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ABSTRACT 

This work examines the use of supercritical fluid extraction (SFE) as a sample 

introduction technique for supercritical fluid chromatography (SFC) and Fourier 

transform infrared spectrometry (FT-IR). In order to study the effects of a 

supercritical mobile phase on the resulting IR spectra, carbon dioxide was compared 

to xenon as a supercritical fluid mobile phase for flow cell SFC/FT-IR. A packed 

capillary column (30 cm x 320 wm, Deltabond” Cyano, 5 um particle) was employed 

for the chromatographic portion of the study. Various samples were tested, such as 

an ethoxylated alcohol mixture and a unique polarity mix. The roles of temperature 

and density on the IR spectra were also examined as each was independently varied 

for the analysis of five different probe compounds. Comparisons of spectra produced 

in supercritical CO, and xenon each matched well with the Nicolet vapor phase 

library. CQO, spectra matched the vapor phase spectra equally as well as did the 

xenon spectra, despite the fact that CO, spectra have blanked regions where the 

mobile phase absorbs in the IR. 

Following this study, SFE was coupled directly to FT-IR to produce the novel 

method of on-line SFE/FT-IR. This technique was optimized for the analysis of n- 

tetracosane, yielding a detection limit of 74 ng. The method was later applied to the 

quantitative and qualitative analysis of fiber finishes from textile matrices with 

equivalent success. Finish was extracted directly from the fiber or textile surface and



passed through the IR flow cell as an analyte "plug". In this way, the entire finish 

was quickly quantified, and if desired, qualitatively analyzed as well, without need of 

prior chromatographic separation. The method required no organic solvent and was 

proven to be fairly reproducible for four fiber finish types tested. 

Lastly, supercritical fluid extraction (SFE) was examined and optimized as a 

sample introduction technique for on-line SFE/SFC. Trapping and recovery of 

analytes in SFE/SFC were studied under varying conditions using a currently 

marketed system. The system was replumbed using a 12 cm x 100 um fused silica 

capillary (100% methyl, d, = 0.25 um) for trapping and increased solute focusing. 

These changes nearly doubled the total analyte recovery (as based on FID peak areas) 

and lowered the overall system recovery RSDs from 30 % to 4 %.



This thesis is dedicated to Richard A. Kirschner, Jr. 
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CHAPTER 1 

Introduction 

The potential for on-line supercritical fluid extraction (SFE) with supercritical 

fluid chromatography (SFC) and flow cell Fourier transform infrared detection (FT- 

IR) has not been fully realized. Largely, this is because of the many variables for 

consideration in the method optimization of such substantial on-line systems. 

Difficulties in analyte recovery in SFE/SFC can prove frustrating, especially if such 

problems result in long-term memory effects and system contamination. FT-IR has 

been used for both SFC and SFE/SFC, and would likely be an excellent selective 

detector for the direct analysis of SFE products without prior chromatographic 

separation. The combination of SFE with SFC and flow cell FT-IR offers excellent 

opportunities in a broad array of applications. To demonstrate this, certain studies 

must be done. The SFE/SFC interface must be shown to optimally trap analytes, yet 

allow for their complete recovery from the trapping surface. Chromatographic 

integrity should not be sacrificed during this recovery step, neither in terms of peak 

shape nor of peak area reproducibility. The infrared spectra produced by analytes in 

supercritical fluid phase should be examined and compared not only to those obtained 

by vapor or condensed phase, but to spectra obtained using different supercritical 

fluids at various reduced densities and temperatures. Lastly, the reproducibility and 

relative error of key supercritical fluid / FT-IR methods as a whole should be 
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determined. The overall results of these studies will dictate the future and breadth of 

application for supercritical fluid extraction and chromatography in conjunction with 

FT-IR detection. 

The goal of this research was therefore to demonstrate and expand the capacity 

of SFE as a sample introduction technique for SFC and flow cell FT-IR. Chapter 2 is 

a historical perspective of sample introduction methods in SFC and the use of 

supercritical fluids in FT-IR analysis. Chapter 3 details the effects of supercritical 

mobile phases on infrared spectra in flow cell SFC/FT-IR. Xenon was compared to 

carbon dioxide as a mobile phase for flow cell SFC/FT-IR using a variety of test 

samples on a packed capillary column. In Chapter 4, SFE was coupled directly to 

FT-IR to form the novel method of on-line SFE/FT-IR. The method was tested and 

optimized for the analysis of a simple hydrocarbon, n-tetracosane. On-line SFE/FT- 

IR was then applied to the quantitative and qualitative analysis of fiber finishes from 

textile matrices (Chapter 5). Lastly, an in-depth study on the trapping and recovery 

of analytes in SFE/SFC was performed (Chapter 6). In this research, the interface 

between SFE and SFC was studied and optimized for maximum analyte recovery with 

minimal dependence upon the extraction and chromatography conditions used. Key 

factors for consideration were total analyte recovery, peak area reproducibility, and 

day-to-day system reproducibility.



CHAPTER 2 

HISTORICAL 

Supercritical fluid chromatography (SFC) has become an important part of the 

chromatographic triad which also includes the popular methods of gas and liquid 

chromatography. Key factors in the promotion of SFC are its relative speed and 

capability of handling high molecular weight / thermally labile analytes. SFC has the 

added advantage of being compatible with both GC- and LC-type detectors, and, 

unlike LC, it can employ open tubular columns where necessary to achieve added 

resolution and reduced surface activity. Unfortunately, in its ability to handle such a 

broad range of column types (packed, packed capillary, and open tubular), SFC faces 

the high challenge of reproducible sample introduction. Carbon dioxide is the most 

frequently used supercritical fluid, and while it has the advantages of low critical 

parameters and negligible toxicity, it has low polarity as a weakness. As a result, 

sample solvents which normally have higher solvating capacity than CO, pose 

problems upon injection into the SFC system, such as peak splitting and band 

broadening’. These problems occur when the analytes are not tightly focused on the 

head of the column prior to elution. Large solvent injection volumes can likewise 

enhance these effects, as well as potentially alter the stationary phase due to 

absorption/adsorption of the solvent.



The difficulties of sample introduction in SFC can vary depending upon the 

type of column used. The issue is of primary interest to open tubular column users, 

as rather small injection volumes (20 - 60 nL) are required in order to avoid solvent 

overload. Just a 200 nL injection volume onto a 50 um i.d. column results in a 10% 

loss in resolution’. Split injection methods (dynamic split, delayed split, timed split) 

provide a simple solution to the problem of injection volume, but they produce other 

detrimental effects. Dynamic split injection, for example, can exhibit nonlinearity’ 

and sample discrimination’. While timed split injections have been shown to be an 

excellent alternative to dynamic splits**, there remains the problem of sample loss due 

to splitting. Samples must be fairly concentrated if a split injection method is to be 

employed. Quantitation at the trace level is thus impractical with a split injection 

system, especially for weakly concentrated analytes or limited sample quantity. 

Direct injection would be the ideal choice, but for open tubular SFC, it is less than 

easy’. Typically, direct injection open tubular SFC requires the insertion of a 

retention gap prior to the column in order to separate the analytes from the solvent 

front and focus them onto the column head*’. Packed columns certainly pose much 

less of a sample injection problem due to their higher loadability. Direct injection 

methods have in fact proven highly effective and reproducible for packed column 

use®. Sample injection for packed columns has gained interest, however, as ever- 

larger injection volumes are desired and efforts are made to perfect SFC as a 

preparative-scale method. Thus, regardless of the column type used, sample



introduction remains far from ideal. Any new sample introduction methods must take 

into account not only the quantity of sample that can be injected onto a given column, 

but the amount of analyte available, its injection solvent concentration, and the 

injection solvent strength relative to that of the mobile phase. 

The matter of sample introduction has thus been a key issue in the 

advancement of SFC. An excellent review was written a few years ago’, and 

additional work continues to be published on this subject, demonstrating the ever- 

present demand for an improved SFC injection method. Solvent reduction is 

obviously of paramount importance in SFC sample introduction. Many of the most 

recent techniques seek to remove solvent from sample injection and thus have even be 

referred to as “solventless" injection*”. This is not wholly correct, however, since 

solvent is in fact used within the method. True "solventless” injection is performed 

only when the sample is both solubilized and chromatographically separated using a 

medium which is not an organic solvent (i.e. a supercritical fluid). Essentially, this is 

the combination of supercritical fluid extraction (SFE) and supercritical fluid 

chromatography to form on-line SFE/SFC. 

On-line SFE/SFC 

The method of on-line SFE/SFC is relatively simple in theory, whereas in



practice, the actual systems range from basic to highly complex. A sample is placed 

in a high-pressure vessel and mixed with the supercritical fluid. If a fixed amount of 

fluid is used over a set period of time, the extraction is said to be "static". If, 

however, fluid is introduced continuously at a given flow rate over a set period of 

time, the extraction is termed "dynamic". In either type extraction, analytes are 

removed from the matrix and transported into a collection device or "trap". Most 

commonly, deposition is performed by allowing the fluid to rapidly decompress into a 

cryogenically cooled region or onto the head of a column or sorbent trap. Upon 

decompression, the analytes precipitate and remain on the trapping surface while the 

decompressed gas is vented to waste. Once extraction is complete, a fresh flow of 

supercritical fluid enters the trapping zone to remove the analytes from the trapping 

surface. The analytes are then transferred from the trap to the column, separated, and 

detected accordingly. A typical system schematic for an on-line SFE/SFC marketed 

by the Suprex Corporation" is given in Figure 1. In the "load" position, the sample 

is dynamically extracted with supercritical fluid. The fluid decompresses into a tee 

and the analytes are flushed towards the cryotrap. Upon complete extraction, the 

valves move into the "inject" position and a fresh flow of supercritical fluid is 

backflushed through the trap. This flow directs analytes out of the trap and onto the 

head of the column for chromatography. Other SFE/SFC units using alternative 

plumbing and valve schemes exist, but all follow this same format, broken into three 

basic modes: extract, trap, and transfer to the column for chromatography.



Of these three modes, trapping and transfer of analytes is definitely the main 

point for improvement in on-line SFE/SFC. Figure 1 shows a system in which the 

analytes are collected on a cold stainless steel tube or "cryotrap". If extraction 

decompression occurs at the head of a column or sorbent-packed trap, the analytes 

collect on the stationary phase. Polar compounds are usually recovered in higher 

yields from open tubular column traps than from sorbent-filled traps due to the better 

deactivation of the former’. The large surface areas of packed traps are more 

conducive to larger sample volumes, however. In either case, care must be taken to 

insure that breakthrough of the analytes from the trap does not occur. This is done 

by operating at a low enough trap pressure and/or trap temperature to limit analyte 

mobility on the trapping material”. Temperature plays a significant role in trapping 

as well. Studies performed using a stainless steel tube trap showed that there was an 

optimal temperature range over which to trap”. Operating a cryotrap at too high a 

temperature can lead to sample discrimination, peak broadening, orloss of volatile 

analytes. At too low an operating temperature, however, restrictor plugging can 

occur. The preferred cryotrapping range is therefore estimated between -50 and 0° 

C, depending upon the analytes. 

Once extraction and trapping are complete, the analytes are removed from the 

trap with supercritical fluid. In essence, this is a second extraction and may require 

some extra means of focusing the analytes to promote their introduction to the
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Figure 1: On-Line SFE/SFC System Schematic /Ref. 18] 
A = Extract Mode; B = Inject (Chromatography) Mode



column as a tight band. Common sense dictates that a small trapping region with 

transfer lines of minimal dead volume will require the least amount of solute 

focusing. Solute focusing is achieved by two primary means: phase ratio focusing 

and partition coefficient focusing. An excellent review of these techniques was 

recently published by Koski and Lee”. Phase ratio focusing is performed when an 

increase (either gradual or abrupt) in stationary phase promotes a decrease in the 

linear velocity of the front of a solute band relative to that of the back of the solute 

band. The result is a compression of the total analyte band. An example of phase 

ratio focusing in SFE/SFC occurs at the interface between transfer line tubing from 

the trap to the column head”. In contrast, partition coefficient focusing results from a 

reduction in the solvating power (density) of the supercritical fluid. This can be 

implemented by either decreasing the pressure or increasing the temperature. A 

common means of focusing in commercial SFE/SFC systems is the decompression of 

fluid into a trap with subsequent reduction in temperature”. Transfer of the analytes 

from the trap to the column may be aided by elevating the trap temperature to quickly 

desorb analytes from the trap surface. Keeping the trap and transfer lines at 

temperatures below that of the oven, however, will result in a temperature rise as the 

analytes are transferred into the column. This rise in temperature will result in a drop 

in density, and hence, aid in solute focusing as the analytes deposit onto the column 

head.



Thus, while there are several factors governing the success of SFE/SFC, the 

method remains worthy of the work required to perfect it as a truly “solventless" 

injection technique. There are several distinct advantages inherent to SFE/SFC. Not 

only are injection solvent problems eliminated with this technique, but organic solvent 

for the extraction process is avoided as well. It was previously stated that SFC has 

the distinct advantage of being amenable to both GC- and LC-type detectors. The 

addition of SFE to SFC combines sample preparation with sample separation and 

detection. The net result of this pairing is reduced analysis time as well as reduced 

analyte exposure to the environment and technician. Because SFE transfers sample 

directly into the SFC system (and subsequently, the detector), sample concentration is 

maximized, and there is no solvent interference in the detector. 

Fourier Transform Infrared Spectrometry (FT-IR) 

The advantages of SFE/SFC in terms of detector compatibility are perhaps 

most evident with the Fourier transform infrared spectrometer (FT-IR). Gas 

chromatography interfaces well with this detector; however, not all analytes are 

amenable to GC analysis. Liquid chromatography might be the likely alternative for 

such analytes, but the mobile phases it employs absorb over large regions of the 

infrared spectrum, most often over those of paramount importance”. In contrast, 

supercritical carbon dioxide absorbs minimally in the infrared spectrum: 3504- 
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3822 cm’, 2137-2551 cm', and below 800 cm’. Fermi resonance bands also appear 

at 2070, 1944, 1387, and 1282 cm", but these may be subtracted from the final 

spectrum to regain the fingerprint region’. Xenon can provide the entire IR spectrum 

when used as a mobile phase for SFC/FT-IR, but this is accomplished for a 

substantially higher price. Thus, large portions of the infrared region are accessible 

with SFC/FT-IR. The combination of SFE with SFC/FT-IR simply provides the extra 

advantages inherent to SFE/SFC as mentioned previously. 

Fourier transform infrared spectrometers can be interfaced to SFC in two 

ways: with a flow cell apparatus or with a mobile phase elimination system. The 

latter is perhaps the more complex technique of the two, and a schematic for the 

interface is given in Figure 2%. The restrictor is placed in close proximity to a 

moving IR-transparent support, such as a KBr plate. As analytes are eluted from the 

column, they exit the restrictor and the fluid decompresses to a gas. Thus, the 

analytes deposit onto the support surface. The surface continually moves forward so 

that resolution between analytes may be retained spatially on the support for FT-IR 

analysis. The infrared spectra are obtained by passing the support plate or "window" 

into an FT-IR microscope assembly. The benefit of this method is that virtually any 

fluid may be used for extraction/chromatography, regardless of its absorbance in the 

infrared spectrum, since the fluid and analyte are separated prior to IR analysis. 

Secondly, the sensitivity in this method is high since scans may be made on an 

11
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analyte as long as necessary to produce a good spectrum. Alternatively, the method 

has several distinct disadvantages. It can prove quite difficult to know exactly when 

an analyte has fully eluted since detection is so far removed from the separation step. 

Chromatographic resolution may be sacrificed in mobile phase elimination SFC/FT- 

IR, and perhaps most notably, no other detector may be placed after the FT-IR. 

This is in contrast to flow cell SFC/FT-IR. For this interface, a high 

pressure, low volume flow-through cell is attached to the end of the analytical 

column. The FT-IR beam is then passed through the cell to monitor the column 

effluent in real time. An SFC/FT-IR flow cell interface is shown in Figure 3. The 

flow cell design is very similar to a GC light pipe, with IR transparent windows 

(ZnSe) and a reflective interior coating. Cell dimensions are of critical importance. 

The pathlength should be as long as possible, so that maximum sample is in the IR 

beam. Alternatively, the volume should be as small as possible, so that the 

chromatographic resolution is not sacrificed. For the flowcell marketed by Nicolet 

Instruments, a compromise was struck which provided a pathlength of 5 mm and a 

total cell volume of 1.4 uwL. The disadvantages of flow cell SFC/FT-IR are obvious: 

lower sensitivity due to a limited number of scans for an analyte, and mobile phase 

interferences. Use of a modified fluid (i.e. methanol-modified CO,) would obscure a 

great deal of the infrared information-rich regions in flow cell FT-IR. Also, no 

spectral library of analytes in supercritical fluid exists to date. While spectral 
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alterations of analytes in supercritical fluid versus vapor or condensed phase are often 

minimal, shifts do occur (especially in strong stretching absorbances), and fluid 

absorbances can sometimes block out informative regions. An advantage of flow-cell 

SFC/FT-IR, however, is that it is a non-destructive technique. A second detector, 

such as a flame ionization detector (FID), may be readily connected to the exit line of 

the flow cell. The analyte is not exposed to the environment prior to IR analysis, as 

occurs in mobile phase elimination SFC/FT-IR. Thus, any air/light sensitive or 

volatile components will not be lost between chromatography and detection. Because 

the infrared detector constantly monitors the flow cell contents, flow cell FT-IR can 

be a diagnostic tool for the SFE/SFC system as well. A sudden or even gradual 

decrease in the CO, absorbance region for a given run usually indicates a leak in the 

system, for example. It should be noted that no one SFC/FT-IR method has been 

heralded as better than the other. Rather, the choice between flow cell versus mobile 

phase elimination is most likely based on equipment, analyte, and/or supercritical 

fluid, ease and versatility in operation, and the information desired from the resulting 

spectra. 
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CHAPTER 3 

Comparison of Carbon Dioxide vs. Xenon as a Mobile 

Phase for Flow Cell SFC/FT-IR 

INTRODUCTION _ 

Supercritical fluid chromatography / Fourier transform infrared spectrometry 

(SFC/FT-IR) is an excellent tool for sample analysis. The most commonly used 

fluid, carbon dioxide, exhibits minimal absorption in the infrared region between 

3504 - 3822 cm", 2137 - 2551 cm’, and below 800 cm". Carbon dioxide also 

absorbs at 1225 and 1475 cm’ due to Fermi resonance bands. These Fermi 

absorbances will become stronger as the density increases during chromatography, but 

they can later be subtracted from the final spectrum using a normalization routine to 

regain the fingerprint region. Thus, a sizeable portion of the IR region remains open 

for spectral analysis of the SFC eluents. High-purity carbon dioxide has the further 

advantages of being moderately priced, nontoxic, and relatively inert, which certainly 

justifies its appeal as a mobile phase for flow cell SFC/FT-IR. 

These advantages, however, are sometimes not enough. The regions obscured 

by CO, absorption deprive the analyst of the full IR spectrum from which to assess a 

compound’s identity. In these instances, xenon has been suggested as an alternative 

16



to CO, as a mobile phase for SFC/FT-IR. Xenon does not absorb in the infrared 

region, and like CO.,, it is nontoxic and inert. Its critical parameters are in fact lower 

than those for CO,, with a critical pressure of 59.2 atm and critical temperature of 

16.7. Unfortunately, it is also rather expensive and lacks the inducible dipole found 

in CO, that can yield additional solvating power for more polar analytes. 

The use of xenon as a mobile phase for flow cell SFC/FT-IR has been 

reported*™. The most recently published study compared xenon and CO, in terms of 

the chromatography and resulting IR spectra”. The chromatographic comparisons 

were made using a 10 m x 100 um i.d. coated open tubular column with the flow cell 

taken out of line. Detection of the analytes (an oligoether and a 6-component polarity 

mix) was performed by FID. Comparisons were made between the two fluids, 

however, using the same pressure program as well as the same linear velocity. The 

authors noted that for the polarity mix, nonpolar analytes eluted much faster in xenon 

than in CO,, and that the elution order between a few of the analytes was different in 

xenon relative to CO,. Xenon is inherently more dense than CO,; therefore, using a 

linear pressure program for xenon that was developed for CO, will most likely not 

produce optimal chromatographic results for the former. The results would instead 

show non-polar analytes eluting much faster with xenon than was observed with CO,, 

simply due to the increased Xe fluid density relative to CO, density at the same 

pressure. The results may be likened to the change seen in CO, SFC when the 

17



pressure is elevated as compared with a previous run. With the higher density of 

xenon in mind, perhaps a more accurate chromatographic comparison with CO, would 

therefore be made using similar reduced pressure linear ramps for the two fluids, 

where reduced pressure (P,) is defined as the actual pressure (P) divided by the 

critical pressure (P,). 

Also included in the study by Davidson et al. was a comparison of IR spectra 

of injected liquid analytes in supercritical CO, and xenon. Changes (i.e. Av in cm") 

were noted for several carbon-oxygen and carbon-hydrogen absorbancies for analytes 

in xenon and CO,. The temperatures and reduced densities of the fluids were varied 

independently to determine the effect each had on the solubilized analyte spectra. 

Definite shifts (i.e. Av > 2 cm") were observed, especially as the reduced density of 

the fluid was increased. The authors concluded that further study should be done so 

that the results they presented may be confirmed and the data base expanded to 

include other analyte absorbancies. 

These studies therefore continued the comparison of carbon dioxide and xenon 

as SFC mobile phases for the analysis of a variety of sample mixtures. The test 

analytes included a polarity mix and an ethoxylated alcohol sample (Neodol’). The 

advantages and disadvantages of each fluid have been compared and contrasted in 

terms of the resulting chromatography (under the same linear pressure and linear 

18



reduced pressure profiles), the IR spectra produced (information gained/lost), and 

relative cost per analysis. Five individual analytes with different key infrared 

absorbancies (i.e. N-O, N-H, C=O, C-H, O-H, etc.) were injected into CO, and 

xenon at different reduced densities and temperatures, and all spectral shifts were 

noted. Lastly, these Xe and CO, spectra were compared to vapor and condensed 

phase library spectra. Routine computer library searches were conducted for each of 

the xenon and CO, spectra to determine if indeed such methods could be applied to 

SFC-generated spectra. It was also of interest to determine to what extent the SFC- 

generated spectra differed from vapor and condensed phase spectra, and whether 

xenon indeed produces spectra more closely matched to the library spectra than CO,,. 

EXPERIMENTAL 

For the flow-cell SFC/FT-IR studies, a Suprex MPS 225 SFE/SFC 

(Pittsburgh, PA) was interfaced to a Nicolet 710SX FT-IR via a high-pressure, low 

volume flow cell assembly (Nicolet Instruments, Madison, WI). A schematic of the 

SFC/FT-IR system is given in Figure 4. As shown in the Figure, the system was set 

up for chromatography only, rather than SFE/SFC, in order to minimize pre-column 

dead volume. SFC-grade carbon dioxide was purchased from Scott Specialty Gases, 

and research grade xenon was provided by Air Products, Inc. (Allentown, PA). 

Additional gases (air, hydrogen) were purchased from Airco (Roanoke, VA). The 
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packed capillary column (30 cm x 320 um) packed with Deltabond’ Cyano stationary 

phase (d, = 5 um) was purchased from LC Packings (San Francisco, CA). Test mix 

standards were purchased from Aldrich (Milwaukee, WI) and Sigma (St. Louis, MO) 

or were donated from private industry. Standards were prepared in methylene 

chloride obtained from Fisher Scientific (Pittsburgh, PA). 

RESULTS AND DISCUSSION 

For the chromatography study, 0.1 uL of each standard was injected onto the 

column and analyzed via SFC with both FT-IR and flame ionization detection using 

CO, mobile phase. Once the separation of components for a given standard had been 

optimized in CO,, the reduced pressures for that linear pressure program were 

calculated. From these values, comparable run conditions with the same reduced 

pressures were determined for xenon. The syringe pump was purged of carbon 

dioxide and flushed several times with high-purity helium. The pump head was fitted 

with a cooling jacket and maintained at approximately 0 to 8°C. 

Filling the syringe pump with xenon proved most successful as a multi-step 

process. A 5 m (4.8 mm i.d.) section of copper tubing was thoroughly rinsed with 

methylene chloride and dried with high-purity helium. This was then shaped into a 

coil with two extensions, as shown in Figure 5. One lead from the coil was attached 
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Figure 5: 

  

  

Apparatus Designed for Filling Pump with Xenon 
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to the xenon tank, while the other end was fitted to an Alumina C trap connected to 

the syringe pump. In order to fill the pump, the pump inlet and outlet valves were 

shut and the xenon tank valve was opened. After a few seconds, the tank valve was 

shut and the tubing coil was lowered into a dewar of liquid nitrogen and allowed to 

come to equilibrium. The tank valve was then reopened and allowed to remain open 

until bubbling of the liquid nitrogen ceased, thereby indicating that highly dense 

xenon had been produced in the coil. The tank valve was then shut, and the coil was 

lifted out of the dewar. The pump inlet valve was opened, and the pump syringe was 

caused to retract as exhaust from a heat gun was applied to the cold coil exterior. 

Upon heating, the xenon expanded and was forced into the pump. By this method, 

we were able to get an average of 40 - 80 mL of xenon at 100 atm into the cooled 

pump head. This was adequate for several days work, depending upon the column 

and flow rate used. 

Chromatographic comparisons between xenon and CO, for a unique polarity 

mix (Figure 6) are given in Figures 7 and 8. This mix ranges from a simple 

hydrocarbon (C,;) to benzoic acid and p-nitrophenol. With the exception of caffeine 

and the C,, hydrocarbon, the other five components in the mixture all have a benzene 

ring in common. Hence, the individual ring substituents play a key role in 

determining analyte elution order, rather than analyte molecular weight. The test mix 

was run in xenon under the same pressure conditions that were chosen for CO,, using 
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O 
<O> CH CH, (CH.),,CH, 

1 Benzaldehyde 2. C,, 

O>~¢H,0H <O>-08 

3. Benzyl Alcohol 4. Phenol 

O CH, 

Ho | 

<O>-600H Ty 
oN 

CH, 

5. Benzoic Acid 6. Caffeine 

HO <O40, 

7. p-Nitrophenol 

Figure 6: —- Polarity Mix Component Structures 
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Figure 7; | Chromatographic Comparison of Polarity Mix in (a) CO, vs. (b) Xe 
SFC Conditions (CO,): 100 atm CO, for 4 min, ramp to 400 atm 
at 12 atm/ min; 100°C oven and transfer lines; 35°C flowcell; 
350°C FID. SFC Conditions (Xe): same as for CO,. 0.1uL of 
solution containing 10 ug/L of each component injected. 
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Figure 8: |§ Chromatographic Comparison of Polarity Mix in (a) CO, vs. (b) 
Xe. SFC Conditions (CO,): Same as Figure 7. SFC Conditions 
(Xe): 79 atm Xe for 4 min, ramp to 317 atm at 9.5 atm/ min; 
100°C oven and transfer line; 35°C flowcell; 350°C FID. 0.1uL of 
solution containing 10 ug/uL of each component injected. 
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a restrictor that provided approximately the same linear velocity. Figure 7 shows the 

same CO, chromatogram as seen in Figure 6, except in this Figure the xenon analysis 

was performed with the same reduced pressure program used for CO.-SFC. The 

early eluting analytes in Figure 6b are not well resolved as they elute too fast in the 

dense xenon. More polar analytes, however, arrive at roughly the same time, if not 

later or even at all, than was observed in CO,. With the reduced density program, 

however, a more likely comparison is made. Baseline resolution of the less polar 

early eluting analytes is achieved, while the more polar analytes suffer from reduced 

Capacity in xenon (as seen by the low peaks with extensive tailing). Thus, at the 

same reduced pressures, xenon does not show any improvement over CO, as a solvent 

for the given analyte mixture, even for the nonpolar components. 

An ethoxylated alcohol sample (Neodol’ ) was also tested in both CO, and 

xenon to determine the effects of mobile phase on a homologous series. Neodol is 

defined as a nonionic surfactant, with the basic structure of R(OCH,CH,),OH. For 

this sample, R, which is typically a long alkyl chain, is C,, and C,; with an average 

of 7 ethylene oxide units per mole (light ends removed). Typically, the best 

chromatographic results for a homologous series of limited molecular weight are 

obtained using a linear density program. However, the syringe pump used in this 

study produces a linear density ramp by calculating the increase in pressure necessary 

(e.g. aS measured by a pressure transducer) to produce the desired change in density. 
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This calculation is based upon the phase diagram of pure CO,, and for most systems 

does not accommodate the necessary data of other fluids, such as xenon. Thus, the 

xenon analysis was performed using a pressure program which mimics that of the 

linear pressure program used for CO,. Xenon was shown to work at least as well as 

CO, for this analysis (Figure 9). 

During chromatography, IR data were collected at 8 cm” resolution. At this 

resolution, a compromise is made between spectral quality, the number of scans for a 

given analyte peak, and the amount of disk data space occupied by a single run. 

Technically, these spectra should not be used for any sort of spectral assessment of 

xenon versus CO,, since the medium surrounding the analyte is constantly changing 

during gradient chromatography. For this reason, the column was removed and a 

series of isopycnic and isothermal studies were performed so that spectral 

comparisons could be made. In lieu of a column, a stainless steel transfer line (1 m 

x 0.010" i.d.) was inserted to allow ample background scans prior to the elution of 

the analyte peak. For our study, the reduced density was varied from 0.7 to 2.0 at 

40°C. Then, with the reduced density held constant at 1.2, the temperature was 

varied from 30°C to 50°C. Analytes were introduced into the system via the sample 

solvent injection valve located on the top of the oven unit. A 0.060 nL internal rotor 

was used for the study, with a sample loop exposure time of 4 to 8 seconds. The 

samples were effectively mixed with the mobile phase by incorporating a small dead 
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Figure 9: 
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Chromatographic Comparison of Neodol in (a) CO, vs. (b) Xe 
SFC Conditions (CO,): 130 atm CO, for 2 min, ramp to 400 at 12 
atm/ min; 100° C oven and transfer lines, 35°C flowcell; 350°C 
FID. SFC Conditions (Xe): same as for CO,. 0.1 uL of a 250 u9/ uL 
solution injected. 

29



volume (0.17 mL) about 3 cm away from the point of injection. The samples were 

chosen based upon the fact that they exist naturally as liquids and that they exhibit 

some special IR absorbance. Two of the samples (benzaldehyde and benzyl alcohol) 

were previously used in the polarity mix. Added to these samples were nitrobenzene, 

2,6-dimethylaniline, and 2,4-dimethylphenol; their structures are given in Figure 10. 

The spectra for this study were collected at 4 cm" resolution, as opposed to the 

8 cm' resolution data collected during the chromatographic studies. Relative system 

error (i.e. precision) was determined from 10 replicate injections of benzaldehyde at 

40°C and a reduced density of 1.2 for both CO, and Xe. The position of the (C=Q) 

stretch was monitored, and error proved to be less than 0.1 cm" for both fluids. The 

chosen IR bands for each analyte all exceeded 10 cm” peak width at half height. 

Thus, while any observed shifts with changes in density or temperature totaling 8 cm" 

or greater would certainly be significant, it is also likely that any shift total greater 

than 0.1 or 0.2 cm" is a valid observation as well. 

Temperature was shown to have relatively little effect on the spectra in either 

fluid. Perhaps the most dramatic shift was observed for 2,6-dimethylaniline. Table I 

shows that for the asymmetric (N-H) stretch, a decrease of 5.8 cm" is observed in 

CO, as temperature is increased from 30°C to 50°C, yet no real change was 

observed for xenon. Likewise, Table II shows Av for the C=O stretch of 
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P 
<O> CH <O>-6H,0H 

1. Benzaldehyde 2. Benzyl Alcohol 

CH, 

CH, CH, 

3. 2,6-dimethylaniline 4. 2,4-dimethylphenol 

Ow 2 

5. Nitrobenzene 

Figure 10: Temperature / Density Test Component Structures 
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Table I 
Temperature Study for 2,6-dimethylaniline in CO, vs. Xe 

  

  

  

  

  

ca, 
u(N-H)' v(N-H)’ v(N-H)’ u(C-N)‘ 

30° 3497.0 3413.1 1626.2 1274.6 
40° 3494.8 3413.3 1626.6 1274.8 
50° 3491.2 3410.8 1627.0 1274.8 

Av= - 5.8 2.3 + 0.1 +02 

Xe 
u(N-H) u(N-H) v(N-H) v(C-N) 

30° 3493.1 3411.0 1622.7 1274.5 
40° 3494.0 3411.8 1623.0 1274.7 
50° 3493.5 3411.3 1623.4 1274.2 

Av= + 0.4* + 0.8* + 0.8 - 0.3* 
  

(v and Av in cm#) 

(P, = 1.2 g/mL) 
(CO, subcritical at 30° C) 
* Variation not linear. 

lasymmetric stretch 
“symmetric stretch 
*bend 
‘stretch 
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Table II 

Temperature Study of Benzaldehyde in CO, vs. Xe 

  

  

  

  

  

CO, 
v(C-H)! v(C-H)? v(C =O)’ v(C-H)* 

30° 3076.9 2819.0 1718.6 1203.0 
40° 3075.3 2819.0 1716.7 1203.1 
50° 3074.9 2818.9 1715.0 1203.1 

Av = -2.0 - 0.1 - 3.6 + 0.1 

Xe 
v(C-H) v(C-H) v(C=0) v(C-H) 

30° 3071.7 2808.6 1718.4 1201.1 
40° 3072.0 2808.2 1718.7 1201.0 
50° 3072.2 2808.0 1718.8 1200.9 

Av = + 0.5 - 0.6 + 0.4 - 0.2 
  

(v and Av incm') 

(p, = 1.2 g/mL) 
(CO, subcritical at 30° C) 

‘aromatic stretch 
*aldehydic stretch 
*stretch 
‘bend 
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benzaldehyde is more dramatic in CO, than in xenon. It does not seem as though the 

change in CO, from subcritical to supercritical has any real effect on the spectra; Av 

for the 30° - 40°C transition is only 0.2 cm" greater than the Av for the 40°- 50°C 

transition. Xenon obviously remains supercritical at 30°C. Confirmation of the 

minimal effects of temperature on spectra observed here would require expanding the 

temperature range (15°- 75°C) and perhaps making the comparisons using the same 

reduced temperatures. 

More pronounced effects on the spectra were observed for changes in 

reduced density. Tables III - VII note the results of this study for all five test 

analytes. Finding an exact reason for all of the shifts observed would be most 

difficult, if not impossible. In looking at the most significant shifts observed, 

however, a few postulations may be made. As the density is increased, the CO, 

dipole probably influences bond dipoles such as (C=O) in benzaldehyde”, (N-H) in 

2,6-dimethylaniline, and (N-O) in nitrobenzene. Xenon lacks a permanent dipole, as 

perhaps reflected by the smaller shifts observed for xenon. Davidson et al. explained 

the Av observed for the (C=O) of benzaldehyde in xenon as perhaps being due to 

distortion of the electron cloud surrounding xenon by the (C=O) bond”. This in turn 

would produce solute/fluid interactions, an effect that would only increase as the 

density of the fluid was increased. This assumption made for benzaldehyde could 

most likely be applied to the stronger shifts observed in the other test analytes. Thus, 
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Table Il 
Density Study for 2,6-dimethylaniline in CO, vs. Xe 

  

  

  

  

  

CO; 
p. _ v(N-H)! v(N-H)’ v(N-H)’ v(C-N)* 

0.7 3496.8 3415.5 1626.4 1274.6 
1.2 3494.8 3413.3 1626.6 1274.8 
1.7 3488.0 3409.6 1626.0 1274.5 
2.0 3488.0 3408.7 1625.9 1274.5 

Av= -8.8 - 6.8 - 0.5 - 0.1 

Xe 

p, _- v(N-H) v(N-H) v(N-H) v(C-N) 

0.7 3494.3 3413.6 1623.9 1275.0 
1.2 3494.0 3411.8 1623.0 1274.7 
1.7 3492.2 3409.6 1622.5 1274.2 
2.0 3491.1 3408.3 1622.2 1273.9 

Av= -3.2 - 5.3 + 1.7 - 1.1 
  

(v and Av in cm) 

(T = 40°C) 

lasymmetric stretch 

2symmetric stretch 
sbend 
‘stretch 
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Table IV 
Density Study on 2,4-dimethylphenol in CO, vs. Xe 

  

  

  

  

  

CO, 

p, v(O-H)' v(O-H)’ v(C-O)’ 

0.7 *% 1324.5 1265.5 
1.2 7% 1324.8 1265.3 
1.7 salad 1325.6 1265.3 
2.0 * 1326.1 1265.3 

Av= *% + 1.6 - 0.2 

Xe 

Pp, u(O-H) v(O-H) v(C-O) 

1.2 3639.0 1321.6 1264.6 
1.7 3635.5 1321.5 1264.3 
2.0 3633.2 1321.5 1264.1 

Av= - 5.8 - 0.1 - 0.5 
  

(vu and Av incm’) 

(T = 40°C) 
** Data not available in CO,. 

‘stretch 

*bend 

3stretch 
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Density Study for Benzaldehyde in CO, vs. Xe 
Table V 

  

  

  

  

  

CO, 
p, u(C-H)! u(C-H)’ u(C =O)’ u(C-H)* 

0.7 3076.7 2815.3 1718.5 1202.8 
1.2 3075.3 2819.0 1716.7 1203.1 
1.7 3074.7 2821.3 1714.0 1203.3 
2.0 3075.0 2823.6 1712.6 1203.5 

Av= - 1.7* + 8.3 - 5.9 + 0.7* 

Xe 

p, v(C-H) v(C-H) v(C=O) v(C-H) 

0.7 3074.2 2808.3 1720.8 1201.1 
1.2 3072.0 2808.2 1718.7 1201.0 
1.7 3070.5 2808.2 1717.0 1201.0 
2.0 3089.3 2808.2 1716.2 1201.1 

Av= + 15.1* - 0.1 - 4.6 + 0.0* 
  

(v and Av in cm*) 

(T = 40°C) 
* Variation not linear. 

‘aromatic stretch 
aldehydic stretch 
2stretch 
‘bend 
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Table VI 
Density Study for Nitrobenzene in CO, vs. Xe 

  

  

  

  

  

CO, 
p, v(N-O)' v(N-O)’ v(C-N)’ 

0.7 1542.3 1354.4 852.5 
1.2 1541.1 1354.9 852.7 
1.7 1538.8 1354.4 852.8 
2.0 1537.7 1354.5 852.9 

Av = - 4.6 + 0.5* + 0.4 

Xe 
P. v(N-O) v(N-O) v(C-N) 

0.7 1541.4 1350.9 851.3 
1.2 1540.0 1350.7 851.0 
1.7 1538.3 1350.1 850.9 

2.0 1537.2 1349.6 850.8 

Av = + 0.5 + 0.7 + 0.0 
  

(v and Av in cm+) 

(p, = 1.2 g/mL) 
* Variation not linear 

tasymmetric stretch 
2symmetrtic stretch 
2stretch 
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Table VII 

Density Study for Benzyl Alcohol in CO,vs. Xe 

  

  

  

  

  

CO, 
Pp, v(O-H)' vu(C-H)’ u(C-H)’ u(C-O)* 

12 ** 3038.5 2885.0 1016.9 
1.7 ** 3037.7 2885.0 1016.9 
2.0 ** 3038.2 2885.9 1014.3 

Av = ** + 0.5* + 1.0 - 2.6 

Xe 

p, v(O-H) v(C-H) u(C-H) v(C-O) 

1.2 3635.2 3035.9 2878.7 1020.0 
1.7 3631.9 3034.9 2877.2 1019.4 
2.0 3629.8 3034.4 2876.6 1019.2 

Av = - 5.4 - 1.5 - 2.1 - 0.8 

  

(v and Av in cm) 

* Variation not linear. 

** Data not available in CO,, 

‘stretch 
2qromatic stretch 

aliphatic stretch 
‘stretch 
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whether the interactions are like those of xenon (solute-induced) or those of CO, 

(fluid-induced), the net result should be a reduction in the vibrational wavenumbers of 

the solute. For the regions noted, this was indeed the case. 

Two common assessments of SFC-generated spectra are that (a) they lie 

somewhere in-between condensed phase and vapor phase spectra, and (b) they do not 

compare favorably, if even at all, with library spectra in either condensed or vapor 

phase. To date, no supercritical fluid library is available commercially. Many 

analysts, ourselves included, have overcome this by building their own SFC-generated 

libraries. It was our goal in this study, however, to test these two statements 

regarding spectra in supercritical fluids. Spectra of each of the five analytes used in 

the previous temperature and reduced density studies were plotted with their 

corresponding vapor and condensed phase library spectra (Figures 11 - 15). The 

library spectra (from the Nicolet Vapor Phase and Nicolet Aldrich Spectral Libraries) 

are in 16 cm’ resolution; the CO, and Xe spectra remain at 4 cm'. Some of the key 

absorbance positions are also given in Tables VIII - XII. Lastly, a library search 

routine (i.e. full spectrum search; absolute difference algorithm) was applied to each 

of the 5 analytes spectra in both of the fluids. These results are given in Table XIII. 

In four of the five cases, the first choice match or "hit" in the vapor phase library 

was indeed the correct choice. Each library contains approximately 9000 different 

spectra. The Xe spectra proved to be no more "matchable” than CO, spectra, despite 
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Table VUI 
Spectral Comparison (Benzaldehyde) 

  

Phase v(C-H)' v(C-H)’ v(C=O)* v(C-H)* 

co, 3075.3 2819.0 1716.7 1203.1 
Xe 3072.0 2808.2 1718.7 1201.0 
Vapor 3077.0 2805.7 1723.3 1196.8 
Cond. 3062.6 2817.8 1702.5 1203.5 
  

(CO, and Xe spectra collected at 40°C, p, = 1.2 g/mL, and 4 cm” resolution) 

(Vapor and Condensed phase spectra at 16 cm* resolution from Nicolet Vapor phase 
and Aldrich spectral libraries) 

‘aromatic stretch 
*aldehydic stretch 
’stretch 
‘aromatic bend 
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Table IX 
Spectral Comparison (2,6-dimethylaniline) 

  

Phase v(N-H)' v(N-H)’ v(N-H)’ u(C-N)‘ 

CO, 3494.8 3413.3 1626.6 1274.8 

Xe 3494.0 3411.8 1623.0 1274.7 

Vapor 3498.1 3418.1 1627.6 1271.8 

Cond. 3471.9 3386.9 1621.7 1273.8 

  

(CO, and Xe spectra collected at 40°C, p, = 1.2 g/mL, and 4 cm" resolution) 

(Vapor and Condensed phase spectra at 16 cm= resolution from Nicolet Vapor phase 
and Aldrich spectral libraries) 

‘asymmetric stretch 
*symmetric stretch 
*bend 
‘stretch 
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Table X 

Spectral Comparison (2,4-dimethylphenol) 

  

Phase v(O-H)' v(O-H)? | v(C-O)? 

Co, ** 1324.8 1265.5 

Xe 3639.0 1321.6 1264.6 

Vapor 3654.4 1318.2 1262.8 

Cond. 3401.9 1349.5 1264.4 

  

(CO, and Xe spectra collected at 40°C, p, = 1.2 g/mL, and 4 cm" resolution) 

(Vapor and Condensed phase spectra at 16 cm'' resolution from Nicolet Vapor phase 
and Aldrich spectral libraries) 

** Data not available in CO,. 

‘stretch 
*bend 

stretch 
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Table XI 
Spectral Comparison (Benzyl Alcohol) 

  

Phase v(O-H)' v(C-H)? v(C-H)’ v(C-O)‘ 

Co, *« 3038.5 2885.0 1016.9 

Xe 3635.2 3035.9 2878.7 1020.0 

Vapor 3656.4 3039.3 2886.7 1020.2 

Cond. 3326.0 3031.1 2872.8 1016.4 
  

(CO, and Xe spectra collected at 40°C, p, = 1.2 g/mL, and 4 cm" resolution) 

(Vapor and Condensed phase spectra at 16 cm’ resolution from Nicolet Vapor phase 
and Aldrich spectral libraries) 

** Data not available in CO,. 

Istretch 

"aromatic stretch 

‘aliphatic stretch 
‘stretch 
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Table XII 

Spectral Comparison (Nitrobenzene) 

  

Phase v(N-O)' u(N-O)? v(C-N)’ 

co, 1541.1 1354.9 852.7 

Xe 1540.0 1350.7 851.0 

Vapor 1543.5 1353.0 850.6 
Cond. 1525.4 1349.2 851.1 
  

(CO, and Xe spectra collected at 40°C, p, = 1.2 g/mL, and 4 cm" resolution) 

(Vapor and Condensed phase spectra at 16 cm' resolution from Nicolet Vapor phase 
and Aldrich spectral libraries) 

‘asymmetric stretch 
symmetric stretch 
‘stretch 
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complete IR window unobstructed by mobile phase absorbance. The only analyte 

which did not produce a direct library match was benzaldehyde in CO,. In Xe, 

benzaldehyde fared slightly better, with the correct match listed as the #2 choice by 

the search routine. Condensed phase library searches rarely, if ever, produced the 

corresponding match for either Xe or CO, spectra. The spectra comparison plots give 

an indication of how this might happen, especially for compounds with an (O-H) 

stretch, such as 2,4-dimethylphenol or benzyl alcohol. This absorbance is very sharp 

in vapor phase and supercritical fluid phase, but rather broad and shifted nearly 200 

cm" in condensed phase due to intermolecular hydrogen bonding. In summation, no 

evidence was seen here to substantiate the claim that supercritical fluid spectra are not 

comparable with library spectra, so long as the comparison is made with vapor phase 

spectra. Furthermore, no real benefit was seen by use of xenon over CO, in terms of 

library matching. A single xenon SFC/FT-IR analysis may cost between $20 to $80, 

whereas the same run in carbon dioxide can easily cost under $1. Perhaps the benefit 

of xenon studies, therefore, is not the promotion of xenon as a mobile phase for 

SFC/FT-IR, but rather, as a determining factor for whether spectral changes seen in 

CO, are unique or simply inherent to being in the supercritical fluid phase. 
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Table XT 
Library Matching of CO, Spectra vs. Xe Spectra 

  

  

  

Analyte Vapor Phase Library Condensed Phase Library 

A-CO, No Match* No Match 
A-Xe lst Choice Correct 2nd Choice Correct 

B-CO, 1st Choice Correct 1st Choice Correct 

B-Xe lst Choice Correct lst Choice Correct 

C-CO, 1st Choice Correct No Match 
C-Xe 1st Choice Correct No Match 

D-CO, lst Choice Correct No Match 

D-Xe Ist Choice Correct No Match 

E-CO, lst Choice Correct No Match 
E-Xe lst Choice Correct No Match 

A: Benzaldehyde 
B: 2,6-dimethylaniline 
C: 2,4-dimethylphenol 
D: Benzyl Alcohol 

E: Nitrobenzene 

(Nicolet Library search provides top 5 choices.) 

("Hit index” values 150 - 350, where lowest values mean higher confidence levels in 
match. No significant difference observed between CO, and Xe hit index values for 
any one given compound except benzaldehyde.) 

* A 5th choice correct match was made in vapor phase when the Ist derivative of the 

CO, spectra of benzaldehyde was used. 
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SUMMARY 

The data presented suggest that for non-polar analytes, xenon can be as good a 

SFC mobile phase (i.e. solvent) as CO,. Because of its greater density, less effort 

from the syringe pump is required to emulate CO, chromatographic results with 

xenon. For polar analytes, however, xenon is definitely inferior to CO,. 

Spectrometrically, xenon offers the best result as it does not absorb in the infrared 

region. This improvement, however, is not reflected in library matching, as CO, 

spectra were determined to match up equally as well with vapor phase library spectra 

as did xenon spectra. The costs of expanding CO, spectra to a full window using 

xenon are not small, either, as an Xe analysis may be 10 to 70 times more costly than 

the same study in CO,,. 
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CHAPTER 4 

Quantitative / Qualitative Analysis via On-Line SFE/FT-IR 

INTRODUCTION 

A principal advantage of SFE is the reduced use or elimination of organic 

solvents that are often required to remove the analyte from its matrix. This feature 

has made on-line SFE techniques particularly attractive to industries whose current 

sample preparation techniques require solvents that are undergoing increased EPA 

regulation (i.e. chlorinated solvents). For many of these applications, however, 

chromatographic separation of the extract is not required. Instead, sample preparation 

and analysis are routinely conducted by mixing the matrix with an appropriate 

solvent, removing a portion of the solvent extract from the mixing flask, and 

determining the analyte quantity in this extract by, for example, its infrared 

absorbance. This type of technique is fast and readily automatable and therefore 

difficult to surpass as a means of analysis. In order for an SFE method to compete, it 

must exhibit high reproducibility, low RSDs, and be equally fast. 

Thus, for such analyses in which chromatography is not needed, direct 

SFE/FT-IR becomes a sought option. Off-line SFE/FT-IR is readily achieved by 

trapping the extracted analytes in an IR-suitable solvent (i.e. perchloroethylene), and 
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observing the infrared absorbance of the analyte-containing extract through a liquid 

cell”. On-line analyses, however, are inherently more intricate due to the difficulties 

of trapping analytes and quantitatively transferring them into the FT-IR. Despite such 

obstacles, on-line SFE/FT-IR has been developed. Ikushima et al. recently cited their 

development of an on-line SFE/FT-IR system”. They employed a JASCO Model 

880-PU syringe pump in connection to a JASCO Model FT-IR 7300 spectrometer to 

obtain the extraction dynamics of stearic acid methyl ester, linolenic acid methyl 

ester, and DL-a-tocopherol. In their system, however, only dynamic extraction could 

be performed. It was the goal of this project to develop a rugged system which could 

perform all phases of supercritical extraction on-line with FT-IR (i.e. dynamic, static, 

static/dynamic, and dynamic-cryotrap SFE/FT-IR). The system parameters, 

ruggedness, and reproducibility of this system were established for a simple 

hydrocarbon, n-tetracosane (C,,). 

EXPERIMENTAL 

An MPS225 SFE/SFC system was employed (Suprex, Pittsburgh, PA), 

utilizing a slightly revamped flow schematic from the system as marketed to minimize 

pump contamination”. Instead of a column, a 1 m x 0.010" i.d. transfer line of high- 

quality stainless steel (Upchurch Scientific, Oak Harbor, WA) was installed. This 

line was joined by a zero dead volume union to the 50 wm fused silica transfer line 
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leading to the high-pressure IR flow cell (Nicolet, Madison, WI). Adequate back 

pressure was maintained by a 60 wm i.d. deactivated fused silica tapered restrictor 

attached to the flow cell exit transfer line. The restrictor tip was housed within the 

FID heating block to reduce plugging of the exit orifice. Stainless steel extraction 

vessels (0.167 mL) were purchased from Keystone Scientific (Bellefonte, PA). A 

Nicolet 710 SX FT-IR spectrometer and computer data system were used to collect 

and interpret the IR data. The system thermostatically maintained the flow cell at 

35°C and the flow cell transfer lines at the corresponding oven temperature (75- 

120°C). FT-IR data were collected at 8cm" resolution. The FT-IR flow cell had a 

volume of 1.4 uL and a5 mm pathlength. 

SFE-grade carbon dioxide was provided for this project by Air Products and 

Specialty Chemicals, Inc. (Allentown, PA). Other necessary gases, such as syphon- 

grade carbon dioxide for use in cryotrapping, were purchased from Airco (Roanoke, 

VA). Analyte standards were obtained from Aldrich Chemical Co. (Milwaukee, W1), 

and any necessary solvents were purchased from Fisher Scientific (Pittsburgh, PA). 

The Celite extraction matrix was purchased from Supelco, Inc. (Bellefonte, PA). 

RESULTS AND DISCUSSION 

In removing the column from the system, a transfer line is necessary in order 
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to permit ample IR background scans prior to analyte extract elution. Long sections 

of small i.d. fused silica (SO-100 um) provided the element of time required, but they 

tended to separate mixed component extract plugs slightly, which made quantitation of 

the total extract plug more difficult. Larger i.d. fused silica (i.e. 250 um) would 

have served well as a transfer line, but such diameters cannot typically withstand the 

high pressures associated with SFE/SFC. Thus, a 1 m x 0.010" i.d. high quality 

stainless steel transfer line proved most effective as well as rugged. Interchange of 

this line with a column when necessary is easily facilitated as similar fittings may be 

used, and the line can be configured to occupy roughly the same space as a standard 

10 cm x 1 mm packed column. 

Quantitation of the IR signal was performed with the Nicolet 620 computer. 

The system was set up for a standard SFC/FT-IR analysis. The analyte was 

extracted, trapped, recovered, and passed through the IR flow cell as a single plug. 

Once the analyte had totally eluted and the baseline had been re-established, data 

collection was stopped and a Gram-Schmidt reconstruction of the infrared data was 

plotted. The Gram-Schmidt reconstruction is essentially a plot of total detector 

response (i.e. response over the entire IR range monitored) versus time. In this 

way, the IR can produce data similar to a universal detector, as well as a selective 

detector. Typically, SFC is performed with a gradient pressure / density program. 

As the CO, fluid density increases in the flow cell, however, so too do the CO, 
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absorbancies. Fermi resonance bands between 1425 - 1275 become a particular 

problem as they obscure the important fingerprint region. For this reason, The 

Nicolet SFC / FT-IR software automatically produces a Gram-Schmidt Plus™ 

Reconstruction after every SFC/FT-IR run. In the Gram-Schmidt Plus™ program, the 

next to the last file of the collected IR data for a given run is used as a basis vector. 

The data previous to this file are then normalized against this later (i.e. higher CO, 

density) data. The resulting Gram-Schmidt plot has a level baseline, and the IR 

spectral fingerprint region shows no signs of CO, Fermi resonance. 

Elution of the analyte was performed under constant supercritical fluid (CO,) 

pressure and temperature, and analyte quantity was derived from the total area of the 

peak given on the Gram-Schmidt reconstruction. So long as the analyte absorbance is 

of relatively low intensity, quantitation by this method should be linear and valid*. In 

the event of co-extractants, an infrared window of 20 - 40 cm" at which the analyte 

uniquely absorbs can be chosen, and a plot of the detector signal versus time for the 

run data can be made over this region. The integrated area of the peak produced by 

this plot can be interpreted as analyte quantity by correlating the value to a calibration 

curve. Alternatively, quantitation may be conducted from the infrared spectrum by 

determining the integrated absorbance or absorbance intensity for a given analyte and 

again correlating the value to a calibration curve. Quantitation studies performed 

from the infrared spectrum (i.e. integrated absorbance of a specific IR region) proved 
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to be equally as reproducible as data generated using the Gram-Schmidt 

Reconstruction, although slightly more time-consuming as an IR spectrum must first 

be generated from the collected data files. Quantitative data given in this study were 

therefore generated from the Gram Schmidt reconstruction. 

The linearity and reproducibility of this IR quantitation method were tested as 

follows. Five standards of C,, were prepared in carbon tetrachloride, ranging in 

concentration from 20.3 to 0.253 mg/mL. For each standard, 0.5 wL was injected 

onto the transfer line via a Valco electronic valve assembly located on top of the 

SFE/SFC system. The injection flowpath is shown in Figure 16. Upon injection, the 

standard is solubilized by CO, and passed through the SFE/FT-IR transfer line into 

the IR flow cell. Oven temperature was held at 75° C for all injections, as were the 

IR transfer lines. The IR flow cell was held at 35° C. The CO, liquid flow rate was 

estimated at 0.3 mL/min for a pressure of 300 atm and density of 0.77 g/mL. For 

five replicate injections of each of the five standard concentrations, the integrated 

peak areas from the reconstruction yielded RSDs from 3.3% to 14.7%. Linear 

regression was performed on the data points. Slope (m) was calculated to be 687, 

and the y-intercept (b) was 51.7. From this data, correlation to a straight line may be 

made (i.e. y = mx + b). The correlation factor (r) for this plot was 0.9991. It was 

evident from the plot data that minimal error is incurred by this means of quantitation 

and that IR response is in fact linear over the analyte concentration range tested. The 
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Figure 16: System Flowpath for SF-Injection/ FT-IR 
(a = ten-port valve; b = 4-way dead-end flow path valve; 1m x 0.010" 
i.d. SS transfer line).



higher RSD value was attained at the lowest concentration value (0.127 ug). At 

lower quantities, the limitation is one of detector noise versus signal since smaller 

sample quantities mean lower intensity peaks. Variations in signal also arise 

depending upon when the analyte enters and exits the flow cell and its residence time 

within the flow cell. The signal-to-noise (S/N) ratio for injections made at the lowest 

standard concentration was calculated to be 23. Using the propagation of errors 

statistical method®* (see Appendix I) and the m, b, x, and y values from the 

calibration curve data, the limit of detection (c,) was determined to be 40 ng for 

analysis of C,, in supercritical CO, by direct injection FT-IR. 

Likewise, a calibration curve was then established for C,, by on-line SFE/FT- 

IR. The system flowpaths are given in the Figure 17 schematic. Extraction vessels 

(0.167 mL) were filled halfway with Celite (~ 25 mg), and 20 uL of a C,, standard in 

dichloromethane were injected onto each standard bed. Once the solvent had 

evaporated, the vessel was sealed and inserted into the system, and its contents were 

analyzed by SFE/FT-IR. Conditions for extraction were 300 atmospheres, 75° C 

oven, -20° C trap, with a CO, density of 0.77 g/mL and a liquid flow rate of 1 

mL/min for 10 minutes. Upon completion of extraction, the stainless steel trap was 

quickly heated to 180° C as re-pressurized CO, flowed through it to achieve removal 

of the analyte from the trapping surface and entrance into the FT-IR. Conditions for 

the FT-IR portion of the experiment were 75° C transfer lines, 35° C flow cell, 0.30 
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mL/min CO, liquid flow rate at 300 atmospheres, and three scans per second data 

collection at 8 cm' resolution. Four replicates were done for each of the five 

calibration points, ranging in concentration from 10.8 to 0.216 wg C,. A GSR for a 

1.0 ug sample of C,, is given in Figure 18. The plotted calibration line (Figure 19) 

had a slope of m = 1200, a y-intercept of b = 88.8, and a correlation factor of r = 

0.99998. The lower limits of the concentration range again posed the greatest 

problem for the method. For masses of 1 - 10 wg, the RSD was 3 - 5%, whereas the 

lowest quantity (0.216 ug) had a less acceptable RSD of 12%. Detection limits were 

based upon the intensity of the absorbance region chosen for quantitation; use of 

weaker absorbing windows for an analyte would naturally produce poorer detection 

limits. For C,, the infrared signal was integrated over the 2951 - 2916 cm’ region. 

Using the propagation of errors statistical technique and calibration curve data as 

before” (see Appendix I), the detection limit for C,, by on-line SFE/FT-IR was valued 

at 70 ng, and the limit of quantitation (LOQ) was determined to be 300 ng. The 

lowest calibration curve point was below the calculated LOQ value, but since the 

average integrated area for this sample concentration was greater than ten times the 

standard deviation of the four sample runs, the point is considered valid. Lower 

concentrations (i.e. < 200 ng), however, proved to be less than 100 and therefore 

non-quantifiable, although certainly detectable. 

One factor which can hinder or enhance results is the choice of a y-threshold 
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Figure 19: Calibration Plot of C,, via SFE/FT-IR 
(y-axis in detector units of volts/ scan; x-axis in ug of C,,) 
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value. We used a fixed restrictor with this system which, with time and analyte 

build-up, produced gradually decreasing flow rates. A decline in the flow rate can 

naturally affect the analyte plug height and width adversely from run to run. Also, 

because cryotrapping was used in this study, differences can exist between small 

samples versus larger samples in the amount of time required to remove the analyte 

from the trapping surface. To minimize variation from one run to the next, a y- 

threshold value was appointed. Peak area was integrated only over those files which 

had a y-signal at or above our designated threshold value (i.e. y = 20 volts/scan). It 

should also be mentioned that reproducibility and noise are quite dependent upon the 

chosen flow rate for the transfer of analyte into the IR flow cell. Faster flows (i.e. 

> _ 0.5 mL/min CO, liquid flow) will promote the elution of the analyte as a sharp, 

single plug, and reduce the tailing effects seen with slower flow rates (0.1 mL/min 

CO, liquid flow). Such rapid flows, however, produce inherently noisy IR 

backgrounds as the flow cell content is changing with every scan. Thus, a 

compromise should be sought in the choice of flow rate, and it may prove highly 

beneficial to employ a variable restrictor rather than a fixed restrictor to more readily 

maintain this optimal flow rate. 

To demonstrate the ability of this technique to discern between different 

components in a mixture, a sample containing caffeine as well as C,, was run. A 

methylene chloride solution containing C,, and caffeine was injected onto a Celite- 
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filled vessel to produce 3 ug of each analyte upon evaporation of the solvent. 

Extraction was performed at 300 atm for 10 minutes, with the oven at 75°C and the 

trap at -10°C. Fluid flow rate through the vessel was estimated to be 0.6 mL/min. 

Upon injection of analyte from the trap into the FT-IR flow cell, pressure was 

maintained at 300 atm with temperature and flow conditions as noted previously for 

the C,, standard runs. A second run of the same sample concentration was performed 

with injection at 425 atm CO,, a slightly higher pressure which results in higher fluid 

density as well as increased flow rate. For both runs, a Gram-Schmidt reconstruction 

of the sample was produced. Figure 20 shows the elution of the mixture through the 

flow cell at the two different pressures / flow rates. At 425 atm CO,, the two 

analytes are removed almost simultaneously from the trapping surface and are thus 

pushed through the flow cell to form a more singular peak. At 300 atm CO,, C,, 

seems to elute prior to caffeine, as seen in the figure by the sharp peak followed by a 

shouldering peak. Examination of the IR spectral data across these two peaks 

confirmed that the C,, did in fact elute rapidly, followed by the more gradual elution 

of caffeine. A small amount of caffeine did surge out with the C,, prior to the main 

caffeine peak, however. Since the two analytes were deposited on the trap together, 

it is not unlikely that a cosolvent effect could occur in which the rapid elution of C,, 

carries some of the less soluble caffeine with it. Thus, coalescing peaks may be 

separated by selecting an appropriate pressure/density, provided the analytes differ 

enough in their solubilities in the fluid. Alternatively, by manipulating the IR data. 
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Figure 20: Gram-Schmidt Reconstructions of C,,/Caffeine Extractant Plugs 
(Profile A = 300 atm CO, injection pressure; Profile B = 425 atm CO, 
injection pressure; y-axis in units of volts/ scan) 
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(i.e. replotting the data over an analyte-specific region, such as the carbonyl window 

at 1685-1665 cm" for caffeine), the passage of an analyte through the flow cell can 

be separated from the passage of another without need of chromatography. 

Separation is not necessarily required, however, to produce an IR spectrum of a 

mixture component. If an IR spectrum is first collected for a pure mixture 

component, it can be later subtracted from the IR spectrum for the binary or mixed 

sample to produce the pure caffeine spectrum. Using this type of subtraction 

technique, the IR spectrum for caffeine was produced from the C,, and caffeine 

sample run at 425 atm. This spectrum is given in Figure 21 and is consistent with 

those obtained from previous SFC/FT-IR experiments using caffeine as an analyte. 

The data given here have all been for the dynamic-cryotrapped mode of system 

operation. Cryotrapping enables analytes to be removed from a matrix and deposited 

onto a technically more inert surface. For analytes with complex matrices, this 

method is highly advantageous. For pure analytes or for analytes with simple 

matrices, however, cryotrapping can be "overkill" as it effectively means two sample 

extractions for a given run. As stated previously, the system can be readily 

replumbed to perform either static, dynamic, or static-dynamic "trapless” SFE/FT-IR. 

Figures 22, 23 and 24 show the minor changes required to perform these type 

extractions. For static extraction, the vessel is pressurized with CO, and given time 

to solubilize the analyte (Figure 22A). The 10-port valve is then switched to allow 
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Figure 22: Direct Static Extraction SFE/ FT-IR Schematic 

(A = Extract; B = Sample loop fill; C = Sample loop purge/ inject) 
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Figure 23: Direct Dynamic SFE/FT-IR Flow Schematic 

(A = System equilibration; B = Dynamic SFE) 
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Figure 24: Direct Static/ Dynamic SFE/FT-IR Flow Schematic 

(A = System equilibration; B = Static SFE; C = Dynamic SFE) 
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filling of the sample loop with the analyte-saturated fluid (Figure 22B). Lastly, the 4- 

way dead-end flow path valve is rotated to allow fluid to flush through the sample 

loop and into the FT-IR (Figure 22C). Afterwards, both valves are returned to their 

original positions (Figure 22A) to either acquire another aliquot of sample or, upon 

change of vessels, begin a new extraction. The system can be modified for dynamic 

direct SFE/FT-IR by making the changes indicated in Figure 23. The system 

equilibrates to the desired pressure, temperature, and density on 4-way flow path 

valve position 2 (Figure 23A). Upon switching to position 3, CO, flushes through the 

vessel and into the FT-IR flow cell (Figure 23B). To conduct static-dynamic 

SFE/FT-IR, the same plumbing scheme is used with different valve configurations. 

The system is equilibrated with the 10-port valve at the "load" position and the 4-way 

flow path valve on position 2 (Figure 24A). The 4-way flow path valve is then 

switched to position 3, the vessel fills with CO,, and static extraction is conducted for 

the desired length of time (Figure 24B). The 10-port valve is then switched to "inject" 

to allow the effluent to flush the analyte-saturated CO, into the FT-IR as well as 

dynamically extract any remaining analyte from the matrix (Figure 24C). A study of 

five replicate extractions of 10 ug samples of C,, show the reproducibility of 

static/dynamic SFE / FT-IR to be quite good (2% RSD). Use of alternative plumbing 

schemes can therefore provide fast results for appropriately soluble analytes, with no 

loss of analyte due to incomplete trapping and/or recovery. 

74



For analytes which are readily solubilized in CO,, the direct dynamic and 

direct static-dynamic SFE/FT-IR methods are quite successful. The elimination of the 

trapping process should reduce both analysis time as well as potential analyte loss due 

to incomplete trapping and/or recovery. Analytes which are not as readily solubilized 

by supercritical CO,, however, pose more of a problem. Figure 25 shows the 

anticipated differences in extraction profile between a highly soluble analyte (A) 

versus an analyte which is solubility-limited (B) in supercritical CO,. Note that for 

the solubility-limited analyte, dynamic extraction will yield a lengthy, low-volume 

plug in the FT-IR that may prove difficult to quantify. It may, in fact, produce a flat 

plateau peak profile rather than a curve, evidence of an analyte having reached its 

maximum solubility within the fluid. Static-dynamic extraction may yield plug shape 

improvement for both solubility cases since it permits concentration of the analyte ina 

small volume of CO, prior to a dynamic flushing of the vessel. The third segment of 

Figure 25 represents potential plug shape for both solubility cases in which 

cryotrapping has been employed. For any analyte bound within a difficult matrix, 

cryotrapping can yield excellent results and be a definite improvement over trapless 

methods. Disregarding such matrix effects, the results from cryotrapping SFE/FT-IR 

can vary depending upon the trap temperature and CO, density, as well as analyte 

solubility. Cryotrapping may result in peak broadening for even highly soluble 

analytes, depending upon how effectively the extract is removed from the trap and 

focused onto the head of the column. For a solubility-limited analyte, the result can 
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Figure 25: Extraction Profiles for SF-Soluble vs. SF-Solubility Limited Analytes 

(A = Not solubility limited; B = Solubility limited) 
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also vary. The dashed line in the Figure represents an analyte which has been 

effectively removed from the trapping surface, as opposed to the solid line which 

depicts a far more gradual elution of the analyte from the trap. It would be assumed, 

however, that if a solubility-limited analyte with no matrix interactions extracts 

gradually for the direct SFE methods, it will likewise require a similar amount of 

time / fluid to be removed from the trap. In these cases, changes in conditions (i.e. 

increased fluid density or use of modified fluid) may prove more beneficial than 

changes in plumbing. 

The hypothetical plug shapes represent the elution of single components with 

different solubilities. Multi-component extractants make such problems even more 

complex, as the components may have vastly different degrees of solubility. The 

resulting profile may be broad and more indicative of total solubility limitation, when 

in fact several components may be highly to moderately soluble in CO,. The gradual 

extraction of the less soluble components can sufficiently broaden the extraction plug 

to make quantitation difficult. For such cases as these where solubility limitations 

pose a problem, dynamic extraction with cryotrapping may be necessary so that the 

analyte(s) may be exhaustively extracted first and then transferred into the FT-IR as a 

whole. But as was shown in Figure 25, this can prove to be an imperfect solution, 

since an analyte which is solubility-limited in CO, can sometimes have as much 

difficulty removing itself from a trapping surface as it did from the original analyte 
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matrix. Alternatively, direct static-dynamic extraction may help concentrate the more 

soluble elements of a mixture and hence create a more quantitatible extraction plug 

while the less soluble elements continue to gradually extract. The principal advantage 

of this is that by not trapping the analytes onto a surface, loss of analyte and 

subsequent contamination of the system due to incomplete recovery may be avoided. 

Thus, the ability of the SFE / FT-IR system to perform a variety of extraction 

methods is a definite advantage, especially for the study of complex mixtures 

containing analytes of varying solubility. 

SUMMARY 

The analysis of C,, is perhaps highlights a method which is believed to be both. 

The direct interface of SFE to FT-IR provides an alternative to liquid extraction - IR 

methods that require environmentally hazardous solvents, and exclusion of the column 

provides an additional small to substantial time savings. The method further proves itself 

in terms of reproducible quantitation, especially when one considers that the error values 

stated are for the inclusive method (sample preparation and analysis combined). The 

method can also be used to study extraction dynamics, as the solubility of analytes in CO, 

can be directly monitored by the FT-IR for varying extraction conditions. 
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CHAPTER 5 

Extraction And Quantification of Fiber Finishes via SFE-FTIR 

INTRODUCTION 

Many of the laboratory methods utilized in industry today are under review 

due to increased EPA regulation of organic solvents and solvent waste. Current fiber 

analysis methods, for example, typically require chlorinated solvents to remove the 

finish from the fiber. Fiber strands are extracted with the solvent (i.e. tetrachloro- 

ethylene), and the resulting solution is then injected into an IR liquid cell for spectral 

analysis and quantification of the fiber finish. The development of a method which 

uses an acceptable, non-EPA governed solvent would be beneficial (and eventually 

mandatory) in the fiber industry. Ideally, this new method should require no liquid 

solvent, but also be fairly rapid and provide reproducible quantitative / qualitative 

data for a given finish. The capacity to separate the finish into its individual 

components for further analysis where necessary would certainly be advantageous as 

well. 

Many of the components used in fiber and textile finishing are low polarity, 

high molecular weight compounds (i.e. waxes, surfactants, oils), and are therefore 

well suited to supercritical fluid-based analysis. Despite this factor, however, 
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literature citing the application of SF-analysis to textile processing / finishing agents 

has been relatively limited’*’. This research consists mainly of the SFC analysis of 

individual components and SFE/SFC of finishes from fiber or textile matrices. Based 

on these reports, it seemed highly probable that on-line supercritical fluid extraction / 

Fourier transform infrared spectrometry (SFE/FT-IR) could satisfy the forementioned 

new method criteria. When performed on-line with FT-IR using pure CO, as the 

supercritical mobile phase, SFE uses no organic solvents, and as demonstrated 

previously*®, SFE/FT-IR is a relatively fast and reproducible technique. 

The assessment of SFE/FT-IR was made thus far using a simple hydrocarbon. 

Real world samples (such as fiber finishes) are inherently more complex. Thus, an 

investigation was conducted to determine the potential of SFE/FT-IR for fiber finish 

analysis. Four fiber types with four different respective finishes were chosen for the 

study. Goals of this project were to determine if the finishes were soluble in pure 

supercritical CO,, and if they could be quantitatively removed from fiber/textile 

matrices. The total finish recoveries and method accuracy/reproducibility were of key 

interest as well. 

EXPERIMENTAL 

The MPS 225 SFE/SFC system was purchased from the Suprex Corporation 
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(Pittsburgh, PA). For any part of the study requiring chromatography, a 10 cm x 1 

mm Deltabond* Cyanopropyl packed column (d, = 5 um) was inserted into the 

system. Otherwise, a 1 m x 0.010" i.d. stainless steel transfer line was employed in 

lieu of a column to provide ample time to begin FT-IR background data collection 

prior to peak elution. Stainless steel extraction vessels (0.18 mL) used in the study 

were purchased from Keystone Scientific (Bellefonte, PA). The Nicolet 710 SX FT- 

IR (Madison, WI) used for the study was equipped with a Nicolet SFC/FT-IR flow 

cell interface. The flow cell was thermostatically controlled at 35° C, while the 

transfer lines were maintained at oven temperature (75 - 130° C). Data were 

collected at 8 cm" resolution. SFC-grade carbon dioxide was purchased from Scott 

Specialty Gases (Plumsteadville, PA). Other necessary gases, such as air and 

hydrogen for the FID and syphon-grade carbon dioxide for the cryotrap, were 

purchased from Airco (Roanoke, VA). Finished and unfinished fiber samples as well 

as the individual neat finishes were provided by the DuPont Company. Any 

necessary solvents were purchased from Fisher Scientific (Raleigh, NC). 

RESULTS AND DISCUSSION 

Four basic fiber types were studied, each requiring a different finish. The 

basic fiber structures are given in Figure 26, and Table XIV shows the basic 
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ingredients of the finishes used for each fiber. The Spandex polyurethane fiber was 

primarily coated with a polydimethylsiloxane oil finish, present on the fiber at about 

3% by weight. The remaining three fibers were treated with much less finish than the 

polyurethane (i.e. 0.5 - 1 %). As shown in Table XIV, the Nylon” polyamide and 

Dacron’ polyester fibers each required more complex finishing agents. Kevlar® 

polyaramid was treated with a multi-component finish that consisted predominantly of 

triglycerides very similar to those found in coconut oil. 

In order to determine the extractability of each fiber finish with pure 

supercritical carbon dioxide, off-line dynamic extractions of each finish into a liquid 

solvent trap of methylene chloride were conducted. A sample of 50-75 mg of neat 

finish was measured into a 0.18 mL vessel and mixed with just enough Celite’ matrix 

( about 25 mg) to prevent pressurizing the finish out of the vessel, rather than 

extracting it. The vessel was then sealed, inserted into the system, and dynamically 

extracted for a set period of time (i.e. 10 min). During extraction, the effluent was 

passed from the heated vessel into a 15 mL solvent collection vial outside the oven. 

A small section (20 cm) of 50 um i.d. fused silica with a slight end taper was used as 

a transfer line which sufficiently restricted the flow to maintain the necessary back 

pressure. After extraction, the collection vial was removed. The recovered analyte 

was then determined gravimetrically by evaporating the solvent and subtracting the 

previous weight of the empty vial from its current weight. A system schematic is 
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Figure 26: Chemical Structures of Four Test Fibers 
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Table XIV 

Fiber Finish Components (generic) 

Polyurethane 
  

Polydimethylsiloxane oil 

Polyamide 
  

Glycerol triesters 
Alkyl alcohol ethoxylates 
Alkyl alcohol propoxylates 
Anti-oxidant 
Polyethylene glycol derivatives 
Fatty acid soap 

Polyaramid 
  

Substituted Phenol 

C, * Cis Triglycerides 

Sorbitol’ derivatives 

Polyester 

Fatty acids 
Anti-oxidant 
Fatty acid esters 
Sorbitol’ derivatives 
Sorbitan” derivatives 
Ethoxylate/propoxylate block 

copolymers



given in Figure 27, and the analysis results (along with the conditions used) are 

given in Table XV. Confirmation of the results was achieved by resolvating the 

extract in the vial and chromatographing the analyte solution. For all four fiber 

finishes, the extract was determined to be qualitatively sound (i.e. no visible 

decomposition) in comparison to the chromatograms of the original neat finishes. The 

chromatography of each finish is given in Figure 28 - 31. Each finish was analyzed 

at 75°C, with an initial pressure of 100 atm CO, (2 min) and final pressure of 400 

atm CO, (ramped at 10 atm/min). In observing the chromatographic results, it is 

interesting to note that for the multi-component finishes, not all of the ingredients will 

be seen in the chromatogram. This is due to the percentages in which they exist in 

the finish and the number of peaks they produce when chromatographed (i.e. a single 

ingredient versus a homologous series). An ingredient which produces a twenty-peak 

homologous series chromatogram will need to be twenty times more concentrated in a 

given solution than will a component which produces a single peak. 

As can be seen in Table XV, the polyurethane finish proved to be the easiest 

finish for analysis (i.e. most CO,-soluble). The remaining three finishes were more 

problematic for various reasons. Restrictor plugging was a constant problem for the 

polyamide finish. This dilemma was best solved by controlling the temperature of the 

solvent trap more effectively (i.e. positioning the solvent vial within a warm water 

bath). When this was done, the restrictor no longer plugged, and recoveries of 90 - 
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Figure 27: Off-Line Dynamic SFE System Schematic 
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95 % were attained. The heating bath technique did not improve the recovery results of 

the polyaramid and polyester finishes, however. The recoveries of these two finishes 

were determined to be lower due to the low solubility of certain finish components in 

CO,. Off-line dynamic SFE (350 atm CO,, 75°C, 1.2 mL/min liquid flow rate, 20 min) 

of the individual Sorbitol-based components, for example, resulted in recoveries of only 

27 - 30 %. This type of finish component is present in both the polyester and 

polyaramid finishes, and in fact comprises 20 to 30 % of finish. Likewise, other 

components (i.e. fatty acid soap, certain copolymers) may be difficult to extract, but 

these are present at very low percentages in the finish. Thus, the total recoveries of the 

polyester or polyaramid finishes will never exceed 80 - 90 % for a given 20 minute 

extraction. Since the recoveries of all four finishes were still relatively high, however, 

it was decided that all were sufficiently soluble in CO, to pursue SFE/FT-IR analyses. 

The data from the off-line experiments showed substantial promise to 

warrant the application of on-line SFE/FT-IR to each of the four fiber finishes. The 

MPS 225 system was therefore plumbed for on-line dynamic SFE/SFC with 

cryotrapping (Figure 32), and the 1 m x 0.010” stainless steel transfer line was 

installed in lieu of a column. For the initial testing of the system, only the 

polyurethane finish was used. Of all four finishes, it is the only single-ingredient 

finish, and it had the highest finish recoveries in the off-line studies. Although the 

off-line SFE results were relatively reproducible with fair to excellent recoveries, 
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Table XV 

Off-Line Extraction Recoveries for Four Fiber Finishes 

  

  

FIBER % RECOVERED STD. DEV. RSD 
A B Cc 

Polyurethane 98.3% 0.0% 98.3% 1.3 1.3% 
Polyamide* 89.9% 2.0% 91.9% 1.2 1.3% 
Polyester 72.4% 6.1% 78.7% 2.1 2.6% 
Polyaramid 83.7% 5.4% 89.0% 5.6 6.3% 

  

A = 1st 10 min. SFE 

B = 2nd 10 min. SFE 

C = Total recovered from A +B 

(n = 3); 50-75 mg sample size. 

“ Heated solvent collection vial required. 

SFE Conditions: 75°C, 350 atm CO,, p=0.811 g/mL; 1.2 mL/min 
liquid CO, flow rate for 10 min; 8 mL methylene 
chloride trapping solvent. 
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Figure 32: On-Line SFE/FTI-IR System Schematic 
(A = Extract; B = Inject) 
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difficulties were initially encountered once the on-line system was employed. Deviations 

in sample yield increased greatly in the on-line system (RSDs of up to 50 %). One 

problem seemed to be trap contamination with analytes from previous runs and line 

plugging within the trapping system. To correct this problem, the stainless steel trap was 

repeatedly purged with high-density CO, (0.80 g/mL CO, at 40°C and again at 100°C), 

and when necessary, with small quantities (0.2 mL) of methylene chloride. This seemed 

to clean the trap fairly well. 

Several hypotheses were explored in an effort to determine the cause of the erratic 

on-line data. If the finish were permanently depositing onto stainless steel surfaces (such 

as the trap), then with each successive run, varying amounts of analyte would be detected 

and line plugging would most definitely be a problem. To test this, a 30 cm length of 

0.010" i.d. stainless steel tubing connected to a 5 cm piece of 25 um i.d. fused silica was 

used as an off-line extraction transfer line. Multiple off-line extractions were conducted 

for each of the finishes under the same conditions as the previous off-line SFE 

experiments (e.g. no extensive transfer line). There were no statistical differences from 

the off-line data shown in Table XV, however, which would rule out a stainless steel / 

fiber finish attraction theory. 

Another potential cause for the erratic on-line data could be due to sampling 

problems. Small samples (jg) of finish are necessary so as not to overload the system 
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or plug the FT-IR flowcell lines. However, a fiber can be coated with anywhere from 

0.01 to 8 % by weight finish, which translates into 0.1 -80 ug of finish for every 1 mg 

sample of fiber. Most analytical balances are accurate to only + 0.1 mg. Fiber samples 

should be no less than 1 mg, preferably greater, to ensure a representative sample. 

Hence, in a second experiment, low-concentration (ug) solutions of the finish were 

prepared, and 20-80 uL of the standard were injected onto Celite initially, and later, pre- 

extracted fibers. While this method enabled small quantities of finish to be accurately 

measured into the vessel, the solvent which was also injected can pose problems. For 

example, if the solvent is not fully evaporated prior to sealing the extraction vessel and 

the finish prefers the solvent over carbon dioxide, less of the analyte will extract. In 

contrast, solvent presence can also serve as a modifier to enhance the analyte extraction. 

Furthermore, the injected solvent can also alter the matrix. For example, injections of 

methylene chloride onto polyurethane fibers visibly caused the fibers to swell. As a 

result, the finish most likely permeated into the fiber’s interior, rather than remaining on 

its surface, as demonstrated in Figure 33. The fluid must now permeate in and out of 

the fiber in order to retrieve the finish, as opposed to removing finish merely on the 

surface of the fiber. The net result is a spiked sample that is actually more complex than 

the real world sample it was intended to mimic. The brief extraction times desired for 

this application will not always prove sufficiently long enough to fully extract the finish 

from the fiber matrix. 
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(Finish spiked onto fiber) 

B 
  

(Finish coated onto fiber) 

Figure 33: Finished Fiber Sample vs. Spiked Fiber Sample 
(A = Finished fiber; B = unfinished fiber spiked with solvent 
solution containing finish) 
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Extraction recovery problems were further complicated by repeated plugging of the IR 

flow cell transfer lines. This was detected as a drop in the IR signal over several 

successive runs. By pumping small bursts (0.1 mL) of methylene chloride through 

the cell, analyte plugs could be successfully removed. Following plug removal, a 

dramatic surge in CO, through the system as well as a drastic improvement in the FT- 

IR interferogram could be easily detected. A new flow cell assembly was installed 

and perhaps more importantly, the controller which governs the temperature of the 

transfer lines was replaced as well. If the temperature of the transfer lines is not 

accurately controlled (i.e. if it remains ambient), analytes present in the oven-heated 

region can potentially precipitate onto the walls of the ambient transfer lines. None 

of the previously observed memory effects or line plugging was observed with the 

new instrumentation which afforded greater thermal stability. 

With the new temperature controller in place and the system fully cleaned, a 

second attempt at on-line SFE/FT-IR analysis was made. A series of standards of 

polyurethane finish in methylene chloride were made, and 0.18 mL extraction vessels 

were filled with unfinished polyurethane fiber matrix (about 2-3 mg). A known 

standard was then injected (80 pL) onto the fiber matrix bed, and the solvent was 

allowed to evaporate (about 2-4 hours, ambient conditions). The vessel was then 

sealed, inserted into the system, and its contents extracted dynamically. Quantitation 

was performed from the FT-IR data. 
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Usually, quantitation would be done directly from the Gram-Schmidt 

reconstruction. This was not possible for the polyurethane analysis however, due to 

the presence of several co-extractants. This was demonstrated by re-inserting the 

analytical column into the system and extracting 1-2 mg of supposedly "unfinished" 

polyurethane fiber. The resulting chromatogram (Figure 34) showed that more than 

residual finish (seen as low concentration peaks between 4-10 min) was being 

extracted from the fiber. By co-adding the IR data files of interest, the identities of 

each unknown peak were determined. Peak A, as designated in Figure 34, is a glycol 

derivative. The large peak (B) was determined to be low molecular weight 

polyurethane. The IR spectra of the co-extractants are given in Figure 35. 

Polyurethane fibers are formed by the reaction of glycols with adipic acid to form a 

polyester. The polyester is then reacted with diphenyl methane diisocyanate to form 

the polyurethane. Thus, the presence of these co-extractants is not entirely surprising. 

It is, however, a problem, since the quantities of these co-extractants will vary greatly 

with the quantity of fiber used as a matrix. The co-extractants seemed to be most 

problematic for the unfinished fiber, however. Extraction of finished fibers 

surprisingly showed a small amount of glycol and a definite decrease in polyurethane. 

For this reason, finished fibers were pre-extracted for use as calibration matrices, 

rather than naked “"never-finished" fibers. Even so, however, in SFE/FT-IR there is 

no column -- every extracted analyte elutes simultaneously. The small amounts of 

polyurethane that would be extracted with every run would therefore co-elute with the 
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Figure 34: SFE/SFC Chromatogram of Finish-Spiked "Unfinished" Polyurethane 
Fiber. SFE Conditions: 350 atm CO,; 100°C; 2 mL/ min liquid flow 
rate; 10 min, trap @ -10°C. SFC Conditions: 150 atm (0.5 min); 

ramp to 400 atm (10 atm/ min); 100°C; trap @ 180°C. 
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finish, rendering the peak areas invalid. Thus, instead of using the Gram-Schmidt 

reconstruction (which denotes the total IR signal produced over the course of the run), 

a plot of the IR signal for a finish-selective region over the course of the run was 

made. For the polyurethane finish, the vu(Si-CH,) absorbance between 820 -790 cm" 

was chosen, since the other dominant regions of the polydimethylsiloxane spectrum 

are shared by the absorbancies of the co-extractants. Examples of a Gram-Schmidt 

plot and the subsequent integrated transmittance plot for a 2 ug sample of finish 

spiked onto pre-extracted fiber are given in Figures 36 and 37. The peak area was 

determined from the integrated transmittance plot using a y-threshold of 20 volts/scan. 

From these data, a calibration curve was successfully established for polyurethane 

finish. This plot is given in Figure 38. Using the propagation of errors technique 

used in Chapter 4 (see Appendix I), the limit of detection (c,) was calculated to be 4 

ug for polyurethane finish, and the limit of quantitation was 10 ug. The RSDs for 

each of the four points were reasonable (5 - 9%), with the highest error obtained at 

the low and high limits of the calibration curve. At high concentrations, the system 

may have been overloaded or close to it, and restrictor plugging was an occasional 

problem. Error at the lowest concentrations was due to the smaller plug size 

generated®, as noted for the C,, SFE/FT-IR analyses in Chapter 4. 

Despite the relative success attained for polyurethane finish, the problems 

nevertheless were not fully solved. Line plugging still occurred, and several 
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Figure 36: Gram-Schmidt Reconstruction of SFE/FI-IR Analysis of 
Polyurethane Fiber Finish (y-axis in units of volts / scan) 
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Figure 37: Integrated Transmittance Plot (820-790 cm") from SFE/FT-IR 
Analysis of Polyurethane Fiber Finish (y-axis units in volts / scan) 
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Figure 38: Calibration Plot for Polyurethane Fiber Finish via SFE/FT-IR 
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flushes of CO, were required between every extraction to remove small traces of finish 

from the trap and tubing surfaces. One hypothesis to explain these findings was that the 

system was trapping the finish over a broad area, and that analyte recovery was never 

complete. Cryotrapping is most useful for those analytes which are tightly bound within 

a matrix, yet very soluble in CO,. The fiber finishes are typically coated onto the fiber 

surface, and in theory should beeasy to remove. Their extractability with pure CO, was 

demonstrated in the off-line studies. Thus, recalling the Chapter 4 discussion of the 

different modes of extraction available for SFE/FT-IR, direct extraction of the finishes 

from the fiber (i.e. no cryotrapping) into the FT-IR flow cell was viewed as a viable 

alternative. The elimination of the cryotrapping step would reduce analysis time as well 

as much of the suspected system error. The system was therefore modified to the 

flowpaths shown in Figure 39. This system performs static extraction of the analyte, 

followed by dynamic extraction directly into the flowcell. By the incorporation of static 

extraction, the finish may first concentrate within a small quantity of fluid. The 

subsequent dynamic extraction will sweep the concentrated plug of fluid into the flow cell 

while extracting any further finish from the fiber. The only place any unsolvated finish 

should therefore remain would be inside the vessel, which is removed and cleaned after 

every extraction. 

For this experiment, solutions of the polyamide, polyaramid, and polyester 

finishes (0.05 - 5.0 mg/mL) were made in methylene chloride, and 10 wL of a given 
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Figure 39: Static/ Dynamic Direct SFE/ FT-IR Schematic 

(A = Equilibration Mode; B = Static Extraction Mode; 
C = Dynamic Extraction Mode) 
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standard was injected onto the appropriate pre-extracted fiber matrix. Four runs per 

calibration data point were made, with four points per calibration plot. It was 

determined during the early stages of this study that flow rate plays a highly critical 

role in the optimization of direct dynamic SFE/FT-IR. The flow rate needs to be fast 

enough to extract analytes from the matrix quickly, yet not so fast that the IR signal 

becomes excessively noisy. In order to more effectively control the flow rate, the 

tapered fused silica restrictor was replaced with a 50 um i.d. fused silica transfer line. 

This was passed up through what was formerly an FID port. The FID assembly was 

removed, leaving only the heating block behind. This transfer line was then 

connected to a high-pressure needle valve. The valve functioned as a back pressure 

regulator for the system and enabled any necessary changes in the flow rate to be 

made much more readily than with a fixed restrictor. Extending from the other side 

of the valve was a 12 cm x 50 um i.d. piece of fused silica. The tip of this line was 

inserted back into the FID port so that the tip resided well inside the heated region. 

This prevented any line plugging as CO, exited the system. The position of the valve 

and transfer lines is shown in Figure 40. 

The presence of water in the analyte spectra seemed to be more 

problematic for the direct extraction system. In the former system, the air present in 

the vessel is passed through the trap and vented to atmosphere. In the direct 

extraction system, however, the air within the vessel is mixed slightly with CO, and 
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Figure 40: Position of Back Pressure Regulator for SFE/FT-IR System 
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then passed through the IR flowcell with the analyte. Thus, it again became 

necessary to integrate the IR data over a specific wavenumber region in order to 

eliminate this interference, rather than quantitate directly from the Gram-Schmidt 

reconstruction. The co-extractant problem observed with the unfinished polyurethane 

fibers was not a problem for any of the remaining three fibers. Since these fibers 

were already finished, however, they required pre-extraction anyway so that a known 

amount of finish could then be applied. 

Each calibration plot was centered around the expected quantity of finish 

present on a 1 - 2 mg sample of the given fiber. The calibration plot for the 

polyamide finish is given in Figure 41. For this finish, quantitation was performed 

around the v(C-O) stretch between 1120-1100 cm". The resulting plot was very 

linear (r = 0.99993), with a calculated detection limit of 0.3 wg and a limit of 

quantitation of 0.8 ug. RSDs for each of the four points ranged from 6.5 - 21 %, 

with the lowest error near the center of the testing range (i.e. 5-15 ug). The 

polyaramid finish did not produce as linear a calibration plot, however. As shown in 

Figure 42, the point placement resembled a curve more than a line. For this finish, 

integrated transmittance was performed around the region of the v(C-H) stretch at 

2940-2920 cm". Using the observed calibration curve data, the c, for the polyaramid 

finish was calculated to be 5 ug, with a LOQ of 20 ug. As demonstrated in the off- 

line SFE experiments, the polyaramid finish is not as readily extracted in pure CO, as 
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Figure 41: Calibration Plot of Polyamide Fiber Finish via SFE/ FT-IR 
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Figure 42: Calibration Plot of Polyaramid Fiber Finish via SFE/ FT-IR 

111



is the polyamide finish. Thus, the extract plug tended to tail substantially. This 

forced the use of higher y-threshold values (i.e. y = 30), which no doubt elevated the 

detection limits as a result. RSDs for the polyaramid calibration points ranged from 

5.7- 14 %. 

Despite repeated efforts, no calibration plot could be constructed for the 

polyester finish. The calibration point standard deviations for four to six runs were 

too high, and the resulting signal rarely equaled 30 or greater. The finish also tended 

to extract rather slowly, which is not very surprising since it was shown previously to 

be the least extractable of the four test finishes with pure CO,. Increasing the fluid 

flow rate aided in the extraction process, but increased the noise in the IR detector as 

well. Line plugging also seemed to be a problem with the polyester finish. For the 

flow cell employed in this study, the optimal flow rate seemed to be between 0.15 - 

0.30 mL/min liquid CO,. This low flow rate at high pressure (350 atm CO.) was 

often difficult for the pump to consistently produce, especially with the precipitation 

of finish in the lines and possibly even in the back-pressure regulating valve as well. 

It may be that a larger volume flow cell or more controllable pump would solve the 

problems encountered for the polyester finish. In this study, however, the technique 

proved unsuccessful for this particular finish. 

As a final means of method analysis, 2-10 mg finished fiber samples were 
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analyzed via SFE/FT-IR using the same conditions noted for the calibration curve 

samples. These results were then compared to the results obtained for the same batch 

of fiber analyzed by current laboratory methods. The laboratory results were 

performed by the DuPont Company. The results of this comparison are given in 

Table XVI. The resulting means and deviations were then compared. In all cases, a 

lower % FOY (Finish on Yarn) is observed for the SFE data as compared to solvent 

techniques. This is not unusual, as organic solvents will tend to extract more 

vigorously than supercritical CO, and remove more of the oligomer and organic 

components present in the fiber. SFE can be considered a thorough, but definitely 

softer, technique by comparison. SEM analysis by the DuPont Company of 

polyurethane fibers extracted in the experiments described here revealed little or no 

remaining finish on the fiber. Thus, it is believed that SFE is an exhaustive means of 

removing a finish with little or no detriment to the character or make-up of the fiber. 
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Table XVI 

Comparison of SFE/FT-IR Results with Solvent Extraction / IR Results 

  

  

for Four Fiber Finishes 

SFE/ FT-IR’ SOLVENT EXTRA CTION/ IR’ 
FIBER Ave. FOY SID. DEV. Ave. FOY’ SID. DEV. 

Polyurethane 1.41 % + 0.20 2.09% + 0.19 

Polyamide 0.243% + 0.022 0.422% + 0.014 

Polyester * * 0.314% + 0.035 

Polyaramid 0.770% + 0.080 0.888% + 0.083 

  

(FOY: % Finish on Yarn) 

* (n= 5) 
> (n= 10) 

** Data unavailable for polyester finish. 
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UMMARY 

All four finishes were readily extracted from an inert matrix with pure CO,, 

and three of the four finishes were successfully removed from their respective fiber 

matrices. RSDs for the calibration points of the three most extractable finishes 

ranged from 5.5.7% to 21%. SFE is a "softer" extraction technique, as it removes 

all of the finish but perhaps less of the polymer from the fiber matrix than solvent 

extraction. The precision of the SFE/FT-IR method results for the given fiber 

samples were shown to be equivalent to precision results obtained with solvent-based 

methods. The % FOY values are higher for solvent extracted fibers, however, most 

likely due to removal of organics (i.e. low molecular weight oligomer) from the fibers 

which SFE does not extract. 
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Chapter 6 

Optimization of Trapping and Recovery for On-Line SFE/SFC 

INTRODUCTION 

As noted previously, sample introduction has been an area of constant study in 

supercritical fluid chromatography (SFC). Because the most commonly used fluid 

(carbon dioxide) is nonpolar (i.e. no net dipole), more polar injection solvents can 

lead to such undesirable effects as band broadening and peak splitting'. Recent 

reviews have documented the wide variety of methods devised to aid in the 

elimination or reduction of the solvent upon injection of a sample in SFC’“. Ideally, 

the analyte should be mixed with the mobile phase rather than a polar solvent, as is 

done in liquid chromatography. On-line supercritical fluid extraction / 

chromatography is an interface capable of performing this "solventless injection" 

technique. The analyte is extracted from the matrix with supercritical fluid and 

deposited into a cryogenically cooled region or "trap". Upon complete extraction, the 

SFE/SFC system equilibrates to the desired conditions for chromatography. The trap 

may then be heated, and the supercritical fluid can be density programmed to transfer 

the analyte from the trap to the analytical column for chromatography. Several 

designs for on-line SFE/SFC have been documented’*** ©“, but only a few have 
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evolved into commercially available instrumentation. The main differences between 

these on-line systems is the means by which the analyte is trapped (i.e. decompression 

of the analyte-bearing fluid onto a cold stainless steel surface versus deposition onto 

the stationary phase at the head of a coated precolumn or analytical column). One 

common complaint by users of SFE/SFC systems, however, has been the remainder 

or "memory effect" of extracted analytes even after several chromatographic purges 

of the system (as described in Chapter 5 during the fiber finish analysis). An 

additional question with these type systems is how chromatographic peak shape is 

affected by different extraction conditions. 

In response to these questions and problems, a study was conducted which 

outlines the causes of memory effect and the conditions which promote or alleviate it 

on a commercially available system. A plumbing scheme which minimizes both the 

total trapping area and injection dead volume was then implemented and compared to 

the former system in terms of analyte recoveries (i.e. total peak areas and peak area 

reproducibility), memory effects, and relative peak shapes. 

EXPERIMENTAL 

A schematic of the general system used is given in Figure 43. The system is 

comprised of a 250 mL syringe pump and thermostated oven, both of which are 
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Figure 43: On-Line SFE/SFC System. 
A = Extract Mode; B = Inject (Chromatography) Mode. 
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governed by a CPU. In addition to the injection valve located on top of the oven for 

SFC sample solvent injections, two additional valves are located within the oven. 

During extraction, supercritical fluid passes through the 4-way dead end flowpath 

valve (labeled "b") into the extraction vessel. Upon mixing with the sample matrix, 

the fluid passes through the ten-port valve ("a") into a fused silica tapered restrictor. 

The fluid decompresses in the low dead volume tee and is directed towards the trap. 

Analytes deposit on the trap surface while the decompressed CO, is vented to 

atmosphere. Once extraction is complete, the 4-way valve moves into the next 

position and the system equilibrates to the desired conditions for chromatography. 

The ten-port valve then rotates, and the trap is backflushed with supercritical fluid 

while it heats to a maximum of 180°C. The fluid removes the analytes from the trap 

surface and transfers them to the analytical column for chromatography. 

The 10 cm x 1 mm Deltabond™ Cyano column (d,=5 um) used for the 

SFE/SFC study was obtained from Keystone Scientific (Bellefonte, PA). SFC-grade 

carbon dioxide was provided by Scott Specialty Gases (Plumsteadville, PA), and other 

necessary gases (air, nitrogen, hydrogen) were received from Airco (Roanoke, VA). 

The n-tetracosane standard was purchased from ChemService (West Chester, PA). 

Methylene chloride was obtained from Fisher Scientific (Pittsburgh, PA). Pre-cut 

HPLC-grade stainless steel tubing from Upchurch Scientific (Oak Harbor, WA) was 

used to make any plumbing modifications. Detector signals were recorded using a 
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Hewlett Packard 3394A integrator (Avondale, PA). A Hewlett Packard 5890 Series 

II gas chromatograph with high purity helium carrier gas was also employed for 

certain portions of the study. 

To study the regions over which trapping occurs in the system outlined in 

Figure 43, 0.167 mL stainless steel extraction vessels were partially filled with Celite 

matrix (about 25 mg), and 60 uL of a 0.54 mg/mL solution of C-24 in methylene 

chloride was injected onto the Celite. Once the solvent had evaporated (about 4 

hours, ambient conditions), the vessel was sealed, inserted into the oven, and 

extraction was performed for ten minutes at the desired conditions. After extraction, 

the system was rapidly depressurized and the entire trapping system was removed. 

Each piece was labeled, as shown in Figure 44, and rinsed into a separate vial with 3- 

5 mL of methylene chloride. The trapping system parts were further cleansed with 

solvent and allowed to air-dry. Meanwhile, the solvent in the rinse vials was allowed 

to evaporate, and the remaining vial contents were then re-solvated with 1.00 mL of 

methylene chloride, quickly transferred into a standard GC autosampler vial, and 

sealed. Four injections of 1 uL each were made for each of the five vials, and each 

set of extraction conditions was tested three times. A calibration curve (1-128 ng/uL 

range) was generated for C,, using the GC with flame ionization detection . A second 

study was performed to determine how efficiently analyte was removed from the 

trapping sections during a normal SFE/SFC experiment with supercritical CO, 
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Figure 44: Magnified View of Trapping Mode in Figure 43 System 

(shown as configured during extraction) 
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Extraction was performed as before, but afterwards the trap was thoroughly flushed 

with CO, just as it would be during on-line extraction/chromatography. After 30 

minutes of trap-flushing over a density gradient of 0.4 to 0.8 g/mL, the trap pieces 

were removed, rinsed with methylene chloride into separate vials, and any residual 

sample analyzed as before. 

RESULTS AND DISCUSSION 

The conditions chosen for the trapping study (i.e. SFE only) are given in 

Table XVII with the corresponding percent of total analyte recovered in each region 

of the system. Extraction was judged complete for each run, although not always 

100% was recovered. Total recoveries averaged from 90 to 98%. Small losses were 

to be expected, since the analytes were transferred from the trapping system into 

vials, resolvated with methylene chloride and transferred again into autosampler vials. 

For this reason, data are reported in terms of the average percent of analyte found in 

each trapping piece for three separate extractions. (Example: 32.4 ug of C, were 

injected onto the extraction matrix. After extraction and analysis, 30 ug of Cy, were 

recovered, with 6 tg in each of the five trapping pieces. Thus, 20 % of the total 

recovered analyte was found in each piece.) Percentages from run to run varied 

somewhat, and RSDs for analyte percentage in each trapping piece ranged from 7 - 

20%. Such deviations occurred primarily for trapping pieces in which one piece 
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Table XVII 

Average Percent Analyte Trapped in 5 Separate Regions Under Different Extraction 
Oven Temperatures* 

  

Average Percent Analyte Trapped Per Trapping Piece 

  

Temperature #1 #2 #3 #4 #5 

75°C 2.0% 16 % 41% 24% 17% 

100° C 0.0% 8.0% 53% 26% 13% 

130° C 0.0% 4.0% 75% 14% 7.0% 

  

* (n = 3) for each data set; data normalized for 100% recovery 

(see text for example) 

‘Conditions: 350 atm CO, trap at -20°C, 0.6 mL/min liquid flow rate 
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acquired a large bulk of the sample. It is possible that in these cases, blockage could 

have occurred which would prevent analyte from reaching further trapping pieces. 

In observing the data given in Table XVII, it was apparent that trapping in the 

system took place over a rather broad area. Decompression of the CO, undoubtedly 

transpired some distance away from the actual trapping site, thus allowing analytes to 

collect on tubing walls and in the low dead volume tee prior to ever reaching the 

cryotrap. Logically, Piece #1 should not contain any analyte regardless of the 

experimental conditions, since it is plugged on one end. A small percent was found 

in Piece #1 at 75°C on one occasion, however, and is believed to have been residual 

analyte from the tee that displaced onto the end of Piece #1 during disassembly of the 

system. Note that these data show that a higher extraction temperature alleviated the 

effects of trapping in the tee. Analytes were presumably left at the tee (Piece #2) 

because at lower oven temperatures, Joule-Thompson cooling created by the 

decompressing fluid was substantial enough to allow the tee to act as a small cryotrap. 

Higher oven temperatures overcome the Joule-Thompson effect and result in reduced 

analyte accumulation in the tee. Interestingly enough, however, while the analytes no 

longer collected in the tee at higher extraction temperatures, they still did not end up 

in the actual trap. Rather, an increase of analyte was found in Piece #3, the transfer 

line from the tee to the cryotrap. This line was primarily housed in the ambient 

region of the oven wall, and as the analytes passed from the oven, the temperature 
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differential between the extraction temperature (75°-130°C) and the room temperature 

(22°C) was substantial enough to promote analyte deposition on the tubing walls. 

The initial deposition of analyte at Piece #3 may have even deterred further extracted 

analyte from depositing in Pieces #4 and #5. A further point worth noting was the 

presence of analyte in Piece #5 in all three condition sets. A small portion may be 

attributed to contamination with analyte from the trap during thedisassembly of the 

system, as was seen for Piece #1. A more likely explanation, however, is based on 

the fact that as the oven temperature was (e.g. fluid density decreased), the percent 

analyte in Piece #5 decreased. Thus, it can be envisioned that at higher extraction 

temperatures, the analytes would probably deposit more readily on the surfaces of 

Pieces #3 and #4, rather than be swept past the trap into Piece #5. Additional data 

showed that increasing the liquid flow rate from 0.6 mL/min to 3 mL/min for 

otherwise identical extraction conditions resulted in increased analyte deposition in 

Piece #3 and the trap, as opposed to the tee. However, at an extraction temperature 

of 75°C employing 350 atm CO.,, at least 8% of the total analyte extract appeared at 

or near the tee for the higher liquid flow rate. Thus, while a high extraction flow 

rate may help push extracted analyte(s) further towards the trap, this is by no means a 

solution to the problem as trapping still covers a broad region. 

To determine how effective the fluid is at removing analyte from each of the 

five regions, a further study with n-tetracosane was conducted wherein the system was 
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allowed to "flush" out the analyte as it would in chromatography. In lieu of a column, 

a 1 mx 0.010" i.d. stainless steel transfer line was used to avoid the possibility of 

any column overload. Following extraction of the same analyte quantity (32.4 ug) 

under the same conditions employed previously, the system was equilibrated to 0.4 

g/mL CO,. Upon rotation of the 10-port valve to the "Inject" position, the density 

was then linearly ramped to 0.8 g/mL CO, over a thirty minute period. Each of the 

five pieces of the trapping system was then removed, rinsed with methylene chloride, 

and analyzed via GC-FID as previously discussed. The five pieces showed far less 

analyte than in the previous experiment, but analyte nevertheless remained in certain 

parts of the system. Table XVIII shows that at moderate conditions (100°C 

SFE/100°C SFC), some areas are definitely more prone to analyte retention than 

others. The cryotrap, for example, was always clean, whereas Pieces #1, #2, and #3, 

retained analyte in varying degrees. Referring back to Table XVII, we can calculate 

that a 32.4 ug sample extracted at 100° C and 350 atm CO, would result in 2.6 yg 

(0.08 x 32.4 ug) in the tee. According to these trapping/trap-flushing data, however, 

only 0.7 pg (2.6 wg - 1.9 ug) of this analyte would be removed for chromatography. 

Of course, the quantities found in Pieces #1, #2, and #3 after trapping are not 

necessarily the remainders of what was originally deposited there during 

extraction/cryotrapping. During the flushing of the trapping system, analyte from 

Pieces #4 and #5 moves across regions #1, #2, and #3. 

A broad trapping area definitely complicates the analyte transfer process, 
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Table XVII 

Average Percent Analyte Remaining Post-Backflushing in 5 
Separate Trapping Regions* 

  

Average Analyte Quantity (ug) Per Trapping Piece (Post-Backflushing) 

Temperature #1 #2 #3 #4 #5 
  

100/100 0.8 1.9 1.6 0.0 0.0 

  

* (n = 3) for the given set of data 

‘SFE Conditions: 350 atm CO,, 100°C oven, -20°C trap, 0.5 mL/min 
liquid flow rate, 10 mins. 

*Backflushing 
Conditions: 0.4 - 0.8 g/mL CO, ramp over 30 mins, 100°C oven, 

180°C trap. 
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especially where there are considerable differences in temperature across the trapping/ 

transfer regions (i.e. heated oven, ambient oven wall, and cooled/heated trap). The 

net result is that recovery of the analyte under these conditions is incomplete, 

resulting in system contamination, memory effects, and even transfer line plugging. 

These deleterious effects may not presentthemselves immediately, but rather when 

experimental conditions are changed. The undesired result may show up, for 

example, as an unexplained analytepeak in a future chromatogram due to removal of 

the old analyte from the various tubing surfaces. 

To demonstrate exactly what effects broad analyte trapping and inefficient 

analyte recovery can have on the resulting chromatography, the following comparison 

study was done. A 10 cm x 1 mm packed column (DeltaBond* Cyano, d, = 5 um ) 

was inserted into the system in place of the stainless steel transfer line used 

previously. Extraction vessels were filled halfway with Celite as before, and 75.0 uL 

of a 0.0258 ug/uL C,, in methylene chloride solution (1.94 ug) was injected onto 

each Celite matrix bed. Previous to this study, extraction sample quantities have all 

been over 30 ug. Such large quantities were employed so that even if the sample 

divided itself equally among the five trapping pieces, there would still be enough 

analyte in each piece to make an accurate determination of its presence and quantity. 

The analyte quantity was reduced for this study for two basic reasons. First, more 

than a couple micrograms of a single analyte would flood the FID detector and 

128



potentially overload the analytical column. Secondly, by working on a smaller scale, 

there can be no question as to whether or not poor system performance is simply a 

matter of system overload. (It should be noted, however, that 34 ug of total extracted 

material is not unusual, especially if there are several components of a few 

micrograms each in the matrix to be extracted.) 

The vessels were extracted at 350 atm CO,, and chromatography was 

conducted isobarically at 160 atm CO, so that the peak asymmetry could be measured. 

The trap was maintained at -10°C during extraction and 180°C during 

chromatography. The oven conditions during extraction and chromatography were 

varied as follows: 75°C SFE/75°C SFC, 75°C SFE/ 130°C SFC, 130°C SFE/130°C 

SFC, and 130°C SFE/75°C SFC. Using a flame ionization detector, analyte peaks 

were produced for the extracted and chromatographed C,, three times for each set of 

conditions. Extraction was believed to be complete for all given sets of conditions, 

regardless of analyte recovery. A simple test was performed to demonstrate this. 

Following SFE/SFC of an analyte, the vessel was removed and replaced with a zero 

dead volume union. Fluid flowed through the union and trapping system at a liquid 

flow rate of 0.6 mL/min (350 atm CO, 130°C) for a minute, followed by 

chromatography per usual (160 atm CO,, 75°C). Small quantities of analyte were 

occasionally observed. This flushing routine was performed until no further analyte 

was observed. At times, this cleaning process required intervention with liquid 
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solvent (i.e. removal and cleansing of the trapping system with methylene chloride). 

Once the system was cleaned, the original “empty” vessel was then re-inserted, and 

another five-minute extraction was performed, followed by chromatography. The 

SFE conditions were once again 350 atm CO, with a liquid flow rate of 0.6 mL/min 

and 130°C oven temperature, with SFC performed isobarically at 160 atm CO, and 

75°C. No additional analyte was observed in these instances, which ensured no 

carry-over of C,, from one experiment to another. 

A comparison of the peak shapes produced under each set of conditions for a 

relatively low liquid SFE flow rate (0.6 mL/min, 10 min) is given in Figure 45. It is 

important to compare those peaks that were produced under the same chromatographic 

oven conditions, since the linear velocity differs at 75°C versus 130°C when using a 

fixed restrictor. Note the changes in the shoulder to the right of each peak. The 

peak shoulder was rather low and broad at 75°C/75°C. Based on the previous data, 

analyte recovery and solute focusing should be improved when extraction is 

performed at 130°C versus 75°C, since the analyte is deposited over a smaller 

trapping region at 130°C SFE. This is evident not only in the relative increase in 

peak height and area for the 130°C SFE result, but also in the shape of the shoulder 

on the peak. The shoulder seen for 130°C SFE/75°C SFC is more compressed due 

to better solute focusing. For experiments conducted at 130°C SFC, similar results 

were observed (see lower half of Figure 45). Peak area greatly improved when the 
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Figure 45: Comparison of Peak Shape For Various SFE/SFC Oven Conditions 
SFE Conditions: 350 atm for 10 min.; 0.6 mL/ min liquid flow rate; 
trap maintained at -10°C. SFC Conditions: 160 atm isobaric; trap 
maintained at 180°C; 10 cm x 1 mm DeltaBond® Cyano column 
(5 um particle size). 
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extraction temperature was increased from 75°C to 130°C. Interestingly, the 

shoulders observed for the peaks produced at 75°C SFC are not evident at 130°C 

SFC. As stated previously, the linear velocity was not the same for the two SFC 

oven temperatures; likewise, neither was the CO, density. At 75°C, the CO, fluid 

density was apparently substantial enough to aid in the removal of residual analyte 

from the trapping regions located within the oven (i.e. Pieces #1, #2, and #3). The 

removal of residual analyte probably resulted in an unfocused shoulder or tail on the 

analyte peak. It was more evident for the 130°C SFE/75°C SFC case because more 

analyte was recovered (due to higher fluid density at 75°C SFC) from all regions with 

better solute focusing (due to reduced trapping area at 130°C SFE). At 130°C SFC, 

CO, density was lower and lacked the necessary solvating power to remove analyte 

from the trapping surfaces located within the oven. Thus, optimal recovery occurred 

for a high extraction temperature with a relatively low chromatographic oven 

temperature. 

The relative standard deviations (RSDs) between peak areas for each set of 

conditions were calculated and are given in Table XIX for both a low SFE liquid flow 

rate (0.6 mL/min, 10 min) and a high SFE liquid flow rate (2.0 mL/min, 4 min). 

Also given for each set of conditions is the average peak asymmetry, t. For the low 

liquid flow case, optimal analyte recovery (i.e. greatest average peak area) was 

achieved (x = 1.27 E6) with the 130°C / 75°C oven conditions, and the 130°C / 
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Table XIX 

Comparison of Peak Area, Peak Reproducibility, and Peak Asymmetry Under 
Different Extraction/Chromatography Oven Temperatures (unmodified system) 

  

OVEN TEMPERATURE in °C (SFE) / OVEN TEMPERATURE in °C (SFC) 

  

  

75/75 75/130 130/130 130/75 

A Liquid Flow Rate = 0.6 mL/min); (n = 3) 

Ave. Peak Area (x) 6.69 ES 6.84 ES 8.97 ES 1.27 E6 

RSD 12 % 7.3 % 4.6 % 14 % 

Asymmetry (t) 2.16 1.21 0.64 5.04 

* Average Peak Area Over 4 Different Condition Sets: x = 8.80 x 10° 
S, = 2.8 x 10° 
RSD = 32 % 

B iquid Flow Rate = 2 mL/min); (n = 3) 

Ave. Peak Area (x) 8.60 ES 7.11 ES 9.23 ES 8.83 ES 

RSD 18 % 2.5 % 7.2 % 5.6 % 

Asymmetry (t) 1.53 1.38 0.95 4.97 

* Average Peak Area Over 4 Different Condition Sets: x = 8.44x 10° 
S, = 9.3 x 10 
RSD = 11% 
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130°C data produced the least amount of between-run error (RSD = 4.6 %). This is 

to be expected, since previous data showed that a 130°C oven temperature during 

extraction alleviated the trapping of analyte at the tee. By confining trapping to as 

small a region as possible, recovery is most likely simplified. For the high liquid 

flow rate data, optimal analyte recovery was achieved at the 130°C/130°C condition 

(x = 9.23 ES), and the lowest between-run error was produced at 75°C / 130°C 

(RSD = 2.5 %). In this case, the faster flow rate most likely helped to push the 

analyte past Pieces #2 and #3 into the more temperature-controlled trap (Piece #4). 

Thus, the analyte was recovered and transferred with slightly more consistency than 

for the low liquid flow rate situation. Because trapping was generally broad across 

the system, recovery was incomplete and RSDs were fairly high for both the low and 

high liquid flow data sets. The differences between the peak areas for three runs for 

any given SFE/SFC condition were not as drastic for the high liquid flow rate as they 

were for the lower liquid flow rate. In both extraction flow rate cases, peak shapes 

were comparable over the four condition sets, and peak asymmetry became the most 

problematic at the 130°C / 75°C condition. 

What was perhaps most disturbing about the data shown in Table XIX, 

however, were the discrepancies between the condition sets. The deviation between 

the average peak areas for the four condition sets at low flow was rather high 
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(RSD = 32 %), as shown in Table XIX. Even at high SFE flow rates, an RSD of 

11 % was obtained for the average peak areas between the four condition sets. 

Essentially, this means that for every change in conditions, one must establish a new 

calibration curve based on the expected recovery at those conditions. This was 

Statistically proven by the use of Analysis of Variance (ANOVA) statistics (see 

Appendix II“’. Variance between conditions was proven to be significant at the 95 % 

level, and interaction was determined to exist between the choice of conditions and 

extraction flow rate (restrictor). For obvious reasons, this is unacceptable and calls 

for a suitable system improvement. 

Part of the problem with the system used for the given data was the distance 

between the point of decompression and the desired trapping site. Consequently, the 

system was modified as shown in Figure 46 to examine the effects of decompression 

distance in trapping. Figure 47 is a magnified view of the trapping pieces employed 

for this system. Essentially, the fluid is passed through the vessel, into the ten-port 

valve, and out a tapered 50 um fused silica restrictor as before. The key difference 

for this system versus the former is that the restrictor passes through the tee, rather 

than stopping at a 90° angle within the tee entrance. The restrictor could be placed at 

three basic positions within the sheath: at the tee, halfway between the tee and trap, 

and at the trap. During extraction, the fluid decompresses within the sheath at the 

desired position. Once extraction is complete, the four-way dead end flowpath valve 
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Figure 46: Initial Modification of the SFE/SFC System 
A = Extract Mode; B = Inject (Chromatography) Mode. 

136



     
50 um 

Fused Silica 
Restrictor 

  a4 
Cryotrap 

  

      
  

  
           

   

  V7 Oven Wall “4 

Z 

  

Extraction 
Vessel 

Z    

  

Y 
ey YY 

Yy 
y 

y 

yj 

Y   
Yj 

G 

g Y 
     

    

       
           

    

  

    t 
(from 4-way valve) 

   
    

  

  

#1 0.010" i.d. x 9 cm 

#2 = Low Dead Volume Tee 

#3 = 0.020” i.d. x 8 cm 

#4 = 0.082” i.d. x 9 cm 

#5 = 50 umi.d. x 28 cm     
  

Figure 47: Magnified View of Trapping Mode in Figure 46 System 
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("b") rotates to the next position to equilibrate for chromatography. The ten-port 

valve ("a") then rotates and the trap is forward-flushed with supercritical CO,. 

The stainless steel cryotrapping tube was packed with glass beads for this 

study so that the analytes would not be swept out of the trap during extraction with 

the decompressed CO,. The three restrictor positions are represented in Figure 48 

along with the corresponding results. Extractions of 2 ug samples of n-tetracosane 

were conducted at 350 atm CO, for 10 minutes at a liquid flow rate of 0.5 mL/min. 

The trap was held at -10°C during extraction and at 50°C during chromatography. 

The oven was maintained at 75°C during both SFE and SFC. Chromatography was 

conducted isobarically at 160 atm CO,. As can be seen in Figure 48, as the restrictor 

tip approached the trap, the peak shoulder was brought in closer to the primary 

analyte peak. Thus, by decreasing the area over which trapping occurs, less solute 

focusing is required. This system is far from ideal, as it uses a crudely packed trap 

and forward flushing rather than the more desirable back-flushing method. It does, 

however, nicely demonstrate the effect that distance between the point of 

decompression and desired trapping site can have on the resulting peak shape. To 

provide optimal peak shape, the SFE/SFC interface should therefore involve minimal 

dead volume between the point of decompression and desired trapping site. An 

additional means of solute focusing would prove beneficial as well. The new system 

should also prove itself to be far more independent of the chosen SFE/SFC conditions 
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Figure 48: | Comparison of Peak Shapes for Different Restrictor Placements 
A = Near Tee; B = Between Tee and Trap; C = Near Trap. 
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than was seen for the system used thus far. 

Based on these criteria, the system shown in Figure 49 was implemented, with 

much of the original hardware employed. This system is somewhat similar in design 

to one described recently by Lee et al.’ for large-volume sample injection onto open 

tubular columns. The 10-port valve ("a") was moved from its original position (about 

9 cm from the oven wall) and placed 1 cm from the oven wall. Instead of 

decompressing inside a low dead volume tee, decompression now occurs inside the 

10-port valve by passing the extraction restrictor directly from the vessel into the 

valve. A 12 cm x 100 um segment of coated open tubular column (100% methyl- 

siloxane stationary phase, d, = 0.25 um) was employed as a trap and solute focusing 

aid (labeled "c" in Figure 49). A needle valve was also installed ("V") after the trap 

to provide extra control over the passage of fluid in and out of the trap when 

necessary. As the extraction fluid is decompressed in the 10-port valve, the analytes 

are directed into the open tubular column segment. Mobile analytes pass along this 

line to the cryogenically cooled region just outside the oven, while more CO, density- 

reliant analytes remain on the head of the open tubular segment. Once extraction is 

complete, the four-way dead end flowpath valve ("b") rotates to the next position. 

The system equilibrates for chromatography, and the ten-port valve rotates. Upon 

backflushing the system with supercritical fluid, the mobile analytes in the 

cryogenically cooled region of the open tubular column are reunited with the less 
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Figure 49: Final Modification of SFE/SFC System Schematic 
A = Extract Mode; B = Inject (Chromatography) Mode. 
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mobile analytes and compressed together onto the head of the analytical column. The 

cryo-region can be heated during this backflushing mode to aid in analyte removal. 

The trap temperature was maintained below oven temperature during SFC to provide 

additional solute focusing*. Fluid density will drop as the analytes pass from the 

60°C trapping region to the either 75°C or 130°C oven. Hence, the analytes will 

precipitate from the fluid and be deposited together onto the head of the analytical 

column, resulting in a compressed (rather than broad) analyte band. 

The peaks produced with this system were highly consistent and definitely 

superior to those produced with the unmodified system. Figure 50 shows a 

comparison for the analyte peaks produced under the same operating conditions with 

the former system versus the modified system. Peak height was essentially doubled, 

as was peak area, demonstrating the beneficial effects of improved analyte recovery 

and solute focusing. Changes in extraction / chromatography conditions resulted in 

negligible changes in the analyte peak shape using the modified system, unlike the 

former system. A more detailed account of the results obtained with this system is 

given in Table XX. The same sets of extraction/chromatography conditions (Table 

XIX) that were used with the previous system were again employed. Extraction was 

performed at 350 atm CO, for 10 minutes at a low SFE liquid flow rate (0.6 mL/min) 

and likewise for 4 minutes at the higher SFE liquid flow rate (2 mL/min). The 

trapping region was maintained at -10°C during extraction, and was allowed to heat 
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Figure 50: 

    1 af
 

A B 

Comparison of Peaks for Former System vs. Modified System 
at Same Sensitivity (A = Former system; B = Modified system) 
SFE Conditions: 350 atm CO,, 0.6 mL/min liquid flow rate, 10 min; 
trap at -10°C; oven at 75°C. SFC Conditions: 160 atm CO,, trap A at 
180°C, trap B at 60°C, oven at 130°C. 
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to 40°C before backflushing the trap for chromatography. The flow valve ("V") 

adjacent to the trap was then opened, and the trap continued to heat to 60°C. As 

shown in Table XX, the system demonstrated excellent trapping and recovery. The 

peak areas produced with this system not only surpassed those obtained with the 

former system, but they proved to be far more reproducible as well. The largest 

RSD observed was still only 6 %. Best of all, the results obtained under each of the 

four sets of conditions as well as between the two different flow rates are quite 

comparable. Whereas the former system showed an RSD of 32% for the average 

peak areas between the four data sets at low SFE liquid flow rates, the new method 

RSD was a mere 2 %. Similarly, the high flow rate data showed only 4 % RSD 

between conditions, compared to 11 %. Two-way ANOVA statistics (Appendix II)“ 

showed that no interaction existed between the choice of restrictor and oven 

conditions selected, no significant variance occurred between the two restrictor 

extraction flow rates, and that the variance between conditions was barely significant 

at the 95 % confidence level. The F.,. value for the between-conditions variance in 

fact dropped from 13 with the unmodified system to 3.6 for the modified system. 

Not surprisingly, both the peak area means and the standard deviations produced with 

the modified system proved to be significantly different from the values obtained 

with the former system, as determined by statistical t-tests and F-tests (Appendix II)”. 

Furthermore, between-run blanks using a zero dead volume union in place of the 

extraction vessel showed no additional analyte. Recovery was therefore believed to 
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Table XX 

Comparison of Peak Area, Peak Reproducibility, and Peak Asymmetry Under 
Different Extraction/Chromatography Oven Temperatures 

  

OVEN TEMPERATURE in °C (SFE) / OVEN TEMPERATURE in °C 

  

  

(SFC) 

75/75 75/130 130/130 130/75 

A (SFE liquid flow rate = 0.6 mL/min); (n = 3) 

Ave. Peak Area (x) 1.82 E6 1.89 E6 1.89 E6 1.89 E6 

RSD 3 % 5 % 3 % 6 % 

Asymmetry (t) 0.8 0.4 0.5 0.7 

* Average Peak Area Over 4 Different Condition Sets: x = 1.87 x 10° 
S, = 3.5 x 10° 
RSD =2% 

B (SFE liquid flow rate = 2 mL/min); (n = 3) 

Ave. Peak Area (x) 1.77 E6 1.90 E6 1.92 E6 1.86 E6 

RSD 2% 4% 2% 4% 

Asymmetry (t) 1.2 0.5 0.4 0.8 

* Average Peak Area Over 4 Different Condition Sets: x = 1.86 x 10° 
S, = 6.7 x 10 

RSD = 4% 
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be complete from all regions of the trap. The open tubular column section chosen 

for the trap in this study contained a 100% polymethylsiloxane stationary phase. This 

was chosen largely because of its nonpolarity, availability, and relatively low cost. It 

is possible that alternative column sections of different stationary phases could be 

employed to provide improved trapping/focusing based upon the analytes being 

extracted. In this way, the new system has an added variable for experimentation not 

shared by the unmodified system, which relied upon cryogenic temperatures and fluid 

decompression for trapping and lacked stationary phase for stainless steel trapping. 

SUMMARY 

Trapping and recovery are integral aspects in the success of SFE/SFC. This 

work successfully demonstrates the detrimental effects that broad, uncontrolled 

trapping regions can have on the resulting data. This was shown in terms of both 

analyte peak area as well as chromatographic peak shape. Decompression should 

occur as Close to the trap as possible, and an extra means of solute focusing (i.e. 

phase ratio and / or partition coefficient) could enhance the results as well. The 

problems seen with the former instrumentation (memory effect, system plugging, 

inconsistent data) were all symptoms of inefficient trapping and recovery. The new 
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system demonstrated in this chapter is thus an excellent example of how further 

introspect into an existing system can produce a reasonable more quantitative 

alternative without necessarily requiring entirely new equipment. 
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Chapter 6 

Conclusions 

SFE has several advantages over conventional solvent extraction, among which 

is the capacity for on-line analysis. While off-line SFE has found increasing utility as 

a sample preparation technique, on-line SFE methods have remained somewhat less 

popular due to the more complex systems and interface requirements. This work 

sought to prove that with method optimization, SFE with unmodified CO, could 

perform as an excellent means of sample introduction, either into a chromatographic 

system or directly into a selective detector, such as an FT-IR. 

Because CO, absorbs in the infrared region, spectra produced in supercritical 

CO, have long been considered inferior to spectra produced in a non-absorbing fluid, 

such as xenon. The Chapter 2 data clearly showed that for the five components 

tested, CO, spectra compared as favorably as xenon spectra to the vapor phase library 

spectra. The vibrational wavenumber shifts observed for analytes in both fluids as the 

temperature or reduced density was increased indicated that the nature of a 

supercritical mobile phase has as much to do with the wavenumber position of analyte 

absorbancies as does the chemical nature of fluid used. In many cases, these shifts 

were similar for xenon and CO,, with the CO, shifts perhaps slightly stronger due to 

the dipole-dipole interactions of CO, with polar analyte bonds. The weak solvent 
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strength of xenon and the demonstration of its spectra equality (rather than 

superiority) with CO, spectra serves to further promote CO, as the ideal solvent 

choice for on-line SFC/FT-IR analysis. 

Having studied supercritical fluid effects on IR spectra, SFE was then 

interfaced directly to FT-IR. This technique was demonstrated not only for the 

analysis of a simple hydrocarbon (Chapter 3), but to the analysis of a real world 

sample as well (Chapter 4). Chapter 3 proved the method of SFE/FT-IR as a quick 

means of determining the quantity of analyte extracted, with the benefit of being able 

to use the data for qualitative assessment as well. Detection limits of 70 ng were 

determined for C,,, but with the proper restrictor and improved signal to noise, this 

limit could legitimately be reduced. Since fiber finishes are applied at between 0.5 - 

3 % by weight onto the fiber, however, this limit of detection is of marginal concern. 

The industrial analysis of fiber finishes currently requires large quantities of organic 

solvents, such as tetrachloroethylene, which have been declared environmentally 

hazardous. As the cost to dispose of solvent waste of this type continues to rise, a 

new "solventless" method will become of paramount importance. The data shown in 

Chapter 4 indicated that SFE/FT-IR could be a viable solution. The four different 

finishes chosen for the study were readily extracted with pure CO,, and quantification 

of the extracts was performed quickly and reproducibly for three of the four finishes. 

149



Lastly, in Chapter 5 the SFE system was optimized as a sample introduction 

technique for SFC. The system used during most of the previous work was disected 

and analyzed. Trapping was determined to be quite broad across the system, which 

led to incomplete analyte recoveries and broad, shouldered peaks. It was also 

determined that analyte recovery varied according to the oven conditions chosen for 

extraction and chromatography. This meant that with every change in conditions, the 

calibration of the system for that analyte changed as well. Based on these findings, 

modifications were made to the system which greatly improved (i.e. nearly doubled) 

analyte recoveries in terms of the resulting analyte peak areas. Furthermore, system 

error was reduced from 30% RSD to 4% RSD. The modifications included reduction 

of system dead volume, which tends to broaded peak shapes, and the replacement of 

the stainless steel trap with a 12 cm segment of 100 um i.d. coated open tubular 

column (which aids in the re-focusing of analytes onto the analytical column head). 

These changes produced a system which was both reliable and reproducible and 

demonstrated none of the memory effects or plugging problems encountered with the 

unmodified system. 
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Appendix I 

Statistics for Chapter 4 
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Statistical Equations for the Calculation of LOD and LOQ* 

S_= LiOi I ” 
~ | n-2 

3%; Pp 
oe 

2 a 

ye 
m {z ix; “xp ye 

where _—sy,=observed integrated peak area for a given x value 

y,=calculated peak area for a given x value 

x,;=analyte concentration value (ug) 

x =analyte average concentration value 

b =y-intercept 

m =slope 

k =physical constant (k=3 for LOD; k=10 for LOQ) 

S =0 (zero peak area attained for any given blank) 

S,=Error in intercept 

S.=Error in slope 

S,.= y/x point error 

c, = Limit of detection / Limit of quantification 

(depending upon k-value) 
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Appendix II 

Statistics for Chapter 5 
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Analysis of Variance (ANOVA) 

ANOVA calculations” were performed to determine if statistical differences 

existed (a) between slow SFE liquid flow rate restrictor data vs. fast liquid flow rate 

restrictor data and (b) between the four SFE/SFC oven conditions. Because three 

samples were run for every condition with each restrictor type, it was necessary to 

calculate the interaction (i.e. non-random error) between condition and restrictor 

choice as well. This required a two-way ANOVA. The basic equations for this 

analysis are given below: 

  

  

Source of Variation Sum of Squares Degrees of Freedom 

A. Between-condition x, T?/nr -C c-1 

B. Between-restrictor & T2/ne - C r-1 

C. Residual (random) LY x,2 - L TjZ/n (n-1)re 

D. Interaction * by subtraction ** by subtraction 

E. Total LU xX - C nrc - 1 

  

* Interaction Sum of Squares (D.s)= Egss - (Ags + Bos + Cs) 

** Interaction Degrees of Freedom (Dpz) = Eps - (Ape + Bog + Cor) 
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where N is the total number of measurements made, c is the number of columns (i.e. 

conditions), r is the number of rows (i.e. types of restrictor), T; is the sum of the data 

values across a given row, and T; is the sum of the values down a given column. 

From these equations, the sources of variation for a given data set are 

determined. Each variation is then ratioed with the residual mean square (i.e. Fac = 

Ags / Css), and the resulting values are compared to F-test table values for the proper 

degrees of freedom and 95 % confidence level. The Null Hypothesis (H,) is accepted 

(Fi. < Fux) or rejected (F., > Fi.) according to each variance comparison. 
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Table XXI 

ANOVA Calculation of Variances for Unmodified System 
Analyte Recovery Data 

i 

: Between-Restrictor Variance not significant. 
: Between-Conditions Variance not significant. 
: No significant interaction exists between 

condition and restrictor choice. 

FID Peak Area Counts (as recorded by integrator) 
SFE/SFC Conditions 

  

  

  

  

Restrictor 75175 75/130 130/75 130/130 

Slow 682526 640559 1023234 901937 
582626 738261 1195651 935872 
740629 672471 1473000 854182 

Fast 999116 707454 868648 873679 
699855 730880 842782 897007 
881388 695763 937845 998760 

ANOVA Results (as calculated by Microsoft™ Excel) 

Source of Variation Sum of Squares DF Fi. Fis. 

Restrictor 3.95 x 10° 1 0.343 4.49 
Conditions 4.61 x 10" 3 13.4 3.24 
Interaction 2.34 x 10" 3 6.80 3.24 
Within (Random) 1.84 x 10" 16 

Total 8.83 x 10” 23 

Restrictor: Fi. < Fi, (accept Ho, no statistical difference in restrictors) 
Conditions: F., > Fu. (reject Ho, statistical difference between conditions) 
Interaction: Fy, >F ww. (reject Ho; significant interaction exists between 

restrictor and choice of condition) 
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Table XXII 

ANOVA Calculation of Variances for Modified System 
Analyte Recovery Data 

H,: Between-Conditions Variance not significant. 
H,:; Between-Restrictor Variance not significant. 
H,: No significant interaction exists between 

condition and restrictor choice. 

FID Peak Area Counts (as recorded by integrator) 
SFE/SFC Conditions 

  

Restrictor 75/75 75/130 130/75 130/130 

Slow 1850663 1990925 1782424 1846990 
1840182 1875561 1909062 1870818 
1757702 1800827 1992487 1941339 

Fast 1777774 1861433 1844595 1986991 
1848684 1932356 1976941 2000277 
1769589 2012619 1890843 1927121 

  

ANOVA Results (as calculated by Microsofi™ Excel) 

  

  

Source of Variation Sum of Squares DF F.. Fun 

Restrictor 5.71 x 10° 1 1.17 4.49 
Conditions 5.33 x 10" 3 3.64 3.24 
Interaction 8.96 x 10° 3 0.616 3.24 
Within (Random) 7.80 x 10" 16 

Total 1.46 x 10" 23 

Restrictor:; Fu. < F,,, (accept Ho; no statistical difference in restrictors) 
Conditions: Fy, > Fi, (reject Ho; statistical difference between conditions) 

Interaction: F ., < F .. (accept Ho; no significant interaction between 
restrictor and choice of condition) 
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F-Test 

An F-test“’ was employed to determine if the variances (i.e. precision) between 

two data sets are statistically different. The calculated F-value is defined as: 

rest 
% 

where s, and s, are the standard deviations of data sets #1 and #2, respectively. The 

degrees of freedom are defined as (n, - 1) for this test. 

The Null Hypothesis (H,) for this test is that the modified system variances do not 

differ statistically from the unmodified system variances, or: 

F,,, Values (one-tailed) at the 95% confidence level were provided by Microsoft™ 

Excel Software (v. 4.0), but may also be obtained from Reference 47, p. 217. After 

comparing the appropriate F,,,, value with F,,., H, is either accepted (F.. < Fin) or 

rejected (F.. > Fis.) accordingly. 
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Table XXIil 

F-Test Comparison of Variance Obtained In Analyte Recovery 
By Modified System vs. Unmodified System 

H,: s, = 8, 

(the unmodified system variances do not. differ statistically 
from those obtained with the unmodified system) 

(Using Slow SFE Restrictor Flow Rate Data) 

  

Data Set #1 Data Set #2 
New System Peak Areas Old System Peak Areas 

1850663 682526 
1840182 582626 
1757702 740629 
1990925 640559 
1875561 738261 
1800827 672471 
1782424 1023234 
1909062 1195651 
1992487 1473000 
1941339 901937 

1870818 935872 
1846990 854182 

Mean (x) 1872000 870000 
Std. Deviation 76000 260000 

4% 30 % 

s.’/s,?7 = 12 
2.23 (one-tail comparison) 

Fx 
Fue 

Therefore, since F... > Fu, reject H,. 

The variances of the analyte recoveries produced with the modified system 
differ significantly from the variances produced by the unmodified system. 
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t-Test 

A t-test” was used to determine if the analyte recovery (i.e. peak areas) 

produced by the modified SFE/SFC system differed significantly from those produced 

by the unmodified system. The null hypothesis (H,) was established that there was in 

fact no significant difference in new system recoveries versus the old system 

recoveries. To assume that the standard deviations are equal would not be valid in 

this case, as proven earlier with the F-test. Thus, the appropriate pooled t-test 

equations would be: 

-_ |e) 
VS; ny +s;/n,) 

where x, and x, are the means for data sets 1 and 2, respectively, and s, and s, are the 

corresponding standard deviations. The degrees of freedom (DF) are then calculated 

from the equation below and rounded to the nearest whole number value: 

(si/n, +33] ny ~2 

Gin, | (sin, 
n,+1 n?+1 

DF= 

    

The calculated t-value is compared to a table value at the 95% confidence level, 

according to the appropriate number of degrees of freedom. H, is then accepted 

(tare < tue) OF rejected (t.. > tau), based upon this comparison. 
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Table XXIV 

t-Test Comparison of Modified System Analyte Recovery vs. 
Unmodified System Analyte Recovery 

H.: x, = x, 

(no significant difference between new and old system recoveries) 

(Using Slow SFE Restrictor Flow Rate Data) 

Data Set #1 Data Set #2 

New System Peak Areas Old System Peak Areas 

1850663 682526 

1840182 582626 

1757702 740629 

1990925 640559 

1875561 738261 

1800827 672471 

1782424 1023234 

1909062 1195651 

1992487 1473000 

1941339 901937 

1870818 935872 

1846990 854182 

Mean (x) 1872000 870000 

Std. Deviation 76000 260000 

RSD 4% 30 % 

ta. = 13 
tue= 1.78 (one-tail comparison) 

Therefore, since ty. > tus, reject H,. 

There is statistical difference between the modified system analyte recoveries versus the 
unmodified system analyte recoveries. 
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Appendix III 

Future Work 
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FUTURE WORK 

Having demonstrated the utility of supercritical fluid extraction as a sample 

introduction technique, several new research options arise. Additional mobile phases 

exist for supercritical fluid analysis / FT-IR detection; the data collected on xenon 

and CO, could be expanded to include other fluids. Likewise, comparison should be 

made between mobile phase elimination SFC/FT-IR spectra and the flow cell data 

shown here. SFE/FT-IR has proven successful for three of four fiber finishes tested. 

It is believed that with improved equipment (i.e. larger flow cell, better flow control), 

the results shown here could become much more competitive with current textile 

analysis methods. The method should most definitely be tested for other applications 

as well, such as extraction and analysis of hydrocarbons from soil. An SFE-IR 

method was recently given EPA approval for this type of routine analysis”. The 

approved method, however, is off-line and still requires substantial use of the solvent 

tetrachloroethylene. On-line SFE/FT-IR may prove itself to be a more worthy (e.g. 

environmental) alternative. Lastly, now that the SFE/SFC system has been optimized 

for the recovery of a single analyte, extension should be made towards more complex 

analytes in more complex matrices so that the system capabilities may be more fully 

assessed. 
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