-flow
restrictor was used for these runs with the column at 40° C and a 25 min dynamic extraction time.
Chromatograms are depicted in Figure 3.2. At 60 atm, anthracene was the most volatile analyte
recovered. At 45 atm, tetradecane and acenaphthene were also present, though peak shapes were
poor. At 30 atm, these two peaks were somewhat sharper. Although difficult to see, there was
some benefit to trapping 15 and 30 atm compared to trapping at 1 atm (no regulator).
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Figure 3.2
Trapping Efficiency as a Function of Column End-pressure

a

10

60 atm
7

8

11

9

6

b

10

45 atm
7

8

11

9

6
4

c

5

30 atm

7

8 9

7

8 9

10
11

6
4

d

5

15 atm

10
11

6
4

e

5

7

Column end unpressurized
6
4

8

9

10
11

5

Peak identification: 4, tetradecane; 5, acenaphthene; 6, anthracene;
7, nonadecane; 8, eicosane; 9, pyrene; 10, chrysene; 11, octacosane.
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It is important to realize that “no regulator” simply means that the back end of the column was
unpressurized. There is still an elevated pressure at the head of the column, the magnitude of
which is controlled by the variables in equation [3]. According to our calculations, when the back
end of the column is unpressurized a pressure of 6.8 atm was generated at the head of the column,
and the flow rate was reduced by a factor of 7. The chromatograms suggest that, at some of the
higher column end-pressures, the pressure at the head of the column became excessive. As a
result of which, the fluid acquired solvating power and trapping was less efficient.

Because reasonably good trapping efficiency was obtained without a regulator, the remainder of
the study was conducted with nothing but a 4” line with a .02” ID connected to T/C port 5.

Effect of Flow Rate, Dynamic Extraction Time, and Column Temperature
The next set of analyses were concerned with evaluating the effects of several parameters on
trapping efficiency. With the low-flow restrictor, and the trapping column at 40°C, the most
volatile analyte recovered was tetradecane. As seen in Figure 3.3, tetradecane and acenaphthene
had good peak shapes in the 12.5 min run but became less sharp with longer extraction times, as
would be expected. Surprisingly, the situation was not very different with the high-flow restrictor
despite the fact that the extraction flow rate was larger by approximately a factor of 3. The only
difference, depicted in the insets of Figure 3.3, was that the early eluting analytes were not as well
focussed. The other peaks were identical to the low flow data.

With the low-flow restrictor and the column at 6°C, napthalene was recovered with good peak
shape even with long extraction times, Figure 3.4. In the 12.5 minute run the dichlorobenzene
peak was observed, however, the peak shape was quite poor. Here again we observed that a three-
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Figure 3.3
Trapping Efficiency as a Function of Extraction Time and Extraction
Flow Rate: Column at 40°Ca
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Figure 3.4
Trapping Efficiency as a Function of Extraction Time and Extraction
Flow Rate: Column at 6°Ca
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fold increase in flow rate had much less of an effect than would be expected. The only observable
difference was a somewhat degraded peak shape for naphthalene, Figure 3.4 insets. Again, other
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peaks were identical to the low flow data. The modest effect of flow rate on trapping efficiency
can be understood. In this type of system, a faster extraction flow rate results in a greater
pressure, and hence a greater fluid density, at the head of the column (equation [3]). The elevated
density at the head of the column will offset the effect of the larger extraction flow rate to some
extent (equation [2]).

To investigate the possibility of using still higher flow rates, the high-flow restrictor was adjusted
to give an extraction flow rate of 3.8 mL/min. For a 25 minute extraction with the column at 40°
C, analytes as volatile as anthracene were efficiently trapped and separated, Figure 3.5. The
tetradecane and acenaphthene peaks were present but not well focussed. Virtually absent from
Figure 3.5
Trapping Efficiency with Extraction Flow
Rate of 3.8 mL/min: Column at 40°C
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Peak identification: 4, tetradecane; 5, acenaphthene; 6, anthracene;
7, nonadecane; 8, eicosane; 9, pyrene; 10, chrysene; 11, octacosane.
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this chromatogram is the chrysene peak. This is believed to be due to interaction of this
compound with the polymeric material in the valve rotor. The octacosane peak, being a saturated
hydrocarbon, was minimally affected.

Evaluating Performance with Polar Analytes and Moderate Polarity Column
The polar mixture and column were evaluated at three different extraction conditions. For a 25
minute extraction with the column at 40°C and the low flow restrictor installed, only the
dinitrotoluene and phenanthrene peaks were trapped, Figure 3.6a. When the extraction was
repeated with the column at 6°C the more volatile analytes were retained, Figure 3.6b. These
compounds were also recovered in a 12.5 minute extraction with the column at 6°C and the high
flow restrictor installed, Figure 3.6c.

The system was unable to handle di-n-octyl phthalate under any conditions. The behavior of this
compound was erratic. In several trials its retention time varied (not shown) and the peak often
did not appear at all in the chromaatograms. It is seen, very poorly shaped, at the end of Figure
3.6b. The problems with di-n-octylphthalate are believed to be due to interaction of the analyte
with the valve rotor. It is logical that this compound would be the most problematic, as it has the
highest molecular weight of all the analytes investigated.

It is believed that the rotor-binding issue could be better handled by heating the fluid lines as they
enter the valve instead of the valve itself, i.e. the lines going into positions 4 and (especially) 6 of
the T/C valve. In fact this approach was used - and was somewhat successful - in Chapter four.
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Figure 3.6
Trapping Efficiency with Polar Analytes and Polar Column.
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Ability of System to Perform Quantitatively
Because the depressurized effluent is channeled directly into the chromatographic column there is
no opportunity for analyte loss (other than inefficient trapping). However, since we have
emphasized the ability of this system to accomplish quantitative transfer, we thought it important
to demonstrate this by evaluating the peak areas obtained for a duplicate extraction against a
direct injection standard. The low flow, 12.5 min run, with the column at 40° C, was used for this
comparison. The recoveries, presented in Table 3.3, were quite good for 6 of the 8 compounds.
Elevated recoveries were obtained for the high molecular weight analytes, however, this is easily
explained by the fact that the interaction of high molecular weight compounds with the valve
rotor is more pronounced in direct injection runs than in SFE/GC runs.

Direct injection is done with the system in the chromatograph configuration (Figure 4.1, step 4).
Hence, the analytes pass through the valve and contact the rotor material twice. The second pass
is of less concern as the oven is hot at this point and the analytes have a high degree of thermal
energy as they move through the valve. Conversely, it is believed that during the initial pass

Table 3.3
Quantitative Data For Non-Polar Analytes

Chromatogram →

Naphthalene
Tetradecane
Acenaphthene
Anthracene
Nonadecane
Eicosane
Pyrene
Chrysene
Octadecane

% Recovery vs
Direct Injection
Fig 5 a
NT
94.1
101
93.4
91.4
92.2
94.2
128
157
a

RSD
(duplicate extractions)
Fig 5 a
Fig 6 a
Fig 6 b inseta
NT
3.8
2.1
5.0
0.46
0.44
3.7
0.96
2.1

1.6
1.3
1.6
1.8
0.57
1.4
1.2
2.0
1.7

Only one peak visible.
NT = Not trapped at the conditions used.

5.3
0.44
1.4
0.97
0.85
1.1
1.2
0.36
0.11
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through the valve some of the high molecular weight material binds irreversibly to the rotor. This
occurs to a much lesser extent in an SFE/GC run as the initial pass occurs immediately following
depressurization, during the brief interval when the analytes have not yet desolubilized. The
erroneously low peak areas that are obtained when these compounds are run by direct injection
result in erroneously high SFE/GC recoveries.

This problem could be minimized by heating lines 4 and 6 as discussed above. It should be
pointed out, however, that the comparison to a direct injected standard was done only to
demonstrate that complete transfer of the extraction effluent does occur. Normally, a system of
this type would be calibrated by spiking a control matrix with standard. Hence, what is ultimately
important, with respect to the system’s ability to perform quantitatively, is the reproducibility that
is possible. The relative standard deviation (RSD) was calculated for these replicates, and also at
three other points during the study analyses were run in duplicate and RSD’s were calculated.
Results are reported in Tables 3.3 and 3.4. Sample chromatograms are shown for only one
replicate: the corresponding chromatogram indicated at the top of each column. It can be seen that
even high molecular weight peaks showed good RSD’s. Only the di-n-octylphthalate could not be
handled, due to interaction with the rotor.
Table 3.4
Quantitative Data For Polar Analytes

Chromatogram →

Phenol
Isophorone and Nitrobenzene
2,4-Dinitrotoluene
2,6-Dinitrotoluene
Phenanthrene
di-n-octyl phthalate

RSD
(duplicate extractions)
Fig 7 b
1.4
2.0
0.5
1.0
1.4
Not quantifiable
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Tolerance of System to Modifier and Water
Some of the previous extractions were repeated with methanol or water spiked into the extraction
vessel. These extractions were run with the column at 6°C rather than 40ºC as more difficulty was
anticipated at the lower temperature.

Figure 3.7a depicts the chromatogram obtained with the non-polar column for a 25 minute
extraction with the high flow restrictor, after 160 uL of methanol had been added to the extraction
vessel. By comparison to the equivalent run without modifier, inset of Figure 3.4b inset (only
peak 3 visible), very little difference could be seen. There was a small split in the naphthalene
peak, however, the peak was actually sharper in the modified run. Essentially the same result was
obtained when 160 uL of water was spiked into the vessel, Figure 3.7b. In this case the splitting
of naphthalene was slightly worse.

The same comparison was carried out for the polar analytes and column. Figure 3.8a depicts the
chromatogram obtained for a 12.5 minute extraction with the high-flow restrictor, after 160 uL of
methanol had been added to the extraction vessel. Again, by comparison to the result obtained
without modifier, Figure 3.6c, little difference was observed. The combined peak
(nitrobenzene/isophorone) appears sharper, however, this is probably due to a mild loss in
resolution between the two compounds.

The polar analyte/column system was not as tolerant to water. As seen in Figure 3.8b, when the
extraction was conducted with 160 uL of water, the phenol peak was lost all together and some
fronting was observed for the combined peak. This is not surprising as the polar column would
logically make it more difficult for water to evacuate the system. The tendency for MXT-50 to
pick up water was also observed subsequently in the SFE/HPLC work (Chapter four). Larger
volumes of modifier/water were not evaluated as 160 uL is 40% of the estimated vessel dead
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volume. This is more liquid than one would generally want to have present in a matrix being
extracted.

The high tolerance of the system to modifier and water can be rationalized. Because these
extractions were carried out at a higher trapping temperature than has typically been used, the

Figure 3.7
Trapping Efficiency of Non-polar Analytes in
Presence of Modifier and Water.

a

160 uL Methanol
High-flow restrictor
25 minute dynamic extraction
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160 uL Water
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25 minute dynamic extraction 4
Column at 6°C

6
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3

Peak identification: 3, naphthalene; 4, tetradecane; 5, acenaphthene; 6, anthracene;
7, nonadecane; 8, eicosane; 9, pyrene; 10, chrysene; 11, octacosane.
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Figure 3.8
Trapping Efficiency of Polar Analytes in
Presence of Modifier and Water.

a

160 uL Methanol
High-flow restrictor
12.5 minute dynamic extraction
2
Column at 6°C
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3

4

1

b

5

160 uL Water
High-flow restrictor
12.5 minute dynamic extraction
Column at 6°C
2

3 4

Peak identification: 1, phenol; 2, isophorone and nitrobenzene;
3, 2,4-dinitrotoluene; 4, 2,6-dinitrotoluene; 5, phenanthrene.
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polar liquids were able to move through the system more readily. In addition, the 10 meter guard
column allowed the liquids both time and space to evaporate and become diluted. Continuous
modifier addition was not evaluated, however, based on the experience gained from the work
presented in Chapter four, we speculate that for modifiers like methanol or ethanol - with a 10
meter guard column installed - continuous addition up to 4% would work well for virtually any
analyte. Most likely 4% modifier is the maximum that would be needed in an SFE/GC analysis.

3.4 Conclusion
SFE/GC was performed with transfer of the entire extraction effluent to a megabore capillary
column. Simultaneously, very practical extraction parameters were possible. For a 25 minute
extraction, at a 2.2 mL/min flow rate, with the oven at 40°C, tetradecane was the most volatile
compound trapped and separated. Better performance was observed with lower flow rates, shorter
extraction times, or mild cooling of the column.

Several analytes were well focussed at flow rates as high as 3.8 mL/min. It should be noted that
SFE/GC/MS could easily be achieved with this type of system, despite the fact that 0.25 mm ID
columns are generally not recommended (see Appendix II), as the flow rate during the separation
step may be controlled with narrow ID lines that are not in the flow path during trapping.

Good reproducibility was observed for non-polar as well as polar analytes and with two different
columns. In addition, a high tolerance to modifier and water was demonstrated. The design of the
system is such that the majority of carbon dioxide exits through a vent line rather than through the
detector, which can be problematic.
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There is nothing preventing the incorporation of a variable restrictor into a system of this type.
The ideal would be a restrictor that can be secured directly to the valve and where decompression
occurs close to the point of attachment. The binding of high molecular weight compounds to the
valve rotor prevented quantitative analyses for only one of the compounds investigated. It is
expected that fairly simple modifications of the system could largely eliminate this problem.
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Chapter Four
Quantitative Coupling of SFE and HPLC by Means
of a Coated Open-Tubular Interface

4.1 Introduction
As mentioned in Chapter three supercritical fluids are ideal for on-line work in certain respects.
Because the fluid becomes gaseous upon depressurization it is easily eliminated from the system.
In addition, the variable solvating power of supercritical fluids makes it possible to minimize the
quantity of contaminant material that is extracted. This is particularly important when all analytes
are transferred to the chromatography column, as any co-extracted material can obscure the peaks
of interest and affect the performance or lifetime of the column.

Despite these advantages, there is a fundamental problem. Because the extraction portion of the
system is at elevated pressure, there is a substantial drop in density as the fluid passes from the
vessel through the outlet restrictor. This results in a flow rate increase of the same magnitude as
the density drop: commonly a factor of ~400. These excessive post-restrictor flow rates have been
a problem for both off-line and on-line SFE. In previous chapters, it was demonstrated that by
maintaining an elevated pressure on the post-restrictor part of the system, solvent trapping and
on-line SFE/GC could be accomplished more efficiently. In this chapter a similar approach is
applied to accomplish efficient coupling of SFE and HPLC. It was found that an open-tubular
column interface, maintained at moderate pressures, worked well in this regard.

Less research effort has been directed towards on-line SFE/HPLC than to SFE/GC or SFE/SFC.
And, in fact, there are issues that make the coupling of SFE and HPLC particularly difficult. First
there is the poor miscibility of liquids and gases. The fluid, while supercritical in the extraction
region, becomes gaseous as it deposits the analytes in the trap and exits the system. Subsequently,
during elution of the trapped analytes, the HPLC mobile phase sweeps through the trap and
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pushes the residual carbon dioxide towards the column. This gas then becomes incorporated into
the liquid. The gas exists mostly in suspended form, especially when doing reversed phase LC as
these polar mobile phases have little ability to dissolve carbon dioxide. The suspended gas results
in a peak which can obscure a large portion of the chromatogram and may make analyte removal
from the interface less efficient.

The problem of suspended carbon dioxide in the mobile phase has been observed by several
groups. Ashraf-Khorassani et al. (64) evaluated the problem when 9 uL of supercritical CO2 were
injected into a liquid mobile phase stream. They reported that for a mobile phase flow rate of 1
mL/min, when the percentage of water was 20% or less in combination with methanol, a very
small CO2 peak was observed near the void volume. At higher percentages of water, solubility of
the gas decreased and the CO2 peak became larger (and negative) obscuring a greater portion of
the chromatogram. Similarly, Brewster et al. reported large gas peaks using the same type of
system and a 10 uL injection (65). The issue of gas in the mobile phase was also mentioned by
Cortes et al. (66) where decompressed CO2 was allowed to pass across a ceramic frit that was
connected to the head of an LC column. They found that it was necessary to plug the column in
order to prevent excessive amounts of CO2 from getting in and causing long stabilization periods.
Two groups have reported success in minimizing the size of the suspended gas peak by
pressurizing the detector. Liu et al. placed a restrictor at the detector outlet. They reported that an
overpressure of 850 psi prevented bubble formation in the reversed phase eluent (67). In the work
of Mougin et al., a radioactivity detector was placed downstream of the UV detector. They
attributed the backpressure that resulted from this setup as reducing bubble formation in the UV
cell (68).

Another inherent problem with SFE/HPLC arises when the chromatographic separation is
complete and the system begins the next extraction. At this point carbon dioxide gas is introduced
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to the interface and displaces the liquid mobile phase from the previous run. However, water
(typically present in reversed phase eluents) has a tendency to linger due to associations with the
trapping phase. This residual water can then facilitate reactions that cause breakdown of the
analytes, or the stationary phase, in the interface. The fact that the water becomes acidic in the
presence of carbon dioxide may further promote such reactions. Any residual water can also
cause analytes to be eluted instead of trapped if the interface stationary phase is somewhat polar.
The issues mentioned above do not exist when coupling SFE with either GC or SFC (normal
phase LC would also be less problematic). A survey of the approaches that have been taken to
accomplish SFE/HPLC is provided below, as the technique has not been reviewed since 1993
(69).

Most approaches to coupling SFE and HPLC have dealt with the issue of suspended gas by only
allowing a small fraction of extraction eluent into the LC system. In the first SFE/HPLC method
(subsequently abbreviated as SFE/LC), by Unger and Roumeliotis in 1983, the supercritical
effluent was channeled through two separate 2 uL cartridges filled with silica (70). Although the
traps contained sorbent, no attempt was made to quantitatively trap the analytes since very short
loading intervals of 10-30 seconds were used. In another study, Liu et al. employed a 50 uL
sample loop with no sorbent for the analysis of chlorinated phenols (67). Because only a small
fraction of effluent was captured and subsequently chromatographed, the sensitivity of these
approaches was poor. In addition, it can be difficult to time the short loading interval to
correspond with the time that the compounds of interest are passing through the loop.

A solution to the timing issue was introduced by Engelhart and Gargus (71) as well as Nair and
Huber (72) by incorporating a recirculating pump into the SFE system. The pump was placed in a
recirculating line along with a valve containing a sample loop. With these systems, all extracted
analytes were retained in the recirculating line. After sufficient time had passed for the analytes to
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be removed from the matrix (indicated by an in-line UV detector) 10-30 uL of fluid were injected
into the HPLC mobile phase. Recirculating systems have been used to accomplish qualitative online analyses of PNA’s (64) and have become a common tool for solubility determinations
(62,73-78). Brewster et al. combined a recirculating system with a gas permeable separator,
designed to eliminate most of the excess CO2 prior to reaching the UV detector (65). The
membrane worked well in reducing the size of the CO2 peak and allowed quantitative analyses of
an early eluter. However, the lifetime of the membrane was generally short.

Unfortunately, the recirculating approaches are not very sensitive. Several researchers have
attempted SFE/LC with quantitative transfer of the analytes to the separation column so that
maximum sensitivity would be obtained. This was first accomplished by Cortes, Green, and
Campbell in 1991 (technically they were doing SFE/Micro-LC/GC)(66). The restrictor was
placed in an impactor tube containing a deactivated ceramic frit. The restrictor was butted up
against the frit on one side and the LC column was connected on the other side. The authors
reported quantitative transfer of chlorpyrifos onto the frit. An extraction flow rate of 0.12 mL/min
(calculated) was used with a 30 minute extraction. When the method was evaluated with 2%
modifier, band broadening was observed. Attempts to avoid this by heating the interface resulted
in lowered recoveries.

Other approaches to quantitative transfer have made use of packed C18 cartridges to trap analytes
from the effluent of the supercritical extractor. Ischi and Haerdi (79) used a column that was 5 cm
long with a 0.2 cm ID, packed with 40-60 um particles. A 30 minute extraction was performed
with a 1 mL/min flow rate. Quantitative transfer was obtained for the analytes investigated. The
quite reasonable extraction parameters that were possible in this study may have been due to the
fact that workers were extracting polynuclear aromatic hydrocarbons that had been spiked onto
silica. Unmodified carbon dioxide has a very weak elution strength against silica, thus it would
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likely require a long time just to remove the analytes from the extraction vessel: particularly
given that the vessel in this study was 13 cm long. It follows that the analytes may have spent a
fairly small fraction of time in the trapping portion of the system. It’s not clear, therefore, how
efficient trapping would have been with a different configuration or with real samples.

Quantitative trapping on a C-18 cartridge was also reported by Mougin et al. for atrazine that had
been incubated in soil for two weeks (68). A similar issue was found here as for the previous
study. It is well known that - given sufficient contact time with a soil or sediment matrix - some
compounds become strongly bound such that they require a certain amount of time to be desorbed
from the matrix (see discussion in Chapter 5). These workers also used unmodified CO2 and
placed a layer of Hydromatrix (amount unspecified) at the outlet end of the extraction vessel. This
would retard the movement of analytes in the same way mentioned above for silica. In this study
also, it is likely that a large portion of the extraction time may have been required to remove the
analytes from the matrix and the question is raised as to whether reasonable extraction parameters
would have been possible under more typical circumstances.

Wenclawiak et al. used a packed C-18 column to trap the analytes. Although transfer was not
quantitative with their method, good reproducibility was obtained (80). Ramsey et al. used a C-18
cartridge as part of an on-line SFE/HPLC/MS system. Their goal was not quantitative analysis
but, instead, a completely automated method that allowed confirmatory identification of drug
residues in biological fluids (81-82).

A different approach was taken by Johansen et al. They utilized a 20 cm length of stainless steel
tubing with a 0.5 mm ID for collection (83). Quantitative transfer was demonstrated for 2 of 7
polychlorinated biphenyls, from a glass fiber filter. In this work a segment of 0.2 mm ID fused
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silica (of unspecified length) was attached to the end of the stainless steel tube. This probably
resulted in a somewhat elevated pressure in the stainless steel tube.

Cases where quantitative transfer has been reported, for SFE/LC, are summarized in Table 4.1.
As can be noted from the information in the Table, and the discussion above, there have not been
many cases where SFE/LC has been accomplished, with quantitative transfer of analytes to the
analytical column, where practical extraction parameters have been possible. In cases where
practical extraction parameters have been used, there are questions about the applicability of these
methods to a wider variety of analytes and sample types. Accomplishing quantitative transfer in
the presence of modifier has not been possible at all. This is unfortunate as many analytes for
which LC is chosen as the separation method will require modifier during the extraction. In this
paper we use a coated, and moderately pressurized, open-tubular column to achieve SFE/LC with
quantitative transfer of analytes, using practical extraction parameters, and in the presence of as
much as 10% modifier.
Table 4.1
On-line SFE/HPLC Methods With Quantitative Transfer of Analytes
Extraction
Vessel Volume
(mL)
~0.17a
2.5
1.25
1.7

Extraction
Flow Rate
(mL/min)
~0.12a
1.5
1
~0.4a

Dynamic Extraction
Time
(min)
30
30
30
40
a

Modifier %
0-2
0
0
0

Reference
66
68
79
83

Value was calculated.

4.2 Experimental
A Prepmaster supercritical fluid extractor (Isco-Suprex; Lincoln,NE) was used with a model 1050
HPLC pump and UV detector (Hewlett-Packard; Wilmington, DE). These components were
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interfaced by way of a six-port valve with 1/16 inch fittings and a type E rotor (Valco; Houston,
TX). The temperature of the trapping column was controlled via the oven of a model 5890 series
II GC (Hewlett-Packard). A 2.5 mL vessel was used for all extractions (Keystone Scientific;
Bellefonte, PA). The vessel was packed with sand and spiked with 5 uL of stock solution at the
beginning of each run. Direct injection of standards onto the LC column was accomplished using
a Valco injection valve with a, nominally, 5 uL sample loop. The actual volume of the loop was
determined to be 6.71 uL, hence, a correction factor of 1.34 was applied to all results.

The valve diagrams for each step are depicted in Figure 4.1. The static/dynamic (S/D) valve and
the A/B valve were part of the supercritical extractor. The trapping/chromatograph (T/C) valve
was mounted directly on top of the GC oven and was controlled by the GC software. Heating tape
was wrapped around the restrictor line up to 1 inch from the T/C valve.

All extractions were performed at 400 atm and 90°C with carbon dioxide as the extraction fluid.
Methanol or ethanol was used as the modifier. The stainless steel line going into T/C port 6 was
crimped at the end such that an extraction flow rate of 1 ± 0.2 mL/min was obtained, then filed on
the sides so that it fit into the valve port. All stainless steel lines were 1/16” OD, 0.02” ID.

Analytes were trapped on 0.53 mmID open-tubular columns with various wall coated stationary
phases (Restek; Bellefonte, PA). The pressure at the back end of the interface was controlled by a
backpressure regulator (Commonwealth Industrial Specialties, Inc; Hopewell, VA). After the
dynamic extract/trapping step, the system was held in the depressurize stage for 60 seconds
before beginning the separation. This allowed depressurization to occur and resulted in a smaller
carbon dioxide peak when working at higher interface pressures. The depressurization step had
no effect at the lower trapping pressures that were ultimately chosen as the most favorable and is
probably unnecessary in future work. At the beginning of each run, the backpressure regulator
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was disconnected as the interface was filled with water and methanol from the previous
separation.

Two standard solutions were used during the study. One mixture contained relatively volatile
analytes, and one contained semivolatile analytes. Please note the designation of some analytes as
volatile and others as semivolatile is somewhat arbitrary. The analytes and concentrations in the
volatiles mixture were 4-nitrotoluene, 400 ug/mL; 2-naphthol, 500 ug/mL; 2,6-dinitrotoluene,
400 ug/mL; benzophenone, 200 ug/mL; and fluorene, 200 ug/mL. The mixture of semivolatiles
contained: lorazepam, temazepam, flurazepam, medazepam, all at 80 ug/mL and phenanthrene
and pyrene at 17 ug/mL.

An Xterra RP18 column, 3.9 x 100 mm with 3.5 um particles (Waters ; Milford, MA) was used for
all analyses. The mobile phase was 75/25 water/methanol for the first 2 minutes, then ramped to
45/55 at 12 minutes, to 20/80 at 15 minutes, to 10/90 at 20 minutes and held there for the
remainder of the run. No buffers or additives were added to the mobile phase. The detection
wavelength was 254 nm for the volatile compounds and 240 nm for the semivolatiles. An
integrator attenuation of 8 was used for the volatiles and 7 for the semivolatiles.
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Figure 4.1
Valve Diagrams for SFE/HPLC
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4.3 Results and Discussion
Background
When trying to accomplish on-line coupling of SFE and HPLC there are several issues that must
be kept in mind. First, HPLC separations are generally done on packed columns. These columns
generate much larger pressure gradients across them, for a given gaseous flow rate, then is the
case for the wide-bore open-tubular columns used in the GC study. Excessive pressures would be
generated if the supercritical effluent were channeled directly into these packed columns. Even in
the absence of modifier this would be a problem, as the fluid would acquire a degree of solvating
power which would make trapping less efficient. However, when continuous addition of modifier
is used - which will typically be the case with SFE/HPLC - such a configuration would be
completely unworkable as modifier evaporation would not occur at those pressures and a large
quantity of liquid would remain, thus causing analytes to rinse prematurely off the interface. The
larger quantity of (most commonly) liquid methanol would also cause inefficient focussing at the
packed column. The concern mentioned earlier regarding residual water lingering in the interface,
further reinforces the need for a system that facilitates rapid evaporation of liquids once the fluid
exits the restrictor. As a result, it will not be possible to trap the extracted analytes directly on the
analytical column as was done with SFE/GC. Instead, some type of interface must be used.
Lastly, there is the concern regarding suspended gas in the LC mobile phase that was discussed
above.

Given these issues, a wide-bore open-tubular column was selected as the best method for
interfacing the SFE and the HPLC. Only moderate pressure gradients are generated as carbon
dioxide passes through a wide-bore open-tubular column during trapping. As a result, the
pressure at the head of the interface is not drastically higher than that at the end of the interface,
hence, the fluid acquires virtually no solvating power, and the modifier (and residual water) can
readily evaporate. The greater length of open-tubular columns, compared to packed columns, also
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facilitates modifier evaporation. As will be discussed later, it is possible to heat the head of the
interface to further promote evaporation, while leaving the remainder of the interface at a cooler
temperature where trapping is more efficient.

During the chromatographic stage, liquid mobile phase sweeps through the interface and
displaces the gas. This gas then passes through the packed analytical column (approximately 3
mL for a 15 meter interface). However, in this configuration, we never have a situation where the
packed column goes completely dry. When a packed column is completely dry, and liquid is
subsequently pushed through, a prolonged time interval is required for the gas to be completely
removed from the column. As a result, very prolonged gas peaks are observed which obscure
large regions of the chromatogram.

Sonication of the LC column during elution of the gas peak was evaluated and found to have no
measureable effect on the size of the gas peak. Similarly, placing the UV detector and LC column
at 45° angles had no effect on the gas peak. It was thought these operations might make it easier
for the suspended gas to exit the system.

Figure 4.2 depicts the profile of the CO2 peak verses different pressures maintained at the end of
the trapping column. As expected, when a greater pressure was maintained in the interface, a
larger quantity of gas was transferred to the packed column and, hence, the CO2 peak was larger.
However, even at the higher pressures, the gas peak exited the column very cleanly. It may also
be noted that the analyte retention times slightly increased but the widths of the peaks remained
essentially unaffected as the back pressure was increased. This suggested that while the gas was
passing through the analytical column, the components remained immobile at the head of the
column.
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Figure 4.2
SFE/HPLC Chromatograms at Different Interface Pressuresa
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2% modifier used in these runs.
Peak identification: 1, 4-nitrotoluene; 2, 2-naphthol;
3, 2,6-dinitrotoluene; 4, benzophenone; 5, fluorene.
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Issue of Rotor Binding
It was observed in Chapter three that certain analytes have a tendency to bind to the rotor when
they pass through the valve, subsequent to depressurization. In the current setup, the rotor
segment between ports 1 and 6 of the TC valve (Figure 4.1, step 2) would be the source of
adsorption. Care was taken to set the valve so that this same segment of rotor was in the flow path
during the chromatograph step i.e. between ports 1 and 2 (Figure 4.1, step 4). It was thought that
any material that stuck to the rotor during trapping would be rinsed off when the mobile phase
came through during the chromatograph step. This was found, however, not to be the case.
Restrictor temperature, the age of the rotor, and the presence of modifier were the important
variables in this regard. Rotor binding was evaluated for different analytes as a function of
restrictor temperature. The data are presented in Tables 4.2 – 4.5. The data in Table 4.2 suggest
that rotor binding was not much of a problem for volatile analytes at either restrictor temperature,
although at the higher temperature the recoveries decreased, due to inadequate trapping, when a 3
meter interface was used. This was confirmed by the data in Table 4.3 which show that when a 10
meter guard column was added to the interface, recoveries were good at both temperatures.

Semivolatile analytes would be expected to have a greater tendency to bind to the rotor as they
are more polar and/or higher in molecular weight. The data in Table 4.4 were collected at the
beginning of the study with a relatively new rotor. The recoveries were quite good with both low
and high restrictor temperatures. The only exception to this was the lorazepam peak. Throughout
the study difficulties were increasingly observed when semivolatile analytes were run in the
absence of modifier. These problems consistently seemed to worsen when the restrictor
temperature was lower (as, for example, when the heating tape was not wrapped tightly enough).
Data collected at the end of the study (some 800 runs later) showed definitively that these
analytes do show some tendency to bind to the rotor, and suggested that the age of the rotor was a
factor influencing this phenomenon. These data also show that the presence of modifier had a
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drastic effect on rotor binding. In Table 4.5 we see that a run with no modifier, but which
immediately followed a run with 10% modifier, gave excellent recoveries. While a subsequent
run with no modifier gave extremely poor recoveries. It seemed that even a trace amount of
residual methanol in the system line was enough to prevent binding. There may be several
reasons that rinsing with modifier is more effective than rinsing by the mobile phase. It could be
that the methanol/gas mixture was at a somewhat elevated temperature here, or because the liquid
was 100% organic, or that the analytes are rinsed past the rotor before they have a chance to bind
in the first place.

Table 4.2
Effect of Restrictor Temperature on Trapping of Volatiles
: Percent Recovery (RSD)a

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene
a

Restrictor at
85°°C
93 (2.7)
ND
96 (11)
101 (4.1)
102 (0.24)

Restrictor at
185°°C
82 (6.1)
ND
67 (5.2)
94 (9.2)
101 (2.6)

No modifier, 3 meter MXT-50 interface at 30°C, column end unpressurized. Two
replicates were run. ND = not detected.

Table 4.3
Effect of Restrictor Temperature on Trapping of Volatiles With
10 Meter Guard Added to Interface: Percent Recovery (RSD)a

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene
a

Restrictor at
85°°C
102 (0.13)
ND
97 (0.82)
100 (0.53)
98 (0.37)

Restrictor at
185°°C
100 (0.99)
ND
95 (1.9)
95 (0.66)
98 (0.67)

No modifier, 3 meter MXT-50 interface at 30°C, column end unpressurized. Two
replicates were run. ND = not detected
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Table 4.4
Effect of Restrictor Temperature on Trapping of Semivolatiles
at Beginning of Study: Percent Recovery (RSD)a

Lorazepam
Temazepam
Fluorazepam
Medazepam
Phenanthrene
Pyrene
a

Restrictor at
85°°C
61 (9.3)
95 (6.2)
95 (3.0)
94 (4.6)
102 (0.85)
104 (2.6)

Restrictor at
185°°C
37 (18)
91 (13)
103 (2.3)
95 (0.20)
102 (0.23)
103 (0.79)

No modifier, 3 meter MXT-50 interface at 30°C, column end unpressurized. Two replicates run.

Table 4.5
Effect of Modifier on Trapping of Semivolatiles
at End of Study: Percent Recovery (RSD)a

Lorazepam
Temazepam
Fluorazepam
Medazepam
Phenanthrene
Pyrene
a

Run With No Modifier:
Immediately Following a Run
With 10% Modifier
98
98
93
96
97
96

Run With No Modifier:
Second run Subsequent to a
Run with 10% Modifier
5
2
13
2
55
37

No modifier, 3 meter MXT-50 interface at 30°C, column end unpressurized.
Restrictor at 180°C. One replicate only for these data.

Higher restrictor temperatures were not evaluated for fear of melting the rotor which could
damage the valve. More work should be done to evaluate this issue when extracting real samples
that contain a significant quantity of co-extractable material that may desolubilize in this region
and thus promote binding of other material. However, it seems fairly clear that with the
combination of restrictor heating and the use of at least small amounts of modifier, the issue of
rotor binding will not be an obstacle in accomplishing SFE/LC. The rest of the data presented
were obtained with the restrictor at 120-130°C.
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Evaluation of a Wax Column Interface
Given that an interface must be used, the issue of analyte focussing becomes critical. Good
chromatography will only be obtained if the analytes are refocussed at the head of the LC column
during the chromatographic stage. We would expect that focussing would be most efficient
when the elution strength of the mobile phase is much stronger on the open-tubular interface
column than on the packed analytical column. It follows that with reversed phase LC the best
focussing would be expected with a polar stationary phase in the interface. Hence, a Wax column
(crosslinked polyethylene glycol) was evaluated first. The chromatograms in Figure 4.3 show that
the Wax column did, in fact, allow for efficient focussing. A 10 meter Wax interface was
evaluated as well as a 20 meter interface with a 10 meter guard. Some peak broadening was
observed in both cases relative to the standard run, however, the difference was not drastic.
Comparing Figures 4.2 and 4.3, it is clear that the length of the interface affects the retention
times of peaks more than the quantity of gas that is delivered to the analytical column.

Despite the focussing efficiency that was possible, several problems were encountered with the
use of a wax column interface. First, the stationary phase was found to be highly unstable in the
presence of the LC mobile phase. Wax columns consist of crosslinked ethylene groups connected
by ether linkages. Given the low reactivity usually associated with ether linkages, it was thought
that the stability of the phase would not be a problem. Unfortunately the contrary was found. The
phase was extremely unstable and recoveries dropped noticeably after only a few runs. Although
the ether linkages are stable, the residual hydroxyl groups are apparently so reactive that the
polymer quickly degrades. No buffers or additives were added to the mobile phase, however,
some acidity does result from the reaction of CO2 with water.
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Figure 4.3
Chromatograms Obtained with a WAX Column Interfacea

4
a

5

Standard Run
1
2

b

3

10 meter Wax Interface

5

4

1 2
3

c

20 meter Wax Interface with 10 meter Guard Column

1

a

2

3

No modifier used in these runs.
Peak identification: 1, 4-nitrotoluene; 2, 2-naphthol;
3, 2,6-dinitrotoluene; 4, benzophenone; 5, fluorene.

4

5
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It is important to keep in mind that there are four effects that result as the pressure in the interface
is elevated. First, the volumetric flow rate decreases and, therefore, trapping efficiency improves.
It is also true that if the pressure in the trapping region is elevated above a certain point, the fluid
will begin to acquire some solvating power which makes trapping less efficient. Higher pressures
also mean that evaporation of modifier will be more difficult. Finally, the quantity of modifier
that remains unevaporated will be present at a larger volume percentage, because the gas is
compressible but the liquid is not. The last two points are particularly important in SFE/LC where
a substantial quantity of modifier will typically be used.

The data in Table 4.6 present recoveries as a function of interface pressure and modifier
percentage on a 20 meter Wax column with a 10 meter guard. The entire interface was
maintained at 40ºC. The column had to be replaced twice in order to obtain this data.

The important trends are much easier to see in the form of a chart. Therefore, the nitrotoluene
data are presented in chart form in Figure 4.4. Several things can be observed. First, in the
absence of modifier, the recoveries decrease somewhat on going from a back pressure of zero to
15 atm, then rise again at 30 and 45 atm. Most likey because the wax column is so polar it holds
onto water from the previous separation. At a pressure of 15 atm, the volume percentage of this
water becomes significant and it begins to prematurely elute analytes off the trap. It seems that at
still higher pressures the flow rate effect dominates. The fact that recoveries are higher at 15 atm,
for both 2% and 5% modifier, may be because the modifier helps rinse the water off the column
at the beginning of the run, minimizing this effect. However at higher pressures with 5 or 10%
modifier, too much liquid methanol remains, thus again rinsing analytes off the trap.
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Table 4.6
Trapping on a 20 meter Wax Interface with a 10 meter
Guard Column at 40°C: Percent Recovery (RSD)a

Column End Unpressurized

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
86 (14)
93 (12)
84 (10)
91 (11)
80 (7.6)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
64 (17)
90 (11)
67 (19)
66 (15)
67 (14)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
92 (9.3)
99 (5.1)
103 (8.8)
98 (12)
100 (9.2)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
97 (13)
98 (2.2)
104 (8.6)
107 (9.5)
107 (12)

2% Modifier
97 (7.2)
82 (21)
97 (11)
94 (8.1)
96 (2.0)

5% Modifier
103 (5.4)
101 (4.3)
105 (3.3)
102 (2.1)
103 (1.9)

10% Modifier
61 (8.3)
44 (19)
80 (6.7)
83 (2.7)
94 (0.85)

5% Modifier
69 (3.9)
45 (10)
85 (4.3)
88 (3.9)
102 (1.6)

10% Modifier
ND
ND
ND
ND
94 (7.2)

5% Modifier
50 (5.2)
14 (6.8)
57 (0.65)
66 (5.3)
102 (0.57)

10% Modifier
NE
NE
NE
NE
NE

5% Modifier
19 (30)
ND
37 (4.4)
23 (42)
101 (0.65)

10% Modifier
NE
NE
NE
NE
NE

15 atm

2% Modifier
86 (1.4)
83 (2.7)
94 (0.78)
93 (1.2)
98 (0.34)
30 atm

2% Modifier
78 (4.3)
67 (9.1)
89 (2.8)
90 (0.75)
98 (1.1)
45 atm

a

2% Modifier
98 (1.9)
92 (1.8)
103 (1.8)
103 (0.73)
100 (2.1)

Two replicates run. ND = not detected. NE = conditions not evaluated.
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Figure 4.4
Plot of Nitrotoluene Recoveries on a 20 meter Wax Column Interface
With a 10 meter Guard

Evaluation of Siloxane-Based Interfaces
Our initial work demonstrated that Wax columns were unstable and suggested that, in general,
phases of high polarity would not be ideal for this application. The next step was to consider
moderate to low polarity phases. MXT-50 (crosslinked 50/50 methyl/phenyl polysiloxane) and
MXT-5 (crosslinked 95/5 methyl/phenyl polysiloxane) were chosen for evaluation. The
polysiloxane material that constitutes the backbone of these materials is known to be highly
temperature stable. An important concern, however, was its stability with respect to acid/base
type reactions in a polar environment.
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Again, the first concern was to evaluate the focusing ability of the two phases. Peak shapes were
evaluated for runs where trapping was accomplished on 3, 5.5, and 8 meter lengths of interface.
Chromatograms are depicted in Figures 4.5 and 4.6 for the MXT-50 and MXT-5 columns
respectively. The results were surprising. The more polar MXT-50 phase was expected to yield
better peak shapes, however, exactly the opposite was found. Peak broadening occurred with the
MXT-50 phase as the length of the column increased. Conversely, with the MXT-5 phase, very
little change was seen in the peak shapes as a function of the length of the interface. Apparently
the MXT-5 phase, though fairly non-polar, has enough polarity relative to the C-18 phase in the
packed column, that efficient focussing was possible. The efficient focussing may also have to do
with the higher phase ratio of the interface column as compared to that of the packed column. The
poor focussing observed with the MXT-50 phase may be due to the fact that the larger number of
Π electrons

on this column interacted with the analytes, through van der Waals forces, and

retarded their movement through the column. It seems this phenomenon is more important than
the polarity of the trapping phase. Another hypothesis is that because phases with higher phenyl
content tend to have a less uniform film thickness, it is possible that thick-film regions in the
MXT-50 column were the cause of slow analyte migration through this interface.

Note that the 2-naphthol peak (subsequently referred to as naphthol) was very small in all runs
except with the 8 meter MXT-50 column. Because this analyte is polar, it has poor miscibility
with low to moderate polarity phases and can only interact with the stationary phase surface.
This, combined with its low molecular weight, made naphthol difficult to trap.

Recoveries as a function of trapping column end-pressure and modifier percentage were
evaluated with 3 meter segments of each of the two phases. Three meter segments were used
because it was thought that shorter segments would make recovery trends more obvious, and
because poor focusing precluded making the interface much longer with the MXT-50 phase. In
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order to begin evaluating the importance of interface temperature, experiments were run at both
30 and 45°C. The results are summarized in Tables 4.7-4.10.

Figure 4.5
Chromatograms Obtained on an MXT-50 Interface of Different Lengthsa

3 meter Interface
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1

5.5 meter Interface

b

4
1

c

5

3

8 meter Interface

4
1

a

2

5

3

2% modifier used in these runs.
Peak identification: 1, 4-nitrotoluene; 2, 2-naphthol;
3, 2,6-dinitrotoluene; 4, benzophenone; 5, fluorene.
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Figure 4.6
Chromatograms Obtained on an MXT-5 Interface of Different Lengthsa
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3 meter Interface
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5.5 meter Interface
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8 meter Interface
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1
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a

2% modifier used in these runs.
Peak identification: 1, 4-nitrotoluene; 2, 2-naphthol;
3, 2,6-dinitrotoluene; 4, benzophenone; 5, fluorene.
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Table 4.7
Trapping on a 3 meter MXT-50 Interface at 30°C:
Percent Recovery (RSD)a

Column End Unpressurized

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
77 (9.1)
ND
93 (4.6)
92 (12)
76 (3.8)

2% Modifier
99 (0.83)
ND
98 (0.32)
101 (0.18)
100 (0.83)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
83 (8.5)
14 (12)
83 (11)
96 (5.4)
100 (1.1)

2% Modifier
89 (0.73)
35 (24)
88 (12)
101 (2.2)
103 (1.6)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
70 (1.2)
86 (1.4)
66 (4.2)
76 (2.9)
87 (2.1)

2% Modifier
29 (3.3)
21 (6.4)
26 (8.4)
35 (0.24)
44 (12)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
87 (4.0)
87 (1.8)
89 (13)
99 (1.3)
100 (3.4)

2% Modifier
ND
ND
ND
ND
ND

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
93 (2.7)
12 (58)
96 (11)
101 (4.1)
103 (0.21

2% Modifier
ND
ND
ND
ND
ND

5% Modifier
98 (7.1)
ND
92 (10)
98 (8.0)
100 (4.5)

10% Modifier
103 (0.23)
ND
98 (0.44)
100 (1.2)
103 (1.1)

5% Modifier
ND
ND
ND
ND
ND

10% Modifier
ND
ND
ND
ND
ND

5% Modifier
ND
ND
ND
ND
ND

10% Modifier
ND
ND
ND
ND
ND

5% Modifier
ND
ND
ND
ND
ND

10% Modifier
ND
ND
ND
ND
ND

5% Modifier
ND
ND
ND
ND
ND

10% Modifier
ND
ND
ND
ND
ND

5 atm

15 atm

30 atm

45 atm

a

Two replicates run. ND = not detected.

78

Table 4.8
Trapping on a 3 meter MXT-50 Interface at 45°C:
Percent Recovery (RSD)a

Column End Unpressurized

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
93 (2.4)
ND
87 (6.6)
93 (2.5)
96 (2.2)

2% Modifier
98 (3.4)
ND
98 (3.3)
97 (1.0)
97 (1.9)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
94 (2.2)
ND
94 (0.68)
97 (3.4)
97 (2.1)

2% Modifier
99 (1.8)
ND
96 (5.2)
98 (3.6)
102 (0.89)

5% Modifier
94 (2.4)
ND
93 (7.0)
95 (4.3)
98 (0.84)

10% Modifier
98 (0.14)
ND
95 (1.2)
98 (0.34)
101 (0.023)

5% Modifier
101 (1.9)
ND
96 (2.7)
98 (2.4)
100 (1.5)

10% Modifier
100 (3.6)
ND
92 (8.3)
99 (1.2)
101 (0.32)

5% Modifier
68 (0.41)
26 (12)
68 (1.7)
71 (0.43)
76 (0.72)

10% Modifier
68 (3.8)
38 (5.8)
64 (2.9)
70 (3.6)
83 (3.0)

5% Modifier
61 (3.8)
15 (5.1)
61 (3.3)
64 (3.8)
68 (5.3)

10% Modifier
56 (2.2)
24 (34)
53 (1.3)
59 (1.1)
67 (1.4)

5% Modifier
38 (22)
ND
41 (15)
42 (17)
45 (15)

10% Modifier
56 (23)
17 (34)
53 (22)
59 (29)
68 (34)

5 atm

15 atm

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
84 (1.2)
ND
81 (1.9)
84 (0.19)
88 (0.78)

2% Modifier
86 (3.3)
ND
83 (0.62)
88 (1.5)
90 (2.7)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
71 (0.61)
ND
52 (15)
68 (8.3)
76 (0.78)

2% Modifier
8.6 (48)
ND
ND
14 (42)
26 (31)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
89 (2.0)
ND
91 (11)
91 (6.6)
92 (1.3)

2% Modifier
ND
ND
ND
ND
ND

30 atm

45 atm

a

Two replicates run. ND = not detected.
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Table 4.9
Trapping on a 3 meter MXT-5 Interface at 30°C:
Percent Recovery (RSD)a

Column End Unpressurized

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
82 (0.91)
7.7 (19)
87 (1.1)
89 (4.7)
86 (5.4)

2% Modifier
68 (3.9)
ND
103 (0.77)
91 (1.6)
85 (3.8)

5% Modifier
75 (2.0)
ND
102 (8.6)
100 (3.0)
90 (6.8)

10% Modifier
67 (2.1)
ND
101 (4.9)
96 (5.1)
86 (5.3)

5% Modifier
89 (32)
ND
77 (22)
86 (7.5)
95 (4.7)

10% Modifier
83 (2.1)
ND
78 (1.2)
81 (1.3)
88 (1.2)

5% Modifier
80 (7.3)
ND
76 (6.5)
89 (2.3)
99 (5.3)

10% Modifier
16 (6.3)
ND
18 (7.2)
18 (4.6)
24 (3.8)

5% Modifier
21 (40)
ND
19 (37)
19 (25)
33 (21)

10% Modifier
27 (13)
ND
16 (10)
31 (12)
45 (11)

5% Modifier
81 (19)
ND
76 (6.3)
92 (0.23)
101 (3.1)

10% Modifier
14 (23)
ND
17 (25)
16 (14)
19 (4.5)

5 atm

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
79 (9.1)
18 (15)
71 (16)
75 (13)
79 (4.9)

2% Modifier
82 (12)
ND
70 (13)
84 (7.2)
91 (3.4)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
81 (7.0)
13 (43)
69 (17)
79 (13)
86 (9.7)

2% Modifier
23 (17)
ND
32 (51)
61 (29)
68 (5.1)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
81 (10)
11 (20)
67 (14)
79 (15)
91 (6.1)

2% Modifier
ND
ND
ND
ND
ND

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
102 (5.6)
ND
105 (6.3)
102 (4.7)
106 (4.2)

2% Modifier
57 (19)
ND
49 (31)
64 (28)
82 (24)

15 atm

30 atm

45 atm

a

Two replicates run. ND = not detected.
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Table 4.10
Trapping on a 3 meter MXT-5 Interface at 45°C:
Percent Recovery (RSD)a

Column End Unpressurized

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
16 (12)
ND
42 (12)
69 (3.5)
17 (20)

2% Modifier
9.5 (17)
ND
77 (2.1)
77 (11)
9.6 (51)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
21 (27)
ND
50 (4.3)
65 (5.8)
31 (18)

2% Modifier
48 (21)
ND
60 (13)
67 (20)
72 (26)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
70 (2.3)
ND
55 (0.72)
65 (4.4)
75 (3.0)

2% Modifier
10 (68)
ND
13 (56)
13 (56)
19 (28)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
72 (4.4)
ND
58 (3.1)
70 (2.2)
81 (2.2)

2% Modifier
ND
ND
ND
ND
ND

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
65 (10)
ND
101 (6.1)
100 (3.1)
96 (0.34)

2% Modifier
ND
ND
ND
ND
ND

5% Modifier
36 (29)
ND
75 (12)
85 (8.4)
33 (43)

10% Modifier
40 (17)
ND
76 (5.7)
87 (3.8)
39 (21)

5% Modifier
78 (12)
ND
91 (9.9)
92 (5.6)
92 (4.1)

10% Modifier
48 (14)
ND
88 (15)
95 (3.8)
91 (8.2)

5% Modifier
95 (6.6)
ND
98 (9.0)
98 (8.4)
98 (6.0)

10% Modifier
68 (31)
ND
83 (19)
77 (18)
91 (1.6)

5% Modifier
95 (6.6)
ND
98 (9.0)
98 (8.4)
99 (5.7)

10% Modifier
84 (11)
ND
102 (5.4)
102 (5.5)
103 (3.6)

5% Modifier
ND
ND
ND
ND
ND

10% Modifier
6.6 (31)
ND
18 (46)
30 (46)
29 (42)

5 atm

15 atm

30 atm

45 atm

a

Two replicates run. ND = not detected.
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Again it is much easier to observe the relevant trends when the data are plotted in chart form. In
Figure 4.7, recoveries are plotted for nitrotoluene as a function of column end-pressure, modifier
percentage, and temperature. These charts highlight several important results. If we first focus on
the “no-modifier” traces we see that, at 30°C, differences in recovery between the two stationary
phases were not very significant. However, at 45°C, the recoveries obtained with the MXT-5
phase were clearly lower than those obtained with the MXT-50 at the lower pressures (recoveries
essentially identical at the higher pressures). This is not surprising as the larger percentage of
phenyl groups give this phase some polarity and a greater ability to participate in van der Waals
interactions.

Considering the traces for the modified runs at 30°C, it is clear that trapping efficiency was less
affected by the presence of modifier with the MXT-5 column than with the MXT-50. This is what
we would expect as the MXT-5 phase is less polar, hence, methanol does not rinse analytes off
the column as readily. The situation became more complicated at 45°C. Elevated recoveries were
observed with the MXT-5 column in the intermediate pressure range when 5 or 10% modifier
was used. These recoveries were higher than those obtained under equivalent conditions but
without modifier, as well as with equivalent conditions but at lower temperature. The only logical
way of explaining this is that under the right combination of temperature, pressure, and modifier
percentage a stable film of solvent condenses on the column and acts as an additional layer of
stationary phase. This solvent-focussing effect is well known in gas chromatography.

A handful of analyses were conducted with an MXT-20 column. It was thought this stationary
phase might provide a good compromise, thus giving better recoveries than the MXT-5 but
generating sharper peaks than the MXT-50. In fact such was not the case. The results are
presented in Tables 4.11 and 4.12. The nitrotoluene data are summarized in chart form in
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Figure 4.8. In the absence of modifier, recoveries were fairly similar to those obtained with the
MXT-50. Recoveries in the presence of modifier were evaluated at 30°C only and were roughly
intermediate between those obtained with the other two phases. The focusing efficiency of the
column was almost identical to that of the MXT-50 (chromatograms not shown).

Figure 4.7
Plot of Nitrotoluene Recoveries on 3 meter MXT-50 and MXT-5 Columns
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Table 4.11
Trapping on a 3 meter MXT-20 Interface at 30°C:
Percent Recovery (RSD)a

Column End Unpressurized

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
84 (0.78)
ND
74 (1.6)
88 (0.81)
87 (2.2)

2% Modifier
95 (3.7)
ND
90 (4.2)
96 (2.7)
102 (1.4)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
88 (2.4)
27 (19)
94 (1.7)
84 (5.0)
87 (6.2)

2% Modifier
45 (21)
19 (51)
42 (23)
47 (21)
55 (18)

5% Modifier
93 (1.4)
ND
91 (4.9)
94 (2.1)
95 (0.17)

10% Modifier
91 (3.2)
ND
92 (2.6)
93 (0.44)
96 (4.7)

5% Modifier
56 (7.7)
15 (5.8)
55 (7.3)
58 (7.3)
67 (8.2)

10% Modifier
45 (11)
19 (43)
44 (16)
47 (13)
55 (9.0)

5% Modifier
24 (15)
16 (7.2)
22 (11)
25 (7.0)
32 (4.1)

10% Modifier
28 (11)
21 (9.0)
27 (10)
29 (7.8)
36 (6.4)

5% Modifier
32 (9.3)
18 (8.6)
32 (9.1)
34 (7.1)
40 (7.4)

10% Modifier
26 (14)
16 (15)
26 (7.7)
28 (11)
34 (7.4)

5% Modifier
18 (11)
8.6 (21)
19 (6.4)
19 (9.2)
23 (7.1)

10% Modifier
22 (8.1)
9.9 (36)
23 (9.2)
24 (2.2)
27 (8.0)

5 atm

15 atm

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
86 (8.9)
92 (1.5)
90 (4.2)
88 (11)
89 (8.7)

2% Modifier
27 (11)
16 (8.3)
25 (9.7)
28 (8.8)
35 (11)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
103 (4.4)
58 (21)
103 (3.5)
102 (4.1)
103 (4.7)

2% Modifier
26 (17)
16 (28)
26 (7.2)
27 (3.4)
33 (4.0)

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
102 (3.6)
ND
103 (3.1)
100 (4.2)
104 (3.6)

2% Modifier
22 (18)
5.5 (46)
24 (12)
23 (9.7)
27 (14)

30 atm

45 atm

a

Two replicates run. ND = not detected.
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Table 4.12
Trapping on a 3 meter MXT-20 Interface at 45°C:
Percent Recovery (RSD)a

Column End Unpressurized

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
49 (20)
ND
65 (4.5)
78 (9.5)
58 (16)

5 atm

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
60 (24)
ND
55 (24)
55 (21)
62 (18)

15 atm

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
72 (6.5)
11 (37)
70 (10)
72 (8.6)
73 (3.1)

30 atm

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene

No Modifier
79 (6.3)
ND
76 (11)
77 (9.2)
85 (2.4)

45 atm

2,6-Dinitrotoluene
2-Naphthol
4-Nitrotoluene
Benzophenone
Fluorene
a

No Modifier
97 (4.7)
ND
98 (2.0)
96 (2.7)
100 (0.98)

Two replicates run. ND = Not detected.
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Figure 4.8
Plot of Nitrotoluene recoveries on a 3 meter MXT-20 column

Stability of Siloxane Phases
If an acidic buffer is added to the LC mobile phase, siloxane columns will degrade quickly,
however, in the absence of any buffer, these phases were quite stable. Still, there is some
breakdown that does occur. Although changes in trapping efficiency were not observed,
breakdown was evident in two ways. First, it was observed throughout the study that peak shapes
periodically deteriorated. When this occurred it was found that running the analytical column
backwards for 5 or 10 minutes restored peak shapes to their previous symmetry. This suggested
that a fraction of the siloxane material that bleeds off the column was large enough to be retained
by the frit at the head of the column. When a sufficient quantity of this material builds up, it
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interacts with the analytes causing tailing and split peaks. This phenomenon is clearly depicted in
Figure 4.9 where standard runs are shown before, and immediately after, running the column
backwards. The need to backwash the column was quite frequent with the MXT-50 interface and
considerably less so with the MXT-20 and MXT-5 columns, suggesting that the MXT-50 column
is the least stable.

The suspected poor stability of the MXT-50 phase was further supported by the presence of a
peak which eluted between 21 and 22 minutes. The peak was never present in standard runs but
usually seen in SFE/LC runs. It is believed to be the fraction of siloxane bleed that does pass
through the frit. The size of this peak can be used to roughly assess the extent to which the
stationary phase is attacked under various conditions. This bleed peak was much more
pronounced with the MXT-50 then with either the MXT-20 or MXT-5 phases. Variables such as
interface temperature and analyte type were also found to have a strong effect on the degree to
which column bleed occurs. For example, Figure 4.10 shows that with the MXT-50 column much
larger bleed peaks were observed at 30°C than at 45°C. This is logical as the acid/base reactions
that are taking place would require some type of polar liquid phase in which to occur and are not
expected to occur to any significant extent in the gas phase. At 45°C the liquids readily evaporate
and, hence, the reaction is less able to take place. The chromatograms also show that this trend
was essentially the same when no modifier was used, suggesting that it is primarily the residual
water that causes these reactions. Very small degradation peaks were observed at 45°C even for
interface pressures as high as 45 atm (not shown). This was surprising but it seems the higher
temperature allows water evaporation to occur even at high pressures. Figure 4.10e shows that the
bleed peak was even larger when the semivolatile analytes were run. Keep in mind that the
attenuation setting is one unit less for semivolatile runs hence the peak height would have to be
reduced by a factor of two for a fair comparison. However, it is clear that the semivolatile bleed
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peak would still be considerably bigger than for the volatile runs. This is not surprising as four of
the compounds in this mixture are nitrogenous bases.

For both MXT-20 and MXT-5, there was virtually no bleed peak observable for volatile analytes
under any conditions (Figure 4.11a and c). When semivolatile analytes were run on the MXT-5

Figure 4.9
Peak Symmetry Before and After Running the Column Backwards
4

4

5

5

a

b
1

1

1

3

2 3

4
c

d
4

1
3

5

6

1
5

6
3
2

2

Volatile analytes prior to, a, and after, b, running the column backwards.
Semivolatile analytes prior to, c, and after, d, running the column backwards.
Peak identification, a and b: 1, 4-nitrotoluene; 2, 2-naphthol;
3, 2,6-dinitrotoluene; 4, benzophenone; 5, fluorene.
Peak identification, c and d: 1, lorazepam; 2, temazepam; 3, fluorazepam;
4, medazepam; 5, phenanthrene; 6, pyrene.
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Figure 4.10
Evaluation of Column Bleed with an MXT-50 Interface at
Various Conditions

a

5

Interface at 45°C
No Modifier
Interface End-Pressure of 5 atm
1

4

3
6

b

Interface at 45°C
5% Modifier
Interface End-Pressure of 15 atm
1

c

2

d

4

3

6

Interface at 30°C
No Modifier
Interface End Unpressurized
1

5

5

4

6

3

Interface at 30°C
2% Modifier
Interface End-Pressure of 5 atm
1

5

4

6

3
2

e

7

Interface at 30°C
5% Modifier
Interface End-Pressure of 5 atm
4

1
2

3

5

6

Peak identification, a, b, c, d: 1, 4-nitrotoluene; 2, 2-naphthol;
3, 2,6-dinitrotoluene; 4, benzophenone; 5, fluorene; 6, bleed.
Peak identification, e: 1, lorazepam; 2, temazepam; 3, fluorazepam;
4, medazepam; 5, phenanthrene; 6, pyrene; 7, bleed.
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Figure 4.11
Evaluation of Column Bleed with an MXT-5 and MXT-20 Interface at
Various Conditions

a

5

3 meter MXT-5 Interface at 30ºC
2% Modifier
Interface End-Pressure of 30 atm
4
1
3
2

b

3 meter MXT-5 Interface at 30ºC
5% Modifier
Interface End-Pressure of 5 atm

6
4

1

5

3

2

7

c

3 meter MXT-20 Interface at 30ºC
2% Modifier
Interface End-Pressure of 15 atm
5
4
1

2

3

6

d
3 meter MXT-20 Interface at 30ºC
5% Modifier
Interface End-Pressure of 5 atm
1

6
3

4

5

7

2

Peak identification, a and c: 1, 4-nitrotoluene; 2, 2-naphthol;
3, 2,6-dinitrotoluene; 4, benzophenone; 5, fluorene; 6, bleed.
Peak identification, b and d: 1, lorazepam; 2, temazepam; 3, fluorazepam;
4, medazepam; 5, phenanthrene; 6, pyrene; 7, bleed.
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column the bleed peak was essentially nonexistent even at 30°C (chromatogram b). However,
under the same conditions on an MXT-20 column the bleed peak was somewhat larger
(chromatogram d) though not nearly as large as with the MXT-50.

It was also noted in Chapter 3 that the MXT-50 phase has a tendency to hold onto water. This is
likely the reason for the differences in stability of the various phases. When gaseous carbon
dioxide passes through the trapping column, the water becomes acidic and breakdown reactions
are facilitated. It may also be significant that the MXT-50 phase has a phenyl group on every
silicone atom which, we speculate, could make these atoms more susceptible to attack.

Use of Long MXT-5 Columns
Summarizing the information gathered so far it seems that, in many ways, MXT-5 was the ideal
phase for this application. This is based on the efficient focussing that was possible as well as its
low reactivity, low tendency to hold onto water, and low susceptibility to the rinsing effect in the
presence of modifier. Previous data also suggest that relatively low interface pressures should be
used (depending on modifier percentage). The MXT-5 is not the best phase from a trapping
standpoint, however because focusing is more efficient, longer lengths of column can be used to
make up for this. The extra column length also provides time and space for the modifier to
evaporate. In addition, it would allow a configuration where the earlier section of the column can
be heated to further aid modifier evaporation while the rest of the column is kept at a lower
temperature to maximize trapping efficiency.

Based on all of this information, the next approach was to use a 15 meter MXT-5 column with the
first 4 meters of the interface heated. Initial evaluation was done with the end of the interface
unpressurized. The data are summarized in Table 4.13 for both volatile and semivolatile analytes,
run with 10% methanol.
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The analyte most susceptible to the rinsing was naphthol and, in fact, a very clear trend was
observed for this analyte. At the higher temperatures recoveries were excellent. Below 45°C
recoveries became less quantitative. In contrast, good recoveries were obtained at room
temperature for most other analytes.

Table 4.13
Effect of Interface Heating on Trapping
Efficiency with a 15 meter MXT-5 Column:
Percent Recovery (RSD)a

Interface Temperature
Oven Door Open
(~25°°C)
93 (1.6)

35°°C
94 (0.15)

45°°C
99 (0.18)

55°°C
98 (0.20)

2-Naphthol

51 (6.0)

74 (4.7)

100 (1.1)

101 (1.8)

4-Nitrotoluene

96 (0.55)

97 (0.39)

100 (0.22)

97 (0.42)

Benzophenone

97 (0.67)

97 (0.25)

101 (0.24)

97 (0.94)

100 (0.047)

99 (0.30)

101 (0.20)

101 (0.82)

Lorazepam

91 (5.0)

96 (4.6)

97 (6.4)

98 (7.1)

Temazepam

94 (5.0)

97 (5.3)

101 (6.0)

102 (6.8)

Fluorazepam

83 (7.3)

82 (4.9)

77 (7.4)

84 (4.1)

Medazepam

95 (7.1)

101 (6.1)

96 (6.7)

96 (6.2)

Phenanthrene

95 (0.78)

98 (1.9)

101 (0.55)

103 (1.2)

Pyrene

96 (1.4)

100 (2.2)

102 (0.39)

101 (2.0)

2,6-Dinitrotoluene

Fluorene

a

10% methanol modifier, end of column unpressurized, 4 meters of column in oven.

The charts in Figure 4.12 show the drop in recovery for three representative analytes as the
interface end-pressure was raised from 0 (unpressurized) to 5 atm, with 10% modifier. Lines were
not placed on these graphs as it is not clear how recoveries would trend between 0 and 5 atm.

92

Figure 4.12
Recoveries on a 15 meter MXT-5 Column
with End-Pressures up to 5 atm

93

Fluorene was recovered quantitatively at all conditions. This is logical because a non-polar
compound is not very susceptible to the rinsing effect. Naphthol showed good recoveries except
at 30°C and 5 atm indicating that the rinsing effect “kicks in” at these conditions. The data for
lorazepam showed a much steeper drop off with lower temperature and higher pressure. It is seen
in Table 4.13 that the nitrogenous bases are less susceptible to rinsing than naphthol. There must,
therefore, be another effect at work here. It is believed that the bases are subject to some type of
reactivity in the system. The strong dependence of recoveries on the interface conditions
suggested that the reactivity was not occurring in the extraction part of the system. It may be that
the bases are reacting with the stationary phase. This process would probably be catalyzed by the
acidic methanol. This would explain the fact that the recoveries dropped as the temperature
decreased and the pressure increased because as the methanol has more difficulty evaporating, it
will catalyze reactions for a longer period of time. Another possibility is that the bases were
protonated and, subsequently, adhere to the siloxane backbone of the stationary phase. If material
sticks to the column then it is possible to get low recoveries on one replicate followed by
recoveries above 100% on the next. This would explain the cases where essentially quantitative
recoveries were obtained with high RSD’s as seen for the bases in Table 4.13 and, subsequently,
in Table 4.17. It may be that both of these processes are occurring simultaneously. What is clear
is that there is some type of reactivity phenomenon occurring with the basic analytes. The 45 and
55°C data were repeated with 6 meters of column in the oven in order to evaluate whether this
would evaporate the modifier more readily. The results were virtually identical to those obtained
with 4 meters of column in the oven (not shown).

Importance of Pressure and Flow
When gas is forced through an open-tubular column, a pressure gradient develops that decreases
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towards the end of the column. The magnitude of this gradient is decribed by The HagenPoiseuille equation
pInterface Point = (FC16ηLpEC / Πr4 + pEC2)1/2

[1]

The pressure at a given interface point (pInterface Point) is a function of the pressure at the back end of
the column (pEC), the distance between these points (L), as well as the viscosity of the gas (η),
and the flow rate, measured at the column outlet (Fc). There is a particularly strong dependence
on the column’s internal radius (r). This equation may also be used to calculate the pressure at a
given point along the interface. The CO2 density may then be obtained, and the flow at that point
may be calculated as follows:
FlowInterface Point = FlowExtraction Vessel (ρExtraction Vessel / ρInterface Point)

[2]

Values for pressure and flow have been calculated for three different extraction flow rates, Table
4.14. A total interface length of 25 meters was used for these calculations as this is the longest
length that is likely to be used and, hence, represents the maximum interface head pressures that
would be encountered. Values were calculated for the head of the interface, the middle of the
interface (12.5 meters from either end), and the end of the interface. In Figure 4.12 we observed a
drop in recovery for some analytes as pressure was increased to 5 atm. At first it would seem that
this is simply due to the higher pressure making it difficult for modifier to evaporate. However, a
look at the calculated values in Table 4.14 (top) show that increasing the column end-pressure to
5 atm has a modest effect on the pressure at the head of the interface, where modifier evaporation
is taking place. Specifically, the pressure increases from 4 to 7.1 atm (a change of 3.1 atm).1
Conversely, the reduction in flow rate is more substantial (a change of 50 mL/min). Although the
effect of flow rate was not studied explicitly, the use of a crimped stainless steel restrictor means
that some variation in flow rate must be tolerated. It was consistently observed throughout the

1

Here we are using the data in Table 4.14 calculated for the middle of the interface i.e. 12.5 meters from
the end. Technically this is not a perfect match with the current situation where we are using a 15 meter
interface. However, the differences in pressure and flow would be minor.
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Table 4.14
Calculated Pressure and Flow Rates at Various Points in the Interface

For extraction flow of 1 mL/min
Set Pressure
at End of
Columna
(atm)

Head of Interface

Middle of Interface

End of Interface

Pressure
(atm)

Flow
(mL/min)

Pressure
(atm)

Flow
(mL/min)

Pressure
(atm)

Flow
(mL/min)

Open

5.5

79

4.0

111

1

444

1

5.8

75

4.3

101

2

221

2

6.2

70

4.8

91

3

147

5

8.0

54

7.1

61

6

72

15

17

24

16

25

16

25

For extraction flow of 2.5 mL/min
Set Pressure
at End of
Columna
(atm)

Head of Interface
Pressure
Flow
(atm)
(mL/min)

Middle of Interface
Pressure
Flow
(atm)
(mL/min)

End of Interface
Pressure
Flow
(atm)
(mL/min)

Open

8.6

124

6.1

176

1

1111

1

8.8

122

6.4

170

2

553

2

9.0

118

6.7

160

3

366

5

10

102

8.5

126

6

180

15

18

56

17

60

16

64

For extraction flow of 4 mL/min
Set Pressure
at End of
Columna
(atm)

Head of Interface
Pressure
Flow
(atm)
(mL/min)

Middle of Interface
Pressure
Flow
(atm)
(mL/min)

End of Interface
Pressure
Flow
(atm)
(mL/min)

Open

11

154

7.7

223

1

1777

1

11

153

7.9

218

2

884

2

11

150

8.2

210

3

586

5

12

136

9.6

176

6

289

15

19

85

18

92

16

102

a

Sometimes referred to as guage pressure.

Calculations were based on extraction at 400 atm and 90ºC with the end of the interface at 30ºC.
Densities were obtained from the Gas Encyclopedia (29) or by using the SF-Solver software
(distributed by Isco, Inc.). Values were then calculated using equations [1] and [2].
For all calculations a CO2 viscosity of 0.000155 poise was used.
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study that modifier evaporation was more efficient when the flow drifted slightly upwards and
was less efficient when the flow drifted slightly downwards (with constant modifier percentage).
Hence we believe that it was not the elevated pressure that caused the reduced recoveries but the
resulting drop in flow rate at the head of the interface.

This suggests that the ideal solution may be to raise the column end-pressure somewhat and, at
the same time, use a higher extraction flow rate. The middle and bottom portions of Table 4.14
show that when this is accomplished it is possible to increase the flow at the head of the interface
(making modifier evaporation more efficient) and simultaneously decrease the flow towards the
end of the interface (making trapping more efficient). Based on the experience gained in the
course of this study, it is believed that column end-pressures of 2-5 atms and flow rates of 2-4
mL/min, with a 4-5 meters of guard column at the head of a 12 meter interface would work well
for the vast majority of analytes without a need for heating the interface. Using pressures above
this range, and flows below, may work better for highly volatile analytes, however, this is only
recommended with longer lengths of guard column, heating the head of the interface, or when the
quantity of modifier is ≤ 2%. Future work is needed to prove that these ranges are, in fact,
optimal. A system with better flow control - preferably a variable restrictor - would be required
for this work as there is too much fluctuation of flow with crimped stainless steel. Pressures
above 5 atm have been shown to work well in the absence of modifier (Figure 4.7) but are not
recommended when modifier is used. The data gathered in this study also suggest that higher
back pressures are not necessary for efficient trapping of most “LC-type” analytes.

It is strongly recommended that the use of a back-pressure regulator be avoided. Heating is
required in order to keep the liquids from accumulating and the higher temperatures can damage
the internal components of the regulator. In addition, because polar liquids are moving through,
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salts will invariably be deposited, and this too will cause damage or require frequent maintenance.
Instead, the desired pressure can be established at the back end of the interface by using stainless
steel tubing of specified length and inner diameters. In Table 4.15 the length of 0.01 inch ID
tubing required to achieve certain pressures at the end of the interface is calculated for different
flow rates. These values were calculated using Equation [1], solving for L. Using tubing instead
of a regulator also avoids having to unhook the regulator at the beginning of each run to eliminate
the water and methanol on the interface from the previous run.
Table 4.15
Length of Tubing Needed to Achieve
Various Column End-Pressuresa
Target Column
b
End-Pressure
(atm)

1 mL/min

Length of Tubing Required
(meters)
2 mL/min
3 mL/min
4 mL/min

5 mL/min

1

2.2

1.1

0.72

0.54

0.43

2

5.8

2.9

1.9

1.4

1.2

3

11

5.4

3.6

2.7

2.2

4

17

8.6

5.8

4.3

3.5

5

25

13

8.4

6.3

5.0

a

Values are calculated for tubing with a 0.01 inch internal diameter.
b
Set, or guage, pressure (not absolute pressure).

Evaluating the Miscibility of the Reversed-Phase Eluent with the MXT-5 Stationary Phase
Several reasons have been given why MXT-5 may be the best phase to serve as an interface for
coupling SFE and HPLC. However, given that the phase is relatively non-polar, an obvious
concern is the ability of the water/methanol mobile phase to “cut through” the stationary phase
and carry the analytes off the interface. The chromatograms in Figure 4.6 show that excellent
focusing was obtained with lengths up to 8 meters for an MXT-5 column with a 1.5 um film. In
Figure 4.13 it is seen that good focusing was still obtained when the length of the column was
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Figure 4.13
Evaluating Focusing on a 15 meter MXT-5 Interacea

a

2% Modifier

1

4

5

4

5

4

5

3
2

b

2% Modifier
Film thickness doubled

1

3
2

c

No Modifier

1

d

2

3

5% Modifier
After 2 runs without modifer

4
5

3
1
2

a

All runs with interface at 35ºC. End of interface unpressurized.
Peak identification: 1, 4-nitrotoluene; 2, 2-naphthol;
3, 2,6-dinitrotoluene; 4, benzophenone; 5, fluorene.
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increased to 15 meters: and even when the film thickness was doubled. The increase in peak
widths were fairly small and may have had more to do with the larger quantity of methanol in the
longer interfaces which strengthens the mobile phase at the beginning of the separation and,
thereby, makes focusing less efficient. However, when a run was made in the absence of modifier
all recoveries dropped significantly except that of naphthol, which was quantitative, Figure 4.13c.
This is because, during trapping, a certain fraction of the analytes diffuse into deep regions of the
stationary phase. Subsequently when the mobile phase sweeps through it can only access that
fraction of analytes that are relatively near the surface, due to its poor miscibility with the
stationary phase. Naphthol is unaffected as it also is not miscible with the stationary phase and,
hence, remains on the surface. This is confirmed by the fact that the first run with modifier - after
two runs without – showed greater than 100% recovery for all peaks except for naphthol, Figure
4.13d. Maintaining the interface at elevated temperatures helped minimize this effect but only to a
small extent.

It seems that, when modifier was used in the extraction, the stationary phase becomes soaked
with the liquid. When the mobile phase subsequently comes through, this layer of modifier acted
as a co-solvent between the mobile and stationary phases. One would think the fact that there is
already methanol in the mobile phase would mean good results should be obtained regardless of
whether modifier was used during the extraction. However, this was found not to be the case.
Most likely, the methanol cannot permeate the stationary phase in the presence of a large quantity
of water.

The conclusion is that the low polarity of the stationary phase does not present a problem,
provided that a minimal amount of modifier is used in the extraction.
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Use of Ethanol in Place of Methanol
Because it was possible to handle all analytes with 10% methanol, it was thought the potential
existed to conduct the entire on-line extraction/separation process with completely non-toxic
fluids if methanol were replaced with ethanol both as the modifier, and in the mobile phase.
Ethanol would be expected to have a very similar elution strength to methanol. However, its
viscosity is more than two times higher. This is unfortunate as the pressure-drop across the
packed column is generally the factor that limits resolution in HPLC. However, for applications
that do not require high efficiency - where analyses can be accomplished with relatively short
columns packed with 5 or 10 um particles - a reversed-phase separation could easily be developed
with only water and ethanol. It is, therefore, worth evaluating whether ethanol can also be used in
place of methanol as the modifier. For these analyses, the first 6.5 meters of the interface were
placed in the oven.

Initial work showed that, despite the fact that the difference in boiling point is only ~13 degrees,
there was a considerable difference in the extent to which the rinsing effect was observed with
the two modifiers. We saw in Table 4.13 that temperatures of 45°C or higher were enough to
allow quantitative trapping of naphthol in the presence of 10% methanol. With ethanol 65°C was
not high enough even when the modifier percentage was reduced to 5%, Table 4.16. However,
when a 10 meter guard column was added to the front end of the interface, excellent recoveries
were obtained for all analytes with 10% ethanol, even at 25°C. Particularly surprising was the fact
that quantitative results were still obtained when the back end of the column was pressurized at 5
atm. This leads to the important conclusion that guard column length has a much more substantial
effect on modifier evaporation than does heating the head of the interface.

Data for the semivolatiles are presented in Table 4.17. Initially, recoveries for the basic analytes
were poor at all temperatures evaluated. However, when a 10 meter guard column was added to

101

Table 4.16
Evaluation of Ethanol as a Modifier with Volatile Analytes:
Percent Recovery (RSD)a

65°°C, 10%
Modifier,
Unpressurized

Interface Temperature
65°°C, 5%
25°°C, 10%
Modifier,
Modifier,
Unpressurized
Unpressurized,
10 meter guard
93 (0.20)
96 (0.36)

25°°C, 10%
Modifier,
5 atm,
10 meter guard
96 (0.18)

2,6-Dinitrotoluene

93 (1.5)

2-Naphthol

64 (13)

70 (8.2)

96 (2.5)

4-Nitrotoluene

97 (0.47)

94 (2.0)

98 (0.081)

Benzophenone

94 (1.7)

94 (0.18)

96 (.11)

96 (0.23)

Fluorene

97 (1.2)

97 (0.095)

95 (1.3)

99 (0.24)

a

92 (1.6)
103 (0.49)

6.5 meters of column in oven.

Table 4.17
Evaluation of Ethanol as a Modifier with Semivolatile Analytes:
Percent Recovery (RSD)a

Lorazepam

Interface Temperature
65°°C, 10% Modifier, 25°°C, 10% Modifier, 25°°C, 10% Modifier,
Unpressurized
Unpressurized,
5 atm,
With 10 meter guard With 10 meter guard
66 (14)
102 (19)
40 (22)

Temazepam

85 (3.8)

109 (12)

47 (24)

Fluorazepam

74 (9.4)

93 (6.3)

75 (9.7)

Medazepam

47 (31)

91 (16)

25 (20)

Phenanthrene

96 (1.9)

97 (1.0)

96 (1.5)

Pyrene

95 (3.2)

97 (0.41)

95 (2.6)

a

6.5 meters of column in oven.

102

Figure 4.14
Evaluation of Bleed Peaks With and Without a Guard Column
and With Methanol or Ethanol as Modifier
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Peak identification: 1, lorazepam; 2, temazepam; 3, fluorazepam;
4, medazepam; 5, phenanthrene; 6, pyrene; 7, bleed.
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the system, all analytes were recovered well. For the basic analytes, recovery was poor when the
end of the column was pressurized to 5 atm. This cannot be due to a rinsing effect as it has
previously been shown that 2-naphthol is more susceptible to this than the bases are. Here again it
seems there is some type of reactivity effect going on.

The use of a guard column also helped minimize degradation of the stationary phase. In Figure
4.14 it can be seen that with methanol as the modifier, the bleed peak is considerably reduced in
size as compared to the identical run without a guard column. When ethanol was used as the
modifier, however, the bleed peak was actually larger when a guard column was used. This was
puzzling, however it seems that the guard column, by allowing the liquid to spread out and
become diluted, leads to better trapping for both methanol and ethanol. But for ethanol - given its
higher boiling point - the larger pressure/lower flow that results at the head of the interface due to
the additional length led to less efficient evaporation. As a result more liquid remains, leading to
more degradation of the column. By elevating the head of the interface to 55°C, the size of the
bleed peak was reduced, Figure 4.14e. Longer lengths of guard would probably have been even
more effective.

4.4 Conclusions
On-line coupling of SFE and HPLC was accomplished by use of a coated open-tubular column
interface. This approach allowed for quantitative transfer of the analytes to the separation column
even when substantial quantities of modifier were used in the extraction. Simultaneously, very
practical extraction parameters, i.e. extraction vessel volume, extraction flow rate, and extraction
time, were possible.

MXT-5 was found to be the preferred stationary phase for the interface from the standpoint of
focussing, stability, low tendency to hold onto water, and lower susceptibility to analyte loss due

104

to rinsing. The use of long lengths of column allowed more time and space for the modifier to
evaporate and made it possible to heat the earlier portion of the interface to further aid modifier
evaporation while the remainder of the column was at a lower temperature where trapping is
more efficient. With a 15 meter column efficient trapping of 2-naphthol was possible: the most
difficult analyte evaluated from a trapping standpoint. This analyte was not efficiently trapped on
an 8 meter length of MXT-5. All analytes evaluated could be handled with this method, however,
higher RSD’s were observed for the bases.

When ethanol was used in place of methanol the loss of analytes due to rinsing off the interface
was much more problematic and the method did not work well even at elevated temperatures.
However, when a 10 meter length of guard column was added to the head of the interface, good
recoveries were obtained with 10% ethanol and no heating of the interface: demonstrating that
interface length was more important than interface temperature in terms of modifier evaporation.
Good recoveries were still obtained (for all but the basic analytes) when 5 atm of pressure were
maintained at the end of the trap. It has also been shown that the addition of a 10 meter guard
column can minimize breakdown of the stationary phase when 10% methanol is used as a
modifier. Longer lengths and/or higher interface temperatures would be needed to get the same
benefit with ethanol.

Although not evaluated explicitly, it would seem that modifier evaporation is more efficient at
higher flow rates. This is believed to be the most important issue for further investigation. Based
on the data and calculations presented here, a narrow range of flows, pressures, and column
lengths has been recommended for future work. More work is also needed to evaluate the effect
of higher restrictor temperatures on rotor binding and also to consider the effect with real
samples. A depressurization step is not thought to be necessary, hence, future systems could have
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a somewhat simpler design (see Appendix III). Additionally, stainless steel lines are
recommended instead of a backpressure regulator to control the interface end-pressure.
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Chapter Five
Importance of the Extraction Flow Rate

5.1 Introduction
The importance of the decompressed flow rate has been thoroughly evaluated in this thesis,
however, the importance of the supercritical fluid flow rate in the extraction region of an SFE
system was not considered. Because the approaches advocated here substantially improve
trapping efficiency they would allow, in many cases, higher extraction flow rates to be used. It
seems logical, therefore, to consider the benefits that can be realized by increasing the extraction
flow rate.

The majority of classical extractions are conducted with extraction flow rates of ~1 mL/min (with
the exception of very high molecular weight componds such as fats and lipids). It was
demonstrated briefly in Chapter 3 that, by maintaining an elevated pressure in the column,
SFE/GC was possible with an extraction flow rate of 3.8 mL/min. Efficient trapping and
separation were possible for several analytes despite the fact that the column had only a moderate
film thickness and no cooling was used. More work needs to be done to demonstrate what the
usable flow rate range would be with different pressurized trapping techniques: and, of course,
this would also be a function of the analytes being evaluated. However, there is no doubt that
pressurized trapping methods would allow somewhat higher extraction flow rates to be used
routinely. For the purpose of this discussion, 3.5 mL/min will be chosen as a reasonable estimate
of a typical flow rate for pressurized-trapping SFE techniques.

It’s important to keep in mind that if the extraction flow rate is elevated too much, at some point
the difficulties of classical (unpressurized) SFE, will return (see section 1.2). There is also a
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concern with on-line methods that, if the flow rate is too high, excessive pressures will result at
the point of trapping. As discussed earlier, this could lead to problems such as the fluid acquiring
solvating power in the trapping region or inefficient modifier evaporation. For these reasons
excessive flow rates are not recommended. The critical question, then, is what can be gained from
moderate increases in the extraction flow rate.

There have been several papers that have undertaken to model the process of supercritical fluid
extraction (84-93). Although these papers were mathematically rigorous, flow rate was generally
not considered as a variable. Hence, they do not provide much information on the importance of
flow rate in the extraction process. Here we take a common sense approach, and use what
literature is available, to consider the importance of the extraction flow rate.

5.2 The Chromatographic Model
In the simplest case a dynamic extraction is essentially a chromatographic process: the extraction
fluid representing the mobile phase, and the matrix being extracted, the stationary phase. Hence,
equation [1] applies, suggesting that extraction time would be inversely proportional to the flow
rate of fluid through the extraction vessel.
Extraction Time = L(1 + k)Πr2ε / Extraction Flow Rate [1]
Going from an extraction flow of 1 mL/min to one of 3.5 mL/min would, therefore, reduce the
extraction time by a factor of 3.5. With further increases in flow rate the extraction time would
continue to decrease proportionally, however, the magnitude of the changes would become
increasingly smaller. In Figure 5.1, extraction time is plotted against flow rate. This Figure makes
clear that, in the low-flow region, substantial gains in the speed of an extraction may be realized
by relatively small increases in the extraction flow rate. However, further increases in flow rate
generate increasingly smaller benefits.
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Figure 5.1
Extraction Time vs Extraction Flow Rate

Extraction Time (min)

25
20
15
10
5
0
0

1

2

3

4

5

6

7

8

9

10

Extraction Flow Rate (mL/min)

An extraction time of 25 minutes and a flow rate of 1 mL/min were arbitrarily
chosen as the base point. Other values were then calculated using equation [1].

5.3 Deviations From the Chromatographic Model
In a chromatographic system, a given analyte moves freely back and forth between the extraction
fluid and sample matrix: the fraction of time spent in each phase governed only by
thermodynamic factors such as the analyte’s affinity for each of the phases as well as their
relative masses or volumes. However, in an extraction there are several factors that may
complicate this picture. For example, with certain sample types it has been well established that
analytes will form high energy associations with the matrix, and that overcoming these
associations is the primary challenge when extracting from these matrices (2,3,6,7,10,24,94,95).
It has been demonstrated that these associations do not form when analytes are simply spiked
onto the sample: even when intervals as long as 14 hours are allowed between spiking and
extraction (3). Therefore, there is a time element involved. It is interesting to note that most of
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this work has been done with samples having a substantial metal content, such as soil, sediment,
sludge, and fly ash, and primarily with compounds like polynuclear aromatic hydrocarbons
(PNA’s) which have aromatic units that could easily complex to these metallic centers (in fact,
PNA’s would be particularly efficient in this regard as they are planar and all “complexing units”
are conveniently lined up to interact with a surface). An argument along these lines was made by
Alexandrou et al. stating that the affinity of dioxins for a Florisil sorbent were due to the presence
of magnesium ions in the silica lattice (2). A series of modifiers of increasing basicity were
shown to be correspondingly effective in eluting dioxins that had been spiked onto the Florisil.
The authors went on to state that the heavier metals that are present in many environmental
matrices would result in similar chemisorption, but that the adsorption process with these metals
would be very slow.

The above argument is one theory. The exact nature of these associations are not well understood
and may involve other processes as well. It has been noted that mathematical models cannot be
used to determine the nature of these associations, since models based on completely different
theories/mechanisms often reach very similar conclusions (24). Despite the fact that the
mechanisms are not completely understood, the basic extraction behavior to be expected of
sample types dominated by high-energy associations has been well documented
(2,3,6,24,94,95). The fundamental features are that desorption from the matrix is a one-time
process. Once analytes break free they do not become bound again, hence, the time of extraction
depends on the kinetics of the initial desorption. And secondly, that a certain element of time is
required in order for these associations to form. As a result the same behavior will not be
observed for artificially spiked analytes. This represents an obvious change from the purely
chromatographic behavior discussed above.
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A different situation exists when extracting tissue samples. Here the analytes will often be located
within the sample such that connective tissues and/or cell membranes serve as barriers, which
separate the analytes and the extraction fluid in the initial stages of the extraction. A similar
concern exists when extracting polymer samples as the analytes are generally located within the
polymer network, from which they cannot readily escape. These systems are essentially diffusion
limited as the speed of the extraction depends on the rate at which the analytes are able to diffuse
out of the sample matrix.

The speed of any process is only as fast as the slowest step in the process. For both the high
energy association and the diffusion limited cases, the primary limitation is not flow rate
dependent. In situations where these factors dominate, the overall speed of the extraction will also
not be flow rate dependent.

There are two other factors that represent deviations from the purely chromatographic model.
First there is the issue of solubility. When the analytes are present at high concentrations the
extraction fluid can become saturated such that more analytes cannot be solvated. Logically, this
would make the extraction highly flow-rate dependent, as has been documented (94). A similar
issue would exist if an analyst chooses poor extraction parameters such as setting too low a
pressure on the supercritical extractor. Secondly, there exists, in many sample types, a variety of
active sites that interact with the analytes and “hold onto” them for some extended period of time
(similar to the phenomenon that causes tailing in analytical separations). Clearly, the effect of
these active sites will be to retard the movement of analytes as they are carried through the
extraction vessel. We will refer to these as low-energy associations, as they generally consist of
dipole forces, hydrogen bonding, and van der Waals interactions. Unlike with the high-energy
associations, the analytes will continually be released, and then re-associate, with the matrix.
When low energy associations are the dominant factor, the extraction process will be highly flow
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rate dependent. Consider that a higher extraction flow rate means the linear velocity of the fluid
moving through the extraction vessel will be higher. It follows that each time the analyte is
released from the sample matrix and enters the extraction fluid, it will pass over a larger number
of sorptive sites before returning to the matrix.

Of the four factors (deviations from the chromatographic model) mentioned above, we would
argue that the low-energy associations are the most important. Since the issue of high energy
associations has been shown to be a kinetic limitation, it can be dealt with by use of a static
extraction period prior to the dynamic extraction. The use of a modifier and elevated temperatures
may reduce the necessary static extraction time. Reduction of particle size, as for example
grinding and pulverizing a tissue or polymer sample, largely minimizes the diffusion limitation.
Both the solubility issue and that of low-energy associations should make the process more
dependent on flow rate than for a purely chromatographic system, however, with the exception of
fat and lipid analysis, the solubility limitation is fairly rare and generally exists only when the
analytes are present at high levels. Conversely, low-energy associations will almost always be
present to some degree. In fact the addition of drying agents, such as hydromatrix, can further
introduce low-energy-association sites to the extraction vessel.

5.4

Considering a Thermal Desorption Experiment

There are not many references in the literature that can be specifically related to the issue of lowenergy associations (more commonly referred to as matrix-analyte interactions, though this term
is not specific enough for present purposes). However, a few can be found. For example, it has
been shown that dioxins and polynuclear aromatic hydrocarbons (PNA’s) spiked onto fly ash,
marine sediment, and railroad bed soil, where removed more rapidly at higher temperature (24).
Since the literature has generally demonstrated that there can be no high-energy associations for
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spiked analytes, this study offers proof of the importance of low-energy associations. Similarly,
it was reported that PNA’s spiked onto petroleum waste sludge, urban air particulates, and
railroad bed soil, were removed more readily in the presence of modifier (3). Again this points to
the importance of low-energy associations as the analytes, in this study, were artificially spiked.
Hawthorne and Miller noted that increasing the flow rate was more effective than increasing the
modifier percentage in the removal of spiked (deuterated) PNA’s from fly ash (96). In one
instance, the effect of flow rate was demonstrated for native analytes. Levy et al. demonstrated
that, once conditions are set to promote analyte liberation from the matrix, faster flow rates will
lead to more rapid extractions. Specifically, it was demonstrated that for the removal of PNA’s
from marine sediment, extraction time was reduced by more than 50% when the compressed flow
was increased from 2.6 to 4.7 mL/min (21). These references suggest that low-energy
associations are important. The last two offer direct evidence for what we advocate here i.e. that
moderate elevation of the extraction flow rate can increase the speed of extraction for many
samples.

It is generally accepted that these low-energy associations will be more problematic when
extracting with supercritical fluids. Just as the lower solvating power of these fluids can result in
cleaner extracts by solubilizing less contaminant material, the converse of this is that supercritical
fluids are not as capable of “pulling” associated analytes away from the matrix in some cases.
However, there is no literature (that the author is aware of) that demonstrates this in a definitive
way. There is, however, one paper where this issue was evaluated with respect to another
technique: thermal desorption.

Pankow and Kristensen (97) demonstrated that in thermal desorption experiments, run times were
reduced and the quantity ultimately recovered increased, with higher flow rates. Figure 5.2
depicts the cummulative recovery obtained after a desorption sequence (40 min consecutively at
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250, 275, 300, and 325°C) as a function of flow rate. In a way, a thermal desorption experiment is
an ideal model for dealing with the question at hand. Because gases have negligible solvating
power - and part of the desorption sequence used lower temperatures than required for efficient
desorption - this experiment represents the limiting case of a removal process that is completely
dominated by prolonged associations of the analytes with the marix i.e. an extreme case of lowenergy associations. Of the 12 compounds evaluated in the paper, three compounds showed no
trend at all: naphthalene is an example of this. Many compounds, such as perylene, showed a
moderate trend. The strongest trend was observed for DDD (6,6’-Dithiobis-2-naphthalenol). The
nonlinearity of these curves, as well as the dependence of recovery on the chemical/physical
properties of the analyte, are good evidence for the importance of low-energy associations in
thermal desorption experiments.

Figure 5.2
Recovery as a Function of
Thermal Desorption Flow Rate
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Data replotted from reference 97.

The logic involved is straightforward. As stated previously, the matrix being extracted will
generally have a variety of active sites. Higher flow rates mean that each time an analyte enters
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the extraction fluid (or carrier gas) it will travel a greater distance before returning to the matrix.
As a result it will contact less active sites. This suggests that higher flow rates can result in
decreased extraction times. It also follows that, at higher flow rates, the analytes will contact a
lesser number of the active sites which bind them irreversibly, as a result of which recoveries will
be higher.

5.5

Conclusion

In sum although there are situations where the limiting factor in an extraction process is not flow
rate dependent, these situations can generally be dealt with either by implementing a static
extraction period for high-energy association limited cases, or by reducing the particle size
during sample preparation for the diffusion limited cases. Use of high temperatures and careful
selection of modifiers can reduce the length of the static period that is necessary in the former
case. Assuming this prescription is followed, the speed of the dynamic extraction will almost
always be flow rate dependent.

Both the curve representing pure chromatographic behavior (Figure 5.1) and the curve dominated
by low-energy associations (Figure 5.2) are steep at the low-flow end. Hence, modest increases
in the extraction flow rate would be expected to have a significant effect on the speed of the
extraction, whether the process follows either of these limiting cases or is a combination of both.
Excessive flow rates will cause problems in return for additional gains that are only moderate.
Flow rates as high as 3.5 mL/min are expected to work well in most pressurized-trapping-SFE
experiments. More work should be done to evaluate this.

It should be noted that the lowest flow rate evaluated by Pankow and Kristensen was 2.8 mL/min.
In SFE flows are typically less than this. Therefore, even if the interactions are not as problematic
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for supercritical extractions (which should be the case) a strong flow-rate dependence may be
anticipated since we are starting on the low-flow end of the curve. Furthermore, Pankow and
Christiansen were working with ~0.1g of Tenax. In many real-world matrices more formidable
binding sites would be expected. And larger sample masses would, of course, contain more sites.
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Chapter Six
Conclusions
As stated at the outset, the high flow rates that result as fluid depressurizes through the outlet
restrictor is arguably the most significant problem with supercritical fluid extraction techniques.
These high decompressed flow rates impede the analysts’ ability to conduct both off-line and online supercritical extractions in an easy and practical manner, and with good sensitivity.

In this work it has been demonstrated that, by elevating the post-restrictor pressure, off-line
solvent trapping, on-line SFE/GC, and on-line SFE/HPLC may be conducted with greater ease,
greater flexibility in the selection of extraction parameters, and with better sensitivity. In some
cases, substantial advantages may be gained even when the trap pressure is only moderately
elevated.

In Chapter two it was shown that solvent trapping could be accomplished quantitatively, for
analytes as volatile as benzene, in only 1 mL of ethanol. No external cooling of the collection
vessel was required. It was also suggested that by making solvent trapping efficiency much less
dependent on the extraction parameters being used, and by virtually eliminating the need for
sorbent trapping, the process of developing an off-line extraction method is considerably
simplified.

In Chapter three SFE/GC was accomplished with complete transfer of the extraction effluent to a
megabore capillary column. With a flow rate of 2.2 mL/min and a 25 minute extraction time,
compounds as volatile as tetradecane were trapped and separated. An oven temperature of 40°C
was used for this analysis and the stationary phase film thickness was 1.5 um. Still better results
could be obtained with lower flow rates, shorter extraction times, mild cooling of the column, or a

117

thicker stationary phase film. Another important advantage of the SGE/GC method advocated
here is that there is nothing preventing the use of a variable restrictor with this system.

On-line coupling of SFE and HPLC was conducted in Chapter four. A coated open-tubular
column was used as the interface between the two systems. The best results were obtained when
very moderate pressures were maintained in the interface and when an MXT-5 stationary phase
(5% phenyl / 95% methyl polysiloxane) was used. This approach allowed quantitative transfer of
analytes to the analytical column even in the presence of modifier concentrations as high as 10%.
Simultaneously, very practical extraction parameters were possible.

In addition to the advantages mentioned above, the use of pressurized-trapping-SFE techniques
would allow larger extraction flow rates to be used. In Chapter five, it was argued that this could
help reduce the problem of matrix-analyte binding, known to be difficult with supercritical
extraction techniques. This could result in substantially reduced extraction times and, in some
cases, higher recoveries. It has been demonstrated in the literature that elevated extraction
temperatures and prudent selection of modifiers can also be very helpful in this regard. It may be
that the combination of the three: high temperatures, effective modifiers, and higher extraction
flow rates, could all but eliminate the matrix-analyte binding problem.
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Appendix I:
Compound Structures
Iso-octane
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CH 3
CH 3

CH 3(CH 2) 17CH 3
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CH 3
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CH 3(CH 2) 7CH 3
Chlorobenzene
Cl
Chrysene
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CH 3(CH 2) 12CH 3

Ethylbenzene
CH 2 CH 3

Acenaphthene
n-Octacosane (C28)
CH 3(CH 2) 26CH 3

m-Xylene
CH 3
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CH 3

Phenol
OH
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Appendix II:
Considering the Optimal Trapping
Pressures for the Different Techniques

It was stated in the text of the thesis that, in addition to the advantages of pressurizing the
trapping region, there are also concerns that prohibit the use of excessive pressures (see section
1.3 and 1.4). Here we briefly consider the optimal pressure ranges that seem to be indicated for
the various methods. In some cases more work needs to be done, however, the following
suggestions are based on our experience working with these types of systems and should serve as
a useful guideline.

Solvent Trapping
The situation is fairly straightforward with respect to solvent trapping. The data in Figure 2.2
show clearly that trapping efficiency continues to improve as the collection vessel pressure is
elevated as high as 25 atm. Table 1.3 (pg10) suggests that a substantial flow rate effect will be
gained at this pressure. In addition, the pressure is optimal with respect to the collision effect (see
pg 11). The temperature of the collection vessel was roughly 5°C. The phase diagram in Figure
1.2 (pg 13) would suggest that, at this temperature, 25 atm is already very close to the gas/liquid
conversion line (please note the pressure units in the phase diagram are bar, however, the
numerical difference between atm and bar is very small: less than 1%). It is possible that slightly
higher pressures e.g. between 25 and 35 atm, could be used. The high end of this range would
undoubtedly place us in the liquid part of the phase diagram, however, there is a chance that
trapping would be efficient, despite this fact, based on the following argument.

It is well known that in a liquid, solvent molecules associate much more closely with one another,
and with any analyte molecules present, then is the case for a gas. This, of course, is why liquids
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have strong solvating power and gases have very poor solvating power. The situation for
supercritical fluids is similar to that for liquids, however, the molecules are not quite as tightly
associated. In the methods advocated in this thesis, trapping occurs in a pressurized gas. Hence,
the arrangement of the solvent molecules would be somewhere between that of a low-pressure
gas and a supercritical fluid. We would argue that when a supercritical fluid depressurizes
through a restrictor, as in an SFE system, there must be a finite time required for the fluid
molecules to adopt the arrangement that is appropriate at the new pressure. In other words, there
will be a brief interval where the molecules are in a “state of confusion”. During this time the
fluid will have very little solvating power as the solvent molecules are not efficiently associating
with the analytes.

When doing solvent trapping, the fluid passes through the collection solvent immediately
subsequent to depressurization. The above argument suggests that there will be essentially no
solvating power at this point in time. This may be part of the reason why solvent trapping at 25
atm worked so well. Extension of this argument suggests that it may be possible to trap under
conditions where the fluid is technically in the liquid state. It should be noted that, at these
pressures, heating of the back pressure regulator would likely be required.

It is questionable whether it is worth the effort pursuing higher trapping pressures for solvent
collection as it has already been shown that trapping is highly efficient at 25 atm. In addition to
the potential for generating liquid carbon dioxide in the trap and regulator, the additional gains in
trapping efficiency are expected to be moderate (see section 1.3).

On-Line Methods
The situation is not quite as straight forward with the on-line methods. First, the issue discussed
above does not apply, as trapping does not occur immediately downstream from the point of
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decompression (a guard column is used for both on-line GC and LC methods: also trapping
occurs over a long interface in LC). Secondly, there is the additional concern that any modifier
used in the extraction may condense in the post-restrictor zone and prematurely rinse analytes
from the trapping region.

For SFE/GC we can look at the data in Figure 3.2. Although difficult to see, there is some
improvement in the trapping efficiency at column end-pressures of 15 and 30 atm, as compared to
that with the end of the column unpressurized (where a head-pressure of 7 atm results). However,
the chromatograms in this Figure clearly show that column end-pressures above 30 atm are not
advocated as the fluid acquires solvating power and trapping efficiency degrades. This correlates
well with Figure 1.1 (pg 11) where it seems the solvating power begins to increase at
approximately 40 atm. Considering all factors, a range of 10-20 atm is thought to be ideal in
many respects. This pressure range is believed to be favorable with respect to the collison effect
discussed on pg 11. The reader may recall that in Table 3.2 (pg 38) it was stated that a head
pressure of 15 atm results in a head-of-column flow rate that is reduced by 87% from that with
the internal/on-column approach, hence, a very substantial flow rate benefit is also obtained
when working in this pressure range. Additionally, these pressures are thought to be safe in
situations where modifier is needed - probably no more than continuous addition of 4 % for
SFE/GC applications - and in cases where the sample contains moderate water content. In both
cases these liquids should readily evaporate.1 Lastly, the pressure should be safe when trapping at
lower temperatures where solvating power will develop at lower pressures.

1

When dealing with volatile analytes where no modifier is required, and where the sample has essentially
no moisture content - and when trapping above 31°C - a slightly higher range of 25-30 atm may be optimal:
particularly with a polar stationary phase.
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It is important to understand that, when trapping on an open-tubular or packed column, it is not
the flow rate at the point of trapping that is ultimately important but the linear velocity.
This becomes clear when we consider that linear vecocity (µ) is equal to the flow rate, per
crosssectional area: µ = Flow rate /Πr2. Therefore, the following equation from Chapter three, in
fact, states that breakthrough time (tb) is inversely proportional to the linear velocity (not the flow
rate) at the head of the column.
tb = L (1 + k)Πr2 / Flow rateAt Head of Column
This is important when we consider the three ways of elevating the column head-pressure: use of
a narrower ID column, use of a longer column, or pressurizing of the end of the column. It is true
that a narrower column would generate higher pressures and, therefore, lower flow rates at the
head of the column. However, because the column radius appears in the denominator of the linear
velocity expression, this effect is offset. This is demonstrated by the following Tables which
show the flow rates and linear velocities that result for different extraction flow rates and column
inner diameters.

Table AP2.1 makes clear that when the column diameter is decreased, the pressure at the head of
the column increases – and by extension the flow rate decreases. However, Table AP2.2 shows
that the corresponding linear velocity remains essentially unchanged. This leads to the conclusion
that wider ID columns will lead to roughly equivalent linear velocities and, simultaneously, help
avoid the situation where excessive pressures are generated at the head of the column. The only
motivation for using smaller ID columns is that they will generate better resolution separations.

To increase column head-pressure the simplest approach would be to increase the length of the
column. In fact, calculations show that a 0.53 mm ID column of 60 meter length would generate
column head-pressures in a favorable region over a wide range of extraction flow rates.
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Specifically for extraction flows of 1, 2.5, and 4 mL/min, column head-pressures of 9, 14, and 18
atm result, respectively. It can be gleaned from Table AP2.1, that a 0.32 mmID column would
Table AP2.1
Pressure at the Head of the Column as a
Function of Column ID and Extraction Flow Ratea

Column ID (mm)
0.80
0.53

a

Pressure at Head of Column (atm)
For 1 mL/min
For 2.5 mL/min
For 4 mL/min
Ext. Flow Rate
Ext. Flow Rate
Ext. Flow Rate
3.0

4.6

5.6

6.4

10

13

0.32

17

28

35

0.25

28

45

57

Calculations are based on a column length of 30 meters and a fluid viscosity of .00018 Poise.
The grey blocks correspond to pressures that are clearly out of working range.

Table AP2.2
Linear Velocity at the Head of the Column as a
Function of Column ID and Extraction Flow Rate

Column ID (mm)
0.80
0.53

a

Linear Velocity at Head of Column (cm/sec)
For 1 mL/min
For 2.5 mL/min
For 4 mL/min
Ext. Flow Rate
Ext. Flow Rate
Ext. Flow Rate
500

807

1040

519

817

1009

0.32

495

744

906

0.25

470

659

753

Calculations are based on a column length of 30 meters and a fluid viscosity of .00018 Poise.
The grey blocks correspond to pressures that are clearly out of working range.

also work well in many cases, though higher extraction flow rates may be a problem with this
column diameter, especially if a substantial modifier percentage is used (or the sample has a high
moisture content).
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An alternative to using a longer column would be to elevate the column end-pressure. This is best
done by use of stainless steel tubing. Guidelines for this have been provided in Table 4.15 (page
97). This approach may be preferred if fast separations (which use shorter columns) are desired
instead of optimal resolution.

For on-line coupling of SFE and HPLC the primary concern is that significant quantities of
modifier will often be required. Additionally, there will be mobile phase in the interface from the
previous run. Most of the mobile phase will be eliminated in the drying step. However, some
residue will likely remain. This must readily evaporate from the system as the dynamic
extraction proceeds. For this reason column end-pressures ≤ 5 atm are advocated.2 It has already
been suggested that the ideal approach for SFE/HPLC may be to pressurize the end of the
interface and simultaneously increase the extraction flow rate. The interested reader is directed to
Chapter four (pg 96) where this was discussed in detail. For SFE/HPLC an internal diameter of
0.53 mm is believed to be optimal. Smaller ID’s would generate excessive pressures in the
interface, larger ID’s would introduce greater quantities of gas to the packed analytical column.
Lastly, it should be mentioned that, for SFE/HPLC methods, it is advisable to maintain a
somewhat elevated pressure at the end of the interface: even if only very low pressures can be
tolerated. Trapping occurs across the entire length of the interface with this method, therefore, it
is of concern that the volumetric flow rate at the end of the interface will become quite high. Even
a pressure as moderate as 1 atm above background will have a significant effect in reducing the
flow in the back end of the interface.

2

For rare cases where SFE/HPLC is conducted with volatile analytes in the absence of modifier (and
where the sample has essentially no moisture content) column end-pressures as high as 25-30 atm may be
considered.
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Appendix III:
Alternate Valve Diagrams
In the course of conducting the different studies in this thesis we had certain realizations about the
ways in which the valving of the various systems could be better handled. In this Appendix
alternate valve diagrams are presented that, in one way or another, are preferable to those used in
the corresponding studies. Additionally, a valve diagram is presented that would allow one
sample to begin extraction while the previously extracted sample is being chromatographed. For
the on-line methods, stainless steel lines are recommended instead of a regulator to elevate the
column, or interface, pressure.

Solvent Trapping
The strong effect of temperature on trapping efficiency was discussed previously (pg 13-14). In
Chapter two it was demonstrated that off-line collection in a liquid solvent was more efficient
when the extraction fluid was allowed to decompress through the collection solvent for a period
of time prior to beginning the dynamic extraction, causing the temperature of the collection
solvent to drop. In Figure AP3.1, valving is presented that would allow this process to occur
while the entire system is pressurizing and the extraction vessel oven is heating. As seen in the
diagram a line is split off from the main line connecting the CO2 pump to the extraction vessel
(subsequently referred to as the pressurizing line). This line – beginning at position “a” in the
diagram – carries pure CO2 to the collection vessel. In this way the entire system is pressurized
simultaneously. Because carbon dioxide is decompressing through the collection solvent while
the extraction vessel is heating, the collection solvent has opportunity to cool without adding
additional time to the analyses.
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Figure AP3.1
Alternate Valving for
Pressurized Solvent Trapping

Step 1: Static Extract / Pressurize

Step 2: Dynamic Extract / Trap
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S = static, D = dynamic; A and B are arbitrary designators of valve position

An even better settup would be to have the pressurizing line connected directly to a separate
nozzle on the CO2 cylinder instead of splitting into the main line from the CO2 pump. This would
prevent any possibility of analytes being lost through the pressurizing line during step 1. This
would be a concern especially if a long static extraction time were being used.
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On-line Methods
While conducting the SFE/GC work it was realized that it was possible to efficiently trap most
analytes of interest with only moderate pressures in the GC column. In Appendix II it was
suggested that head-pressures between 10-20 atm may be ideal. Because these pressures can be
reached fairly quickly, it follows that a pre-pressurization step would probably not be necessary.
From this it follows that the simpler valve diagram presented in Figure AP3.2 could be used. It
may also be that, at low trapping pressures, a depressurization step would also be

Figure AP3.2
SFE/GC Valving With a
6 Port and an 8 Port Valve
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unnecessary, in which case step 3 could be eliminated. This is said with caution, however, as the
depressurization step provides some protection against damage of the GC pneumatics.

For SFE/HPLC the situation is somewhat different. It was discovered during the course of our
research that, at the low pressures at which the interface is generally maintained for the coupling
of SFE and HPLC - generally ≤ 5atm are advocated - a depressurization step has no effect on the
size of the gas peak, and therefore, is unnecessary. However in SFE/HPLC methods the use of a
drying step is critical to remove the mobile phase fluids on the interface from the previous

Figure AP3.3
SFE/HPLC Valving With a
6 Port and an 8 Port Valve
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Step 1: Static Extract / Dry
plug

3
4
5

S

plug

4

1

5

6

Guard

plug

LC
Pump
UV
Detector

D

2
1

6

Extraction Vessel

Extraction Vessel

Mod
Pump

3

2

1
8
7

LC Column

2
3

T
6

5

plug

4

a

LC
Pump
UV
Detector

Mod
Pump

Pressure
line

CO2
Pump

3
4
5

D

2
1

6

Extraction Vessel

Mod
Pump
a

CO2
Pump

Guard

plug

LC
Pump
UV
Detector

1
8
7

LC Column

2
3

C
6

5

7

LC Column

2
3

T
6

5

plug

4

Coated
column

CO2
Pump

Step 3: Chromatograph
plug

1
8

Pressure
line

a

Coated
column

Guard

plug

plug

4

Pressure
line
Coated
column

135

separation. Here again a simpler valving approach becomes possible, and is depicted in Figure
AP3.3. Here - as with Figure AP3.1 - the ideal situation would be for the pressurizing line to be
connected directly to a separate nozzle on the CO2 system.

There are two advantages of these alternative on-line valve diagrams. First, because one less step
(at least) is required, as compared to the methods used in Chapters three and four, the systems can
be setup to be somewhat more simple: with 2 valves instead of three. More importantly, by
setting up the valving as shown in Figures AP3.2 and AP3.3, it is possible to conduct both
SFE/GC and SFE/HPLC with the same basic system. The core of the system including the SFE
itself, the valving, and the restrictor, are exactly the same. It would be possible then to develop a
system where one could convert from SFE/GC to SFE/HPLC (or vice versa) in a matter of
minutes. SFE/SFC would be possible also, using a similar approach to that used for the on-line
HPLC.3

Simultaneous Extraction and Separation
One of the advantages of on-line work is to speed the analysis of a group of samples. It is logical,
therefore, to ask what is the next step that can be taken to further reduce analysis time. In Figure
AP3.4 valving is presented that would allow the extraction of a sample to begin as soon as the
extraction of the previous sample has completed, using SFE/HPLC as an example. Two separate
interfaces are required, however, the system uses only one LC pump, one LC column, and one

3

It should be mentioned that if both a pressurize and a depressurize step are desired for an
SFE/GC method the system presented in Figure AP3.2 could be modified to allow for this. What
would be needed would be to include a pressurizing line (as in Figure AP3.3). In addition an extra
valve would be needed at the point where the pressurizing line connects to the main line from the
CO2 pump (the position marked “a” on the diagram) to prevent carbon dioxide from entering the
GC column during the depressurization step. Alternatively the system depicted in Chapter three
could be used, however, it would not allow for the flexibility of the system discussed here.
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detector. The approach would work for SFE/GC or SFE/SFC as well (for GC two separate
analytical columns would be required). The situation depicted in the Figure represents a cyclic
process. For the first sample in the queue, nothing would be occurring in system 2 until step 3.

Figure AP3.4
Valve Diagrams for Simultaneous
Extraction and Separation
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The basic idea is that during the last 5 minutes of the dynamic extraction of sample n (occurring
in either system) drying/static extraction begins for the next sample, n+1 (using the other system).
Additionally, the mobile phase is set to initial conditions so that the packed LC column can
equilibrate. Five minutes later the chromatographic separation begins for sample n and,
simultaneously, dynamic extraction begins for sample n+1.

When using this approach, the system would have to be kept in the dynamic extraction mode for a
time equal to the LC run time plus five minutes. Similarly, there is no advantage to developing a
high speed LC separation as the system must remain in the chromatograph stage for a time equal
to five minutes less than the dynamic extraction time. Of course, for a system like this to fully
realize its usefulness an autosampler would have to be developed to support this process.
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Curriculum Vita
Mark Adam Stone

mastone@vt.edu
(540) 231-4164
Industrial Experience:
Employed by Exxon Biomedical Sciences Inc. (May 90 – Aug 97).
Primary job responsibility was developing analytical methods in support of
environmental and toxicology research projects.
Analytical methods used include gas and liquid chromatography with a strong emphasis
on GC/MS; elemental analysis by flame and furnace atomic absorption; molecular
spectroscopy such as UV and FTIR; as well as total organic carbon analysis.
Ran EPA methods for Exxon affiliates. Specifically, SW-846 and CLP methods for
volatiles, semivolatiles, and metals analysis.

Educational Background:
Doctoral degree in Analytical Chemistry at Virginia Polytechnic Institute and State
University, Blacksburg, VA. Served as Head Teaching Assistant for one semester. (Sept
’97 – May 2001).
Masters degree in Chemistry from Rutgers University, New Brunswick, NJ
(Jan ‘91 – Oct ‘95).
Baccalaureate in Chemistry from Rutgers University, New Brunswick, NJ
(Sept ‘85 – May ‘90).

Publications:
Quantitative Coupling of SFE and HPLC. M.A. Stone, L.T. Taylor, Submitted for
publication.
SFE/GC with Quantitative Transfer of the Extraction Effluent to a Megabore Capillary
Column. M.A. Stone, L.T. Taylor, Analytical Chemistry, Volume 72, pgs 3085-3092
(2000). Erratum on pg 4529.
Improved Solvent Trapping of Volatiles in Supercritical Fluid Extraction by Pressurizing
the Collection Vial. M.A. Stone, L.T. Taylor, Analytical Chemistry, Volume 72, pgs
1268-1274 (2000).
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Assessing the Aquatic Toxicity of Complex Hydrocarbon Mixtures Using Solid Phase
Microextraction. T.F. Parkerton, M.A. Stone, D.J. Letinski, Toxicology Letters, Volume
112-113, pgs 273-282 (2000).

Conferences:
Pittsburg Conference, New Orleans, March 2000. Talk entitled “Improved Solvent
Trapping in SFE by Pressurizing the Collection Vial."
Society of Environmental Toxicology and Chemistry (SETAC), Washington D.C.,
November 1996. Poster presentation entitled “Ecotoxicity on a stick: A new method for
assessing the toxicity of non-polar contaminants.”
Society of Environmental Toxicology and Chemistry (SETAC), Washington D.C.,
November 1996. Poster presentation entitled “Use of an immino di-acetic acid resin for
the selective removal of toxic metal ions from fresh and saltwater samples.”

Award Nominations:
Nominated for Union Carbide’s William Rand Kenan, Jr. award, 2001.
Nominated for the American Institute of Chemical Engineers (AIChE)
Technician of the Year award, 1997.

