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Abstract

Supercritical fluid extraction (SFE) is becoming an attractive alternative to.
conventional solvent extraction for many reasons. These reasons include advantages
of speed, the ability to be automated more easily than conventional solvent extractions
and the lack of solvent disposal after the extraction has been performed. At this date
SFE is performed in a multitude of ways with no one method out performing the
others. The different ways in which SFE is performed is reviewed.

Supercritical fluid extraction of analytes from aqueous solution has not
received much attention. The design of a system which allows for the extraction of
analytes from aqueous solution has been explored in this thesis. Several related areas
(injection techniques for supercritical fluid chromatography and on-line SFE) were
also developed. The injection port of a supercritical fluid chromatograph was
modified to provide better (more reproducible) sample introduction. For a 100 ppm
3,5-nitrobenzamide solution in methylene chloride the area reproducibility was
increased from 3.2 % RSD for the unmodified valve to 0.74 % RSD for the modified
valve. The method also resulted in a more narrow solvent front as well as an increase
of 10% in the number of theoretical plates of the system.

On-line SFE\SFC was explored as one possible configuration for the extraction
of analytes from aqueous solution. Solvent elimination injection (SEI), was developed
for SFC. The diﬂ‘erehce in vapor pressure between the analytes and solvent allowed
for the solvent to evaporate and be transported form the system while the analytes
were collected on various traps. After evaporation of the injection solvent the analytes
were flushed onto a chromatographic column. SEI allowed for the reproducible
injection of larger volumes of sample (solvent and analyte) into the system. SEI
alldwed for different hardware configurations to be tested without performing an

actual supercritical fluid extraction.



An off-line solid phase trapping system for SFE was developed. The system
trapped the analytes from the SFE effluent onto a solid phase extraction cartridge.

The cartridge could then be rinsed in a normal fashion to elute the analytes of interest.
Trapping in this way was found to allow for faster extraction rates than liquid
trapping. The efficiency of the trapping mechanism was found to be dependent upon
the temperature of the trap, the chemical functionality of the phase bonded io the silica
and the nature of the analytes.

A system which allowed for the extraction of moderate volumes (3-5 mL) of
aqueous solution was developed. A test solution of phenols was used to evaluate the
system. The extractability of the phenols was found to be a function of pressure
of the system and the chemica.i nature of the phenol. A decrease in extractability of the
phenols was found to take place at pressures greater than 250 atm. The distribution
coefficient of phenol was found to increase steadily through 400 atm. A decrease in
surface area of the supercritical fluid passing through the aqueous solution was

thought to be responsible for the apparent contradiction in behavior.
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CHAPTER1 .
INTRODUCTION -

Analytical techniques for both qualitative and quantitative analysis have become
both fast and automated. The result of these efforts has been an increased throughput of
samples that can be analyzed by a given technique. Sample preparation, however, has not
received equal attention by cither instrumcnt companies or research facilities. Sample
preparation is often thought of as a necessary evil that must be performed before the "real
analysis" can take place. As a result, sample preparation is now the most time consuming
and costly portion of many analyses.

The goal of any sample preparation is to yield the analytes of interest in a form that
can be readily analyzed. In the simplest of cases where chromatography is to be
employed, the analyte needs only to be vaporized or dissolved in a solvent compatible with
that of the analysis. Complex samples such as sediments, food stuffs, waste water and
biological materials require somewhat more involved sample preparation.

Supercritical fluids (SFs), as a medium for selectivelyisolating components from
complex mixtures and matrices by extraction and/or chromatography, are currently being
studied worldwide. Interest in supercritical fluid extraction (SFE) has surpassed
supercritical fluid chromatography (SFC) as it provides, for the first time, a viable
alternative to conventional and widely used soxhlet extraction. SFs afford advantages
over convehtional liquids in the areas of efficiency of separation per unit time!, the time
required for methods development? and the environmental consequences of the use and
disposal of liquid organic solvents3.

- The near gas-like transport properties (i.e.: high diﬁixsivity and low viscosity) of
SFs insure "fast" mass transfer within difficult-to-access matrices as compared to

conventional organic solvents. The mass transfer properties of SFs are enhanced further



by their near zero surface tension which facilitates their facile penetration into (and out of)
porous material. The physical properties of supercritical fluids are well documented and
will not be discussed here®567, -

Conventional soxhlet extractions in which the analyte is extracted with boiling
solvent may degrade the analytes of interest. :The "gentle" extraction ccnditions uscd in
SFE, as compared to soxhlet extraction, provide a grcaier assurance that chemical
degradation or reaction does not take place during the extraction. In other words, the
analytes that are isolated by SFE may be more representative of what was initially in the
sample, compared to compounds isolated by soxhlet extraction.

Current SFE efforts cover a multitude of matrices and chemical types. Some of
the studies include: extraction of cholesterol from eggs3, alkaloids from natural products’,
various lipid bearing materials®10.11.12| extraction of drugs and drug metabolites from
animal feed, urine, and serum!3, extraction of pollutants from soils!4!5, sediments!$:17, and
animal tissue!® as well as the stabilization of propellants!®. While SFE has been found to
be useful on both the process and the analytical scales, much Tesearch needs to be done in
order to understand, optimize and apply the technology. Such studies will, no doubt,
further serve to expand the scope of this field.

The primary goal of the work done in this thesis over the past few years has been |
to determine whether the direct extraction of aqueous samples using a supercritical fluid
can be performed. At this moment there is little data in the literature regarding the direct
extraction of material from liquid matrices with supercritical fluids. A more commonly
used technique for the extraction of aqueous samples is to pass the aqueous solution
through a solid phase adsorbent. The analytes are adsorbed to the surface of the solid
phase and can then be extracted using conventional SFE procedures. Our approach will

be to determine the feasibility of direct liquid-fluid extraction.



This thesis contains a review of current methods (to 1990) for SFE (Chapter 2).

- Later chapters deal with work done in our laboratory leading to the successful extracticn
of material from aqueous matrices. Chapter 3 deals with injection considerations for SFC
. Commonly practiced injection techniques will be shown to be imprecise and to lead to
band broadening in the resulting chromatogram. Modification of the currently practiced
method of injection onto a 1 mm packed column was seen as necessary in order to provide
precise and reliable quantitation for any subsequent SFC that would be done after the
extraction. The development of a solid phase trapping system for SFE is discussed in
Chapter 4. A knowledge of the trapping behavior for the analytes of interest was
necessary so that when SFE was performed any problems with the extraction could be

* distinguished from the subsequent trapping and rinsing of the analytes. At the time that
extractions were being performed in our laboratory a commercial unit that employed solid
phase trapping was not available. A commercial unit has, however, been introduced since
then. The commercial unit now available can, unfortunately, only extract solids and
semisolids. Chapter 5 deals with the extraction of phenols from water, while Chapter 6 is
a collection of applications involving the exfraction of material from aqueous matrices.
The compounds extracted in Chapters S and 6 were chosen for their applicability to

current analytical problems by those supporting this work.



Chapter 2
TYPES OF SUPERCRITICAL FLUID EXTRACTION

The different methods by which SFE can be performed on an analytical scale have
not been well documented. Currently supercritical fluid extraction does not refer to a
single technique. Instead, it refers to many different techniques used by researchers and
technicians. In most instances, the only common factor between laboratories that perform
SFE is the use of supercritical fluids to solvate analyte(s) at some point in the procedure.
The main differences in SFE techniques are: (1) how the supercritical fluid comes into
contact with the analyte; (2) how the analyte is subsequently isolated from the sample

matrix; and (3) the fate of the analyte once it is isolated from the sample matrix.

Hardware

Much of the hardware and vocabulary used for SFE is similar regardless of the
mode of extraction. Figure 1 shows the minimum hardware required for performing
supercritical fluid extraction. Sorhe sort of solvent delivery system is necessary for all
types of SFE. Both syringe and reciprocating pumps can be used for this purpose. A
temperature controlled zone is required since the critical temperature for most SFs is
above room temperature. Stainless steel or fused silica tubing is used to connect the
various parts of the extraction apparatus. All systems employ an extraction vessel which
is used to contain the sample matrix to be extracted. The extraction vessel is usually a
stainless steel cylinder of varying length and inner diameter. Ideally the sample should
‘occupy the extraction vessel with little or no dead volume. Any void in the vessel or
tubing between the vessel and restrictor represents a volume which will dilute the

extracted sample. The dilution of extracted sample does not in itself hinder the extraction
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process but the void volume of the system must be cleared in order to remove the analyte
from the system. The additional fluid volume required to sweep the vessel translates into
added cost to each analysis, not only in SF consumed but also in the time required to
perform the analysis.

In order to provide an effective high pressure seal, extraction vessels are usually
less than 3 cm in diameter. Larger vessels require multi-seal systems in order to operate at
high pressures?°, Stainless steel frits are placed at either end to contain the sample matrix
within the vessel. The seals themselves are usually Kel-F or Teflon. Silicone rubber seals
are not used as they swell and may dissolve in some SFs. |

Most forms of SFE require a vessel outlet restrictor. The restrictor acts to provide
a back pressure to the system so that high pressures may be maintained throughout the
system. Fused silica capillaries are the simplest restrictors and provide a fixed mass
restriction. Mechanical restrictors (for the most part needle valve type arrangements) with
variable orifices have also been used to provide back pressure on the system.

The device used to collect the analytes after they exitthe restrictor can assume
many forms. In the simplest case it can simply be an empty or solvent filled container.
Other more elaborate forms of collection such as solid phase trapping and "micro-

trapping" for subsequent analysis by on-line methods can also be employed.

Static and Dynamic Methods

Figure 2 shows the different ways in which SFE can be performed. The basic
division is between static (or equilibrium) and dynamic modes. More specifically,
extraction with SFs can be performed in the dynamic mode, static mode or some
combination of the two. Thé dynamic mode allows for fresh SF to continuously pass over

the sample matrix. Analyte is extracted (moved) from the sample matrix to some other
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point. The static mode employs a fixed amount of SF, either to recycle through the

- analyte/matrix or to access the analyte/matrix by a diffusion limited

process. Given sufficient time, the analyte will achieve equilibrium between the
supercritical fluid and the sample matrix. Beyond the division between static and dynamic
the different forms of SFE are differentiated only by the fate of the extractable
components.

Static and dynamic forms of extraction can be further broken down into categories
dependent upon the fate of the extracted material. On-line and off-line methods exist for
both static and dynamic extraction. On-line methods are those in which the extraction and
following chromatographic or spectrometric analysis are done in a single analysis. The
* analyte is never isolated in a conventional manner. Off-line methods, however, require a
trap/accumulator. Off-line methods of analysis also require at least two separate pieces of

instrumentation - one for the extraction and another for the analysis.

Dynamic On-Line Extraction -

On-line SFE/chromatographic methods have generated a good deal of interest
because of the ability to perform trace analysis of organics quickly and easily. The heart
of the system is the mechanism by which the analytes are trapped. Dynamic on-line
methods all focus the extracted material onto a relati?ely small area. Once the extraction
is complete the extract is then backflushed and/or thermally desorbed onto the appropriate
chromatographic column for analysis. Both GC and SFC have been used for the
instrumental method.

For SFC the extfact is often collected on the inner surface of cooled tubing. A
schematic of the general type of hardware used for the procedure is shown in Figure 3.

The SF decompresses into a tee junction. One end of the tee junction leads to a
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chromatographic column and the other leads to waste. Ideally, decompressed SF exits
through the waste line, while the analytes are trapped in a narow band on the surface of
the collection device. The system is then backflushed with SF, thereby loading the
analytes onto a column where chromatography is performed. During the backflush
procedure SF may pass through both thc restricior and what had been the waste line. The
analyte is subsequently solvated aiid direcied into ilie chromatographic column.

Many different designs and details for an on-line SFE/chromatography system can
be envisioned. Some of the variables for on-line SFE/chromatography include
temperature of the trapping surface, the inner diameter of the trapping capillary, the nature
of the capillary (stainless steel or fused silica), placement of the restrictor in relation to the
trap, the actual hardware used in making the trap, etc. The tee design must be modified to
minimize dead volume if dynamic SFE is to be followed by capillary SFC. Lee and
coworkers?! were successful in this regard by extracting ouabain (3-[(6-Deoxy-a-L-
mannopyranosyl)oxy]-1,5,11a,14,19-pentahydroxycard-20(22)-enolide) in high yields with
little or no decrease in chromatographic performance. -

On-line SFE/GC is performed in much the same manner as described for SFE/SFC.
The tee junction arrangement is conceptually the same but instead of being a simple tee
junction it is the heated split/splitless injection port of a gas chromatograph. The purge
and split outlets act to vent the decompressed SF while the analyte is trapped directly at
the head of a cryogenically cooled column. After the extraction is complete any residual
CO, is purged from the system and the normal GC temperature program is then
performed. Alternately, the SF used for the extraction may be decompressed directly onto
a large bore column (320-530 pm i.d.) or retention gap by way of a direct injection port22.
The gaseous material would then exit through leaks in the direct injection port, since the

" injection port does not seal completely with a fused silica restrictor in the septum.
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SFE/GC has developed more quickly than SFE/SFC. In part this can be attributed
to the fact that at least half of the tandem‘ technique is mature and well understood. |
SFE/GC also profits from the fact that volatile and semivolatile materials are readily
extracted and that there are a number of GC methods that are routine, leading to easily
adapted SFE/GC analyses.

Hawthorne and coworkers?32425 have performed considerablc work with the
SFE/GC of polyurethane foam traps for air particulates and urban dust as well as marine
sediments and incinerator fly ash. Excellent recoveries of polyaromatic hydrocarbons
(PAH's) have been reported for the air particulate analysis. Somewhat lower recoveries
have been reported for the extraction of PAH's from soils and sediments. Hawthorne and
coworkers have probed the effectiveness of N,O as well as CO, as extraction solvents.

The major difficulty in the design of on-line methods is the mechanical difficulty in
creating a trapping system which accumulates all of the analyte in a tight band. Aside
from the difficulty of design, a major problem of the SFE/GC or SFE/SFC is that it is quite
easy to overload the system with a large quantity of analyte. “Analytes that are present in
concentrations greater than 10 ppm in the sample can block the trap tubing or interfere
with the subsequent analysis if sample sizes are too large. Typical samples are generally
less than 50 mg. Even at this small size, analyte present at 10 ppm will lead to 0.5 pg of
analyte being loaded onto the chromatographic system regardless of whether a packed or
capillary column is being used. Should sample inhomogeneity be a problem, many
different SFE/GC or SFE/SFC analyses would need to be performed in order to provide
an accurate representation of the sample. For samples whxch contam trace levels of

orgamcs ina homogeneous form, however on-hne techmques oﬁ'er a means by Wthh

e e e, o

detectlon of orgamcs at low concentratlons can be achieved because the bulk of the

extract is transferred dnrectly toa chromatograph B

1



Dynamic Off-Line Extraction

Off-line dynamic extraciion is arguably the most widely used SFE technique?®.
Analyte is simply moved from point A (analyte in matrix) to point B (analyte separated
from matrix). The greatest difference in the way off-line SFE is performed is how the
analyte is collected.

The simplest 1oim of off-line extraction is coliection of the analyte directly into a
liquid organic solvent. The restrictor exits into a solvent vial where the SF decompresses.
The analyte is trapped in the solvent while the SF escapes to the atmosphere. When CO,
and N,O are used as SFs there can be a great deal of cooling associated with the
decompression of the SF. It is possible for the collection fluid to freeze and for small
pieces of the organic ice to foul the restrictor tip. Either of these occurrences will have a
detrimental effect on the extraction. The fluid flow through the system, which can affect
the quality of the analysis, is usually less than 1/2 mL/min of SF. While this flow rate may
seem rather slow, upon decompression of the fluid 300-600 mL/min of gas is produced.
This large volume of gas produced at the restrictor outlet can cause violent bubbling of the
solvent which can lead to aerosol formation and subsequent analyte loss to the
atmosphere. The liquid solvent used for collection must match the polarity of the analytes
being extracted so that the analyte will be soluble in the collection solvent. Methanol is |
ﬁequenﬂy used as a solvent for polar analytes. Dichloromethane, on the other hand, is
most frequently used with nonpolar analytes. In general, the use of dichloromethane is to
be avoided because it freezes easily due to the cooling produced by the decompressing
gas.

Recoveries and precision of extraction reported using liquid trapping depends
upon the analyte and matrix being analyzed. Hawthorne and coworkers?? have shown

good precision and high recoveries for PAH's from urban dust, river sediment and fly ash
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when collecting into a liquid trap. Reported recoveries varied according to the compound
- being extracted and by the SF used to perform the extraction. N,O withi 10% MeOIl as
modifier provided the best results in terms of overall recovery. Lopez-Avilia et al.28
showed that CO, with 10% MeOH modifier performed the extraction of similar analytes
(to those reported by Hawthorne) from similar matrices cqually weli. Tiie problem that
exists with modified fluid use is that the liquid solveui used foi culieciion inust be
compatible with the modifier used. CH,Cl, was used in both cases (Hawthorne and
Lopez) as a collection solvent. Obviously when MeOH is used as a modifier, hexane or
CCl, can not be used as a collection solvent as a two phase system would result. Flow
rates and the amount of CO, used was not reported for boch cases cited. In both papers
~ cited, internal standard was added to the collection solvent before the extraction was
performed in order to correct for the gross loss of analyte due to bubbling. Any loss due
to bubbling would presumably remove the internal standard as well as the analyte so that
no net effect on the analysis would result. |

Qy Collection of extracted analyte on a solid support in the off-line mode is also an
o;nion. Here the restrictor exits the extraction vessel onto a bed of solid sorbent material
which may or may not be cryogenically cooled. Once the extraction is complete the
sorbent is rinsed with organic solvent to remove the desired analyte. With this method of
accumulation much faster flows of SF may be employéd as there is no liquid to violently
bubble out of the trap. However, breakthrough of analyte from the trap may occur if
extracted analyte amount is high or if the analyte is sufficiently volatile.

z?/ The solvent used to rinse the analyte from the trap must be chosen carefully. A
small rinse volume is desirable in the case of trace analysis so that fhe analyte is as
concentrated as possible for the analysis to follow. Rinse solvent must first be able to

solvate the analytes then move them efficiently through the trap. Standard solid phase



extraction (SPE) procedures can be used, but it must be remembered that many of the
compounds that are quite soluble in SFs have limited solubility in organic solvents. Higher
molecular weight alkanes are a good example. Beyond C,,, alkanes show limited
solubility in hexane and chlorinated solvents, although they are quite soluble in SFs such as
CO, and pentane. CS, would be a much more appropriate rinse solvent for this type of
analyte.

Schneiderman et al.?° used SiO, as a trap for extracted anthraquinone from wood
pulp. The silica was rinsed with MeOH/acetone to remove the trapped analyte once the

extraction was deemed complete. Recoveries greater than 95% were reported.

Static On-Line Extraction

- Static on-line extraction methods are limited in that a high pressure gas must be
monitored, in situ, or introduced into an analytical system. One obvious way to monitor
the system is to construct a high pressure flow cell in the system so that the solvated
components can be monitored spectrometrically3®. Figure 4 Shows such a system. The
system consists of a controller, a pump, a simple valving scheme and an associated
spectrometric detector. The valve allows the system to be pressurized and then isolated
from the pump, creating a closed system. As drawn, the extracted analytes must migrate
to the flow cell in a diffusion limited process. The distance that the extract must travel can
be decreased dramatically by building the flow cell directly into the housing of the
extraction chamber. The first experiments in SFE were done in this manner3!. The recent
development of high pressure recirculation pumps allows for the spectrometric device to
be placed some distance away from the extraction chamber. Additionally, the mechanical
mixing provided by the recirculation pump ensures homogeneity of the SF phase so that

precise sampling can be achieved.
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Loading a small aliquot of material directly onto an SFC system also provides a
means by which the high pressure gas can be easily managed32.33.34, Figure 5 shows a
system similar to the previous spectrometric monitoring mode, but the difference is that
the spectroscopic detector is replaced by a sampling valve that allows for a portion of the
SF phase to be loaded onto a chromatographic system.

Chromatographic methods of analysis other than SFC require special handling of
the system. In the case of liquid chromatography, static on-line methods can be used if the
HPLC system is maintained at a pressure consistent with thaf of the extraction. A
backpressure regulator placed post-detector easily accomplishes this pressure requirement.
Static SFE followed by on-line gas chromatography requires that the injected SF be

allowed to decompress, usually into the hot injection port of the GC.

Static Off-Line

Ideal static off-line extraction is difficult to perform. The problem that arises with
a strictly static off-line extraction occurs when the system is depressurized and
the analyte is collected. Since the analyte is never trapped, it is impossible to cleanly
remove the analyte from the extraction vessel. As the system depressurizes, analyte falls
out of solution, coating both the matrix as well as the sides of the extraction vessel. For
this reason static extraction is most often used in series with dynamic extraction for off-
line analysié. The combination of static and dynamic extraction modes is performed by the
use of various valves. The extraction starts in strictly a static mode. There is no net flow
through the system. When the extraction has proceedéd for a given amount of time the
system is put into a dynamic mode by the switching of valves. Fresh SF enters the vessel,

replacing the SF which has exited through a restrictor. A net flow now passes through the
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