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(ABSTRACT)

A method has been developed for the gquantitative
extraction of nitrotoluenes (2,6-dinitrotoluene, 2,4-
dinitrotoluene, and trinitrotoluene) from water. Three
types of solid sorbents were investigated: two 47 mm Empore
disks™ - octadecylsilane (C18) and styrene-divinylbenzene
(SDVB); and one Bakerbond spe*™ Phenyl stationary phase.

The phenyl sorbent yielded the highest recoveries. The
average SPE recoveries for spike standards ranged from 80 to
95 percent for Millipore water and 55 to 95 percent from
well and surface water in the low ppb and ppt levels. After
the nitrotoluenes were trapped on the solid sorbents they
were quantitatively eluted by first doping the bed with
toluene and then extracting with supercritical carbon
dioxide. Doping with toluene was found to increase the rate
of extraction. The extracts were analyzed off-line via GC-
ECD using an internal standard. Extraction losses are due
to analyte break through, and not from poor SFE recoveries.

This demonstrates that supercritical fluid extraction is a



suitable elution technique for analytes trapped on solid

phase extraction (SPE) cartridges.

A method has also been developed and evaluated for the
direct on-line coupling of SPE to GC. SPE-SFE-GC-ECD
analysis eliminates off-line collection and subsequent
handling of hazardous materials. SFE is an ideal means of
directly coupling SPE to GC, since carbon dioxide is a gas
at ambient temperatures and pressures and thus easily
removed. One potential problem for SPE-SFE on-line GC is
the presence of residual water trapped on the active sites
of the bonded silica sorbent. The presence of water can
interfere with the cryogenic trapping of the analytes on the
capillary GC column. The water becomes ice at cryogenic
temperatures and in large quantities blocks the GC column.
This problem has been avoided by using a split injection
interface previously described by Hawthorne. The
quantitative reproducibility of this interface will be

investigated for nanogram quantities of nitroaromatics.
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CHAPTER I

TNTRODUCTION
and

IT.TTERATURE REVIEW



INTRODUCTION
PURPOSE

In recent years, there has been growing concern over
the routine use of hazardous solvents for sample extraction
and preconcentration. Both the cost of solvent disposal and
the potential danger to the analyst and the environment
during sample preconcentration and solvent disposal have
encouraged alternative methods of extraction. Two
techniques, supercritical fluid extraction (SFE) and solid
phase extraction (SPE), address these solvent concerns and
are being investigated. Both techniques are used
independently for the cleanup or concentration of analytes,
prior to further analysis (Fig. 1). The main use of SFE is
the extraction of samples from a solid or semi-solid matrix.
SPE focuses more on the extraction of an analyte from a
ligquid by adsorption of the analyte to a solid sorbent.

The coupling of these two techniques is an ideal method
for the quantitative transfer of analytes from difficult
solid matrices to a capillary gas chromatography (GC)
column. The purpose of this work is to investigate the use
of supercritical carbon dioxide as an elution solvent for
analytes, isolated from water, that have been adsorbed onto

a solid sorbent. Both off-line and on-line SPE-SFE-GC will

be studide.



Solid
Phase Extraction

Supercritical Fluid

Extraction
Chromatography Spectroscopy Other
Analytical Methods
GC NMR
HPLC FTIR
SFC MS
Other Other

Figure 1. Analyte flow chart. Once sample is prepared a
multitude of analytical techniques are available
for analysis.
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SUPERCRITICAL FLUID EXTRACTION
HISTORICAL

The development of supercritical fluid extraction
(SFE) is associated with that of supercritical fluid
chromatography [1]. This close relationship became
apparent when early researchers related the gas
chromatographic carrier gas and column operating
temperatures to the partition coefficient and capacity
factors [2,3,4]. The possibility of improving the
migration rate of high molecular weight analytes by using
supercritical fluids was reported and demonstrated by
Giddings et. al. in the mid to late 1960s [5,6], In spite
of these early observations, the use of SFE for analytical
sample preparation did not flourish until the mid-1980s [1].

The first report dealing with the solubility of solutes
in supercritical fluids was by Hannay and Horgarth in 1879
[(7]. Their experiments were performed in small diameter
glass tubes, where they could observe the changes in the
solubility of inorganic salts - cobalt chloride, potassium
iodide, and potassium bromide - in ethanol at a temperature
above the critical temperature (234°C) as the pressure was
changed. An increase in pressure caused the analytes to
dissolve and a decrease caused the compounds to precipitate
[8]. This early work was reviewed by Booth and Bidwell in

1949 [9]. Although the analytical potential of SFE lay
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dormant for another 30 years, petroleum engineers recognized
the phenomena of retrograde condensation relatively early in
the 1940’s [10].

Throughout the 1940’s and 50’s the solvent properties
of liquefied gases were studied. One of these studies was
prepared and published by Francis in 1954 [11]. He
accumulated ternary phase diagrams for liquid carbon dioxide
with organic and inorganic compounds along with the
predicted solubilities of 261 compounds in near critical
carbon dioxide. Even though these studies were performed in
liquid carbon dioxide (~25°C and 950 psig) the results are
general and provide information on supercritical carbon
dioxide extraction, because analytes soluble in liquid
carbon dioxide will also be soluble in supercritical carbon
dioxide [8].

The use of SFE as a processing technique was not
realized until Zosel'’s United States patent in 1976 [12].
From this point forward there has been a steady growth in
the number of SFE applications in the engineering field.

The publication of a book By McHugh and Krukonis in 1986
acknowledged the acceptance of SFE in the engineering
community [8].

Stahl and Schilz are recognized as major contributors

in demonstrating the potential of analytical SFE. Their

work, published in 1976, involved the coupling of SFE with



6
thin layer chromatography. However, the actual birth of
analytical scale SFE is difficult to pinpoint for two
reasons. First, analytical scale SFE lacks a universal
definition. Second, SFE evolved simultaneously with several
different technical disciplines [1]. The acceptance of SFE
is evidenced by the publication of several books on the
subject [1,8,13,14], a drastic increase in the number of
publications from 1980 to 1992 (Fig. 2)[15], and in 1989
the first international meeting emerged entitled, "The
International Symposium on Supercritical Fluid
Chromatography and Extraction," which focussed on the study

of supercritical fluid sciences.
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Figure 2. Number of publications, with SFE or Supercritical
Fluid Extraction in the title, per year [15].



SUPERCRITICAL FLUIDS

Supercritical fluids (SFs) are dense gases above their
critical temperature and pressure, possessing gas like
viscosities and diffusivities, and having densities and
solvating properties that approach those of a liquid (Table
I) [16]. Figure 3 is a typical phase diagram representing
the three different phases of a pure compound, with the
shaded area representing the supercritical fluid region.
Above the critical temperature an increase in pressure will
not drive the fluid into the liquid phase [17].

The properties of SFs make them ideal for extracting
analytes from solid matrices such as soils, agricultural
products, foods, and solid sorbents. Supercritical fluids
have the ability to maximize the extraction selectivity by
controlling the temperature and pressure of the
supercritical fluid (Fig. 4) [1]. Initially, the solubility
of an analyte in a subcritical gas is dependent on solute
vapor pressure, thus the solubility of the analyte in the
gas first decreases with a rise in pressure reaching a point
of minimum solubility. As the gas is compressed into the
critical phase there is a rapid increase in analyte
solubility as the fluid density increases. The increase in
solubility ends at a maximum pressure that is determined by
the extraction temperature. Any additional increase in

pressure will only slightly increase analyte solubility.
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TABLE I

PHYSICAL PROPERTIES OF THE PHASES [16]

Phase Density Viscosity Diffusivity
(g/cm’) (poise) (cm*/S)
Gas 0.001 5x107° -, 3.5x10" 0.01 - 1.0

Supercritical 0.2-0.9 2x%10™* - 1x107? 3.3x10"* - 1x10°®
Fluid

Liquid 0.8-1.0 0.003 - 0.024 5x10™® - 2x10°°




Pressure

Pc —

10

Solid Liquid
/ Gas
|
Temperature Tc

Figure 3. Generalized phase diagram for a pure compound. Pc

Critical Pressure, Tc = Critical Temperature,
and Cp = Critical point [17].
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Solubility

Pressure

Figure 4. Generalized solubility isotherm as a function of
pressure. T1 > T2. Adapted from [1].
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Also, in some cases a higher extraction temperature will
result in an increase in analyte solubility [18].

At least two factors play a role in the extractability
of an analyte from a solid matrix by SFE. First, the
analyte must be soluble in the supercritical fluid. Second,
the analyte solvent interactions must be more energetically
favorable than those of the analyte and the matrix.

To determine if the analyte is soluble in the SF, a
knowledge of the physical properties of the analyte is
helpful. The melting point of the solid can be vital, since
analytes tend to be more soluble in SFs in their liquid
states. Above the melting point, the mass transfer of the
analyte into the SF is improved along with analyte
solubility because the cohesive forces of the liquid are
less than those of the solid. 1In addition, the vapor
pressure can play a role in the solubility of an analyte,
especially for multi-component systems [19]. Information
on analysis of the analytes by supercritical fluid
chromatography may be helpful in determining the analyte
solubility in a supercritical fluid [20].

If the analyte is soluble in a SF, yet cannot be
extracted from the matrix, the analyte matrix interactions
may be too strong. The problem may be overcome by the
addition of modifiers to the supercritical fluid, or by the

direct addition of a modifier to the extraction vessel.
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Several papers dealing with the use of modifiers for
supercritical fluid chromatography (SFC) [21,22,23]
and SFE have been published [24,25,26].

Modifiers have two basic effects on the SFE of analytes
from a matrix. They can increase the solvating power of the
SF or modifiers can interact with the surface of the matrix
displacing the analyte into the SF. To distinguish between
the two types of modifiers, they are commonly termed solvent

modifiers and matrix modifiers, respectively.

SUPERCRITICAL FLUID EXTRACTION

There are two basic modes of supercritical fluid
extraction: static and dynamic. Both will be discussed in
the following sections. The basic instrumentation required
for both modes of SFE is similar. Figure 5 illustrates the
minimum hardware required to perform a supercritical fluid
extraction. The components of a system are as follows: 1)
a source of high purity fluid with an attainable critical
temperature and pressure; 2) a high pressure delivery
system; 3) an oven; 4) an extraction vessel; 5) a
restrictor; and 6) a sample collector.

Several fluids have been used as supercritical solvents
(Table II) [27] The most common solvent is carbon dioxide

because it has critical values that are easy
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Oven

Extraction Cell

CO| | Pump

Restrictor

\

Collection
Vessel

Figure 5. Basic components of a supercritical fluid
extraction systenm.







































































































































































































































































































































































































































