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Abstract

The use of modifiers in supercritical fluid chromatography and extraction has
become quite common due to the inability of pure carbon dioxide alone to solvate many
of the compounds of interest. The effects of modifiers in supercritical fluid
chromatography have been more throroughly studied than the effects of modifier in
supercritical fluid extraction. The effects of modifier on trapping efficiencies for off-
line supercritical fluid extraction have been evaluated in this work.

Sorbent and solid phase traps were investigated with pure carbon dioxide in
order to determine the effect of stationary phase identity, pretreatment, and rinse
solvent on the recoveries of a test mixture of compounds of varying vapor pressure and
molecular weight. The solid phase traps, which were polyethylene frits, performed as
well as the sorbent traps in most cases, and significantly better than the sorbent traps in
many cases. The ability to cool these traps to -20°C allowed for efficient trapping of
volatile compounds without the benefit of sorptive interactions.

Sorbent and solid phase traps were then studied with the addition of 1%, 2%,
4%, and 8% methanol to the mobile phase. The sorbent trap explored consisted of 40
pm ODS packing material, while the solid phase trap consisted of 100 um stainless
steel beads. In this work trap temperatures ranged from 5-80°C. It was found that
trap temperature, modifier concentration, and trap type influenced recoveries of the test
mixture components.

Applications of these solid phase and sorbent traps explored were the extraction
of polychlorinated biphenyls from river sediment and the extraction of the active

components from a drug formulation. The separation of some compounds of



pharmaceutical interest was also explored, where the addition of modifier, and in some

cases an additive, was required to elute compounds from the chromatographic column.
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Chapter 1

Introduction

The use of modifiers in supercritical fluid chromatography (SFC) and
supercritical fluid extraction (SFE) has become quite common. In SFC modifiers are
generally added through the use of an additional pump or by using cylinders which
contain premixed amounts of modifier. In SFE modifiers are added in the same way,
but additionally can be placed directly on the sample matrix. There has been extensive
work done to determine the role of modifiers in SFC. However, SFE is the less
mature technique of the two, and much of the SFE literature concerns different samples
that have been studied, rather than basic studies into the kinetics of extraction, trapping
mechanisms, or the role of modifiers in extraction.

The area of trapping in off-line SFE, although it is beginning to be more
intensely studied, has traditionally been ignored. In many papers the trap is not
described at all, or described incompletely. If extraction recoveries are lower than
expected, often the density or the polarity of the fluid are adjusted, rather than the
variables concerned with the trapping process. With the advent of commercial
instrumentation specifically designed for off-line SFE, which utilize different trapping
modes, the study of trapping efficiency has become quite important. Although
modifiers are often used in extraction, their affect on trapping efficiency is unknown.
It is conceivable that the modifier, although it may increase the efficiency of the
extraction, may decrease the trapping efficiency.

The goal of the work done in this laboratory over the past few years has been to
characterize the behavior of solid surface and sorbent traps for use in off-line SFE. To
this end the effects of the sorbent phase, sorbent and solid surface pretreatment, rinse

solvents, and the extraction fluid itself have all been explored. Both types of traps



were evaluated first with pure carbon dioxide, and then with modified fluids. These
sorbent and solid surface traps were then applied to a variety of real world samples.
Chapter 2 contains a review of trapping mechanisms used for off-line SFE, and the
evaluation of solid and sorbent phase traps with pure carbon dioxide as the extraction
fluid. Chapter 3 deals with the evaluation of sorbent and solid surface traps when
methanol modified carbon dioxide is used. Chapters 4 and 5 are application chapters.
Chapter 4 discusses the extraction of Septra Infusion, a water/propylene glycol
formulation with two active components. The extraction of PCBs from river sediment
is discussed in Chapter 5. The final chapter deals with the application of modifiers in

SFC to compounds of pharmaceutical interest.



Chapter 2
Collection Efficiency of Solid Phase and Sorbent Traps

Introduction

Dynamic off-line supercritical fluid extraction (SFE) is the most commonly used
mode of SFE today. In this extraction mode there are two major concerns for the
analyst. First, the compounds of interest must be extractable from their matrix, and
second, the system being used to trap the analytes must perform efficiently. Three
different types of trapping systems are commonly used for dynamic off-line SFE. The
first type of trapping system that may be used is a liquid trap. This trapping mode may
be the mechanically simplest way to trap an analyte. The restrictor is simply placed in
a vial of liquid solvent. The analyte is trapped in the solvent, while the decompressed

fluid vents to the atmosphere. The liquid solvent must be compatible with the analytes

of interest, and also with the extraction fluid when modifiers are used. When CO, and

N,O are used as extraction fluids there can be a great deal of cooling associated with

the decompression of the fluid. Because of this cooling, it is possible for the collection
fluid to freeze and for small pieces of ice to clog the restrictor tip. For this reason, the
restrictor is often heated. The flow of compressed fluid for liquid trapping is usually
maintained at less than 1 mL/min (liquid) because upon decompression of the fluid
approximately 500 mL/min of gas is produced. This large volume of gas can cause
violent bubbling of the liquid collection solvent, and lead to analyte loss.

Hawthorne and coworkers! have shown high recoveries for PAH’s from urban
dust, river sediment, and fly ash when collecting into a liquid trap. The collection

solvent used was methylene chloride (2 mL) spiked with 0.5 ug of 4,4’-



dichlorobiphenyl as an internal standard. The flow rate was controlled by unsing a 10
cm length of 20-30 um fused silica as a restrictor. They reported that no significant
evaporation of the methylene chloride occurred during extraction. Lopez-Avilia et al?
reported the extraction of PAH’s and organochlorine pesticides using hexane as a
collection solvent. Recoveries covered a broad range (22-107%) for the PAH’s. No

volume of hexane was given. The collection solvent was spiked with an internal

standard of terphenyl-d,,. A 60 cm piece of 50 um i.d. fused silica was used to control
the flow rate. When modified (10% methanol) CO, was used, the collection solvent
was changed to either methylene chloride or methanol in order to be compatible with
the extraction fluid. Alexandrou and Pawlisyzn? used 1.0 mL of hexane as the trap for
the extraction of polychlorinated dibenzo-p-dioxins and dibenzofurans from municipal
incinerator fly ash. Recoveries of these compounds ranged from 79-117% when 10%
benzene was added to the CO,. "Ice-cold" hexane was also used as the collection
solvent for the extraction of polychlorinated organics from biological tissue samples.4
At the 250 ppb level, 100% recoveries were reported for a variety of polychlorinated
organics. Hexane has also been used as a collection solvent for the extraction of PCBs
from whole blood and milk, triazine herbicides, thiophosphate and carbamate pesticides
from dairy biomass, n-alkanes and polynuclear aromatic hydrocarbons from tissue
samples, and dioxin from liver tissue.> Currently there are two commercially available
instruments designed specifically for SFE followed by collection into a liquid organic
solvent.

The second type of trapping system used is a solid surface. The surface is
cryogenically cooled by the expanding extraction fluid, or by another source (CO, or

liquid N,). Typical solid surfaces that have been used are glass vials, stainless steel

beads, and glass beads. The analytes are trapped on the cryogenically cooled surface,



and then rinsed from the surface for further analysis. Typical compressed flow rates
(liquid) for this type of trapping range from 1-4 mL/min. Although faster flow rates
are possible for this type of trapping as compared to trapping in a liquid, rinsing the
analytes from the trap becomes a factor that does not have to be considered for liquid
trapping.

Trapping of PAH’s on the cooled surface of a volumetric and a round bottom
flask was reported by Wright et al.6 They found that the geometry of the vessel, and
whether the vessel was sealed or open greatly affected extraction recoveries. Although
both collection vessels were maintained at 0° C, collection efficiencies for the open
vessel ranged from 0-8.2%. The mechanism for sol'.'2 loss was attributed to solute
aerosol fromation. When a sealed vessel was used collection ranged from 25-95%.
McNally and Wheeler’ also reported the use of a glass vial as a collection device for
the extraction of linuron and diuron from Sassafras Soil. Extraction with pure CO,
yielded less than 1% recovery, while addition of modifier directly to the matrix
resulted in 90-100% recoveries for both compounds. Currently there are two
commercially available instruments that employ this type of trapping.

The third type of trapping system used in dynamic off-line SFE is a solid phase
sorbent, which most often is chromatographic packing material. The packing material
provides two trapping mechanisms - cryogenic trapping and absorption. The trap is
cryogenically cooled, again either by the expanding fluid or by another source. The
analytes are trapped and then rinsed from the packing material with a small volume of
organic solvent. Typical compressed flow rates (liquid) range from 1-4 mL/min.

Schantz et al® used a 5 cm section of 0.25" o.d. stainless steel tubing packed
with u-Bondapak C-18 to trap PCBs extracted from urban particulate. A second C-18

column was used in tandem to detect any breakthrough of extracted PCBs from the



first column. Analysis of the solvent rinse of the second column showed that no
breakthrough had occurred. After an extraction was completed, the C-18 column was
removed from the extraction apparatus and hooked up to a high pressure LC pump
where it was rinsed with 40 mL of solvent. The solvent was then evaporated and the
PCBs were analyzed by GC. Taylor and Hedrick ¢ reported the use of solid phase
extraction (SPE) tubes as traps for the extraction of phenol from water. A silica trap
was used, and the results were compared to liquid trapping in a vial containing 5 mL of
50/50 methanol/water. Collection of phenol on the silica SPE tube resulted in 80%
recovery with an RSD of 9%. Collection of phenol into the liquid trap resulted in a
60% recovery and a high RSD (15%) which was attri%ited to sample loss due to the
high compressed flow rate (> 1 mL/min). Currently there is commercial
instrumentation that allows for trapping on chromatographic packing material.
However, at the onset of this work this instrumentation was not available.

The goal of the work reported here was to evaluate different solid phases for use
as traps for dynamic off-line SFE. Commercial instrumentation was modified to allow
for the use of these solid phase traps, which were in the form of solid phase extraction
(SPE) tubes. The application of this system to the extraction of PCB’s from river

sediment will be discussed in a later chapter.

Experimental
Equipment and Chemicals

The instrument used for this work was a Suprex 200A (Pittsburgh, PA) SFC
modified as previously described.? Specifically, the Suprex FID was not used as a
detector, but as a heated block upon which the solid phase extraction tube could be

mounted. Figure 1 shows a schematic of the modified FID. A plastic adapter, which



Figure 1
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Figure 1: Schematic of modified flame ionization detector used for collection in off-line

SFE experiments.



is not shown, was drilled out to fit tightly over the FID flame jet. The SPE tubes then
fit onto the plastic adapter. Nitrogen was plumbed in through the hydrogen line in
order to provide a flow of heated gas across the restrictor tip and therefore prevent
restrictor clogging. The restrictor used in this work was a 50 um tapered restrictor that
gave a compressed flow (liquid) of approximately 2 mL/min at 300 atm. The block
temperature of the FID was typically operated in the range of 50-100°C, in order to
control the temperature of the trap. The trap temperature was measured by placing a
thermocouple in the space between the restrictor tip and the solid phase. These results
have been reported previously.!® It is possible to obtain trap temperatures ranging
from -50 to 50° C with this system.

Solid phase extraction tubes were purchased from Supelco (Bellefonte, PA), and
contained 100 mg of 40 pm (60 A pore size) packing material. Tubes containing only a
20 pm, 130 mg polyethylene frit (no packing material) were also purchased from
Supelco. The tubes were treated before use with approximately 3 mL of the rinse
solvent, followed by 3 mL of methanol. Once collection of analytes onto the trap was
complete, the traps were rinsed by passing a small volume (1-2 mL) of rinse solvent
through them with the aid of a vacuum. The tubes that contained only frits were rinsed
without the use of a vacuum.

The phenols used in these studies were purchased from Chem Service (West
Chester, PA). Acetophenone, N,N-dimethylaniline, n-decanoic acid, anthracene,
naphthalene, and 2-naphthol were purchased from Aldrich Chemical Co.
(Milwaukee,WI). Rinse solvents were all HPLC grade and were purchased from
Fisher (Pittsburgh,PA). All carbon dioxide used was SFC grade from Scott Specialty
Gases (Plumbsteadville, PA).



Trap Evaluation

Trap evaluation was performed by introducing a known concentration of sample
into the extraction system, as shown in Figure 2. A 50 uL loop was used to introduce
the sample. This loop was calibrated by the following process, which will be referred
to afterwords as a "loop blank" experiment. The injection valve was plumbed so that
the 50 uL loop was filled in the inject position with the sample of interest through a
needle port. Once the loop was filled, the position of the valve was changed from load
to inject. The loop was then rinsed with an organic solvent into a 2 mL autosampler
vial, where internal standard was added, and then analyzed by GC. These values for
the ratio of the average peak area to internal standard peak area were used as 100%
values for each component. A 0.5 mL dead volume was introduced into the system in

order to provide mixing of the analytes with SC-CO, so that the compounds were not

simply mechanically pushed through the system. The traps were cryogenically cooled
by the expanding CO, before an injection was made. A compressed flow rate (liquid)
of 2 mL/min was used. The specific temperatures for each trapping study will be given
with the results. Five replicate measurements were made for all traps uniess otherwise
stated. T-tests using pooled standard deviation were used to determine if data sets
differed significantly. The results of these tests are contained in Appendix I.

The compounds used to evaluate the trapping efficiencies were phenols, and a
"test mix" of varying polarity and vapor pressure. The phenol solution consisted of
phenol, 2-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol, 3-methyl-4-
chlorophenol, 2,4-dimethylphenol, 4-nitrophenol, and pentachlorophenol dissolved in
methanol at approximately 1 mg/mL per component. These analytes were transferred

to the trap by putting the filled sample loop in-line with the flow of CO, for a period of

7 min at 300 atm and 50°C. The temperature of the collection traps was -20°C. The
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Figure 2: Schematic of the modified Suprex system used for extractions showing the

use of the injection valve and the location of the 0.5 mL dead volume.
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traps were rinsed with 2 mL of CH,;OH, and an internal standard (naphthalene) was
added. The "test mix" consisted of acetophenone, N,N-dimethylaniline, n-decanoic
acid, 2-naphthol, and n-tetracosane dissolved in CH,Cl, at approximately 1 mg/mL.
These "test mix" analytes were transferred to the traps by placing the filled loop in-line
with the flow of CO, for a period of 4 min at 300 atm and 50°C. The temperature of
the collection traps was -20°C. The traps were rinsed with either 2 mL of CH,Cl, or
CCl,. An internal standard (anthracene) was added to the recovered analytes. The
analysis of recovered analytes was then performed by gas chromatography. A 5%
phenyl column (25 m x 0.20 mm i.d., df=0.33 um) was used for all separations.

Results and Discussion

Previous Work

Previous work in this laboratory involved the evaluation of SPE tubes for
trapping hydrocarbons and phenols.!® The hydrocarbons studied were C10-C32
(excluding C30). The reverse phases studied were C18, C8 and phenyl. As expected,
the C18 and C8 traps performed the best for the hydrocarbons, with recoveries in the
range of 94-100%. The conclusions drawn from this work were that trapping was
occurring by two mechanisms - cryotrapping and absorption, The traps were
maintained at -20° C, therefore all of the less volatile hydrocarbons (C18 and above)
exit the restrictor and are trapped either on the walls of the SPE tube and/or on the
surface of the packing material. The more volatile hydrocarbons (C10, C12, C14, and
C16), on the other hand, must be trapped by absorption. Because the polarity match
between the analytes and the C8 and C18 traps is good, effective trapping of these

hydrocarbons is achieved. For the absorbed compounds the phenyl trap is less efficient
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due to reduced interactions with the aliphatic hydrocarbon solutes. For example, C10
was trapped at 80% on the phenyl trap while it was trapped at 100% on the C18 trap.

Phenols were also studied on the reverse phase traps, although for this work the
C18 trap was not used. Recoveries ranged from 59-90% on the phenyl trap and 68-
91% on the C8 trap. Of the more volatile phenols, 2-chlorophenol had the lowest
recovery on both traps. Phenol, which is more volatile than 2-chlorophenol, exhibited
recoveries near 80%. Pentachlorophenol had low recoveries and high RSD’s on both
traps. However, with pentachlorophenol, since it is very non-volatile, the low
recoveries were attributed to poor rinsing. The small volume of methanol used to rinse
the trap was unable to efficiently overcome the interactions betwen the solute and the
stationary phase.

Normal phase traps (diol, silica, cyano, and amino) were also studied with the
hydrocarbons and phenols. The recoveries for the hydrocarbons were generally lower
on the normal phase traps than on the reverse phase traps, with maximum recoveries of
90%. On the silica and diol traps, the same general trend is seen as was observed on
the reverse phase traps (i.e. absorption - more volatile, cryotrap - less volatile).
Recoveries for the more volatile hydrocarbons (C10-C16) are lower due to the reduced
interactions of these traps with the hydrocarbons. At hydrocarbons C18 and above,
recoveries on the silica and diol traps are high (30%) and constant since cryotrapping
becomes the dominant mechnaism. The cyano trap has low recovery for C10, but
behaves more like a reverse phase trap in general, and the amino trap behaves
unpredictably.

For the phenol mixture, recoveries were generally the best on the diol trap.
Some of the same trends that were observed on the reverse phase traps are seen on the

normal phase traps. Recoveries were generally lower for the cyano trap, again

12



indicating that it is performing more like the reverse phase traps. Pentachlorophenol
elutes off of the cyano trap only. Since pentachlorophenol is the least volatile phenol
of the phenols studied, it can be assumed that the 0% recoveries from the amino and

diol traps result from the inability of the rinse solvent (methanol) to overcome the

solute/stationary phase interactions.

Test Mix

The hydrocarbon and phenol trapping and rinsing studies have shown that
trapping is occurring by two mechanisms and that problems can be encountered in
trying to rinse the traps. Therefore, a test mix was explored (specifics of preparation
are in the experimental) because these compounds cover a wide range of polarity and
vapor pressure, and may be more representative of a "real world" sample. Table I lists
the compounds of the test mix and some of their properties. Calibration curves were
generated to ensure that the chromatographic behavior of each component used was
well characterized. The concentration of the standards used for the calibration curves
ranged from 6-600 ppm. All of the calibration curves were linear (r=0.99) with an
intercept of zero, except for n-decanoic acid, which had a slightly negative intercept.
The concentration of each component used in the trap evaluation study (once it is
analyzed by GC) is around 25 ppm. The chromatographic behavior is therefore well
characterized for these compounds over the concentration range we were working.

The loop blank experiments described earlier were used to determine 100%
values for each of the components and to insure that the GC system was functioning
well. The average component-to-internal standard ratio, its standard deviation and

relative standard deviation for five determinations are shown in Table II. The
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Table I

Physical Properties of the test mix components taken from the Merck Index

Compound MW mp(°C) bp(°C)
acetophenone 120.15 20.5 202
N,N-dimethylaniline 121.18 2 193
n-decanoic acid 172.26 31.4 270
2-naphthol 144.16 122 285

n-tetracosane 398.63 125 300

14



Table II

Component to internal standard peak area ratio (X/IS), standard deviation (SD), and
relative standard deviation (RSD) of five measurements for each test mix component

for 100% determination.

Compound X/1S SD RSD
acetophenone 0.303 .010 4.2
N,N-dimethylaniline 0.276 .010 4.2
n-decanoic acid 0.053 .006 11.2
2-naphthol 0.157 .006 39
n-tetracosane 0.175 .007 3.9

15



component to internal standard ratios were compared to the same ratios obtained in the
trapping and rinsing studies to determine the percent recovery of each component. As
can be seen from the Table, the RSDs are acceptable, showing that the GC is
functioning well. The high RSD for decanoic acid is typical for tailing compounds.
Each time a new solution was prepared, the loop blank experiment was repeated.

Table IIIA shows the trapping and rinsing efficiencies for the test mix on the
reverse phase traps using CH,Cl, as a rinse solvent. The phenyl trap performs better
for this mixture than the C8 trap does. The two most volatile compounds of the
mixture, acetophenone and N,N-dimethylaniline, have recoveries of 70% on the octyl
trap. The recoveries for these compounds are slightly higher on the phenyl trap, where
9-9 interactions between these solutes and the stationary phase can occur. It is difficult
to determine whether the 74 % recoveries for these two compounds on the phenyl trap
occur because of the inability of the trap to retain the volatiles or because of the
inability of the rinse solvent to overcome these -9 interactions. N,N-dimethylaniline
is a fairly hindered amine, and therefore should not have as strong interactions with the
stationary phase through the basic nitrogen (i.e. hydrogen bonding) as a less hindered
amine would. Decanoic acid recovery is low on both traps, although based on the
behavior of decane, which is more volatile, decanoic acid should be trapped
effectively. The lower recoveries in this case are believed to be due to the inability of
the rinse solvent (CH,Cl,) to effectively overcome the solute/stationary phase
interactions. Good recoveries (>90%) are achieved for 2-naphthol and n-tetracosane,
the least volatile components, on the phenyl traps, with recoveries somewhat lower on
the octyl traps. The carbon loading of the octyl phase is 8.0%, while the carbon
loading of the phenyl trap is 5.3%. However, carbon loading comparisons are useful

mainly when comparing the same type of bonded phases (i.e. octyl to octyl).
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