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ABSTRACT 

The advantages of supercritical fluid chromatography (SFC) and supercritical 

fluid extraction (SFE) which utilize supercritical fluids (SF) as the mobile phase are 

being realized by the scientific community. SF are more advantageous than traditionally 

used organic solvents because SF exhibits the solvating strength of liquids while 

maintaining the higher mass transport properties of gases. Currently, the most common 

SF which is CO, is available in two preparations of pure CO, and helium headspace CQ). 

SFC of polyaromatic hydrocarbons (PAH) was performed with pure carbon dioxide and 

helium headspace carbon dioxide at various cylinder fill levels. The capacity factors of 

the PAH's increased when helium headspace carbon dioxide was used as a carrier fluid 

relative to pure carbon dioxide. As more liquid carbon dioxide was removed from the 

cylinder, the effect of helium on the solvating power of CO, was reduced because the 

relative amount of helium dissolved in the liquid phase decreased. Furthermore, the 

effect of helium headspace carbon dioxide was investigated with methanol-modified 

carbon dioxide mobile phases for the analysis of steroids. The capacity factors of the 

steroids increased when helium headspace CO, was used relative to pure CQ). 

Although two types of carbon dioxide can be utilized, both have found 

widespread use in packed-column SFC. Unfortunately, the activity of the stationary 

phase of packed-columns may prevent the elution of moderately polar analytes when 

using 100% carbon dioxide. The stationary phase activity can usually be overcome by



adding a modifier or modifier with an additive. Unfortunately, the introduction of 

modifier/additive can interfere with the use of most commonly used detectors like the 

flame ionization detector (FID) and ultraviolet detector (UV). Therefore, a detector is 

needed in which the modifier/additive does not interfere and detection is possible. Two 

such detectors are the electron capture detector (ECD) and evaporative light scattering 

detector (ELSD). 

Response surfaces were obtained for packed-column SFC-ECD under various 

detector conditions to optimize the ECD for use with modified CO,. Limits of detection, 

correlation coefficient, and linear dynamic range were found to vary with increasing 

amounts of modifier for several nitrogen containing and halogenated compounds. Low 

detection (pg) was achieved in the presence of 5% methanol-modified CO,. Applications 

of packed column SFC-ECD to the separation of nitrogen containing compounds 

extracted from propellants, phenylurea herbicides, and felodipine extracted from a 

sustained release tablet by SFE are presented. 

A high performance liquid chromatography-evaporative light scattering detector 

(HPLC-ELSD) has been modified and interfaced with SFC. The detector performance 

was evaluated by monitoring the response of several steroids. Specifically, the effect of 

N, make-up gas flow rate, CO, modifier type, modifier concentration, ELSD orifice size, 

and detector temperature was determined. As the N, gas flow rate was increased the 

response of the analyte decreased, but the increased flow improved the peak shape to 

mimic that seen by ultraviolet detection. Furthermore, increasing detector temperature



caused the response of the analytes to decrease. A detection limit of 10 ng or less was 

determined for progesterone and testosterone using 2% and 20% (v/v) methanol- 

modified CO, on a Deltabond® cyano column (4.6 mm X 15 cm, 5 um) at 150 mL/min 

and 1000 mL/min decompressed CO,. Using the detector's optimized conditions, the 

separations of polyethylene glycols and ginkgo biloba leak extract are reported.
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CHAPTER 1 

INTRODUCTION 

The advantages of supercritical fluid chromatography (SFC) which utilizes 

supercritical fluids (SF) as the mobile phase are being realized by the scientific 

community. SF are more advantageous than traditionally used organic solvents because 

SFs exhibit the solvating strength of liquids while maintaining the higher mass transport 

properties of gases. The most commonly used SF 1s carbon dioxide because of its low 

critical parameters (T, = 31.1°C, P, = 72.8 atm), low cost, low toxicity, and high purity.’ 

Another advantage of SF is that they generate less disposable organic waste than organic 

solvents. Furthermore, the solvating strength of the carbon dioxide can be varied by 

changing the density of the SF via the pressure or temperature. The solvating strength of 

carbon dioxide can be further varied by adding a second solvent called a modifier. 

Currently, SFE/SFC grade carbon dioxide can be purchased in two forms. The 

first is high purity carbon dioxide; while, the second is high purity carbon dioxide padded 

with a heltum headspace. The helium headspace is used to increase the cylinder pressure 

from 750 psi to 2000 psi and improve the efficiency of the delivery to the pump 

chamber.? However, it was soon discovered that the helium modified the carbon dioxide 

mobile phase thereby giving it a lower solvating strength compared to pure carbon 

dioxide.*° The degree to which helium modifies carbon dioxide has been debated for



many years.”° 

Although two types of carbon dioxide can be utilized, both have found 

widespread use in SFC. Recently, there has been a renewed interest in packed-column 

SFC due to its having several advantages over open-tubular column SFC. In general, 

packed-column SFC provides faster analysis times than open-tubular column SFC. 

Furthermore, open-tubular column SFC has been plagued by relatively poor sample 

injection precision and limited sample loading for analyte quantification. Packed-column 

SFC, on the other hand, does not suffer these limitations. Unfortunately, the stationary 

phases of packed-columns are more active than the stationary phase of open-tubular 

columns. The activity of the stationary phase of packed-columns may prevent the elution 

of moderately polar analytes when using 100% carbon dioxide. The stationary phase 

activity can usually be overcome by adding a modifier which is typically an organic 

solvent or organic solvent with an additive (1.e. acid or base). The modifier/additive may 

also facilitate the elution of more polar analytes since the solvating strength of the mobile 

phase would have been increased. Unfortunately, the introduction of modifier/additive 

can interfere with the use of most commonly used detectors like the flame ionization 

detector (FID) and ultraviolet detector (UV). Therefore, a detector is needed in which 

the modifier/additive does not interfere and sensitive detection is possible. Two such 

detectors are the electron capture detector (ECD) and evaporative light scattering 

detector (ELSD).



The ECD has been interfaced to SFC for many years using carbon dioxide.””” 

Several papers discussed open-tubular column SFC-ECD.’° In these papers, the 

restrictor which was connected to the column was placed directly into the ECD. Packed- 

column SFC has also been interfaced to the ECD, but due to the higher flow rates 

associated with packed-columns a post-column split was introduced.'°’? The post- 

column split allowed a small portion of the mobile phase effluent to be diverted to the 

ECD via a restrictor; while, the remaining effluent was sent to waste or another detector. 

Furthermore, only one paper has discussed the use of ECD with modified carbon dioxide 

mobile phases.’ They showed that detection was possible with modifiers, but the effect 

of the modifier on detection of the analytes was not discussed. Furthermore, only one 

modifier was evaluated. 

The ELSD has also been interfaced to packed-column SFC for many years.!?-” 

Unfortunately, the optimum operating conditions required a mobile phase flow rate of 

2.7 L/min decompressed CO,."° This flow rate may be undesirable because it prohibits 

the use of 1 mm and 2 mmi.d. columns. Furthermore, at this high flow rate the 

resolution of the separation may suffer.” Hoffmann et al.”! and Demirbiker et al.” 

coupled ELSD to packed-capillary SFC which utilized much slower flow rates (10 

mL/min decompressed). Both packed-capillary and packed-column SFC-ELSD 

interfaces currently prohibit the use of flow rates in the ranges of 100 mL/min to 2 L/min 

decompressed CQ).



In the following chapters, the use of modified carbon dioxide mobile phases will 

be explored for use with packed-column SFC. In Chapter 2, the effect of helium on the 

separation of polyaromatic hydrocarbons with carbon dioxide and steroids with 5% (v/v) 

methanol-modified carbon dioxide as a function of liquid carbon dioxide will be 

discussed. In Chapter 3, the optimization of packed-column SFC-ECD with modified 

carbon dioxide mobile phases will be discussed. The analysis of Felodipine® from 

sustained release tablets by SFE and packed-column SFC-UV-ECD will then be 

presented in Chapter 4. In Chapter 5, the interface of ELSD to packed-column SFC will 

be examined, and its application to polyethylene glycol and ginkgolides will be 

presented.



CHAPTER 2 

EFFECT OF HELIUM IN HELIUM HEADSPACE CARBON DIOXIDE CYLINDERS 
BY PACKED-COLUMN SUPERCRITICAL FLUID CHROMATOGRAPHY 

INTRODUCTION 

Solvents used for Supercritical Fluid Extraction (SFE) and Supercritical Fluid 

Chromatography (SFC) are defined as Supercritical fluids (SF). The most commonly 

used SF is carbon dioxide because of its low critical parameters (T, = 31.1°C, P, = 72.8 

atm), low cost, and purity.' Unfortunately, CO, cannot be effectively pumped by 

standard high pressure liquid chromatography pumps. Both syringe and piston pumps 

have difficulty filling because the CO, enters the pump chamber as a compressible 

liquid.? To increase the compressibility of liquid CO, entering the pumps, the 

temperature of the pump can be lowered by adding a device to cool the pump head (i.e. 

cooling jacket). This results in <95% filling of the pump chamber.” An alternative to 

cooling the pump head 1s to increase the pressure inside the CO, cylinder by the 

introduction of a heltum headspace (2000 psi). 

At first, it was wrongly assumed that helium did not dissolve into the liquid CO, 

phase. However, Porter et al. showed that the retention times for a series of n-alkanes 

increased slightly when switching from pure CO, to helium headspace CO, (HHS-CO,) 

in open-tubular column SFC at the same conditions? The increased retention times were



believed to be caused by a slight loss of solvating strength of the SF due to the helium 

dissolved in the CO,. Similarly, Rosselli et al. found that HHS-CO, gave longer 

retention times for n-alkanes and caffeine than those obtained with pure CO, in packed- 

column SFC.* Gérner et al. also noted that HHS-CO, gave increased retention times for 

fatty acid methyl esters, benzene, and methyl benzoate by packed-column SFC when 

compared to those obtained with pure CO,.* Like Porter et al., they reasoned that a 

portion of the helium dissolved into the CO, and thus lowered the solvating strength of 

the SF. Specifically, they stated that the density of the heltum modified CO, had been 

lowered compared to pure CO,. They also showed that by increasing the pressure of the 

HHS-CO, experiment to match the density of the pure CO, similar retention times could 

be obtained.* The effect of helium solubility has also been observed in SFE. Raynie et 

al. showed that HHS-CO, extracted 50% less cholesterol than pure CO, at the same 

conditions.> They also found that the amount of helium dissolved in CO, depends on the 

cylinder pressure. At higher cylinder pressures, more helium will dissolve into the CO,.° 

Similarly, King et al. found that HHS-CO, extracted less soybean oil than pure CO,.° 

Recently, Schweighardt and Mathias described the problems of helium on CO, 

containing organic modifiers.” 

This chapter experimentally determines the effect of helium dissolved in liquid 

CO, has on SFC retention times as the total liquid volume in the supply cylinder empties. 

Studies were made with both carbon dioxide and methanol-modified (mixed in-line)



carbon dioxide. 

EXPERIMENTAL 

Supercritical Fluid Chromatography 

A prototype of the Hewlett Packard (HP) Model G1205 SFC system (Little Falls, 

DE) was used for all separations. System pressure was maintained electronically by a 

computer-controlled, back pressure regulator which allowed the flow rate and delivery 

pressure to be independently controlled. The CO, mobile phase flow rate was measured 

as a liquid at the pump. Organic modifier was added via an auxiliary pump. A standard 

HP 1050 multi-wavelength detector (MWD) and a 13 uL (10 mm pathlength) high 

pressure flow cell was used. A 4.6 mm X 250 mm Deltabond® cyano-derivatized silica 

(5 um) column (Keystone Scientific Inc., Bellefonte, PA) was used to separate a steroid 

mixture; while a Deltabond® octyl-derivatized silica column (4.6 mm X 250 mm, 5 pm) 

was used to separate a polyaromatic hydrocarbon mixture. 

Chemicals 

Naphthalene, acenaphthylene, anthracene, fluoranthene, and benz(a)anthracene



were all obtained from the EPA (Quality Assurance Materials Bank, Research Triangle 

Park, NC). Progesterone, testosterone, 17-a-hydroxyprogesterone, and hydrocortisone 

were purchased from Sigma Chemical Co. (St. Louis, MO). The HHS-CO, and pure 

CO, were obtained from Air Products and Chemicals, Inc. (Allentown, PA). Methano! 

(reagent grade) was obtained from Fisher Scientific (Fair Lawn, NJ). 

A weighing procedure was used to determine the CO, level in the cylinder. The 

cylinder was placed on a Model 110 industrial scale (Ohaus Corp.,Florham Park, NJ) and 

weighed. The valve was opened and CO, was vented to atmosphere over a 15 minute 

period. The cylinder was allowed to equilibrate for one hour, and the new cylinder 

weight was recorded. 

RESULTS AND DISCUSSION 

Five individual CO, samples were tested. The first sample was pure CO, with no 

helium headspace which will be labelled as Pure CO,. The second sample was a full 

cylinder of HHS-CO, which will be referred to as Level 1 HHS-CO,. The third sample 

was an approximately 3/4 filled cylinder of HHS-CO, which will be called Level 2 

HHS-CO,. The fourth sample was an approximately half filled cylinder of HHS-CO, 

which will be called Level 3 HHS-CO,. The final sample was an approximately 1/4 

filled cylinder of HHS-CO, which will be called Level 4 HHS-CO,. The weights of the



four different samples of HHS-CO, were determined by the previously described 

weighing procedure, and the weights are shown in Table I. Capacity factors were 

calculated based on Equation 1. The retention times (t,) were measured at the peak 

maximum. The column dead volume (t,) was measured to the solvent peak or refractive 

index spike which was caused by the injection valve. 

(tt) 

t 
a 

k's   (1) 

CO, Without Modifier 

To study the effect of different cylinder preparations and fill volumes of 100% 

CO,, five polyaromatic hydrocarbons (PAH) were separated on a Deltabond® octyl- 

derivatized silica column (4.6 mm X 250 mm, 5 ym) at 150 bar (3 min hold)-ramp @ 20 

bar/min to 300 bar, 50°C, and 2.0 mL/min (liquid SF). Average capacity factors were 

calculated for each experiment based on five replicate injections. All of the HHS-CO, 

samples gave statistically higher capacity factors than the Pure CO, for the PAH's via a 

pooled t-test (Appendix I, Table XX V-XXX) which was in good agreement with 

previous work (Figure 1).*** Since the HHS-CO, was suspected to have a lower density 

than pure CO,,* the PAH's were less soluble in the SF and more retained on the column. 

The precision of the analysis was not different between the HHS-CO, samples and the



Table I 

Description of CO, Samples. 

  

Description 

Pure CO, 

Level 1 

Level 2 

Level 3 

Level 4 

Cylinder 

100% CO, 

Full Tank of Helium Headspace CO, 

3/4 Filled Tank Helium Headspace CO, 

1/2 Filled Tank Helium Headspace CO, 

1/4 Filled Tank Helium Headspace CO, 

10 

Cylinder + Contents Weight 

(kg) 

N/A 

40.71 

36.24 

31.78 

27.51
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Figure 1: Separation of PAH's using five different types of CO,. Chromatogram A: 

Level 1 HHS-CO,, Chromatogram B: Level 2 HHS-CO,, Chromatogram C: Level 3 

HHS-CO,, Chromatogram D: Level 4 HHS-CO,, Chromatogram E: Level 5 Pure CQ). 

Peak identity as follows: (1) Impurity (N) naphthalene, (ACN) acenaphthylene, (AN) 
anthracene, (F) fluoranthene, and (BA) benzo(a)anthracene. 
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Pure CO, (Table II; APPENDIX I, Table XXX]). 

When the capacity factors of the four HHS-CO, samples were compared to one 

another, it was discovered that the four samples gave statistically different values (Table 

XXV-XXX). Specifically, the Level 1 HHS-CO, gave the highest capacity factors for 

the PAH's. Furthermore, the capacity factors were found to decrease from Level 1 HHS- 

CO, to Level 4 HHS-CO, as the CO, was depleted from the cylinder. This meant that 

more helium was dissolved in the Level 1 HHS-CO, than the other levels. As the liquid 

CO, level decreased, less helium was dissolved which resulted in lower capacity factors. 

This implied that the density of the HHS-CO, remaining in the cylinder increased as CO, 

was removed from the cylinder. Gérner et al. have shown that 5% helium dissolved in 

CO, has a lower density than 3% helium dissolved in CO,.* By increasing the pressure 

of the HHS-CO, during the chromatography, the effects of helium could be overcome. 

We observed a similar effect with the PAH's. A higher apparent density (via increased 

pressure) was required to elute the PAH's using HHS-CO, than with Pure CO, (Table 

III). Moreover, the required density (via pressure) was found to decrease from Level 1 

HHS-CO, to Level 4 HHS-CQ,,. 

A similar effect has been reported by Via et al. in premixed methanol-modified 

CO, cylinders.?> They showed that the concentration of methanol in the liquid CO, 

increased as the cylinder was depleted which resulted in faster analysis time. They 

speculated that as the liquid CO, level decreased, the total void volume increased. The 
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Table I 

Average Capacity Factors (n=5) for PAH's with Unmodified CO). 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Naphthalene 

Pure CO, Level 1 Level 2 Level3 Level 4 

Capacity Factor (k') 0.217 0.553 0.413 0.336 0.288 

RSD 0.2% 0.4 % 0.3 % 0.5 % 0.4% 

Acenaphthylene 

Pure CO, Level 1 Level 2 Level3 Level 4 

Capacity Factor (k') 0.537 1.37 1.01 0.814 0.704 

RSD 0.2 % 0.4% 0.6% 0.5 % 0.5% 

Anthracene 

Pure CO, Level 1 Level 2 Level3 Level 4 

Capacity Factor (k') 1.13 2.65 2.11 1.75 1.52 

RSD 0.1% 0.2% 0.9% 04% 0.7% 

Fluoranthene 

Pure CO, Level 1 Level 2 Level3 Level 4 

Capacity Factor (k') 1.93 3.75 3.11 2.7] 2.43 

RSD 0.1% 0.1% 0.6 % 0.3 % 0.6% 

Benzo(a)anthracene 

Pure CO, Level 1 Level 2 Level3 Level 4 

Capacity Factor (k') 2.90 5.07 43 3.82 3.49 

RSD 0.1% 0.1% 0.5% 0.2 % 0.5% 
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Table III 

Pressures Required to Elute PAH's. 

  

  

PAH Level 1 Level 2 Level 3 Level 4 Pure 

HHS-CO, HHS-CO, HHS-CO,  HHS-CO, CO, 

Anthracene 199 bar 183 bar 172 bar 165 bar 154 bar 

Fluoranthene 232 bar 213 bar 201 bar 193 bar 178 bar 

Benzo(a)anthracene 272 bar 249 bar 234 bar 224 bar 207 bar 
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void volume was preferentially filled with CO, which is more volatile than methanol.”* 

In the HHS-CO, case, the helium would preferentially fill the void volume because it is 

more volatile than CO,. Since there was less helium in the liquid phase to interact with 

the liquid CO,, less helium would be dissolved in the CO, resulting in lower capacity 

factors (e.g. faster retention times). In other words, as the liquid CO, is drawn out of the 

cylinder, the amount of helium dissolved in the liquid CO, phase also decreases. 

This phenomenon has been predicted previously from experimentally derived 

solubility studies of helium in liquid CO,.%° Table IV list the total quantity (liquid plus 

vapor) of He and CO, in a cylinder with an internal volume of 1.04 cubic feet and 

initially 17.7 kg of CO, top filled with 2000 psi He. More importantly, the table shows 

the distribution of CO, and He in the liquid and vapor phases as the liquid is being 

withdrawn. Our premise that the density of liquid CO, increases as the liquid is 

withdrawn from the cylinder is supported by the plot shown in Figure 2 (and calculated 

from the phase composition data in Table IV) of the mole fraction percentage of He in 

the liquid phase versus cylinder drawdown. 

CO, With Methanol-Modified CO, 

To study the effect of different preparations of CO, on methanol-modified CO, 

(mixed in-line), four steroids were separated on a Deltabond® cyano-derivatized silica 
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Table IV 

Amounts of CO, and He in Cylinder at Various Liquid Fill Levels.’ 

  

  

Total (kg) Liquid (kg) Vapor (kg) Mole Percent 
of Helium in 

Notes CO He CO, He CO, He Liquid Phase 

] 17.73 0.173 16.27 0.073 1.45 0.100 4.7 

2 8.64 0.135 4.82 0.011 3.81 0.124 2.4 

3 5.45 0.128 0.68 0.0014 4.77 0.126 2.1 

4 5.00 0.127 0.09 0.0002 4.91 0.121 1.9 
  

Notes: (1) Initial conditions. Vapor fraction not applicable since only liquid is being 

withdrawn. 

(2) Conditions approximately midway through the liquid draw off. 

(3) Liquid phase has reached bottom of the drift tube. Vapor is now being drawn 

off. 

(4) Liquid phase is about to be depleted. 

  

i Assume: Temperature of the system remains relatively constant. 

Liquid and vapor are drawn off slowly. 

Cylinder has an internal volume of 1.04 cf and contains 17.7 kg of CO, 

Cylinder has been top filled with heltum to 2000 psi. 

16



  

Mo
le
 

Fr
ac

ti
on

 
Pe

rc
en

t 
of

 
He
 

in 
Li
qu
id
 
Ph
as
e 

      2 | | | i I { 

10 15 20 25 30 35 40 £45 

Weight (kg) of COz2 and He Remaining in Cylinder 

Figure 2: Mole fraction percentage of helium in the liquid phase versus total weight of 

helium and CO, in the cylinder. 
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column (4.6 mm X 250 mm, 5 um) at 200 bar, 50°C, 5% (v/v) methanol-modified CO, 

(mixed in-line), and 2.0 mL/min flow (liquid SF). Average capacity ratios were 

calculated for each experiment based on five replicate injections. 

It was assumed at the outset that the addition of organic modifier would 

counteract the effect of helium, and that no difference between modified HHS-CO, and 

modified CO, would be observed. However, it appears that the organic modifier cannot 

completely overcome the effects of helium (Figure 3). Not only did the methanol- 

modified CO, exhibit the same helium effect observed with unmodified CO,, but the 

methanol-modified CO, was also affected by the liquid level of CO, in the cylinder 

(Table V). Specifically, the capacity factors of the steroids statistically increased (Table 

XXXII-XXXVI) from Pure CO, to Level 4 HHS-CO, to Level 3 HHS-CO, to Level 2 

HHS-CO, to Level 1 HHS-CO,. This can be explained by the different densities of the 

five CO, samples. Based on the work by Gorner et al.,* the Level 1 HHS-CO, has the 

lowest density of the five fluids because it has the most helium dissolved in it. Asa 

result, it will be the weakest solvent. Level 2 HHS-CO., Level 3 HHS-CO.,, and Level 4 

HHS-CO, have increasingly higher densities, because less helium is dissolved in the 

liquid CO,. Finally, Pure CO, has the highest density of the five fluids since it contains 

no helium. The effects of helium can be overcome by increasing the pressure used 

during the chromatography as discussed previously.* Level 1 HHS-CO, required the 

highest pressure of the four HHS-CO, samples to match the capacity factors when Pure 
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Figure 3: Separation of steroids using five different types of CO, containing 5% (v/v) 

methanol mixed in-line at the same pressure (200 bar). Chromatogram A: Level 1 HHS- 

CO,, Chromatogram B: Level 2 HHS-CO,, Chromatogram C: Level 3 HHS-CO,, 

Chromatogram D: Level 4 HHS-CO,, Chromatogram E: Level 5 Pure CO,. Peak 

identity as follows: (P) progesterone, (T) testosterone, (HP) 17 a-hydroxyprogesterone, 

and (HC) hydrocortisone. 
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Table V 

Average Capacity Factors (n=5) for Steroids with Methanol-Modified CO). 

  

  

  

  

  

  

  

  

  

  

  

Progesterone 

Pure CO, Level 1 Level 2 Level3 Level 4 

Capacity Factor (k') 0.515 1.17 0.839 0.689 0.626 

RSD 1% 1% 0.3 % 0.4% 0.6% 

Testosterone 

Pure CO, Level 1 Level 2 Level3 Level 4 

Capacity Factor (k') 0.775 1.74 1.24 1.02 0.931 

RSD 1% 2% 0.4% 0.4% 0.9% 

17-a-Hydroxyprogesterone 

Pure CO, Level 1 Level 2 Level3 Level 4 

Capacity Factor (k') 0.959 2.18 1.54 1.26 1.15 

RSD 2% 2% 0.5 % 0.6 % 1% 

Hydrocortisone 

Pure CO, Level 1 Level 2 Level3 Level 4 

Capacity Factor (k') 3.35 7.75 5.66 4.5] 4.13 

RSD 2% 2% 1% 0.7% 1% 
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CO, was used, and the pressure decreased as the amount of CO, in the HHS-CO, cylinder 

decreased (Figure 4). No difference was found in the precision of the retention times for 

the five types of CO, tested (APENDIX I, Table XXXVII). 

SUMMARY 

Methanol-modified HHS-CO, has a lower solvating strength (i.e. higher capacity 

factors) than methanol-modified pure CO, at the same conditions. We found that the 

methanol could not counteract the effects of helium. Furthermore, the effect of helium 

changes as the level of liquid CO, decreases when using either CO, by itself or methanol- 

modified CO, (mixed in-line). Therefore, caution should be exercised when comparing 

chromatographic data obtained from full or partially filled cylinders of HHS-CO,. Care 

must also be taken when attempting to reproduce work done by others. Based upon these 

results, helium pressurized CO, should probably be avoided. If HHS-CO, is used, the 

effects of helium can probably be overcome by increasing the pressure of the 

chromatography or extraction or maintaining the helium head pressure constant in the 

supply cylinder. 
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Figure 4: Separation of steroids using five different types of CO, containing 5% (v/v) 
methanol mixed in-line at different pressures. Chromatogram A: 290 bar; Level 1 HHS- 

CO,, Chromatogram B: 275 bar; Level 2 HHS-CO,, Chromatogram C: 250 bar; Level 3 

HHS-CO,, Chromatogram D: 210 bar; Level 4 HHS-CO,, Chromatogram E: 200 bar; 

Level 5 Pure CO,. Peak identity as follows: (P) progesterone, (T) testosterone, (HP) 17 

a-hydroxyprogesterone, and (HC) hydrocortisone. 
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CHAPTER 3 

OPTIMIZATION OF ELECTRON CAPTURE DETECTOR WHEN USING PACKED 
COLUMN SUPERCRITICAL FLUID CHROMATOGRAPHY WITH MODIFIED CO, 

INTRODUCTION 

The advantages of packed-column supercritical fluid chromatography (SFC) are 

beginning to be realized. Packed-column SFC permits higher sample loading than open- 

tubular column SFC, but activity of the stationary phase may prevent the elution of 

moderately polar analytes when using 100% CO,. Fortunately, the stationary phase 

activity can usually be overcome by adding a modifier to the mobile phase. The modifier 

may also facilitate the elution of more polar analytes since the solvating strength of the 

mobile phase would have been increased. Furthermore, with the advent of variable 

restrictor technology with packed-column SFC, reproducible flow rates are possible 

which affords in turn reproducible retention times and area counts with relative standard 

deviations of 2% or less. 

Traditionally, packed-column SFC (4.6 mm and 2.0 mm) has used high 

performance liquid chromatography (HPLC) detectors that employ flow cells before the 

restrictor. Generally, these detectors with the exception of fluorescence lack the 

detectability (pg detection) required for trace analysis. By employing a post-column 

split, however, part of the packed-column SFC effluent can be diverted to gas phase 
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detectors. Flame ionization detection (FID) has been used in this regard for some 

applications, but the FID is limited to 100% CO, mobile phases for quantitative results. 

This prohibits the routine use of organic modifier although small amounts of modifier 

(<1% (v/v)) have been used with FID for semi-quantitative results.” 

Another sensitive and selective detector for SFC is the electron capture detector 

(ECD) which has one of the lowest minimum analyte detectabilities of all gas 

chromatography (GC) detectors.”* The first reference to SFC-ECD was a pesticide 

analysis by Richter and Campbell in which they reported detector linearity over four 

orders of magnitude for the determination of the pesticide DDT in pork fat with the aid 

of an open-tubular column and 100% CO,.’ Tarver and Hill in a later study compared a 

pulsed electron capture detector and a Fourier Transform ion mobility detector for open 

tubular SFC of pesticides, polyaromatic hydrocarbons, and polychlorinated biphenyls.* 

They reported high picogram detection limits (>100 pg) and found the baseline to 

significantly rise during pressure programming. Chang and Taylor published the first 

optimization paper for open-tubular column SFC-ECD employing 100% CO,.°? They 

noted the effect of temperature and CO, density on the response of the ECD. They were 

also able to achieve a detection limit of 0.27 pg for 2, 3', 4'-trichlorobiphenyl and 1.50 pg 

for 3, 4-dinitrotoluene at a detector temperature of 350°C. 

The first published account of packed-column SFC-ECD was the analysis of a 

metabolite of triazole by Kennedy and Wall.’° They reported a detection limit of 35 pg 
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on-column. To prevent baseline rise during pressure programming, they increased the 

make-up gas flow rate of Ar/CH, to decrease CO, concentration in the detector. Later, 

Yarita et al. published a packed-column (4.6 mm) SFC-ECD paper in which PCB's were 

separated on an octadecylsilyl-silica gel column."’ All of these papers discussed SFC- 

ECD with both open-tubular and packed-columns using CO, without modifier. The first 

account of SFC-ECD in the presence of modifier was a preliminary study by Kornfeld 

for the determination of organochlorines and phenylureas using a silica packed column 

(4.6 mm X 25 cm) and 5% (v/v) methanol-modified CO,.'” 

In this chapter, the optimization of an ECD has been accomplished with a packed- 

column (4.6 mm i.d.) and modified supercritical CO,. The commercially available ECD 

is evaluated at varying modifier concentration, detector temperature, make-up gas flow 

rate, and modifier type. Detection limits for chlorine, bromine, and nitrogen containing 

compounds have been determined. The separation and detection of propellant 

components and phenylurea herbicides is also described. 

EXPERIMENTAL 

Supercritical Fluid Chromatography 

A prototype of the Hewlett Packard Model G1205 SFC system (Little Falls, DE) 

was used for detector evaluation and subsequent separations (Figure 5). System pressure 

was maintained electronically by a computer-controlled, back pressure regulator which 

allowed the flow rate and pressure to be independently controlled. The mobile phase 
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Figure 5: Hewlett Packard SFC-UV-ECD system. Components are as follows: (A) auto- 

sampler, (B) oven, (C) 4.6 mm i.d. column, (D) splitting tee, (E) integral restrictor, (F) 
injection valve, (G) ECD, (H) multiwavelength ultraviolet detector (MWD), (I) data 

collection, (J) peltier cooled CO, pump, (K) organic modifier reservoir, (L) modifier 
pump, (M) check valve, (N) pulse dampener, (O) variable restrictor, (P) mass flow 

sensor 
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flow rate was measured as a liquid at the pump. Organic modifier was added via an 

auxiliary pump. A post-column split was introduced to divert a small percentage of 

column effluent (<1%) through a 100 um frit restrictor (Dionex Corp., Salt Lake City, 

UT) to the HP “Ni ECD (model 19233) with the remaining effluent (>99%) directed 

towards a standard HP 1050 multi-wavelength ultraviolet detector (MWD) which 

employed a 13 uL high pressure flow cell. For the detector optimization study, a 4.6 mm 

X 150 mm Deltabond® cyano-derivatized silica (5 um) column (Keystone Scientific Inc., 

Bellefonte, PA) was used. A 4.6 mm X 250 mm Adsorbosphere™ silica (5 um) column 

(Alltech, Deerfield, IL) was used to separate a supercritical fluid extract of a single base 

propellant. The phenylurea herbicides were separated with a 4.6 mm X 250 mm 

Hypersil™ silica (3 um) column (Keystone Scientific Inc., Bellefonte, PA). 

Chemicals 

All solvents (i.e. methanol, acetonitrile, and toluene) were of high purity (HPLC 

grade). The argon with 10% methane was purchased from Airco Specialty Gases 

(Research Triangle Park, NC). The carbon dioxide was SFE/SFC grade (Air Products 

and Chemicals, Inc., Allentown, PA). The 4-nitrotoluene (99%) and 2,6-dinitrotoluene 

(99%) were obtained from Aldrich Chemical Co. (Milwaukee, WI). 2,4,5- 

Trichlorophenol, 4-bromopheny] phenyl] ether, and 4-chlorotoluene were obtained from 

the EPA (Quality Assurance Materials Bank, Research Triangle Park, NC) as solutions. 

All analyte solutions were dissolved in methanol with concentrations ranging from 1000- 
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5000 ppm. Single base propellants were provided by Olin Winchester Corp. (St. Marks, 

FL). Six phenylurea herbicides were obtained from E. I. DuPont de Nemours 

Agriculture Products Department (Wilmington, DE). 

RESULTS AND DISCUSSION 

ECD Detector Operation 

A beta particle is released from the “Ni foil. The beta particle then collides and 

ionizes the make-up gas (i.e. nitrogen or argon/methane) which produces the thermal 

electron (Figure 6). Nitrogen provides slightly better sensitivity, but it has a higher 

background noise. The limit of detection remains the same for both nitrogen and argon 

with 10% methane. Argon with 10% methane provides a greater dynamic range. By 

appling a voltage across the detector cell, a standing current forms from the scattered 

thermal electrons. When an analyte is introduced into the detector, it is vaporized. The 

vaporized analyte then captures a thermal electron which reduces the standing current. 

This reduction of the standing current is measured and used for quantitation of the 

analyte. The reactions in the detector can be summarized by the following equations: 

2e°+Ar® 
mu? 

B° + Ar 

Mte I 

The reaction can be controlled by varying the detector temperature and make-up 

gas (N, or Ar) flow rate.”’ First, the detector temperature controls the electron capture



W aste 
  

    
    

      
(R) Ar make-up gas inlet 

  

Figure 6: Internal schematic of the electron capture detector. Components are as 

follows: (A) anode, (C) cathode, (S) Ni source, M - analyte, (R) restrictor. 
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process. The detector temperature also affects the vaporization of the analytes. 

Vaporization of the analytes increases as the detection temperature is increased. 

The make-up gas flow rate controls the quantity of thermal electrons that are 

produced.”* As the make-up gas flow rate is increased, more make-up gas (Ar/CH, or 

N,) is present in the detector that can be ionized to in turn produce the thermal electrons 

which produce the standing current. Unfortunately, the increased make-up gas flow rate 

dilutes the concentration of the analyte in the detector which decreases the response of 

the analyte.*” At lower make-up gas flow rates the signal intensity of the analytes 

increase, but the background noise of the detector also increases due to impurities in the 

mobile phase effluent. Therefore, the make-up gas flow rate should be high enough to 

generate an ample supply of thermal electrons, but low enough to yield high signal 

response for the analytes. 

Detector Optimization 

Due to the simple design of the Hewlett Packard ECD, only four of the 

parameters (i.e. modifier concentration, modifier type, detector temperature, and make- 

up gas) were optimized. Since methanol is the most commonly used modifier in packed- 

column SFC, it was initially used to determine the optimum detector temperature and 

optimum make-up gas flow rate. This was accomplished by mapping the response (peak 
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area unless otherwise indicated) of the ECD under varying conditions. The detector 

temperature was varied from 100°C to 325°C. Temperatures below 100°C were not used 

because water would condense and freeze around the restrictor, and temperatures above 

325°C were not used due to detector limitations. The pressure was varied from 100 bar 

to 325 bar. Pressures lower than 100 bar were not used due to poor chromatographic 

peak shape, and pressures higher than 325 bar were not used again due to instrument 

limitations. The make-up gas (Ar/CH,) flow rate was varied from 15 mL/min to 200 

mL/min. Make-up gas flow rates below 15 mL/min resulted in large background noise, 

and make-up gas flow rates above 200 mL/min were not used due to instrument 

limitations. Since the ECD responds selectively but in different degrees to compounds 

with electron withdrawing groups, a variety of probes containing chlorine, bromine, and 

nitrogen (-NO,) were chosen. Each response surface was constructed by performing at 

least 28 experiments. Peak reproducibility for each experiment was found to be <5% 

relative standard deviation (n=3-4). 

The effect of detector temperature on the response of the ECD under varying 

modifier concentrations was first established. A post-column split was used to divert a 

small flow (7 mL/min decompressed CO,) of column effluent to the ECD at a constant 

mobile phase pressure of 200 bar and 50°C oven temperature. A make-up gas (Ar/10% 

CH,) flow rate of 200 mL/min was used to ensure a large and consistent stream of 

thermal electrons under varying modifier concentrations. The baseline under these 
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conditions was found to slowly increase with an increase in modifier concentration at 

fixed temperature (Figure 7). The baseline was also found to increase slightly as the 

detector temperature was raised over the range 100°C-250°C at fixed modifier 

concentration (Figure 7). At 300°C, the baseline dramatically increased which suggested 

that methanol and/or impurities in the methanol were capturing electrons. 

The effect of temperature on the ECD response is compound specific. The first 

group of compounds consisted of halogenated compounds such as 2,4,5-trichlorophenol, 

4-bromophenyl phenyl ether, and 4-chlorotoluene which yielded the highest response 

(Figure 8) at a detector temperature of 250°C regardless of modifier concentration. The 

second group of compounds consisted of 4-nitrotoluene and 2,6-dinitrotoluene which 

gave the highest response (Figure 9) at a detector temperature of 100°C regardless of the 

modifier concentrations. Even though the second group yielded the highest response at 

lower detector temperatures, the nitrogen probes still exhibited a strong response at 

200°C. Different types of response reflect the fact that electron capture can proceed by 

two different mechanisms (Scheme J). 

The first mechanism (Ia) is a dissociative electron capture in which the molecule 

breaks apart upon capturing an electron.” This mechanism (la) is favored at higher 

detector temperatures(>200°C). The higher temperatures enhance the population of the 

higher excited states required for the dissociative mechanism.”’” The second mechanism 

(Ib) is based upon a non-dissociative process in which the molecule captures an electron, 
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Figure 7: ECD response surface for baseline level at 0-5% methanol-modified CO, and 
several detector temperatures (100-300°C). Conditions: 200 bar, 50°C oven temperature, 

5 uwL injection loop, 200 mL/min Ar/CH, make-up gas flow rate, 2 mL/min mobile phase 

flow rate (liquid CO,), Deltabond® cyanopropyl derivatized silica column (4.6 mm X 250 
mm, dp=5 pm), and 7 mL/min decompressed CO, diverted to ECD. 
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Figure 8: ECD response surface for 2, 4, 5-trichlorophenol (1000 ppm solution dissolved 

in methanol) at 0-5% (v/v) methanol-modified CO, and several detector temperatures 

(100-300°C). Conditions: Same as in Figure 7. 
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Figure 9. ECD response surface for 2,6-dinitrotoluene (1000 ppm solution dissolved in 
methanol) at 0-5% (v/v) methanol-modified CO, and several detector temperatures (100- 

300°C). Conditions: Same as in Figure 7. 
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releases the excess energy, and remains intact.2” This mechanism (Ib) is favored at lower 

detector temperatures(<150°C), and in general conjugated molecules capture electrons by 

mechanism Ib.*” At higher temperatures, higher vibrational states would become 

occupied thus decreasing the probability of attachment. For our study, a detector 

temperature of 225°C was deemed appropriate to ensure high responses for compounds 

capturing electrons by either mechanism. 

  

AB +e A+B 

(a) 

AB 

  

AB + e: 

  

(b) 

Scheme I 

After fixing the detector temperature at 225°C, the effect of the Ar/CH, make-up 

gas flow rate at constant modifier concentration on the response of the ECD was 

evaluated at 200 bar CO,, 0-5% (v/v) modified CO, 225°C detector temperature, 50°C 

oven temperature, 2.0 mL/min (liquid CO,), and 7.0 mL/min decompressed CO, to the 

ECD. Both nitrogen containing compounds (Figure 10) and halogenated compounds 
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(Figure 11) yielded a higher response as the make-up gas flow rate was decreased. This 

was not surprising since the response of the ECD is based upon the concentration of the 

analyte in the detector. If the make-up gas flow rate was lowered, the ratio of column 

eluent to make-up gas would increase resulting in a larger signal. 

The effect of different modifier concentrations at constant make-up gas flow rate 

can be divided into two groups. The halogenated compounds gave an ECD response 

which increased with increasing modifier. This was not surprising since the capacity 

factor (k') decreased with increasing modifier. As k' decreased, peaks became sharper, 

and the on-column analyte peak concentration increased. For example, 2, 4, 5- 

trichlorophenol had a peak-width of 0.187 min with a 100% CO, mobile phase. As the 

methanol concentration was increased, the peak-width decreased to 0.12 min. The 

increased analyte concentration resulted in an increased response in the ECD. The 

nitrogen containing compounds, on the other hand, gave an ECD response which 

decreased as the modifier was increased from 0%-3%. Since the nitrogen compounds 

capture electrons based on the reversible non-dissociative mechanism, the number of 

electrons present affects the signal intensity. It was reasoned that the signal decrease was 

caused by a decreased number of electrons capable of electron capture. This was further 

evidence that methanol was capturing electrons. In an attempt to maximize the signal 

and minimize the increased background noise, an optimal value of 25 mL/min was 

chosen for the remaining work regardless of modifier concentration. 
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Figure 10: Effect of make-up gas flow rate on ECD response for 2, 6-dinitrotoluene 

(1000 ppm solution dissolved in methanol) at 0-4% (v/v) methanol-modified CO,. 
Conditions: 200 bar, 50°C oven temperature, 5 uL injection loop, 225°C ECD 

temperature, 2 mL/min mobile phase flow rate (liquid CO,), Deltabond® cyanopropy]! 

derivatized silica column (4.6 mm X 250 mm, dp=5 ym), and 7 mL/min decompressed 

CO, diverted to ECD. 
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Figure 11: Effect of make-up gas flow rate on ECD response for 2, 4, 5-trichlorophenol 

(1000 ppm solution dissolved in methanol) at 0-4% (v/v) methanol-modified CO,. 
Conditions: Same as in Figure 10. 
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Once an optimum detector temperature and optimum make-up gas flow rate were 

determined, the effect of modifier type on the response of the ECD was studied. Two 

other solvents, acetonitrile and toluene, were studied by measuring the response of the 

ECD at 200 bar CO,, 5% (v/v) modified CO,, 225°C detector temperature, 50°C oven 

temperature, 2.0 mL/min (liquid CO,), 7.0 mL/min decompressed CO, to the ECD and 

25 mL/min make-up gas. The electron affinity of these solvents is small (acetonitrile-0.5 

eV, methanol-0.5 eV, toluene-0.5 eV based on correlation tables’) which indicates each 

should be a poor electron capturer. A t-Test was performed to determine if the average 

responses of the analytes with different modifier were statistically different from each 

other (Table VI, data in Appendix IT).”* 

The highest ECD response was obtained when toluene-modified CO, was used. 

This was expected because toluene should not capture electrons. Similar results were 

seen when acetonitrile-modified CO, was used although the average responses, except for 

4-nitrotoluene were statistically lower than those obtained with toluene-modified CO,,. 

This indicated that acetonitrile was slightly interfering in the detection process possibly 

by capturing electrons. Methanol, on the other hand, gave the statistically lowest ECD 

response for each of the modifiers which meant that methanol was capturing electrons. 

It was theorized that methanol was capturing electrons by one of the two reactions 

shown in Scheme II. Reaction ITA has a heat of reaction of 282 kJ/mol;” while, the 

heat of reaction for reaction IIB was calculated to be 321 kJ/mol. Reaction ITA is 
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Table VI 

Effect of Modifier on Detector Response 

Average Response (counts) 
  

  

  

  

Probe Acetonitrile Methanol Toluene 

2,6 Dinitrotoluene 6.64e5 3.26e5 9.46e5 

4-nitrotoluene 7.50e5 0.74e5 7.24e5 

2, 4, 5-trichlorophenol 7.67e5 6.21e5 7.75e5 

4-bromopheny] phenyl ether 1.61e5 0.56e5 4.43e5 

t-Value’* 

Probe Acetonitrile Methanolvs Acetonitrile 
vs Methanol Toluene vs Toluene 

2,6 Dinitrotoluene 25.2 12.8 16.9 

4-nitrotoluene 52.2 36.0 1.12 

2, 4, 5-trichlorophenol 7.98 6.13 3.52 

4-bromopheny] phenyl ether 24.0 7.60 6.27 

  

* t-Critical (one-tailed) is 1.94. 
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probably favored because the alkoxy radical is stabilized due to the presence of the alkyl 

group.*’ Janousek and Brauman have stated that the increased stabilization is caused by 

hyperconjugative release of electrons onto the 1” level of the alkyl eroup from the p 

orbital of the oxygen atom through n"-p orbital mixing.*’ This stabilization apparently 

causes the RO-H (R=CH;, CH;CH,) bond to be weaker than the R-OH bond thus 

favoring reaction IIA. As a result, methanol captures electrons by reaction ITA. 

    

CH30H ——> CH30°+ H° (A) 

CH30H CH3° +°OH B) 

Scheme II 

Since the RO-H bond strength does not increase with larger aliphatic chains,* 

other alcohols like ethanol should also capture electrons. To test this theory, a plot of 

ECD response vs. ethanol modifier concentration was obtained. The 2,4,5- 

trichlorophenol gave an increasing ECD response with increasing modifier concentration 

(Figure 12) which was a similar pattern seen with methanol-modified CO, (Figure 8). 

The increased signal was caused by the reduction in the capacity factor (k'). The ECD 
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Figure 12: Effect of ethanol on the ECD response of 2, 4, 5-trichlorophenol and 2, 6- 

dinitrotoluene. Conditions: 200 bar, 50°C oven temperature, 5 uL injection loop, 25 
mL/min Ar/CH, make-up gas flow rate, 2 mL/min (liquid CO,), Deltabond® cyanopropyl 

derivatized silica column (4.6 mm X 250 mm, dp=5 pm), and 7 mL/min decompressed 
CO, diverted to ECD. 
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response of 2,6-dinitrotoluene decreased with increasing ethanol concentration which 

was again similar to the pattern observed with methanol-modified CO, (Figure 9). This 

decreased signal was expected since ethanol was predicted to capture electrons which 

shifted the equilibrium of the non-dissociative reaction. Therefore, it was concluded that 

ethanol like methanol captures electrons. 

Since CO, an electron capturer, and methanol (or an impurity in methanol), an 

electron capturer, could be introduced into the detector at various pressures, the effect of 

mobile phase pressure (100 bar to 325 bar) at both constant column flow rate and make- 

up gas flow rate was measured at various modifier concentrations. The constant column 

flow rate to the ECD was produced by preparing a new frit restrictor to deliver 7 mL/min 

decompressed CO, at each pressure from 100 bar to 325 bar and measuring the response 

of the ECD under varying modifier concentrations. It was discovered that pressure under 

these conditions did not have a statistical effect on the response of the ECD or the 

baseline. This result was expected since the amount of mobile phase entering the 

detector had remained fixed. However during pressure programming with a fixed 

restrictor, the baseline rose due to the increased amount of CO,. Therefore, the 

increasing flow rate of the mobile phase caused the baseline to rise during pressure 

programming, but the increase was not enough to prevent the use of pressure 

programming. 
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Detector Performance 

The limit of detection (LOD) and linear dynamic range (LDR) were determined 

by SFC/ECD using (1% and 5%) methanol-modified CO, under the optimized conditions 

of 225°C ECD temperature, 25 mL/min Ar/CH, make-up gas, Deltabond® cyanopropy!- 

derivatized silica (4.6 mm X 150 mm, 5 pm), 2.0 mL/min (liquid CO,), 200 bar CO,, 

60°C oven temperature, 0.0067 split ratio, and 14 mL/min decompressed CO, diverted to 

ECD (Table VII). Calibration curves (peak area vs. concentration injected) were based 

on an average ECD response (n=4) in the concentration range of 10 ppm - 5000 ppm. 

The LOD was determined by the propagation of errors method.” 

2,6-Dinitrotoluene had a correlation coefficient of 0.997 for both modifier 

concentrations and a LDR of four orders of magnitude. The detection limit of 2,6- 

dinitrotoluene was lowered from 100 pg (1% methanol-modified CO.) to 6 pg (5% 

methanol-modified CO,). This enhancement was caused by an improvement in the peak 

shape and decreasing k' which increased the signal. The 2,4,5-trichlorophenol had a 

correlation coefficient of 0.9999 for both modifier concentrations and a LDR of four 

orders of magnitude. The detection limit of 2,4,5-trichlorophenol was raised from 2 pg 

(1% methanol-modified CO.) to 20 pg (5% methanol-modified CO,). This deterioration 

in the detection limit was attributed to the presence of methanol which caused more error 

to be present. Since the propagation of error method took into account the error in both 
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Table VII 

Detection Limit of Probes using 1% Methanol-Modified CQ). 

  

  

Intercept Slope Correlation Linear 

Probe (b) (m) Coefficient | Dynamic Range LOD 

(R’) (LDR) 

2,6-Dinitrotoluene 5893 86.1 0.997 4 100 pg 

4-Nitrotoluene 2679 18.8 0.994 3 200 pg 

2, 4, 5- 182 182 0.9999 3 2 pg 
Trichlorophenol 

4-Bromophenyl 1636 3.25 0.997 3 700 pg 

Phenyl Ether 

4-Chlorotoluene 1762 6.24 0.97 3 500 pg 

Detection Limit of Probes using 5% Methanol-Modified CO,,. 

Intercept Slope Correlation Linear 
Probe (b) (m) Coefficient | Dynamic Range LOD 

(R’) (LDR) 

2,6-Dinitrotoluene 7329 102 0.997 4 5 pg 

2, 4, 5- 2031 182 0.9999 4 20 pg 
Trichlorophenol 
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the slope and intercept, more error in the calibration curve would result in a higher 

detection limit. The LOD was determined for 4-nitrotoluene (200 pg), 4-bromophenyl 

phenyl ether (700 pg), and 4-chlorotoluene (500 pg) with 1% methanol-modified CO, 

(Table VI). The three compounds had a correlation coefficient of 0.99 and a LDR of 

three orders of magnitude, but the detection limits were higher than for the compounds 

with multi-electron withdrawing groups. At 5% methanol-modified CO,, the LOD for 

these three compounds was higher than 1 ng. Since the desired LOD was below 1 ng, the 

values were not reported. It was felt that the presence of methanol both at 1% and 5% 

prevented the sensitive detection of compounds with one electron withdrawing group. 

Even though, the presence of methanol modifier negatively impacted the performance of 

the ECD, detection of analytes with multi-electronegative groups did occur at low levels 

(<1 ng) in the presence of modifier. 

APPLICATIONS 

To demonstrate the selectivity and detectability of the SFC/ECD system, the 

determination of N-nitroso-diphenylamine and diphenylamine from propellants and 

phenylurea herbicides was undertaken. Several propellant extracts were assayed for N- 

nitroso-diphenylamine and diphenylamine. Propellant (500 mg) was extracted by SFE at 

350 bar, 100% CO,, 50°C, and 2.0 mL/min for 45 minutes. The extract was collected at 
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0°C and rinsed off the octadecyl-derivatized-silica trap with 1 mL of methanol. Although 

the analytes were extractable with 100% CO,, 2% (v/v) methanol-modified CO, was 

required to elute the analytes off a silica column. The extracts were analyzed by 

SFC/UV/ECD (Figure 13) using an Adsorbosphere”™ silica packed column with 

simultaneous UV and ECD. The UV chromatogram detected only the diphenylamine 

(A) and N-nitroso-diphenylamine (B); while, the ECD chromatogram detected the 

diphenylamine (A), N-nitroso-diphenylamine (B), and several other unidentified 

compounds. By using the ECD, trace impurities were observed that the UV detector did 

not detect. 

Next, six phenylurea herbicides (each component present at 50 ppm) were 

assayed using a Hypersil™ silica packed-column with simultaneous UV and ECD. All six 

phenylureas were detected in the ECD, but only five of the herbicides were clearly 

detected in the ECD (Figure 14A). Tailing peaks were the main problem in 

chromatogram A (Figure 14). There were three possible explanations for this peak 

tailing. First, the analytes could precipitate out in the ceramic frit of the restrictor. Yet, 

when the frit restrictor was replaced with an integral restrictor (25 um i.d. fused silica) 

delivering 10 mL/min decompressed CO, to the ECD, the peak tailing was still observed. 

Another possible explanation for the peak tailing was a loss in solubility when the 

restrictor was heated. However, no peaks were observed by the ECD when the 

temperature of the ECD was lowered from 225°C to 100°C. The last explanation was 
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Figure 13: SFC-UV-ECD separation of propellant extract which was dissolved in 

methanol. Peak identity as follows: (1) diphenylamine, (2) N-nitroso-diphenylamine. 

SFC conditions: 50°C, 2% (v/v) methanol-modified CO,, 2.0 mL/min (liquid CO,), 350 
bar, 5 pL injection loop, 250 mm X 4.6 mm i.d. Adsorbosphere™ silica column (5 um), 

25 mL/min make-up gas flow rate, 225°C ECD temperature, 7 mL/min decompressed 

CO, diverted to ECD, and UV detection at 254 nm. 
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Figure 14: SFC-ECD separation of phenylurea herbicides (50 ppm concentration 

dissolved in methylene chloride). Peak identity as follows: (1) metobromuron, (2) 

linuron, (3) chlorobromuron, (4) fluormeturon, (5) monuron, (6) dturon. SFC 
conditions: 60°C, 2 mL/min (liquid CO,), pressure programming (200 bar-0.5 min hold, 
10 bar/ min ramp, 250 bar-9 min hold), gradient programming (1.2% (v/v) methanol- 

modified CO,-0.5 min hold, 0.3%/min ramp to 3% (v/v) methanol-modified CO,-0 min 

hold, 1%/min ramp to 10% (v/v) methanol-modified CO,-1 min hold, 250 mm X 4.6 mm 
i.d. Hypersil™ silica column (3 pm), and 14 mL/min decompressed CO, diverted to ECD 

delivering 3 ng of each component. Chromatogram A: 225°C ECD temperature and 25 

mL/min Ar/CH, make-up gas flow rate and Chromatogram B: 300°C ECD temperature 

and 25 mL/min Ar/CH, make-up gas flow rate. 
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that the herbicides were not vaporized thus precipitating inside the detector. To vaporize 

the herbicides, the ECD was heated to 300°C, and the peak tailing was eliminated (Figure 

14B). An additional benefit of the increased temperature was the increased signal of 

monuron. 

SUMMARY 

Although CO, and some modifiers are electron capturers, sensitive detection is 

still possible in the presence of modifier. By altering the ECD temperature, the 

detectability of the ECD can be enhanced. Packed-column SFC-ECD appears to be a 

promising technique for assaying environmental and polar samples. It would be 

especially useful for compounds which lack a chromophore but have an electron 

withdrawing group capable of capturing electrons and are problematic with HPLC. 

Finally, the increased detectability of the ECD can detect trace impurities that other 

detectors may not detect. 
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CHAPTER 4 

ANALYSIS OF FELODIPINE BY SUPERCRITICAL FLUID EXTRACTION AND 
PACKED-COLUMN SUPERCRITICAL FLUID CHROMATOGRAPHY WITH 

ELECTRON CAPTURE AND ULTRAVIOLET DETECTION 

INTRODUCTION 

Traditionally, the pharmaceutical industry has employed reversed-phase high 

performance liquid chromatography (HPLC) with ultraviolet (UV) detection as the 

analytical method of choice because of the polar nature, high molecular weight, and/or 

thermal lability of the analyte. In the case of felodipine (Figure 15), a calcium antagonist 

of the dihydropyridine class for the treatment of hypertension, HPLC is used due to the 

thermal lability of the drug above 50°C. In spite of this characteristic, felodipine has 

been previously quantitated by gas chromatography (GC) with either electron capture,” 

*° thermionic,*! mass spectrometric,*” “ or flame ionization® detection. The 

compatibility of GC with these sensitive and/or selective detectors makes its use 

attractive even though the moderate polarity and thermal instability of felodipine caused 

peak tailing** and oxidative degradation.** Some authors minimized degradation by 

silylating the injection liner*! or by employing cold on-column injection techniques.** 

For the more polar carboxylic acid metabolites of felodipine, reversed-phase HPLC 

analysis was necessary.*° More matrix interference peaks were observed in the analysis 

of plasma samples with HPLC-UV“ vs GC*?* thus further demonstrating the advantage 
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Figure 15: Chemical structure for carbazole, felodipine, and its pyridine derivative, 

H152/37. 
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of selective detection. However, for the analysis of formulated felodipine products, GC 

is unacceptable since it has the potential to degrade the drug. 

For the analysis of formulated felodipine tablets, reversed-phase HPLC-UV is 

currently used. UV detection is ideal for this analysis since co-extracted high molecular 

weight and/or highly polar excipients which are compatible with the chromatography are 

not detected since the excipients lack a chromophore. However, the UV detector does 

not have the sensitivity of GC detectors (i.e. electron capture detector (ECD)) which 

might detect impurities or degradates that the UV could not. Unfortunately, there are 

several problems with interfacing HPLC with ECD.*’ Specifically, the solvent can 

interfere with detection. As a result, GC detectors cannot be reliably interfaced with 

HPLC. Another problem with the HPLC method is the high volumes of solvent waste 

that are generated. 

The ideal chromatographic technique for formulated felodipine tablets would be: 

(1) thermally mild; (2) interfaceable with HPLC detection (UV), (3) interfaceable with 

GC detection; and (4) generate less disposable solvent waste. Supercritical fluid 

chromatography (SFC) with carbon dioxide based mobile phases meets these 

requirements. Recently, SFC has been reported for the analysis of many pharmaceutical 

agents including retinol palmitate/tocopherol,* free bile acids,“” benzodiazepines,™ *! 

53, 54 55, 56 non-steroidal anti-inflammatory agents, ** sulphonamides, opium alkaloids; 

natural products;*’ and formulated drug products.*® ** °! >? In these investigations, p &P & 
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enhanced chromatographic efficiency per unit time of SFC due to the low viscosity and 

high diffusivity of the mobile phase was illustrated (vs HPLC analysis). 

Before felodipine can be assayed by SFC, it must be first isolated from the 

formulated tablet. Most formulated tablet extractions are accomplished by liquid-solid 

extraction techniques. For example, a tablet is mechanically disintegrated (i.e. stirring, 

shaking, or sonication) in a fixed amount of (>50 mL/tablet) extraction media (i.e. water, 

organic/water mixtures). Grinding the tablet prior to extraction is not preferred since 

segregation and/or drug loss could occur during grinding and/or transfer. Isolation of the 

solvated drug and any solvated excipients from the insoluble excipient particles is then 

achieved by centrifugation or filtration. The drug solution from the sample preparation is 

then assayed by HPLC. 

Liquid-solid extraction has many disadvantages. First, determination of 

degradate products, which is a growing concern to regulatory agencies, is significantly 

hindered by the high volume, low-concentration sample solutions obtained by this 

procedure. Second, large amounts of disposable solvent waste are generated, the disposal 

of which is very costly. This is particularly true for organic/water mixtures. Third, the 

above procedure for liquid-solid extraction requires much sample handling which can be 

both error-prone as well as hazardous to the laboratory worker in terms of contact with 

~ the drug substance and organic solvent. 

Supercritical fluid extraction (SFE) is one innovation in sample preparation that 

55



has not been widely explored in the pharmaceutical industry. SFE typically employs 

carbon dioxide and small amounts of organic solvents which can be added in order to 

enhance the solvating strength of the supercritical fluid (SF). The extracts generated 

from this procedure are generally low-volume, high concentration solutions which are 

ideal for degradate analysis. The procedure is also automatable since both parallel 

(several samples extracted simultaneously) as well as serial (several samples extracted 

sequentially) commercial SFE instrumentation are available. Liquid-solid extractions 

cannot be automated without robotics since sample preparation equipment is not 

centralized on one unit. In addition to automation, hazards to the laboratory worker are 

reduced since SFE requires only one step for the laboratory worker (i.e. loading the 

vessel). Furthermore, the small amounts of organic waste reduce hazards as well as 

minimize solvent procurement and disposal costs. 

Several SFE methods have been developed for the analysis of drugs. Quantitative 

inverse SFE has been successfully applied to a semisolid dosage form, Zovirax® 

(acyclovir) ointment (5% w/w).°*”’ With this technique, the ointment matrix was removed 

by the SF, leaving the highly polar drug behind in an extraction vessel insert. The drug 

was then recovered from the insert by sonicated rinsing and subsequently assayed by 

reversed-phase HPLC-UV. With this method, 99% (n=3) of the drug was recovered 

from a 100 mg ointment sample with an RSD of 3.3%. Direct SFE of drugs**© from 

animal feeds has also been demonstrated with varying amounts of drug (0.0335-1.1208% 
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w/w), thus demonstrating the ruggedness of the SFE procedure. Recoveries of over 95% 

were obtained for all but the lowest level, which yielded 89% recovery. Agreement with 

the traditional liquid-solid extraction was excellent. Lastly, the SFE of an anti-histamine 

from a transdermal patch has been shown to be quantitative.©' Analysis of solid oral 

dosage forms (i.e. tablets and capsules) using SFE has not been quantitatively evaluated 

in the literature to date. However, qualitative investigation of SFE has been performed 

on two tablet dosage forms, Darvon (propoxyphene HCl)” and ibuprofen® tablets. 

The goal of the work reported here was to employ off-line SFE and subsequently 

SFC for the determination of felodipine from a formulated tablet. Various parameters 

were examined in developing an optimized SFE method, such as modifier concentration, 

extraction mode (i.e. static vs dynamic), extraction pressure, and temperature. 

Furthermore, a rapid and quantitative SFC method was developed for the analysis of 

extracted felodipine and its oxidative degradate (H152/37). Simultaneous detection 

employing both a gas phase detector (ECD) and a liquid phase detector (UV) is 

demonstrated when using SFC with modified carbon dioxide mobile phases. Under 

optimized chromatographic conditions, detector performance was assessed for both the 

SFC-UV and SFC-ECD-UV systems. In addition, accuracy, precision, analysis time and 

solvent usage comparisons were made for SFC-UV-ECD vs HPLC-UV analysis of a 

sustained release felodipine tablet. 
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EXPERIMENTAL 

Supercritical Fluid Chromatography 

A HP SFC G1205 system described in Chapter 3 was used for the extract 

analysis. A Hypersil® silica column (Keystone Scientific, Bellefonte, PA; d,=5 pm; 4.6 

mm X 200 mm) was used for the determination of felodipine. Methanol was HPLC 

purity from Fisher Scientific Co. (Fair Lawn, NJ). The carbon dioxide was supercritical 

grade purchased from Scott Specialty Gases, Plumsteadville, PA. 

Supercritical Fluid Extractor 

All extractions were performed with a HP 7680T SFE as shown in Figure 16. The 

operation of the extractor is as follows. From the tank, the liquid CO, proceeds to a 

cryogenically cooled (5°C) dual head reciprocating pump which is capable of pressures 

up to 5100 psi, flow rates up to 4 mL/min, and densities up to 0.9 g/mL. When the 

extraction program begins, the fluid enters the extraction vessel located in a thermally 

controlled extraction chamber. From the extraction chamber, the fluid passes through a 

variable restrictor which maintains the desired pressure and flow rate. After the 

restrictor, the fluid decompresses into a trap containing 100 um stainless steel beads. 

The restrictor and trap are independently, thermally controlled. After the extraction, the 
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Figure 16: Schematic of the Hewlett Packard SFE system. Components are as follows: 

(A) SF pump, (B) extraction vessel (7 mL volume), (C) extraction rinse valve, (D) 
nozzle, (E) trap, (F) trap rinse vial, (G) thermally controlled extraction chamber, (H) 
rinse solvent pump, and (I) rinse solvent reservoir. 
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analyte is recovered from the trap by rinsing it with a solvent. The analyte, once 

dissolved in the rinse solvent and removed from the trap, is deposited into a 2 mL glass 

vial. Due to the low capacities of the trap (between 2-4 mg of sample), all extractions 

were performed in a series of steps to minimize sample loss. SFE/SFC grade CO, from 

Air Products and Chemicals, Inc. (Allentown, PA) and premixed methanol-modified CO, 

(SFC grade) from Scott Specialty Gases (Plumsteadville, PA) were used as extraction 

fluids. 

HPLC-UV Assays 

The drug extracts were assayed by SFC which employed the following 

conditions: 4.6 mm X 200 mm Hypersil® C-8 (5 um particles), 2 mL/min (liquid flow 

measured at pump), 45°C, 6% methanol-modified CO,, and 280 bar CO, (measured at the 

restrictor). Several extracts were also assayed by HPLC using a HP 1050 isocratic HPLC 

pump connected to a Valco model EQ-60 LC injector, a Kratos multiwavelength UV 

detector, and a HP 3394 integrator. A 4.6 mm X 250 mm octadecyl silica (ODS) column 

from Keystone Scientific (Bellefonte, PA) was utilized. A flow rate of 1.5 mL/min, an 

injection volume of 20 uL, and a UV detection wavelength of 254 nm were also utilized. 

This assay required a HPLC mobile phase composed of 40% acetonitrile, 20% methanol, 

and 40% water with the pH adjusted to a value of 3 using a phosphate buffer. Carbazole 
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(Figure 15) was employed as an internal standard for quantitation. The pure felodipine 

drug, H152/37 (felodipine oxidation product), and tablets (Lot # X0218SRT004A001) 

were provided by Merck Research Labs (West Point, PA). 

RESULTS AND DISCUSSION 

SFE Optimization 

Spike Extraction Studies 

In order to achieve quantitative SFE, the analyte(s) of interest must be (1) soluble 

in the SF, (2) accessible to the SF, and (3) "trappable" after SF decompression. To assess 

criteria 1 and 3, SFE of a felodipine-spiked inert matrix (cotton balls) was performed. 

Felodipine (2.5 mg) was spiked on the cotton balls via a 100 uL spike of a 25 mg/mL 

methylene chloride solution. The methylene chloride was allowed to evaporate prior to 

extraction. The extraction was carried out with pure CO, (0.90 g/mL density) as the 

extraction fluid in two steps, each consisting of 2 minutes static and 20 minutes dynamic 

extraction period (Table VIII). Dynamic SFE entails passing fresh SF continuously 

through the vessel for a fixed amount of time while static SFE utilizes a fixed amount of 

SF in contact with the sample for a fixed amount of time. High density conditions, high 

pressure and low temperature were chosen in order to achieve the greatest SF solvating 
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SFE Extraction Conditions for Felodipine Spike Study’ 

Table VIII 

  

Extraction Step 
  

Extraction Conditions 
  

  

  

  

  

  

  

  

Density (g/mL,CO,) 0.9 

Pressure (bar) 316 

Chamber Temperature (°C) 45 

Flow Rate (mL/min, liquid CO,) 0.5 

Extraction Fluid CO, 

Equilibration Time (min) 2.0 

Extraction Time (min) 20.0 

Thimble Volumes Swept 1.5   
  

Extraction Trap Conditions 
  

  

  

  
  

  

  

              

Nozzle Temperature (°C) 50 

Trap Temperature (°C) 0 

Trap Packing 100 um Stainless Steel Beads 

Fraction Output 

Rinse Solvent Volume Rate Nozzle Trap 

Substep (mL) (mL/min) | Temperature | Temperature 

CC) (°C) 

l Methanol | 1.4 1 45 45 

2 Methanol | 1.4 1 45 45 
  

” Extraction consisted of two identical steps which yielded a total of four extract 

vials. 
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power. Lower extraction temperature also prevented degradation of the drug. The two- 

step procedure (44 minute total extraction time) produced overall drug recoveries of 99% 

with an RSD of 0.3% and the extraction profile shown in Figure 17. In addition, the 

extraction profile obtained indicated favorable extraction kinetics for felodipine in that 

75% (1.87 mg of felodipine) of the spiked drug was removed in the first extraction step 

(10 mL SF). Lastly, the spike experiments verified that felodipine could be 

quantitatively collected in and recovered from the trap under the given conditions. 

Furthermore, the oxidative degradation product of felodipine (H152/37) was not 

observed in any of the extract chromatograms. 

Tablet Extractions 

Dynamic SFE with pure CO, of whole felodipine tablets was first investigated as 

a result of the felodipine spike studies. A felodipine tablet was placed in a 7 mL vessel, 

and the remaining volume of the vessel was filled with cotton balls to reduce the dead 

volume of the vessel. Under similar conditions used (316 atm, 45°C, 100% CO,) for the 

spike extraction study, only 1.5 mg of felodipine (30% recovery) was removed from the 

sustained release tablet (5 mg) in 75 minutes. This extraction resulted in low recovery 

due to slow diffusion of felodipine out of the tablet. Bartle et al. have shown that by 

decreasing the particle size of the matrix, the extractablity of the analyte can be 
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Figure 17: SFE of spiked felodipine from cotton balls using dynamic mode SFE and 

pure CO,. Conditions listed in Table VIII. 
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dramatically increased.“ Therefore, the tablet was placed in cotton, and it was carefully 

ground into smaller particles with a pestle and mortar. The cotton was then rolled, and 

carefully placed into a 7 mL vessel which contained more cotton to minimize dead 

volume. The ground tablet was placed in the extractor so that the pulverized tablet was 

closer to the exit end of the vessel. After the four extraction steps (Table IX) with 100% 

CO, were completed (75 min, dynamic), only 64% of the drug was recovered. 

To enhance the extractability of felodipine from the tablet, premixed 2% 

methanol-modified CO, was employed, and the time of extraction extended. The 

chamber temperature was also increased to 50°C to ensure that the 2% methanol- 

modified CO, was supercritical. The two step procedure (two hours dynamic) did not 

prove fruitful yielding a recovery of 74% with the conditions listed in Table X. Several 

possibilities could explain why the use of modifier did not increase the extraction. First, 

the trap on the extractor has a limited capacity. The capacity is roughly 2-4 mg of 

sample (analyte + co-extractables). Once the trap is full or mostly full; the analyte could 

be blown off the trap to waste. Modifier could also liquify in the trap, and subsequently 

be blown off the trap with contained drug. To test this hypothesis of analyte loss from 

the trap, a liquid trap was placed after the stainless steel trap to collect any material 

blown off, but no analyte was found in the liquid trap. Another possibility for the low 

recovery could be that the CO, may not have had enough time to diffuse into the particle 

and dissolve the drug. 
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Table IX 

SFE Extraction Conditions of Felodipine Tablet using 100% CO," 

  

Extraction Step 
  

Extraction Conditions 
  

  

  

  

  

  

  

  

Density (g/mL, CO,) 0.9 

Pressure (bar) 316 

Chamber Temperature (°C) 45 

Flow Rate (mL/min, liquid, CO) 1.0 

Extraction Fluid CO, 

Equilibration Time (min) 2.0 

Extraction Time (min) 20.0 

Thimble Volumes Swept 2.2   
  

Extraction Trap Conditions 
  

  

  

  

  

  

              

Nozzle Temperature (°C) 50 

Trap Temperature (°C) 0 

Trap Packing 100 um Stainless Steel Beads 

Fraction Output 

Rinse Solvent Volume Rate Nozzle Trap 

Substep (mL) (mL/min) Temperature Temperature 

CC) CC) 

1 Methanol | 1.4 1.0 45 45 

2 Methanol | 1.4 1.0 45 45 
  

” Extraction consisted of four identical steps which yielded a total of eight extract 

vials. 
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Table X 

SFE Extraction Conditions of Felodipine Tablet using 2% (w/w) Methanol-Modified 
co; 

  

Extraction Step 
  

Extraction Conditions 
  

  

  

  

Density (g/mL, CO,) 0.88 

Pressure (bar) 314 

Chamber Temperature (°C) 50 

Flow Rate (mL/min, liquid CO.) 1.0 
  

Extraction Fluid premixed 2% (w/w) methanol-modified CO, 
  

  

  

Equilibration Time (min) 10.0 

Extraction Time (min) 60.0 

Thimble Volumes Swept 8.7 
  

Extraction Trap Conditions 
  

Nozzle Temperature (°C) 50 
  

Trap Temperature (°C) 0 
    
  

  

  

              

Trap Packing 100 um Stainless Steel Beads 

Fraction Output 

Rinse Solvent Volume Rate Nozzle Trap 

Substep (mL) (mL/min) Temperature Temperature 

(°C) (°C) 

1 Methanol | 1.4 1.0 45 45 

2 Methanol | 1.4 1.0 45 45 
  

" Extraction consisted of two identical steps which yielded a total of four extract 

vials. 
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Since the extraction seemed to be dominated by SF diffusion into the particle, a 

longer static time employing 2% methanol-modified CO, was used with a shorter 

dynamic time to flush the vessel with fresh SF. To study this, the static time was varied 

from 5 min to 10 min (50°C, 1 mL/min, 314 bar, 0.88 g/mL, dynamic 10 min, 2% 

methanol-modified CO,) with the results shown in Figure 18 (conditions in Table XI). 

From the graph, it can be inferred that the longer static time allowed the CO, to penetrate 

deeper into the pulverized tablet and to dissolve the drug. Although the longer two step 

extraction (10 min static, 60 min dynamic) achieved a recovery of 74%, the 4 step 

procedure (10 min static, 10 min dynamic) was able to achieve a similar recovery of 70% 

using less SF and time. By adding a few more static steps, further increasing the static 

time, or increasing modifier concentration, a 100% recovery might be obtainable. 

To further increase the extractabilty of felodipine from the tablets, a higher 

modifier concentration was utilized. The modifier was increased from 2% to 8% with a 

static time of 10 min and a dynamic time of 10 min (50°C, 1 mL/min, 314 bar, 0.88 

g/mL). With the higher methanol concentration, a 96% recovery was accomplished in 80 

minutes (Figure 19, conditions in Table XII). Furthermore, the 8% methanol-modified 

CO, gave a steeper extraction profile which meant more drug was readily dissolved than 

with 2% methanol-modified CO,. 

There are several possible explanations for this increase in extractability. 

Methanol may disrupt interactions between the drug and the matrix. Methanol could 
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Figure 18: SFE profiles of felodipine tablets using static and dynamic mode extraction 
with 2% (w/w) methanol-modified CO,. Profile notation is as follows: (A) SFE with 

static time 10 min, dynamic time 10 min; (B) SFE with static time 5 min, dynamic time 
10 min; (C) SFE with static time 10 min, dynamic time 60 min. All other conditions 
listed in Tables X and XI. 
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Table XI 

SFE Extraction Conditions of Felodipine Tablet using 2% (w/w) Methanol-Modified 

CO, and varying the Static Time’ 

  

Extraction Step 
  

Extraction Conditions 
  

  

  

  

Density (g/mL, CO,) 0.88 

Pressure (bar) 315 

Chamber Temperature (°C) 50 

Flow Rate (mL/min, liquid CO,) 1.0 
  

Extraction Fluid premixed 2% (w/w) methanol-modified CO, 
  

  

  

Equilibration Time (min) 5.0 or 10.0 

Extraction Time (min) 10.0 

Thimble Volumes Swept 1.5 
  

Extraction Trap Conditions 
  

  

  

  

  

  

              

Nozzle Temperature (°C) 50 

Trap Temperature (°C) 0 

Trap Packing 100 um Stainless Steel Beads 

Fraction Output 

Rinse Solvent Volume Rate Nozzle Trap 
Substep (mL) (mL/min) Temperature Temperature 

CC) (°C) 

] Methanol | 1.4 1.0 45 45 

2 Methanol | 1.4 1.0 45 45 
  

" Extraction consisted of four identical steps which yielded a total of eight extract 

vials. 
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Figure 19: SFE profiles of felodipine tablets using static/dynamic mode extraction with 

static time 10 min and dynamic time 10 min. Profiles notation is as follows: (A) SFE 
with 2% (w/w) methanol modified CO,; (B) SFE with 8% (w/w) methanol modified 
CO,. All other conditions listed in Table XII. 
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Table XII 

SFE Extraction Conditions of Felodipine Tablet using 10 min Static Time and Varying 

the Modifier Concentration” 

  

Extraction Step 
  

Extraction Conditions 
  

  

  

  

Density (g/mL, CO,) 0.88 

Pressure (bar) 315 

Chamber Temperature (°C) 50 

Flow Rate (mL/min, liquid CO,) 1.0 
  

Extraction Fluid premixed 2% or 8% (w/w) methanol-modified 

  

  

  

Co, 

Equilibration Time (min) 10.0 

Extraction Time (min) 10.0 

Thimble Volumes Swept 1.5 
  

Extraction Trap Conditions 
  

Nozzle Temperature (°C) 50 
  

Trap Temperature (°C) 0 
  

  

  

  

              

Trap Packing 100 um Stainless Steel Beads 

Fraction Output 

Rinse Solvent Volume Rate Nozzle Trap 

Substep (mL) (mL/min) Temperature Temperature 

(°C) (°C) 

1 Methanol | 1.4 1.0 45 45 

2 Methanol | 1.4 1.0 45 45 
  

” Extraction consisted of four identical steps which yielded a total of eight extract 

vials. 
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swell the matrix which could then enhance the extractability of the drug. Fahmy et. al. 

have shown that swelling has a direct relationship to the extractability of Diuron and 

Express® from clay, pea leaves, and soil.® Finally, methanol may increase the solvating 

strength of the SF which could increase the drug's solubility in the SF.” Unfortunately, a 

plug developed in the filter which disrupted two extractions so that reproducibility data 

cannot be given, but two extractions yielded 96% and 97% recovery. 

SFC Optimization 

The goal of this work was to develop a rapid, efficient SFC separation of 

felodipine and H152/37 with similar precision and accuracy as the currently used HPLC 

assay while reducing disposable solvent waste. For most HPLC analyses, maximal 

accuracy and precision are achieved under isocratic, isothermal chromatographic 

conditions. Gradient elution is employed only if a suitable isocratic method cannot be 

developed. Analogously, for SFC, isothermal, isobaric and isocratic conditions were 

likewise chosen as goals for the felodipine separation. High pressure (300 bar) and low 

temperature (45°C) were initially thought to be the most applicable mobile phase 

conditions. In addition, the lower operating temperature was selected to prolong column 

lifetime and to minimize degradation of felodipine. Analyte elution, however, did not 

occur with pure CO, (300 bar, 45°C); therefore, the use of modifier was required for the 
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analysis. The addition of small amounts of organic solvent to the CO, has the effect of 

(1) increasing mobile phase solvating strength and (2) covering active silanol sites on the 

column. With the addition of 1% (v/v) methanol-modified CO, to the column, the drug 

eluted but with a retention time of 15 minutes and poor peak shape. This indicated that 

more modifier was necessary to elute the drug off the column in a shorter time with a 

more symmetrical peak. 

In order to fully understand the effects of modifier on the SFC analysis of 

felodipine, peak parameters [capacity factor (k’), peak tailing factor (t,), and plate height 

(h)] were calculated (Table XIII). HPLC peak parameters were also calculated for both 

the SFC analysis and the HPLC analysis of felodipine and are given for comparison in 

Table XIII. All values are based on five replicate injections. It is important to note here 

that the linear velocity was constant for each SFC experiment due to the employment of 

an electronically controlled back pressure regulator. From Table XIII, it appears that the 

plate height was influenced by varying the modifier concentration from 4% to 8%. The 

SFC capacity factor decreased as the modifier concentration was increased from 4% to 

8%. This result was expected since the mobile phase solvating strength increased, 

thereby decreasing the felodipine retention on the column. When the SFC analysis was 

compared to the HPLC analysis at similar capacity factors (4% SFC vs HPLC) and 

column length, the plate height was found to increase by 37% for the analysis of 

felodipine. The decrease in plate height demonstrates the gain in chromatographic 
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Table XIII 

Effect of Modifier Concentration on SFC Analysis of Felodipine 

  

Modifier Concentration (volume %) 
  

  

4% 6% 8% HPLC* 

Retention time 7.03 (2.2%) 4.34 (0.3%) 3.29 (0.2%) 9.23 (0.5%) 
(min) 

t, (min) 1.35 1.26 1.28 1.52 

k' 4.21 2.44 1.57 5.07 

Wi 0.14 0.089 0.071 0.25 

N 13535 13115 11722 8519 

h (mm per plate) 0.016 0.017 0.019 0.029 

tr 1.0 1.0 1.0 1.2 

Peak area RSD 1.3% 1.1% 1.8% 1.2% 
  

SFC analysis conditions were as follows: 25 cm X 4.6 mm i.d. Hypersil® Si 
column; temperature, 45°C, pressure, 300 bar; flow rate, 2 mL/min; injection volume, 5 

wl. Felodipine concentration was 1 mg/mL. 

All peak parameters were calculated based upon five replicate injections of a 
felodipine standard. Where applicable, RSD values are given in parentheses. 

* Conditions as described in the Experimental section. 
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efficiency afforded by the high mass transfer properties of the SF mobile phases 

employed with SFC as compared to the liquid mobile phases used in HPLC. Peak shape 

was excellent (1.0) with all SFC modifier concentrations between 4%-8%. The use of 

6% (v/v) methanol-modified CO, was chosen for all further separations since it 

represented the best compromise between analysis time and column efficiency (Figure 

20). 

The effect of pressure on the chromatographic peak parameters was also 

examined (Table XIV). It is important to note again that the linear velocity remained 

constant for each experiment. Generally, both plate height and capacity factor decreased 

with increasing pressure. Since density as well as mobile phase solvating power are 

proportional to pressure, lower felodipine retention time was expected with an increase in 

pressure. A minimum in plate height occurred between 250 bar and 280 bar. A pressure 

of 280 bar was chosen as the optimal operating pressure. 

SFC-UV Detector Performance 

The implentation of UV detection in packed-column SFC (4.6 mm i.d.) is 

identical to that in analytical scale HPLC. Chromophoric species are detected in the SF 

mobile phase prior to SF decompression (prerestrictor). For the traditional HPLC 

method, felodipine was monitored at a different wavelength (362 nm) than that of 
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Figure 20: (A) SFC-UV and (B) HPLC-UV felodipine separation. SFC-UV conditions: 
mobile phase, 6% (v/v) methanol modified CO,; pressure, 280 bar; temperature, 45°C; 

column, 25 cm x 4.6 mm i.d. Hypersil® Si; flow rate, 2.0 mL/min (liquid CO,); injection 
volume, 5 uL; injection solvent, methanol. HPLC-UV conditions: mobile phase, 

acetonitrile-methanol-50 mM potassium phosphate buffer (adjusted to pH3 with 

phosphoric acid) (40:20:40, v/v/v); injection volume, 20 uL; injection solvent, mobile 
phase; temperature, ambient; column, 25 cm x 4.6 mm i.d. Hypersil® C,,; flow rate, 1.5 

mL/min. Peak identity is as follows: (1) H152/37 and (2) felodipine. 
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Table XIV 

Effect of Pressure on SFC Analysis of Felodipine 

  

SFC analysis pressure (bar) 
  

  

80" 180 230 280 

Retention time 9.41 4.84 4.25 3.95 

(min) 

t, (min) 1.28 1.30 1.29 1.33 

k' 6.35 2.72 2.29 1.97 

Wy. (min) 0.43 0.15 0.12 0.11 

N 2670 5767 6949 7001 

te 1.03 0.92 0.87 0.95 

h (mm per plate) 0.082 0.038 0.032 0.031 
  

SFC conditions were as follows: Mobile phase, 6% (v/v) methanol-modified 

CO,; temperature, 45°C; 25 cm x 4.6 mm i.d. Hypersil Si column; flow rate, 2 mL/min; 

injection volume, 5 uL, felodipine concentration was 1 mg/mL. 

* Peak splitting occurred. 
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H152/37 (254 nm) due to sensitivity differences. Using the conditions given in Figure 

21, UV detector performance was assessed for the analysis of pure felodipine at both 254 

and 362 nm in order to determine if dual wavelength analysis was necessary. The linear 

dynamic range for the SFC-UV was determined to be two orders of magnitude (18-5000 

ppm) at both 254 nm (0.9998) and 362 nm (r=0.99997). Injection reproducibility 

based upon peak areas for SFC-UV was found to be 1-3% RSD for replicate injections 

(n=5) of individual samples at varying concentrations for both wavelengths. The day-to- 

day injection precision was estimated to be 2.2% measured over 3 days for both 

wavelengths. 

Chromatographic limit of detection (LOD) and limit of quantification (LOQ) 

were calculated using the propagation of error method.*’ All pertinent calibration data 

are given in Table XV. Curves were constructed for SFC-UV analysis alone as well as 

the SFC-UV-ECD system. At 254 nm for the SFC-UV system, the LOD was found to be 

10 ppm, and the LOQ was determined to be 40 ppm. For the LOD and LOQ 

respectively, this represents the introduction of 62 ng felodipine in the former and 200 ng 

in the latter case onto the column via a 5 uL injection volume. At 362 nm, the LOD was 

calculated to be 5 ppm and the LOQ was 20 ppm. For these LOD and LOQ values, 25 

ng and 100 ng felodipine, respectively, were introduced to the column. For HPLC 

analysis with the previously described system, the LOD would be 3 ppm at 254 nm and 1 

ppm at 362 nm as a result of the larger injection volume (20 uL). 
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Table XV 

SFC-UV Calibration Curve Results* 

  

  

  

  

SFC-UV only SFC-UV SFC-UV 

Split Level At Split Level B® 

362nm 254nm 362 nm 254 nm 362 nm 254 nm 

m 0.39 0.47 0.48 0.57 0.56 0.67 

i 5.28 11.97 1.78 33.63 2.48 3.33 

r 0.9997 0.9998 0.997 0.996 0.996 0.996 

Sm 0.0013 0.0034 0.023 0.027 0.027 0.026 

S; 3.58 9.70 1.78 2.12 8.97 10.54 

Sy/y 5.51 14.95 29.02 34.54 8.74 10.27 

LOD (ppm) 5 10 3 3 8 10 

LOQ (ppm) 20 40 10 10 30 40 
  

SFC analysis conditions were as follows: mobile phase, 6% (v/v) methanol- 

modified CO,; 25 cm x 4.6 mm i.d. Hypersil® Si column; temperature, 45°C; pressure, 

280 bar; flow rate, 2 mL/min; injection volume, 5 pL, felodipine concentration ranged 

from 5 ppm to 5000 ppm. 

“ Calibration curves constructed by plotting peak area vs concentration of 

felodipine injected. Where m is the slope, i is the intercept, 7” is the correlation 
coefficient, s,, 1s the standard error in the slope, s; is the standard error in the intercept, 

and s,, is the point error. 
* Split A= 99.6% of post-column effluent directed to the UV detector. 
* Split B = 99.3% of post-column effluent directed to the UV detector. 
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From a comparison of the LOD and LOQ values for HPLC and SFC, it appears 

that the small injection volume (1-5 wL) used in SFC is a disadvantage when compared 

to that used by HPLC (2-250 pL). The difference in polarity between the injection 

solvent and the carbon dioxide-based mobile phase is the reason that smaller injection 

volumes are typically employed in SFC. This conclusion may not be valid when the 

injection solutions required for each technique are examined. First, it is important to 

note that the best solution medium for felodipine would be an organic one, due to the 

drug's hydrophobic nature. For reversed-phase HPLC analysis, however, injection of 

100% organic solvent solutions is not recommended when aqueous/organic mobile 

phases are used since peak splitting can occur. Therefore, organic sample solutions are 

usually diluted with water in order to match the solvent strength of the reversed-phase 

HPLC mobile phase. SFC, on the other hand, requires the injection of organic solvent 

solutions. As a result, no dilution would be necessary, thus higher drug solution 

concentrations are possible. Conversely, the use of organic solvent solutions can be a 

limitation with liquid extractions since tablet disintegration can be problematic in an non- 

aqueous medium. A typical packed-column SFC-UV separation of felodipine's oxidative 

degradate, H152/37 (Peak 1) and felodipine (peak 2) is shown in Figure 20(a). The 

degration product was generated in situ by heating a solution of felodipine at 80°C 

overnight. Its identity was confirmed to be H152/37 by injecting a solution of H152/37 

prepared from reference material. A resolution (R,) factor of 2.6 was obtained for the 
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SFC separation vs 2.5 for the optimized HPLC analysis (Figure 20b). The resolution of 

these two components with SFC was less sensitive to separation conditions than that seen 

in reversed-phase HPLC separation. In reversed-phase HPLC, the separation of these 

components was found to be highly dependent on the mobile phase composition and age 

of the column; while no such dependence was found in the case of SFC. 

It is interesting to note that the elution order of the degradate and felodipine from 

the Hypersil® silica column under SFC conditions (Figure 20a) was identical to that seen 

when a C,, column was used under reversed-phase conditions (Figure 20b). According 

to chromatographic theory, normal phase stationary phases should produce separations 

with opposite elution order vs their reversed-phase counterpart. It appears almost as if 

the retention of these two compounds is not influenced by stationary phase polarity 

when, in actuality, the mechanisms of retention may be influenced by different aspects of 

each molecule. For example, the more hydrophilic compound (H152/37) elutes first in 

reversed-phase HPLC since it partitions more favorably into the mobile phase vs 

felodipine. For SFC, the explanation of retention behavior is based on differences in CO, 

solubility between felodipine and H152/37. It has been shown that molecules that are 

planar have less solubility in CO, than do those that are non-planar.© In the case of the 

felodipine separation, this would mean that H152/37 would elute sooner than felodipine 

since the pyridine ring in the former is planar while the pyrole ring is non-planar. 
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Simultaneous SFC-UV-ECD 

With growing concerns over degradate identification and quantification, the use 

of element selective detectors such as the ECD could be helpful in achieving accurate 

identification of degradates in formulated drug products as well as metabolites in 

biological matrices. Unfortunately, due to the flow constraints of the ECD and the 

presence of methanol in the SF mobile phase, the entire packed column eluent could not 

be introduced to the ECD. As stated previously, simultaneous UV and ECD was 

accomplished by splitting the flow post-column to each detector as described in Chapter 

3. Split ratios were determined by measuring the resultant gas flows exiting each 

detector. An ECD temperature of 100°C was used. Higher temperatures were 

investigated in order to attain maximal detectability but severe band broadening and 

increased analyte retention times were observed. The peak distortions were caused by 

excessive heating of the restrictor similar to that discussed in Chapter 3. 

Under the conditions given in Figure 21, the LOD and LOQ of the SFC-ECD 

which was calculated by the propagation of errors method*! system was found to be 30 

pg of felodipine, and the LOQ was 100 pg (Table XVI). The linear dynamic range 

(LDR) of the ECD under those conditions was found to be three orders of magnitude 

(r=0.9992). Injection precision (n=5) based on peak area was found to be 2.0% RSD. 

The influence of the split ratio on ECD response was found to be significant in 
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Figure 21: SFC-ECD-UV felodipine separation. SFC conditions: mobile phase, 6% 
(v/v) methanol modified CO,; pressure, 280 bar; temperature, 45°C; column, 25 cm x 4.6 

mm i.d. Hypersil® Si; flow rate, 2.0 mL/min (liquid CO,); injection volume, 5 pL; 

injection solvent, methanol. ECD conditions are: 0.4% split to ECD; 100°C detector 

temperature; 200 mL/min P-5 gas flow rate. Peak identification is as follows: (1) 
H152/37 and (2) felodipine. Chromatograms labelled (A) represent the analysis of an 

H152/37 solution prepared from reference material. Chromatogram labelled (B) 

represent the analysis of a felodipine solution stressed at 80°C overnight. 
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Table XVI 

SFC/ECD Statistical Calibration Curve Analysis” 

  

  

  

SFC-ECD SFC-ECD 

Split Level A* Split Level B® 

m 28.6 12.9 

r 209.2 731.8 

r 0.9992 0.996 

s, 585.6 537.9 

s, 327.7 1635.7 

Sy 442.9 1652.1 

LOD (pg) 30 400 

LOQ (pg) 100 1000 
  

SFC analysis conditions were as follows: mobile phase, 6% (v/v) methanol- 
modified CO,; 25 cm x 4.6 mm i.d. Hypersil® Si column; temperature, 45°C; pressure, 

280 bar; flow rate, 2 mL/min; injection volume, 5 yL, felodipine concentration ranged 

from 5 ppm to 5000 ppm. 

" Calibration curves constructed by plotting peak area vs concentration of 

felodipine injected. Where m is the slope, i is the intercept, 7° is the correlation 

coefficient, s,, is the standard error in the slope, s; is the standard error in the intercept, 

and s,, is the point error. 
* Split A= 99.6% of post-column effluent directed to the UV detector. 

* Split B = 99.3% of post-column effluent directed to the UV detector. 
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ECD performance (Table XVI). As the split ratio was increased from 0.4% of the 

chromatographic effluent (4.5 mL/min decompressed CO, to the ECD) to 0.7% (9.25 

mL/min decompressed CO, to the ECD), the ECD was found to be an order of magnitude 

less sensitive with the higher split flow ratio. The increase in split flow ratio was 

accomplished by using a faster flow rate frit restrictor. The lost of detectability was 

attributed to the increased amount of methanol at the higher split ratio which would 

increase the background signal. 

The post-column split served to decrease the linearity of the UV response as 

evidenced by the lower correlation coefficient (r=0.996) and the increase in s,, (Table 

XV). UV detectability was also found to decrease with the larger split ratio. These 

results may suggest that discrimination is occurring as a result of the split flow or that the 

split causes more detector noise for both detectors. 

SFC-UV-ECD traces of the drug (Peak 2) and its oxidative degradation product 

(Peak 1) are given in Figure 21. The peak represented the introduction of 4 ng of 

felodipine into the ECD based on the split flow ratio. A slight difference in UV and 

ECD retention time was observed due to different flow rates to both detectors. 

SFC vs HPLC 

In order to directly compare packed-column SFC and analytical scale HPLC, 5 
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mg potency sustained-release felodipine tablets were analysed by SFC-UV-ECD and 

HPLC-UV using the methods described previously. Instead of using a traditional liquid 

solvent extraction for sample preparation, the optimized SFE method was used to remove 

the drug from the crushed 5 mg potency tablet. Each rinse vial was assayed separately 

by both SFC-UV-ECD and HPLC-UV. For SFC analysis, a 5 wL injection was 

employed while 20 nL were used for HPLC analysis. Since 20 uL is a relatively small 

injection volume for HPLC, the methanol extracts were injected as is without being 

diluted with water. Peak shape was found to be satisfactory under these conditions. 

Figure 22 graphically compares HPLC vs SFC quantitation on a vial-for-vial 

basis. As described previously, there were two methanol rinses (collected separately) for 

each of the four extraction steps, making a total of eight extract solution vials. 

Felodipine total recoveries of 96.0% (SFC-UV), 95.5% (SFC-ECD), and 96.6% (HPLC 

analysis) were obtained. As can be seen from the plot, good agreement was obtained 

regardless of the amount of felodipine present in the individual fractions. All differences 

in % claim were within experimental error. 

The equivalency in analysis became particularly striking when the solvent usage 

and sample throughput for SFC vs HPLC was compared (Table XVII). When the SFC- 

UV-ECD or SFC-UV was used for analysis, sample throughput was increased by 60% 

over an analogous HPLC separation. Although more total mobile phase was used for 

SFC, only 6% of the SFC mobile phase is actually disposable solvent waste. The 
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Figure 22: Comparison of SFC-UV-ECD vs HPLC-UV tablet analysis. SFC conditions 

are as in Figure 21. HPLC conditions are given in the Experimental section. Profiles 

notation is as follows: (A) SFC-ECD; (B) HPLC-UV; (C) SFC-UV. 
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Table XVII 

Solvent Usage Comparison: Packed-Column SFC vs Analytical Scale HPLC 

  

Packed Column SFC- Analytical Scale HPLC- 

  

  

UV-ECD UV 

Mobile Phase 6% (v/v) methanol- Acetonitrile-methanol-50 

modified CO, mM phosphate buffer (pH 

3) (40:20:40, v/v/v) 

Samples analyzed per hour 10 (6 min, run time) 4 (15 min, run time) 

mL Mobile phase used 120 90 

mL Disposable waste 7.2 90 

Mobile phase disposal cost $48 $175" 
per 55 gal. 
  

* Disposal cost obtained from Solid Waste Management, Merck Research 
Laboratories, West Point, PA, USA. 
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remaining 94% was carbon dioxide gas which was vented to a hood. This results in less 

disposable waste when compared to the HPLC assay. 

SUMMARY 

Packed column SFC was shown to be a viable chromatographic technique for the 

analysis of pure felodipine drug as well as felodipine in sustained release tablets. The 

SFC method was shown to be reproducible and selective for the separation of felodipine 

from its oxidative degradation product, H152/37, by the use of 6% (v/v) methanol 

modified CO, at 280 bar and 45°C. The resolution of the degradate from the parent 

compound was found to be less influenced by separation conditions than that obtained in 

HPLC. With the equipment used, simultaneous SFC-ECD-UV of felodipine was 

demonstrated. The combination of SFC with gas phase detectors represents a unique 

means of: (1) identifying metabolite or degradation products of thermally labile analytes; 

(2) minimizing the production of aqueous/organic disposable waste; and (3) decreasing 

overall organic solvent usage. The LOD and LOQ for felodipine under SFC conditions 

were found to be slightly higher than that for HPLC as a result of the smaller injection 

volumes used. 

SFE was also shown to a viable alternative to solvent extraction sample 

preparation. Its use will be advantageous in cutting solvent usage for sample preparation. 
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Felodipine was quantitatively recovered from a 5 mg potency sustained-release tablet 

when static/dynamic mode SFE was used. These results compared favorably with those 

obtained with the traditional liquid extraction procedure. SFE sample preparation time 

was longer (80 min/sample) than was the liquid procedure (45 min/sample); however, 

organic solvent use for sample preparation was drastically reduced with the SFE 

procedure. 
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CHAPTER 5 

EVAPORATIVE LIGHT SCATTERING DETECTION FOR PACKED-COLUMN 
SUPERCRITICAL FLUID CHROMATOGRAPHY 

INTRODUCTION 

In packed-column supercritical fluid chromatography (SFC), modifiers and 

additives (i.e. organic solvents, acids, and/or bases) are frequently required to efficiently 

elute polar analytes off the column.”? The modifiers/additives perform this function by 

either increasing the solubility of the analyte in the supercritical fluid (SF) or by reducing 

the activity of the column. Unfortunately, the introduction of modifiers/additives can 

interfere with the use of detectors like flame ionization detector (FID) or ultraviolet 

detector (UV).” Therefore, a detector is needed in which the modifier does not interfere 

and detection is possible. One such detector is the evaporative light scattering detector 

(ELSD) which responds to the light scattered by non-volatile analytes after the mobile 

phase has been evaporated.°””° 

The first reports of packed-column SFC-ELSD were by Carraud et al (Scheme 

IIT).'* and Nizery et al..'* The interface was a modified version of the high pressure 

liquid chromatography (HPLC) interface. The nebulizer which atomizes the mobile 

phase in HPLC applications was thought to be unnecessary in SFC since the restrictor 

which controls pressure and flow rate in SFC was believed to perform like a nebulizer. 
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At first, a tapered stainless steel tube was used as the restrictor, but it was difficult to 

reproducibly control the pressure and flow rate. It was replaced with a linear restrictor 

which was a short length of fused silica (75 um i.d. x 60 - 200 mm). The response of the 

detector was found to be highly dependent on the flow rate of the decompressed CO,. A 

maximum response at 2.7 L/min decompressed flow’? was observed, but this high flow 

rate was not practical for most analytical scale packed-column (4.6 mm i.d.) SFC 

analyses. At the higher flow rates, the chromatographic resolution of non-polar to 

moderately polar analytes would suffer since the resulting liquid flow rate of 4.5 mL/min 

was much higher than the widely used value of 2.0 mL/min.” 

  

  

Packed 1 mm i.d. Packed 2 mm i.d. Packed 4.6 mm i.d. Packed Column 

Capillary Column Column 

1-10 uL/min 300 uL/min 0.5 mL/min 2 mL/min 4 mL/min 8 mL/min 

I I — Strode et al. i li 
t Carraud et al. 

Takeuchi et al. Nizery et al." 

Hoffman et al.” . 
Demirbuker et al. 

Scheme II] 

Furthermore, in these early studies the Joule-Thomson cooling effect at the high 

decompressed COQ, flow rates caused dry ice to form which increased the background 

noise and decreased the performance of the detector. To alleviate this problem, the tip of 

the restrictor was placed inside a heated brass ring which heated the restrictor and 

prevented the ice formation.'* However, the ice formation could not be completely 
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eliminated when the methanol content was increased from 2.8% (w/w) to 10% (w/w). 

Ice formation caused by the additional methanol was reduced by increasing the drift tube 

temperature, but the detector's performance was also reduced. Nizery et al. found that 

the ice formation and resulting noise could be minimized without affecting the 

performance of the detector by heating a small section of tubing after the tip of the 

restrictor but before the drift tube.'* This reduced the noise employing both 100% CO, 

and low concentrations of methanol-modified CO, (3% (w/w)) mobile phases, but at 

higher methanol concentrations of 4.8% (w/w) a make-up gas was necessary to aid in the 

evaporation of the mobile phase at the high decompressed CO, flow rates (>3 L/min). 

Detection limits of 12 ng were reported for docosanol and octadecanol on a 

LiChrospher® Sil column, but the mobile phase composition was not reported.'* The 

analysis of carbohydrates, opium alkaloids,” triglycerides, fatty alcohols, and fatty 

acids'* were given as applications. 

Later using the same interface, Herbreteau et al. discussed the separation of 

sugars by packed-column SFC-ELSD using a cyanopropy] derivatized-silica column, 

methanol-modified CO, gradient from 2.4% (w/w) to 11.1% (w/w), 2.1 L/min 

decompressed CO,, and 265 bar. Brossard et al. then described the separation of 

ethoxylated alcohols by packed-column SFC and HPLC.”® They used a silica column, 

2.5 L/min decompressed CO,, methanol-modified CO,, and 268 bar. They also found 

that the retention time decreased when either a methanol-water-CO, or methanol-water- 
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triethylamine-CO, mobile phase was used relative to only methanol-modified CO, alone. 

More importantly, these complex mobile phases did not interfere in the detection of 

ethoxylated alcohols by ELSD. In a later study, Brossard et al. published a packed- 

column SFC-ELSD paper for the analysis of synthetic waxes.'’ They used a diol 

derivatized-silica column with 2-propanol-formic acid-carbon dioxide mobile phase. 

Then, Lafosse et al. reported the separation of pharmaceuticals, sugars, phospholipids, 

and surfactants by packed-column SFC-ELSD."* Furthermore, Cocks and Smith 

discussed the separation of fatty acid methyl esters (FAME) by packed-column SFC- 

ELSD employing 100% CO, and methanol-modified CO, with a mobile phase flow rate 

of 2.4 L/min decompressed CO,.!° They found like Carraud et al. that CO, could form 

dry ice and increase the background noise. To eliminate this noise, they suggested 

placing glass wool inside the heated drift tube to improve the heat transfer and improve 

the evaporation process.!? However, the glass wool was suggested to interfere in 

detection if the analytes adsorb onto it. 

All of these papers discuss the use of 4.6 mm i.d. packed-column SFC-ELSD at 

high mobile phase flow rates (3 L/min decompressed CO,). Takeuchi et al. coupled SFC 

to a conventional HPLC-ELSD to permit the use of smaller columns and slower flow 

rates.” They accomplished this by connecting the outlet of a variable restrictor to a 

mixing tee which was connected to the inlet of a conventional HPLC nebulizer on the 

ELSD. A particle forming solvent via the mixing tee was found to be necessary for 
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making a proper aerosol. This approach allowed them to use slower mobile phase flow 

rates 300 L/min (liquid) and smaller diameter columns (1.7 mm x 250 mm). No 

detection limit was reported. The separations of Triton X-100, polyoxypropylene glycol, 

and alcohol-polyethoxylate were reported. 

Hoffmann et al. modified a conventional HPLC-ELSD for use with packed 

capillary SFC with typical flow rates of 10 mL/min decompressed CO, (20 pL/min 

liquid).21_ They removed the nebulizer and the drift tube. The drift tube heating block 

was used as the column oven. The restrictor was placed at the entrance of the detection 

cell. They observed a detection limit of less than 5 ng for Irgafos 168 and trimyristin 

using 5.6% (mol) n-propanol-modified CO, and a Nova-Pak-4 ODS column (100 mm X 

0.32 mm i.d.).”! The separations of glyceryl monosterate and ethylene bisstearamide 

were discussed. Similarly, Demirbiiker et al. described a packed capillary SFC system in 

which a miniaturized ELSD was utitilized.2? The restrictor (130 mm x 10 um fused 

silica) was connected to a miniaturized drift tube (1/16 in. 0.d. s.s. tube). The drift tube 

was then connected to a small detection cell where the analyte particles could scatter light 

and be detected. They found that the lower volume ELSD did not suffer the mobile 

phase flow rate dependence that was observed by Carraud. For example, the response of 

the detector remained constant over a range of 8 to 16 mL/min decompressed CO, (13-26 

uL/min liquid). They also discussed the argentation chromatography of triacylglycerols 

using modified CO, mobile phases. A detection limit of 6 ng was determined for triolein 
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with a packed capillary column which compared well to previously reported higher flow 

rate (4 mL/min liquid) packed-column SFC-ELSD work.” 

The main focus of this chapter was to develop an ELSD for SFC which could 

detect 5 ng of analyte at mobile phase flow rates between 100 mL/min and 1.5 L/min 

decompressed CO, and could handle methanol-modified CO, ranging from 2% to 20% 

modifier. This work did not suffer the sample loadability or chromatographic resolution 

problems that the previously reported work did. Furthermore, a detailed study of several 

detector parameters (i.e. orifice size, restrictor position, drift tube temperature) that affect 

the response of the detector was performed. Detection limits for several steroids have 

been determined. The separation of polyethylene glycol (PEG) and ginkgolides are 

given as applications. 

EXPERIMENTAL 

Supercritical Fluid Chromatography 

A prototype of the Hewlett Packard Model G1205 SFC system (Little Falls, DE) 

was used for detector evaluation and subsequent separations (Figure 23). System 

pressure was maintained electronically by a computer-controlled, back pressure regulator 

which allowed the flow rate and pressure to be independently controlled. The mobile 
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Figure 23: Hewlett Packard SFC-UV-ELSD system. Components are as follows: (A) 
auto-sampler, (B) oven, (C) 4.6 mm i.d. column, (D) splitting tee, (E) integral restrictor, 

(F) injection valve, (G) ELSD, (H) multiwavelength ultraviolet detector (MWD), (I) data 
collection, (J) peltier cooled CO, pump, (K) organic modifier reservoir, (L) modifier 

pump, (M) check valve, (N) pulse dampener, (O) variable restrictor, (P) mass flow 
sensor 
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phase flow rate was measured as a liquid at the pump. Organic modifier was added via 

an auxiliary pump. A post-column split was introduced to divert a percentage of column 

effluent through a restrictor to the ELSD with the remaining effluent directed towards a 

standard HP 1050 multi-wavelength detector (MWD) which employed a 13 pL high 

pressure flow cell. For the detector study, a 4.6 mm X 250 mm Deltabond® cyano- 

derivatized silica (5 um) column (Keystone Scientific Inc., Bellefonte, PA) was used. A 

4.6mm X 150 mm Deltabond® amino-derivatized silica (5 pm) column (Keystone 

Scientific Inc., Bellefonte, PA) was used to separate the ginkgolides. A 4.6 mm X 250 

mm Hypersil® silica (3 um) column was employed for the analysis of the FAME's and 

PEG. 

A commercially available Mark III ELSD (Alltech Associates, Inc., Deerfield, 

IL) was used (Figure 24). The ELSD has three important zones. The first zone is the 

nebulizer which in HPLC is used to form an aerosol to produce droplets. The nebulizer 

was removed and replaced with either a linear restrictor (50 um i.d. X 30 om fused silica) 

or an integral restrictor (50 or 100 um i.d.) which was made in-house to deliver flow 

rates between 100-1200 mL/min decompressed flow. An integral restrictor was chosen 

over a crimped stainless steel tube because the integral restrictor gave better control over 

the flow rate. The interface allowed nitrogen make-up gas to be introduced into the drift 

tube through an orifice. The diameter of the orifice was varied from 0.0165 in to 0.0213 

in. The restrictor tip was placed 1-2 mm outside the orifice. The interface was 
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Figure 24: Schematic Diagram of ELSD. 
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positioned on top of a heated drift tube which is the second zone. The heated drift tube 1s 

used to evaporate away the mobile phase and any volatile material (1.e. volatile 

interferences or buffers). As the mobile phase is evaporated away from the droplet, a 

particle is formed. The dry particles then drift down the heated drift tube into the third 

zone, a detection cell. The detection cell contains a red laser beam from a diode laser 

and a red sensitive photodiode. As the dry particles drift through the detection cell, they 

pass through the laser beam and scattered light. The scatter light is then measured by the 

red sensitive photodiode. 

Microsoft® Excel was used to calculate the three-way ANOVA results. Math 

CAD® v. 5.0 was used to calculate the multivariate regression results (regression 

calculation shown in Appendix IV). 

Chemicals 

The CO, was SFE/SFC grade (no helium padding) obtained from Air Products 

and Chemical, Inc. (Allentown, PA). The methanol and isopropanol were obtained from 

Fisher Scientific (Fairlawn, NJ). The ethanol was supplied by AAPER Alcohol and 

Chemical Co. (Shelbyville, KY). Progesterone, testosterone, 17-a-hydroxyprogesterone, 

and hydrocortisone were purchased from Sigma Chemical Co. (St. Louis, MO). The 

PEG samples were obtained from the Procter and Gamble Co. (Cincinnati, OH). The 
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ginkgolide samples were provided by Teris van Beek (Wageningen Agriculture Institute, 

The Netherlands). 

RESULTS AND DISCUSSION 

ELSD Detector Operation 

The ELSD detection mechanism is a two step process. The first step involves the 

formation of droplets and subsequently particles from the mobile phase.°’ The droplets 

are formed by the decompression of CO, mobile phase at the outlet of the restrictor." 

The size of the particles depends on the type of restrictor used, mobile phase 

composition, concentration of the analyte, orifice size, nitrogen gas flow rate, and drift 

tube temperature. For our work, we found that an integral restrictor produced a 

consistent stream of droplets over a wide range of decompressed CO, flow rates and 

methanol-modifier concentrations. The particle size is also affected by the composition 

of the mobile phase. As more modifier is used larger droplets and subsequently particles 

are formed. 

The second step of the ELSD detection mechanism is the process by which 

particles scatter light. Particles can scatter light by four main ways: (1) reflection, (2) 

refraction, (3) Raleigh scattering, and (4) Mie scattering.®’ Reflection and refraction 

occur when the size of the particle approaches the wavelength of light used in detection. 
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Reflection and refraction can be described simply as the deviation of light quanta as it 

encounters the boundary between phases. Mie scattering predominats when the particle 

size is less than wavelength of the light but greater than 4 Different points on the 

same particle are exposed to incident light which causes induced oscillating dipoles to 

form. The induced oscillating dipoles then produced waves which can interfere with 

each other similar to Young's double slit light experiment.’’ As a result, the scattered 

light can have a greater or lesser intensity depending on the angle of observation. 

Raleigh scattering begins to predominant when the particles are much smaller than the 

wavelength of light (>< 5 X 107). Since the particles are very small in relation to the 

wavelength of light, the particles behave as point sources. The light quanta induce 

oscillating dipoles similar to Mie scattering. The particles then radiate low intensity light 

in all directions. 

Detector Optimization 

One of the purposes of this work was to investigate whether a range of 

decompressed CO, flow rates (150-1000 mL/min) could be used with SFC-ELSD from 

2% (v/v) - 20% (v/v) methanol-modified carbon dioxide. The flow rates were obtained 

by using a post-column split diverting the desired flow to the ELSD via an integral 

restrictor. The remaining flow was sent to the UV detector. Several detector parameters 
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(nitrogen make-up gas flow rate, orifice size, and drift tube temperature) were 

investigated by a 3° factorial design. A detailed discussion of the factorial experiment is 

beyond the scope of this chapter, but the factorial experiment is based on the approach of 

Winer.” Each parameter was assigned three levels and tested (Table XVIII) at both low 

(150 mL/min) and high (1000 mL/min) decompressed CO, flow rates and at 2% (v/v) 

and 20% (v/v) methanol-modified CO,. The response was based on area counts of 

progesterone, testosterone, and 17-a-hydroxyprogesterone on a Deltabond® cyanopropy! 

derivatized silica column (250 mm X 4.6 mm, d,= 5 um), 200 bar CO,, 50°C, 2 mL/min 

CO, (liquid flow measured at the pump), and 60°C (oven) for n=3 which enabled a three 

way ANOVA to be performed to determine the significance of each parameter. 

The results of the ANOVA are shown in Tables XIX-XX (detailed description of 

the ANOVA results are shown in Appendix III). Each parameter had a statistical effect 

at both 2% and 20% methanol-modified CO, and at both 150 mL/min and 1000 mL/min 

decompressed CO, flow rates. Therefore, in an effort to determine the degree to which 

each parameter affected the detector's response, a multivariate linear regression was 

performed. 

The orifice size had the smallest effect on the response of the detector based on 

the multivariate regression (Table XXI-XXII). At 150 mL/min decompressed CO,, no 

trend could be determined at either 2% or 20% (v/v) methanol-modified CO,. At 1000 

mL/min decompressed CO,, the smaller orifice size provided the highest response for 
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Table XVIII 

Conditions for 2% and 20% (v/v) Methanol-Modified CO, Factorial Experiments 

  

  

  

Parameter CO, Flow Rate Level -1 Level 0 Level 1 

Nitrogen Gas Flow Rate 150 mL/min 0.5 1 1.5 

(SLPM) , 
1000 mL/min 0.25 0.75 1.25 

Drift Tube Temperature 150 mL/min 30 50 70 

°C 
CO) 1000 mL/min 50 70 90 

Orifice Size 150 mL/min 0.0185 0.0193 0.0213 

in. 
(n.) 1000 mL/min 0.0185 0.0193 0.0213 
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Table XIX 

ANOVA Results Using 2% and 20% Methanol-Modified CO, at Low Decompressed 

  

  

  

CO, Flow Rate 

Parameter Methanol-Modified Progesterone Testosterone 17-a- Fubte 

co, hydroxyprogesterone 

Nitrogen Flow 0.02 4300 4600 1200 3.23 

Rate 
0.2 2200 3900 2700 3.23 

Drift Tube 0.02 770 660 4200 3.23 

Temperature 
0.2 1800 2900 1200 3.23 

Orifice Size 0.02 90 50 500 3.23 

0.2 170 15 20 3.23 
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Table XX 

ANOVA Results Using 2% and 20% Methanol-Modified CO, at High Decompressed 

  

  

  

CO, Flow Rate 

Parameter Methanol- Progesterone Testosterone 17-a- Fiabie 

Modified CO, hydroxyprogesterone 

Nitrogen Flow 2% 1900 2300 220 3.23 

Rate 
20 % 1400 1200 900 3.23 

Drift Tube 2% 1700 1500 2400 3.23 

‘Temperature 
20 % 2100 1700 850 3.23 

Orifice Size 2% 300 310 300 3.23 

20 % 330 200 370 3.23 
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Table XXI 

Coefficients from Multivariate Regression for 2% and 20% Methanol-Modified CO, at 

Low Decompressed CO, Flow Rate” 

  

  

  

Parameter Methanol- Progesterone Testosterone 17-a-hydroxyprogesterone 

Modified CO, 

Nitrogen Flow 2% -0.886 (66%) -1.08 (66%) -1.08 (58%) 

Rate 
20 % -0.640 (66%) -0.821 (49%) -0.55 (55%) 

Drift Tube 2% 0.356 (26%) 0.332 (20%) 0.514 (27%) 

Temperature 
20 % -0.0935 (9%) -0.794 (50%) -0.435 (43%) 

Orifice Size 2% 0.088 (6%) 0.221 (13%) 0.267 (14%) 

20 % -0.232 (24%) -0.004 (0.2%) 0.014 (1%) 
  

  

“ Numbers in paratheses are the percentage effect of each parameter. 
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Table XXII 

Coefficients from Multivariate Regression for 2% and 20% Methanol-Modified CO, at 
High Decompressed CO, Flow Rate™ 

  

  

  

Parameter Methanol- Progesterone Testosterone 17-a-hydroxyprogesterone 

Modified CO, 

Nitrogen Flow 2% -0.612 (62%) -0.795 (44%) -0.875 (41%) 

Rate 
20% -0.295 (36%) -0.399 (38%) -0.489 (36%) 

Drift Tube 2% -0.229 (23%) -0.777 (44%) -0.978 (46%) 

Temperature 
20 % -0.387 (48%) -0.544 (52%) -0.695 (51%) 

Orifice Size 2% -0.143 (14%) -0.208 (11%) -0.257 (12%) 

20 % -0.116 (14%) -0.102 (10%) -0.1643 (12%) 
  

  

™ Numbers in paratheses are the percentage effect of each parameter. 
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progesterone, testosterone, and 17-a-hydroxyprogesterone. It was reasoned, that the 

smaller orifice provided better mixing of the nitrogen make-up gas with the 

decompressing CO, which afforded better evaporation of the mobile phase. 

The drift tube temperature had a significant effect on the response of the detector 

as seen by the multivariate regression (Table XXI-XXII). When the detector temperature 

was increased from 50°C to 70°C, the signal response was found to decrease at both 

modifier concentrations and decompressed CO, flow rates. This decreased signal 

response was thought to be caused by the solute vaporizing at the increased 

temperatures. A more detailed study was performed to study the effect of detector 

temperature. Moderate conditions (800 mL/min decompressed CO, and 5% methanol- 

modified CO,) were chosen. The response for progesterone, testosterone, and 17-a- 

hydroxyprogesterone was found again to decrease as the detector temperature was 

increased. Above 7 orc, the response of the analytes was reduced even more when 

methanol was used as modifier. The decreased signal was attributed to solute 

vaporization at the higher detector temperatures.“*”? When the modifier was changed to 

either ethanol or iso-propanol, the signal response for progesterone did not changed with 

increasing detector temperature (Figure 25). A similar effect was observed when 

testosterone and 17-a-hydroxyprogesterone were used. Since ethanol and iso-propanol 

have higher boiling points than methanol, more thermal energy would be required to 

evaporate these solvents. 
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Figure 25: Effect of detector temperature on the response of progesterone. Conditions: 

800 mL/min decompressed CO,, 5% modified CO,, Deltabond® cyanopropy! derivatized 

silica (250 mm X 4.6 mm, d,= 5 um), 200 bar, 50°C (oven), 2 mL/min CO, (liquid flow 
measured at the pump), 0.4 SLPM N, make-up gas, and 0.0165 in orifice. 
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The nitrogen gas flow rate also had a large effect on the response of the detector. 

As the nitrogen gas flow rate was increased, the signal response of the detector decreased 

at 2% and 20% methanol-modified CO, and at 150 mL/min and 1000 mL/min 

decompressed CO,. The decreased signal was thought to be caused by a decreased 

residence time of the particles in the laser beam.” Although the maximum response was 

obtained at the low nitrogen gas flow rate setting under all conditions, the peak width of 

the analyte with 2% and 20% methanol-modified CO, at 150 mL/min decompressed CO, 

was found to be twice that of the peak width observed in the UV detector. The decreased 

nitrogen flow rate was thought to allow the particles to broaden while they descended 

down the drift tube to the laser beam. The band-broadening of the peaks was reduced to 

that observed in the UV detector when the nitrogen gas flow rate was increased to 0.75 

SLPM. At this flow rate, however, the signal response of the analyte was reduced. On 

the other hand, the peak-widths at 1000 mL/min decompressed CO, with 2% and 20% 

methanol-modified CO, were the same as that found in the UV detector at all nitrogen 

gas flow rates. 

It was later believed that the total flow rate of the detector controlled both the 

response and the peak-width of the analyte. The total flow rate of the detector is defined 

as the combination of the nitrogen gas flow rate and the decompressed CO, flow rate. 

When the total gas flow rate was plotted against the response of the detector a good 

correlation was observed at 2% and 20% methanol-modified CO,. In an effort to 
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understand the relationship of CO, gas flow rate to the response of the detector, several 

integral restrictors (100 1m) were fashioned to deliver flow rates from 100 mL/min to 

1000 mL/min. A plot of signal response versus CO, gas flow rate was made using 5% 

methanol-modified CO,. The total gas flow rate of the CO, and nitrogen gas was set to 

equal or exceed 1000 mL/min. Since the mobile phase effluent was split between the UV 

and ELSD, the concentration of progesterone, testosterone, and 17-a- 

hydroxyprogesterone was changed at each flow rate in order to maintain a constant mass 

delivered to the ELSD. From Figure 26, it can be seen that the response of the detector 

did not change by orders of magnitude as a function of CO, flow rate as previously 

reported.’? Consequently, our detector was less dependent on the CO, flow rate, and 

pressure programming could be utilized without affecting the performance of the 

detector. 

Pressure Gradient Programming 

A pressure gradient program was used to discover if the baseline noise and 

resulting chromatography were affected by the changing mobile phase pressure at both 

low and high decompressed CO, flow rates. The baseline peak-to-peak noise did not 

increase as the pressure was increased, but some spiking was observed at both low and 

high decompressed CO, flow rates (Figure 27A and 27B). This increased spiking was 
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Figure 26: Effect of CO, gas flow rate on the response of steroids. Conditions: 5% 
methanol-modified CO,, Deltabond® cyanopropyl derivatized silica (250 mm X 4.6 mm, 

d,= 5 um), 200 bar, 50°C (oven), 2 mL/min CO, (liquid flow measured at the pump), 

60°C (ELSD), and 0.0165 in orifice. 
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Figure 27: Effect of pressure gradient programming on the performance of the ELSD. Conditions for the 

low decompressed CO, flow rates (Figures 27A and 27C): 5% methanol-modified CO, 2.0 mL/min (liquid 

CO, measured at the pump), 100 bar CO, (1.5 min hold) to 350 bar CO, (1 min hold) at 15 bar/min, 

Deltabond® cyanopropy] derivatized silica, 138 mL/min decompressed CO, diverted to the ELSD by an 

integral restrictor, 60°C oven temperature, 0.89 SLPM N, make-up gas flow rate, 65°C drift tube temperature, 

and 0.0165 in. orifice. Conditions for the high decompressed CO, flow rates (Figures 27B and 27D) were 

5% methanol-modified CO, 2.0 mL/min (liquid CO, measured at the pump), 100 bar CO, (1.5 min hold) to 

350 bar CO, (1 min hold) at 15 bar/min, Deltabond® cyanopropyl derivatized silica, 858 mL/min 

decompressed CO, diverted to the ELSD by an integral restrictor, 60°C oven temperature, 0.4 SLPM N, 

make-up gas flow rate, 65°C drift tube temperature, and 0.0165 in. orifice. Peak identity as follows: (P) 

progesterone, (T) testosterone, (HP) 17 a-hydroxyprogesterone, (HC) hydrocortisone. 
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thought to be caused by the analytes precipitating on the restrictor tip. The spiking was 

eliminated when a new integral restrictor was made for both flow rates. The baseline 

noise level increased slightly as the pressure was increased; however, the baseline 

interferences did not affect the chromatography of the steroid separation at both low and 

high decompressed CO, flow rates as shown in Figure 27C and 27D. 

Modifier Gradient Programming 

A modifier gradient program was used to discover if the baseline noise and 

resulting chromatography were affected by the changing mobile phase composition at 

both low and high decompressed CO, flow rates. The baseline peak-to-peak noise was 

found to increase as the modifier concentration was increased at the low decompressed 

CO, flow rate (Figure 28A); while the baseline at the high decompressed flow rate 

remained stable. Random spiking was observed at both decompressed CO, flow rate 

conditions. The noise and spiking could be reduced and/or eliminated by increasing the 

nitrogen gas flow rate or increasing the drift tube temperature. Increasing the nitrogen 

flow rate would aid in the evaporation of the mobile phase effluent, but it would also 

decrease the residence time of the particles which would reduce the detector's response 

for the analyte. Similarly, the increased drift tube temperature would aid in the 

evaporation of the mobile phase, but the higher temperature may vaporize the analytes 
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Figure 28: Effect of modifier gradient programming on the performance of the ELSD. Conditions for the 

low decompressed CO, flow rate (Figures 28A and 28C): 1% methanol-modified CO, (0.5 min hold) to 20% 

methanol-modified CO, (3 min hold) at 1%/min, 280 bar CO,, Deltabond® cyanopropyl derivatized silica, 2.0 

mL/min (liquid CO, measured at the pump), 138 mL/min decompressed CO, diverted to the ELSD by an 

integral restrictor, 60°C oven temperature, 0.89 SLPM N, make-up gas flow rate, 65°C drift tube temperature, 

and 0.0165 in. orifice. Conditions for the high decompressed CO, flow rates (Figure 28B and 28D): 1% 

methanol-modified CO, (0.5 min hold) to 20% methanol-modified CO, (2 min hold) at 1%/min, 280 bar 

CO,, 3.0 mL/min (liquid CO, measured at the pump), Deltabond® cyanopropy] derivatized silica, 858 

mL/min decompressed CO, diverted to the ELSD, 60°C oven temperature, 0.4 SLPM N, make-up gas flow 
rate, 65°C drift tube temperature, and 0.0165 in. orifice. Peak identity as follows: (P) progesterone, (T) 

testosterone, (HP) 17 a-hydroxyprogesterone, (HC) hydrocortisone. 
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and reduce the sensitivity of the detector. Therefore, the noise associated with the 

nebulization process cannot be eliminated without potential signal loss. Fortunately, the 

spiking and noise becomes an issue only at low sample mass (<50 ng sample injected). 

The overall baseline noise level increased slightly as the methanol modifier was 

increased at both low and high decompressed CO, flow rates. The baseline interferences 

did not affect the chromatography of the steroid separation at both low and high 

decompressed CO, flow rates as shown in Figure 28C and 28D. 

Solute Volatility 

Nizery et al. found that the volatility of the analyte had a significant effect on the 

response of the detector.'* The more volatile analytes produced lower signal responses 

than the higher boiling analytes. We have investigated this behavior by studying a 

homologous series of hydrocarbons (C-16, C-18, C-20, C-24, C-26, C-28, C-30, C-32 

each present at 500 ng at the ELSD) using 100% CO, and 5% methanol-modified CQ). 

The lowest member of the series detected by ELSD was C-24 (Figure 29A); while the 

FID was able to detect all eight of the hydrocarbons with 100% CO, mobile phase 

(Figure 29B). When 5% methanol modified CO, was used, C-24 was still the lowest 

hydrocarbon that could be detected by the ELSD (Figure 29C). Although the methanol 

did not aid in the detection of the more volatile analytes, the ELSD was able to detect the 
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Figure 29: Effect of n-alkane volatility on the performance of the ELSD. Conditions: 
1.5 mL/min (liquid CO, measured at the pump), 112 bar CO,, Deltabond® cyanopropy]l 

derivatized silica, 600 mL/min decompressed CO, diverted to the ELSD by an integral 
restrictor, 75°C oven temperature, 0.4 SLPM N, make-up gas flow rate, 65°C drift tube 

temperature, and 0.0165 in. orifice. Chromatogram A: ELSD, 100% CO,, 

Chromatogram B: FID, 100% CO,, Chromatogram C: ELSD, 5% methanol-modified 

CO,. Numbers over peaks correspond to the carbon number. 
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higher molecular weight hydrocarbons in the presence of methanol; while the FID could 

not be used due to the presence of organic modifier. 

Detector Performance 

The limit of detection (LOD) was determined by SFC-ELSD for progesterone 

and testosterone using (2% and 20%) methanol-modified CO, under the ELSD conditions 

of 60°C, 0.4 SLPM N, make-up gas, Deltabond® cyanopropyl-derivatized silica (4.6 mm 

X 150 mm, 5 um), 2.0 mL/min (liquid CO,), 200 bar CO,, 50°C oven temperature, 

0.0165 in. orifice, and 700 mL/min decompressed CO, diverted to ELSD (Table XXIII). 

Calibration curves (peak area vs. concentration injected) were based on an average ELSD 

response (n=4) in the concentration range of 100 ppm - 5000 ppm (Table XXIV). Since 

the response of the ELSD is non-linear (1), the calibration curves were plotted using 

double logarithmic coordinates according to the equation below (2):° 

ya *m b 1 

LOG(y)=a+LOG(m) *b 

where y = response of the detector 

m = sample concentration 

a and b are numerical coefficients. 

The LOD of progesterone, testosterone, 17-a-hyrdoxyprogesterone has been 
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Table XXIII 

Limit of Detection for Steroids for SFC-ELSD 

  

Compound 2% CH,0H 10% CH,0H 20% CH;0H 

98% CO, 90% CO, 80% CO, 

Progesterone 9 ng 10 ng 4 ng 

Testosterone 7 ng 6 ng 5 ng 

17-a- 7 ng 6 ng 5 ng 

Hyrdoxyprogesterone 
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Table XXIV 

Calibration Curve Results for SFC-ELSD”™ 

  

  

  

Progesterone 

2% CH;,0H/98% CO, 10% CH;0H/90% CO, 20% CH;0H/80% CO, 

m 1.80 1.74 1.65 

i 2.00 2.48 1.65 

r 0.998 0.994 0.9998 

Sin 0.044 0.052 0.013 

S; 0.28 0.32 0.081 

Testosterone 

2% CH;0H/98% CO, 10% CH;0H/90% CO, 20% CH;0H/80% CO, 

m 1.83 1.68 1.50 

i 1.88 2.38 3.06 

r 0.998 0.993 0.9994 

Sin 0.035 0.023 0.021 

S; 0.25 0.16 0.12 

17-a-Hyrdoxyprogesterone 

2% CH30H/98% CO, 10% CH;0H/90% CO, 20% CH;0H/80% CO, 

m 1.69 1.79 1.52 

i 2.18 2.18 2.91 

r 0.998 0.9996 0.995 

Sin 0.033 0.017 0.057 

S; 0.22 0.098 0.36 

  

2 ROK 

m is the slope, i is the intercept, r’ is the correlation coefficient, s,, is the standard 

error in the slope, and s; is the standard error in the intercept. 
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determined to be 10 ng or lower (S/N = 3) at all modifier concentrations. These LOD 

values were in good agreement with previous results by other researchers.’* 4 

Furthermore, progesterone and testosterone had a lower LOD at 20% (v/v) methanol- 

modified CO, than at 2% (v/v) methanol-modified CO,. It was theorized that the 

additional methanol produced larger droplets which resulted in larger particles and a 

larger response by the ELSD. 

Applications 

To demonstrate the selectivity and detectability of the SFC-ELSD system, the 

separation of polyethylene glycols (PEG) and ginkgolides was undertaken. The analysis 

of PEG samples by SFC has been difficult due to the polar nature of the polymer. The 

polarity of the polymer can be reduced by derivatizing the alcohol groups to less polar 

groups. Pinkston et al. performed this derivatization process using trimethylsilyl chloride 

to separate thirty-three oligomers by open-tubular SFC with 100% CO,.% This 

separation required a time consuming derivatization step and over 100 minutes were 

required to resolve the oligomers. Faster analyses can be obtained using a packed 

column, but modifiers are required to elute the underivatized polar polymer. Lower 

molecular weight PEG samples can be rapidly separately on a LiChrospher® 

aminopropyl-derivatized silica column with 15% methanol-modified carbon dioxide 
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(Figure 30). To increase the solvating strength of the mobile phase, an additive can be 

used. Brossard et al. added triethylamine to the methanol-CO, mobile phase to elute the 

higher molecular weight PEGs from a diol phase.'® To increase the resolution between 

the oligomers, they found that water was required to reduce the activity of the column. 

Using a similar mobile phase as Brossard, the separation of PEG 2000 was accomplished 

on a LiChrospher® amino column (Figure 31). Thirty-three oligomers were observed 

which was in good agreement with Pinkston et al..’”* However, the peak-to-peak noise 

was increased with this quaternary mobile phase. 

Ginkgolides are prescribed for the postponement of the symptoms of old age (i.e. 

forgetfulness and early dementia). The ginkgolides (Figure 32) are extracted from the 

Ginkgo biloba leaf. The ginkgolides have a poor UV chromophore which prohibits the 

use of a UV detector. The current assay method 1s usually performed using reversed 

phase HPLC/ELSD with an octadecyl! derivatized silica column.”* This assay method has 

been plagued by poor peak area reproducibility and large solvent waste. The ginkgolides 

could be separated and quantitated by GC-FID, but a silylation derivatization step was 

required.” In an effort to improve the performance of the assay and reduce solvent 

waste, a SFC method was developed using a LiChrospher® aminopropyl-derivatized 

silica column. The ginkgolide extract was separated into three peaks with 20% (v/v) 

methanol-modified CQ, . 

As the modifier concentration was reduced to 12% (v/v) methanol-modified CO,, 
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Figure 30: Separation of PEG 200. Conditions: 15% (v/v) methanol-modified CO,, 4.0 

mL/min (liquid CO, measured at the pump), 200 bar CO,, LiChrospher® aminopropy]1 

derivatized silica, 600 mL/min decompressed CO, diverted to the ELSD by an integral 

restrictor, 50°C oven temperature, 0.4 SLPM N, make-up gas flow rate, 65°C drift tube 

temperature, and 0.0165 in. orifice. 
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Figure 31: Separation of PEG 2000. Conditions: 20% (v/v) (1% (v/v) triethylamine, 

5% (v/v) water, methanol)-modified CO,, 4.0 mL/min (liquid CO, measured at the 
pump), 200 bar CO,, LiChrospher® aminopropy] derivatized silica, 1000 mL/min 

decompressed CO, diverted to the ELSD by an integral restrictor, 50°C oven 

temperature, 0.4 SLPM N, make-up gas flow rate, 65°C drift tube temperature, and 

0.0165 in. orifice. 
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1. Bilobalide 2. Ginkgolide A 

  
Figure 32: Structures of the five main components of the Ginkgo biloba leaf. 
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the five expected ginkgolide peaks were observed but not resolved. The separation was 

theorized to occur by two opposing mechanisms. The first involved hydrogen bonding 

with the amino phase; while, the second opposing mechanism involved the adsorption of 

the ginkgolides onto the residual silica sites. The five ginkgolide compounds were 

further separated on a Deltabond® amino derivatized column with 12% (v/v) methanol- 

modified CO,. UV detection of the ginkgolide compounds was possible at low 

wavelengths, but the extract contained many interfering compounds that have better 

chromophores than the ginkgolides (Figure 33). Since the co-eluting peaks were volatile 

compounds, they were not detected by the ELSD. 

SUMMARY 

The ELSD was affected by the drift tube temperature and N, make-up gas flow 

rate. The signal was found to decrease as the detector temperature was increased. The 

N, make-up gas was found to control the peak-width of the analyte as well as the 

response of the analyte. Increasing N, flow rates decreased the signal, but improved the 

peak-width of the analyte when low decompressed CO, flow rates were used. A total gas 

flow rate of 1000 mL/min gave acceptable peak-widths and signal response. SFC-ELSD 

seems to be a promising technique for assaying food stuffs, polymers, and 

pharmaceuticals. It would be especially useful when organic modifiers/additives are 
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Figure 33: Separation of the Ginkgolide extract from the Ginkgo biloba leaf. 

Conditions: 12% (v/v) methanol-modified CO,, 4.0 mL/min (liquid CO, measured at the 

pump), 280 bar CO, , Deltabond® aminopropy]! derivatized silica, 600 mL/min 
decompressed CO, diverted to the ELSD by an integral restrictor, 40°C oven 

temperature, 0.4 SLPM N, make-up gas flow rate, 65°C drift tube temperature, and 

0.0165 in. orifice. 
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required that prohibit the use of other detectors (1.e. UV and FID). 
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CHAPTER 6 

CONCLUSIONS 

Modified carbon dioxide mobile phases have been shown to affect both 

chromatography and detection in packed-column SFC. In Chapter 2, helium headspace 

CO, was found to increase the capacity factors of analytes when compared to pure CQ). 

Furthermore, the addition of a modifier such as methanol could not counteract the effects 

of helium relative to pure CO,. The effect of heltum also changed as the level of liquid 

CO, decreased when using either 100% heltum headspace CO, or methanol-modified 

helium headspace CO, (mixed in-line). As a result, caution should be exercised when 

comparing chromatographic data obtained from full or partially filled cylinders of HHS- 

CO,. Moreover, care must also be taken when attempting to reproduce work done by 

others. The effects of helium were shown to be negated by increasing the CO, pressure 

of the chromatography. Another solution to fix the effect of helium might be to maintain 

a constant helium pressure in the supply cylinder. The best solution to eliminate the 

problems of helium headspace CO, would be to avoid its use to ensure acceptable results 

between different laboratories. 

The addition of modifiers or modifiers with additives prevents the use of common 

detectors like the flame ionization detector and sometimes the ultraviolet detector. Asa 

result, the effects of modifier were investigated for less common detectors like the ECD 
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and the ELSD. Although some modifiers are electron capturers, sensitive detection 

comparable to capillary SFC is still possible in the presence of modifier. Alcohols like 

methanol and ethanol were found to decrease the response of analytes as their | 

concentration in the mobile phase was increased. On the other hand, modifiers like 

acetonitrile and toluene did not dramatically affect the response of the ECD. 

Furthermore, the detectability of the ECD can be enhanced by changing the ECD 

temperature. Halogenated compounds and alcohols were found to yield higher responses 

at higher detector temperatures (i.e. >250°C); while, nitrogen containing compounds like 

nitrotoluene produced higher responses at lower temperatures (i.e. <150°C). Packed- 

column SFC-ECD was shown to be a promising technique for assaying environmental 

samples like phenylurea herbicides and polar samples like propellant stabilizers. It 

would be especially useful for compounds which do not absorb UV radiation but have an 

electron withdrawing group capable of capturing electrons or problematic with HPLC. 

Finally, the increased detectability of the ECD can monitor trace impurities that other 

detectors may not detect. 

Packed column SFC-UV-ECD was shown to be a viable chromatographic 

technique for the analysis of pure felodipine drug as well as felodipine in sustained 

release tablets using 6% (v/v) methanol-modified CO,. The SFC method was 

reproducible and selective for the separation of felodipine from its oxidative degradation 

product, H152/37. The resolution of the degradate from the parent compound was found 
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to be less influenced by separation conditions than that obtained in HPLC. The 

combination of SFC with gas phase detectors represents a unique means of: (1) 

identifying metabolite or degradation products of thermally labile analytes; (2) 

minimizing the production of aqueous/organic disposable waste; and (3) decreasing 

overall organic solvent usage. The SFC method generated 7.2 mL/hr with 10 samples 

analyzed; while, the HPLC method produced 90 mL/hr of waste with only 4 assayed 

samples. The LOD for felodipine under SFC conditions was 10 ppm (5 uL injection 

loop) which was slightly higher than the LOD for HPLC (3 ppm 20 uL injection loop) as 

a result of the smaller injection volumes used. 

SFE was also shown to a viable alternative to solvent extraction for sample 

preparation. Felodipine was quantitatively recovered from a 5 mg potency sustained- 

release tablet when static/dynamic mode SFE was used. Although pure felodipine was 

soluble in 100% CO,, a modifier was required to extract the drug from the tablet matrix. 

The extraction rate was increased by increasing the modifier. It was thought that the 

modifier helped to release the drug from the tablet matrix as well as to increase the 

solubility of felodine in the supercritical fluid. Furthermore, longer static time increased 

the extractability of felodipine from the tablet matrix. It was reasoned the longer static 

times allowed felodipine to diffuse out of the tablet. These results with the 

static/dynamic extraction compared favorably with those obtained with the traditional 

liquid extraction procedure. SFE sample preparation time was longer (80 min/sample) 
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than was the liquid procedure (45 min/sample); however, organic solvent use for sample 

preparation was drastically reduced with the SFE procedure. 

The ELSD is another detector which can be utilized when modifiers or modifiers 

with additives are used. The ELSD was affected by the drift tube temperature and N, 

make-up gas flow rate. The signal was found to decrease as the detector temperature was 

increased. The decreased signal was thought to be caused by the solute vaporizing. The 

N, make-up gas was found to control the peak-width of the analyte as well as the 

response of the analyte. Increasing N, flow rates decreased the signal, but improved the 

peak-width of the analyte when low decompressed CO, flow rates were used. A total gas 

flow rate (the combination of decompressed CO, flow rate and N, flow rate) of 1000 

mL/min gave acceptable peak-widths and signal response. A LOD of 10 ng or less was 

observed for several steroids at 700 mL/min decompressed CO, and 2%, 10%, and 20% 

(v/v) methanol-modified CO,. These values were in good agreement with previous 

packed-column SFC at higher decompressed CO, flow rates (i.e. 2.7 l/min), packed 

capillary SFC, and HPLC LOD values. Analysis of polyethylene glycol samples was 

accomplished using both modifier and modifier with additive mobile phases without 

interference in detection. Selective detection of non-volatile ginkgolides from volatile 

co-extrants was observe in the analysis of the ginko bilabo leaf extract. SFC-ELSD 

seems to be a promising technique for assaying food stuffs, polymers, and 

pharmaceuticals. 
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APPENDIX I 

Statistical Analysis of Capacity Factors for Chapter 2 
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Pooled t-test 

A pooled t-test”® was used to if the means of two sets of data are significantly 

different from one another. First, a Null hypothesis must be set and tested. A two-tailed 

t value is utilized with H, being that the means of the two data sets are equal. This test is 

based on the pooled standard deviation, s, for two sets of data, 1 and 2: 

ste [(2,-1) *5?+(@@,-1) +52] 
  

(x, +n,-2) 

Where: 

n, = number of measurements in data set 1 

n> = number of measurements in data set 2 

S} = standard deviation of data set 1 

S> = standard deviation of data set 2 

n=n,+n,-2 = degrees of freedom 

The calculated t value is then obtained from the equation: 

te [(mean), —(mean),] 
  

s res +15) 

nm, Nn, 

The absolute value of these calculated values were then compared with the table values 
for t at the 95% confidence level. H, is accepted if: t.1, < tapi. and H, is rejected for t,,), > 

trabie . 
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F-test 

The F-test”* is used to compare the precision of two data sets of measurements. It is 
based on the ratio of the individual data set's variances: 

Where: 

51 

S2 
n 

The Null Hypothesis is: 

= standard deviation of data set #1 

= standard deviation of data set #2 

= degrees of freedom = n,-1 

F values were obtained from table values for F at the 95% confidence level. H, is then 

accepted if Fa. < Fraie, or H, is rejected if F,,), > Frapte- 
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Table XXV 

Capacity Factor Data for Naphthalene 

  

  

  

  

Data Set 1 Data Set 2 Data Set 3 Data Set 4 Data Set 5 

Level 1 Level 2 Level 3 Level 4 Pure CO, 

HHS-CO, HHS-CO, HHS-CO, HHS-CO, 

0.544 0.412 0.331 0.297 0.213 

0.547 0.408 0.326 0.286 0.230 

0.559 0.412 0.334 0.282 0.216 

0.556 0.416 0.344 0.286 0.219 

0.558 0.418 0.341 0.289 0.214 

Mean 0.553 0.413 0.335 0.288 0.219 

Standard 0.007 0.004 0.007 0.005 0.006 

Deviation 

n 4 4 4 4 4 
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Table XX VI 

Capacity Factor Data for Acenaphthylene 

  

Data Set 1 Data Set 2 Data Set 3 Data Set4 Data Set 5 
  

  

  

Level 1 Level 2 Level 3 Level 4 Pure CO, 

HHS-CO, HHS-CO, HHS-CO, HHS-CO, 

1.35 0.988 0.808 0.718 0.533 

1.35 1.00 0.802 0.699 0.520 

1.38 1.01 0.814 0.695 0.536 

1.37 1.02 0.823 0.702 0.539 

1.37 1.02 0.824 0.704 0.534 

Mean 1.37 1.01 0.814 0.704 0.532 

Standard 0.01 0.01 0.009 0.008 0.007 
Deviation 

n 4 4 4 4 4 
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Table XXVII 

Capacity Factor Data for Anthracene 

  

  

  

  

Data Set 1 Data Set 2 Data Set 3 Data Set 4 Data Set 5 

Level 1 Level 2 Level 3 Level 4 Pure CO, 

HHS-CO, HHS-CO, HHS-CO, HHS-CO, 

2.63 2.06 1.74 1.55 1.12 

2.64 2.11 1.73 1.51 1.13 

2.65 2.12 1.75 1.50 1.13 

2.65 2.12 1.76 1.52 1.13 

2.65 2.13 1.76 1.52 1.12 

Mean 2.64 2.11 1.75 1.52 1.13 

Standard 0.007 0.02 0.01 0.02 0.003 

Deviation 

n 4 4 4 4 4 
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Table XXVIII 

Capacity Factor Data for Fluoranthene 

  

  

  

  

Data Set 1 Data Set 2 Data Set 3 Data Set 4 Data Set 5 

Level 1 Level 2 Level 3 Level 4 Pure CO, 

HHS-CO, HHS-CO, HHS-CO, HHS-CO, 

3.75 3.07 2.70 2.45 1.90 

3.75 3.11 2.69 2.41 1.93 

3.75 3.12 2.71 2.41 1.93 

3.76 3.12 2.71 2.43 1.93 

3.75 3.13 2.71 2.43 1.93 

Mean 3.75 3.11 2.71 2.42 1.93 

Standard 0.003 0.02 0.009 0.02 0.01 

Deviation 

n 4 4 4 4 4 
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Table XXIX 

Capacity Factor Data for Benz(a)anthracene 

  

  

  

  

Data Set 1 Data Set 2 Data Set 3 Data Set 4 Data Set 5 

Level 1 Level 2 Level 3 Level 4 Pure COQ, 

HHS-CO, HHS-CO, HHS-CO, HHS-CO, 

5.07 4.26 3.82 3.52 2.86 

5.07 4.29 3.81 3.46 2.86 

5.07 4.30 3.83 3.47 2.90 

5.07 431 3.82 3.49 2.90 

5.07 4.32 3.83 3.49 2.90 

Mean 5.07 4.29 3.82 3.49 2.88 

Standard 0.003 0.02 0.009 0.02 0.02 

Deviation 

n 4 4 4 4 4 
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Table XXX 

Pooled t-test Comparison of PAH Capacity Factors 

H ,:(mean), =(mean), 

  

Data Sets Naphthalene Acenaphthylene Anthracene Fluoranthene Benz(a)anthracene 

lvs 5 70 260 448 330 251 

2 vs 5 45 87 82 238 192 

3 vs 5 22 113 117 133 174 

4vs5 15 35 49 34 4l 

1 vs 2 63 104 59 67 69 

l vs3 95 213 233 263 309 

l vs 4 53 86 104 142 162 

2 vs 3 45 54 37 51 46 

2 vs 4 42 35 32 39 44 

3 vs 4 10 18 23 27 32 
  

In all cases ty, > tabte (V = 8, two-tailed t = 2.77), reyect H,: 

There is a statistical difference between the retention times of helium headspace CO, at 

the four different liquid CO, levels and pure CQ,. 
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Table XXXI 

F-test Comparison of PAH Capacity Factors 

H ,:(variance), =(variance), 

Data Sets Naphthalene Acenaphthylene Anthracene Fluoranthene Benz(a)anthracene 
  

1vs 5 1.01 2.02 4.79 17.4° 41° 

2 vs 5 2.23 2.84 56 2.50 1.78 

3vs 5 1.55 1.59 11.7" 2.49 4.46 

4vs 5 1.16 1.42 25.0" 1.67 1.46 

l vs 2 2.83 1.40 12.0° 43.0" 73.0" 

I vs 3 1.22 1.27 2.44 7.01" 9.12" 

1 vs 4 1.47 1.42 5.18 29.1" 59.7" 

2 vs 3 3.46 1.78 4.83 6.25 7.96" 

2vs 4 1.92 1.99 7.27 1.50 1.21 

3 vs 4 1.80 1.16 2.12 4.16 6.54" 
  

In most cases F,,;, < Fin, (two-tailed F=6.38) accept H,: 

  

* . 

Fate > Frabtes r Cj ect H, 
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Table XXXII 

Capacity Factor Data for Progesterone 

  

  

  

  

Data Set 1 Data Set 2 Data Set 3 Data Set 4 Data Set 5 

Level 1 Level 2 Level 3 Level 4 Pure CO, 

HHS-CO, HHS-CO, HHS-CO, HHS-CO, 

1.17 0.83] 0.684 0.632 0.493 

1.16 0.839 0.685 0.609 0.510 

1.15 0.838 0.694 0.631 0.509 

1.15 0.848 0.696 0.628 0.503 

1.19 0.836 0.683 0.630 0.506 

Mean 1.17 0.839 0.688 0.626 0.504 

Standard 0.02 0.006 0.006 0.009 0.006 
Deviation 

n 4 4 4 4 4 
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Table XXXIII 

Capacity Factor Data for Testosterone 

  

  

  

  

Data Set 1 Data Set 2 Data Set 3 Data Set 4 Data Set 5 

Level 1 Level 2 Level 3 Level 4 Pure CO, 

HHS-CO, HHS-CO, HHS-CO, HHS-CO, 

1.76 1.23 1.02 0.934 0.754 

1.77 1.23 1.01 0.906 0.771 

1.75 1.24 1.03 0.948 0.770 

1.75 1.25 1.03 0.932 0.760 

1.77 1.23 1.01 0.934 0.754 

Mean 1.76 1.24 1.02 0.931 0.762 

Standard 0.009 0.008 0.009 0.01 0.008 

Deviation 

n 4 4 4 4 4 
  

152



Table XXXIV 

Capacity Factor Data for 17-a-Hydroprogesterone 

  

  

  

  

Data Set 1 Data Set 2 Data Set 3 Data Set 4 Data Set 5 

Level 1 Level 2 Level 3 Level 4 Pure CO, 

HHS-CO, HHS-CO, HHS-CO, HHS-CO, 

2.18 1.53 1.26 1.16 1.00 

2.13 1.53 1.25 1.18 0.986 

2.13 1.55 1.28 1.18 0.983 

2.12 1.56 1.27 1.16 0.994 

2.10 1.54 1.26 1.16 0.987 

Mean 2.13 1.54 1.26 1.16 0.990 

Standard 0.03 0.01 0.01 0.01 0.007 

Deviation 

n 4 4 4 4 4 
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Table XXXV 

Capacity Factor Data for Hydrocortisone 

  

  

  

  

Data Set 1 Data Set 2 Data Set 3 Data Set 4 Data Set 5 

Level 1 Level 2 Level 3 Level 4 Pure CO, 

HHS-CO, HHS-CO, HHS-CO, HHS-CO, 

7.44 5.73 4.52 4.11 3.36 

7.46 5.60 4.47 4.17 3.34 

7.43 5.62 4.57 4.16 3.34 

7.44 5.63 4.48 4.19 3.35 

7.52 5.61 4.5] 4.14 3.32 

Mean 7.46 5.64 4.5] 4.15 3.34 

Standard 0.03 0.05 0.04 0.03 0.01 

Deviation 

n 4 4 4 4 4 
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Table XXXVI 

Pooled t-test Comparison of Steroid Capacity Factors 

H ,:(mean), =(mean), 

  

Data Sets Progesterone Testosterone 17-a- Hydroxyprogesterone 

Hydroxyprogesterone 

1 vs 5 75 166 102 192 

2vs 5 105 102 76 123 

3 vs 5 52 53 39 59 

4vs5 19 20 21 53 

1 vs 2 35 69 36 56 

lL vs 3 47 91 57 107 

l vs 4 63 82 63 137 

2 vs 3 76 82 144 42 

2vs4 38 45 4] 44 

3 vs 4 13 20 10 14 
  

In all cases t,.1, > tube (V = 8, two-tailed t = 2.77), reject H,: 

There is a Statistical difference between the retention times of helium headspace CO, at 

the four different liquid CO, levels and pure CQ). 
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Table XXXVII 

F-test Comparison of Steroid Capacity Factors 

HT ,:(variance), =(variance), 

  

Data Sets Progesterone Testosterone 17-a- Hydroxyprogesterone 

Hydroxyprogesterone 

lvs 5 6.28 1.35 16" 6.51™ 

2vs5 1.16 1.16 3.04 13" 

3 vs 5 1.22 1.23 2.92 8.43" 

4vs5 2.00 3.46 3.05 4.23 

1 vs 2 7.33" 1.16 5.26 2.03 

l vs 3 7.66" 1.10 5.48 1.29 

l vs 4 3.12 2.55 5.24 1.54 

2 vs 3 1.04 1.05 1.04 1.57 

2vs 4 2.34 2.98 1.00 3.13 

3 vs 4 2.45 2.82 1.04 2.00 
  

In most cases F,.;, < Fin, (two-tailed F=6.38) accept H,: 

  

ok 

F calc > Frable> r eject H, 
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APPENDIX IT 

Statistical Analysis of ECD Area Counts of Different Modifiers for Chapter 3 
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Table XXXVIII 

ECD Area Counts of 2, 6-Dinitrotoluene for Different Modifiers 

  

  

Acetonitrile Methanol Toluene 

6.68e5 3.17e5 9.27e5 

6.28e5 3.22e5 9.28e5 

688e5 3.28e5 9.62e5 

6.0e5 3.38e5 9.69e5 

Mean 6.40e5 3.26e5 9.46e5 

Standard 0.25e5 0.09e5 0.22e5 
Deviation 

n 4 4 4 
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Table XXXIX 

ECD Area Counts of 4-Nitrotoluene for Different Modifiers 

  

  

Acetonitrile Methanol Toluene 

7,.21e5 7.19e4 7.52e5 

7.76e5 7.57e4 6.81e5 

7.36e5 7.67e4 7.37e5 

7.67e5 7.49e4 7.23e5 

Mean 7.50e5 7.48e4 7.24e5 

Standard 0.25e5 0.214 0.37e5 

Deviation 

n 4 4 4 
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Table XL 

ECD Area Counts of 2, 4, 5-Trichlorophenol for Different Modifiers 

  

  

Acetonitrile Methanol Toluene 

7.70e5 5.95e5 9.95e5 

7.42e5 6.14e5 9.42e5 

7.76e5 6.06e5 9.20e5 

7.79e5 6.68e5 8.26e5 

Mean 7.67e5 6.21e5 9.43e5 

Standard 0.17e5 0.32e5 1.01e5 

Deviation 

n 4 4 4 
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Table XLI 

ECD Area Counts of Bromophenyl Phenyl Ether for Different Modifiers 

  

  

Acetonitrile Methanol Toluene 

1.57e5 2.60e5 5.27e5 

1.65e5 2.24e5 2.96e5 

1.69e5 2.24e5 4.87e5 

1.52e5 2.49e5 4.63e5 

Mean 1.61e5 2.36e5 4.43e5 

Standard 0.07e5 0.21e5 1.01e5 

Deviation 

n 4 4 4 
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Appendix ITI 

Three Way Analysis of Variance Calculation for Chapter 5 
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variation of a diverse sample set. 

Analysis of variance was used to separate and estimate the different causes of 

Three Way Analysis of Variance (ANOVA)” 

  

  

  

  

  

                          

  

  

  

  

                

  

Cy C, C3 Total 

b, b, b, b, b, b, db, b, b, 

ay abe, ;; abcj>, abeys; abc; 1. abC12, abCy.; abc, abC;23 abc;33 Ay 

a2 abC,; abCy.; abcys; abo. ADC. abC232 abc; abCy; abcys; A, 

a, abe3,; abes; abcess, abCs. abC32 ADC339 abcs;; ADCs abc333 3 

Total BC,, BC,, BC,, BC,, BC,, BC,, BC,, BC,, BC,, 

b; b, b, Total 

C, BC, BC,, BC, C 

C2 BC,, BC,, BC;, C, 

Cs BC,; BC,; BC;; C, 

Total B, B, B, G 

Equations: 

(1) = G/nper 

(2) = xX?’ iykon 

(3) = QA’)/ngr 
(4) = (&B’)/npr 
(5) = (2C*,)/npq 
(6) = [ZAB,)"|/nr 

(7) = [ZAC,)\/ng 
(8) = [ZAC,)"/ng 
(9) = [ZABC,,)"/n 

Sum of Squares Equations: 

SS, = G) - (1) 
SS, = (4) - () 
SS, = (5) - (1) 
SS. = (6) - B)-@) + 
SS,. = (7) - G) - G) + () 
SS,. = (8) - 4) - 6) + @ 
SS.ve = (9) - (6) - (7) - (8) + GB) + @ + B)-() 
SS within cen = (2) - Q) 
SSioat = (2) - (1) 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

              

Source of Sum of df MS Futc Fue 
Variation Squares 

A SS, p-1=2 SS,/(p-1) MS,/MSyithin cer | Foss (2, 18) 

B SS, g-1=2 SS,/(q-1) MS./MSyitnin cen | Fo.95 (2, 18) 

Cc SS, r-1=2 SS,/(r-1) MS./MSyithin cen | Fo.95 (2, 18) 

AB SS. (p-1)(g-1) = 4 SS./(@-D)@-1) MS/MS yitnin cen | Fo.ss (4, 18) 

AC SS... (p-1)(r-1) = 4 SS,-/(p-1)(r-1)) MS,./MS within cen | Foss (4, 18) 

BC SS,. (q-1)(r-1) = 4 SS,./((g-1)7-1) MS,,./MSyithin cen | Fo.os (4, 18) 

ABC SS.t¢ (p-1)(g-1)7-1) = 6 | SS,./(p-1)(g-D-1)) | MS../MS yitnin Fy.95 (6, 18) 
cell 

Within Cell SSyinin cen | Pgr-1) = 54 SS vitnin cen PEr@-1)) 
(experimental 

error) 

Total SSyota Ldf = 78 
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Table XLII 

Three Way ANOVA Results for Progesterone at 2% Methanol-Modified CO, and 150 

mL/min Decompressed CO, 

  

  

  

  

  

  

  

                        
  

  

  

  

  

  

              
  

Orifice Size 

0.0185 in. 0.0195 in. 0.0213 in. Total 

Drift Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate SLPM) 

Tube 

Temp. 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5 

30°C 4.68e+ | 1.97e+ | 4.62e+ | 3.69e+ | 1.56e+ | 7.26e+ | 3.90e+ 1.3le 5.55e 1.88e 

06 06 0S 06 06 05 06 +06 +05 +07 

50°C 7.77e+ | 2.74e+ | 5.16e+ | 6.24e+ | 2.49e4+ 1.24e+ | 7.23e+ §.25e 2.40e 3.58e 

06 06 05 06 06 06 06 +06 +06 +07 

70°C §.97e+ | 2.09e+ | 1.10e+ | 1.08e+ | 2.79e+ | 1.54e+ | 8.46e4+ 2.99e 2.38e 3.8le 

06 06 06 07 06 06 06 +06 +06 +07 

Total 1.84e+ | 6.79e+ | 2.08€+ | 2.07e+ | 6.83e+ | 3.50e+ | 1.95e+ 9.54e §.33e 9.28e 

07 06 06 07 06 06 07 +06 +06 +07 

Nitrogen Flow Rate (SLPM) 

Orifice SIze 
0.5 1.0 1.5 Total 

0.0185 in. 1.84e€+07 6.80e +06 2.08€ +06 2.73e +07 

0.0195 in. 2.07e +07 6.84e +06 3.50e +06 3.1le+07 

0.0213 in. 1.96e +07 9.55e+06 5.33e +06 3.45e +07 

Total §.87e+07 2.32e +07 1.09e +06 9.28e +07 

Equations: 
(1) = 1.06e14 

(2) = 1.72e14 

(3) = 1.15e14 

(4) = 1.52e14 

(5) = 1.07e14 

(6) = 1.64e14 

(7) = 1.54e14 

(8) = 1.18e14 

(9) = 1.71e14 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

              

Source of Variation | Sum of df MS Fate Fyre 

Squares 

A 8.22e+12 | 2 4.1le+12 776 3.23 

B 4.57e+13 | 2 2.29e + 13 4318 3.23 

Cc 9.53e+11 2 4.76e+11 90 3.23 

AB 3.98e+12 | 4 9.96e+ 11 188 2.61 

AC 3.80e+13 | 4 9.49e+12 1793 2.61 

BC -3.46e+13 | 4 -8.70e + 12 -1636 2.61 

ABC 2.87e+12 | 6 4.78e +11 67 2.18 

Within Cell 2.86e +11 54 5.29e +09 
(experimental 

error) 

Total 6.53e+13 | 78 
  

Where variable A is the Drift Tube Temperature 
variable B is the Nitrogen Gas Flow Rate 

variable C is the Orifice Size 
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Table XLIII 

Three Way ANOVA Results for Progesterone at 20% Methanol-Modified CO, and 150 

mL/min Decompressed CO, 

  

  

  

  

  

  

                        
  

  

  

  
  

  

  

              
  

Orifice Size 

0.0185 in. 0.0195 in. 0.0213 in. Total 

Drift Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate SLPM) 

Tube 
Temp. 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 

50°C 3.00e+ | 2.05e+ | 8.04e+ | 2.41e+ | 1.25e+ | 6.69e+ | 1.87e+ 1.23e 6.60e 1.39e 

06 06 05 06 06 05 06 +06 +05 +07 

70°C 1.18e+ | 6.96e+ | 6.30e+ | 1.78€+ | 7.59e+ | 4.71e+ | 1.16e+ 7.89e 4.89e 7.95e 

06 05 05 06 05 05 06 +05 +05 +06 

Total 4.17e+ | 2.74e+ | 1.43e+ | 4.18e+ | 2.0le+ | 1.14e+ | 3.03e+ | 2.02e 1.15e 2.19e 

06 06 06 06 06 06 06 +06 +06 +07 

Nitrogen Flow Rate (SLPM) 

Orifice SIze 
0.5 1.0 1.5 Total 

0.0185 in. 4.17e+06 | 2.74e€+06 1.43e +06 8.35e +06 

0.0195 in. 4.19e+06 2.01e+06 1.14e+06 | 7.33e+06 

0.0213 in. 3.03e +06 2.02e +06 1.15e+06 | 6.20e+06 

Total 1.14e€+07 6.77e +06 3.72e +06 2.19e +07 

Equations: 

(1) = 8.90e12 

(2) = 1.19e13 

(3) = 9.54e12 

(4) = 1.05e13 

(5) = 9.00e12 

(6) = 1.14e13 
(7) = 7.17e12 

(8) = 1.47e13 

(9) = 1.18e13 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

              

Source of Variation | Sum of df MS Fyatc Frbie 
Squares 

A 6.64e+11 1 6.64e+11 1213 4.08 

B 1.70e +12 2 8.50e+11 1553 3.23 

Cc 1.29e+11 2 6.45e+10 118 3.23 

AB 1.97e+11 2 9.85e+10 180 3.23 

AC -2.50e + 12 2 -1,25e+12 -2285 3.23 

BC 4.10e+12 4 2.05e+ 12 3747 2.45 

ABC -1.20e+ 12 4 -6.00e+11 -1096 2.45 

Within Cell 1.97e +10 36 5.47e +08 
(experimental 

error) 

Total 2.99e+12 53 
  

Where variable A is the Drift Tube Temperature 

variable B is the Nitrogen Gas Flow Rate 

variable C is the Orifice Size 
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Table XLIV 

Three Way ANOVA Results for Progesterone at 2% Methanol-Modified CO, and 1000 

mL/min Decompressed CO, 

  

  

  

  

  

  

                          
  

  

  
  

  

  

                

Orifice Size 

0.0185 in. 0.0195 in. 0.0213 in. Total 

Drift Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate SLPM) 

Tube 
Temp. 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 

50°C 5.82e+ 2.05e+ 8.04e+ | 2.4le+ | 1.25e+ | 6.69e+ | 1.87e+ 1.23e 6.60e 1.67e 

06 06 05 06 06 05 06 +06 +05 +07 

70°C 1.18e+ | 6.96e+ | 6.30e+ | 1.78e+ | 7.59e+ | 4.7le+ | 1.16e+ | 7.89e 4.89e 7.95e 

06 05 05 06 05 05 06 +05 +05 +06 

Total 6.99e+ | 2.74e+ | 1.43e+ | 4.19e+ | 2.0le+ | 1.14e+ | 3.03e+ | 2.02e 1.15e 2.47e 

06 06 06 06 06 06 06 +09 +06 +07 

Nitrogen Flow Rate (SLPM) 

Orifice SIze 
0.5 1.0 1.5 Total 

0.0185 in. 6.99e +06 2.75e +00 1.43e +06 1.11e+07 

0.0195 in. 4.19¢ +06 2.01e+06 1.14e +06 7.34e +06 

0.0213 in. 3.03e +06 2.02e +06 1.15e +06 6.20e +06 

Total 1.42e€+07 6.77e +06 3.72e +06 2.47e +07 

Equations: 

(1) = 1.13e13 

(2) = 2.01e13 

(3) = 1.27e13 

(4) = 1.45e13 

(5) = 1.20e13 

(6) = 1.68e13 

(7) = 1.60e13 

(8) = 1.43e13 

(9) = 2.01e13 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

              

Source of Variation | Sum of Squares | df MS Fyatc Fibie 

A 1.44e+12 1 1.44e+12 1540 4.08 

B 3.22e+12 2 1.62e+12 1736 3.23 

C 7.54e+11 2 3.77e+11 404 3.23 

AB 8.56e4+11 2 4,28e+11 459 3.23 

AC 2.50e+12 2 1.25e+12 1340 3.23 

BC -9.28e+11 4 -2.32e+11 -249 2.45 

ABC 9.73e+11 4 2.43e+11 260 2.45 

Within Cell 3.36e +10 36 9.32e+08 

(experimental 

error) 

Total 8.86e+12 53 
  

Where variable A is the Drift Tube Temperature 
variable B is the Nitrogen Gas Flow Rate 
variable C is the Orifice Size 
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Table XLV 

Three Way ANOVA Results for Progesterone at 20% Methanol-Modified CO, and 
1000 mL/min Decompressed CO, 

  

  

  

  

  

  

                        
  

  

  

  

  

  

              
  

Orifice Size 

0.0185 in. 0.0195 in. 0.0213 in. Total 

Drift Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate SLPM) 

Tube 
Temp. 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 

50°C 3.18e+ | 1.0le+ | 5.82e+ | 1.99e+ | 1.18e€+ | 6.5le+ | 1.16e€+ | 6.87e 5.49e 1.10e 

07 07 06 07 07 06 07 +06 +06 +08 

70°C 7.83e+ | 6.63e+ | 3.00e+ | 8.82e+ | S.04e+ | 2.93e+ | 5.64e+ | 4.29e 3.12e 4.73¢ 

06 06 06 06 06 06 06 +06 +06 +07 

Total 3.96e+ | 1.67e+ | 8.82e+ | 2.86e+ | 1.68e+ | 9.43e+ | 1.72e+ l.ile 8.6le 1.57e 

07 07 06 07 07 06 07 +07 +06 +08 

Nitrogen Flow Rate (SLPM) 

Orifice Size 
0.5 1.0 1.5 Total 

0.0185 in. 3.96e +07 1.67¢ +07 8.82e+07 | 6.5le+07 

0.0195 in. 2.87e +07 1.68e +07 9.44e +06 5.49e +07 

0.0213 in. 1.72e +07 1.11e+07 8.6le+06 | 3.70e+07 

Total 8.55e +07 4.46e +07 2.68¢ +07 1.57e +08 

Equations: 

(1) = 4.56e14 

(2) = 7.40e14 

(3) = 5.29e14 

(4) = 5.57e14 

(5) = 4.79e14 

(6) = 6.63e14 

(7) = 6.02e14 

(8) = 5.62e14 

(9) = 7.39e14 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

  

Source of Variation | Sum of Squares | df MS Fue Fypie 

A 7.22e +13 1 7.22e +13 2109 | 4.08 

B 10.00e + 13 2 5.02e + 13 1466 | 3.23 

Cc 2.26e + 13 2 1.13e+13 330 3.23 

AB 3.41e+13 2 1.70e + 13 498 3.23 

AC 5.1le+13 2 2.55e+13 745 3.23 

BC -1.7le+13 4 ~4.43e+12 -129 | 2.45 

ABC 2.01le+13 4 5.03e +12 146 2.45 

Within Cell 1.23e+12 36 3.42e+10 
(experimental 

error) 

Total 2.84e+14 53               
  

Where variable A is the Drift Tube Temperature 

variable B is the Nitrogen Gas Flow Rate 
variable C is the Orifice Size 
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Table XLVI 

Three Way ANOVA Results for Testosterone at 2% Methanol-Modified CO, and 150 

mL/min Decompressed CO, 

  

  

  

  

  

  

  

                        
  

  

  

  

  

  

              
  

Orifice Size 

0.0185 in. 0.0195 in. 0.0213 in. Total 

Drift Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate SLPM) 

Tube 
Temp. 0.5 1.0 1.5 0.5 1 1.5 0.5 1.0 1.5 

30°C 4.44e+ | 1.43e+ |] 5.34e+ | 4.38e+ | 1.28e+ | 5.46e+ | 3.99e | 1.06e+ 5.07e 1.8le 

06 06 05 06 06 05 +06 06 +05 +07 

50°C 8.28e+ | 2.98e+ | 3.Sle+ | 7.95e+ | 2.62e+ | 9.45e+ 1.54e | 6.96e+ | 2.18e 2.75e 

06 06 05 06 06 05 +06 05 +06 +07 

70°C 7.68e+ | 2.36e+ | 1.50e+ | 6.69e+ | 2.12e+ | 1.19e+ | 9.09e | 4.14e+ 1.34e 3.6le 

06 06 06 06 06 06 +06 06 +06 +07 

Total 2.04e+ | 6.76e+ | 2.38e+ | 1.90e+ | 6.0le+ | 2.66e+ 1.46e | 5.89e+ 3.02e 8.18e 

07 06 06 07 06 06 +07 06 +06 +07 

Nitrogen Flow Rate (SLPM) 

Orifice Size 
0.5 1.0 1.5 Total 

0.0185 in. 2.04e +07 6.76¢ +06 2.38e +06 2.95e +07 

0.0195 in. 1.90e +07 6.01e +06 2.68e +06 2.77e +07 

0.0213 in. 1.46e +07 5.89e +06 4.02e +06 2.45e +07 

Total 5.40e +07 1.87e +07 9.09e +06 8.18e +07 

Equations: 

(1) = 8.26e13 

(2) = 1.45e14 

(3) = 8.86e13 

(4) = 1.24e14 

(5) = 8.31e13 

(6) = 1.32e14 

(7) = 1.26e14 

(8) = 9.36e13 

(9) = 1.45e14 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

              

Source of Variation | Sum of Squares df MS Fare F.ple 

A 5.97e+12 2 2.98e +12 665 3,23 

B 4.15e+13 2 2.08e + 13 4633 | 3.23 

Cc 4.77e+11 2 2.38e+11 53 3.23 

AB 2.02e +12 4 5.04e+11 112 2.61 

AC 3.73e+ 13 4 9.33e+12 2082 | 2.61 

BC -3.10e +13 4 -7.70e +12 -1729 | 2.61 

ABC 6.27e +12 6 7.84e+11 174 2.18 

Within Cell 2.42e+11 54 4.48e +09 
(experimental 

error) 

Total 6.28e + 13 78 
  

Where variable A is the Drift Tube Temperature 
variable B is the Nitrogen Gas Flow Rate 

variable C is the Orifice Size 
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Table XLVII 

Three Way ANOVA Results for Testosterone at 20% Methanol-Modified CO, and 150 

mL/min Decompressed CO, 

  

  

  

  

  

  

                        
  

  

  

  
  

  

  

              
  

Orifice Size 

0.0185 in. 0.0195 in. 0.0213 in. Total 

Drift Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate SLPM) 

Tube 

Temp. 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 

50°C 3.09e+ | 1.24e+ | 4.08€+ | 2.65e+ | 1.15e+ | 5.07e+ 2.58e 1.02e+ 6.15e 1.33e 

07 07 06 07 07 06 +07 07 +06 +08 

70°C 1.13e+ | 5.43e+ | 2.33e+ 1.05e+ | 4.47e+ | 2.5le+ 1.38e 4.98e+ 3.39e 5.87e 

07 06 06 07 06 06 +07 06 +06 +07 

Total 4.24e+ 1.78e+ | 6.4le+ | 3.69e+ | 1.59e+ | 7.58e+ 3.96e 1.52e+ 9.54e 1.9le 

07 07 06 07 07 06 +07 07 +06 +08 

Nitrogen Flow Rate (SLPM) 

Orifice SIze 
0.5 1.0 1.5 Total 

0.0185 in. 4.24e+07 1.78 +07 6.41¢+06 6.64e +07 

0.0195 in. 3.69e +07 1.59e +07 7.58e +06 6.04e +07 

0.0213 in. 3.96e +07 1.52e +07 9.54e+06 6.43e+07 

Total 1.19e +08 4.89e +07 2.35e€+07 1.91e+08 

Equations: 

(1) = 6.67e14 

(2) = 1.10e15 

(3) = 7.7814 
(4) = 9.47e14 

(5) = 6.78e14 

(6) = 1.09e15 

(7) = 9.51e14 

(8) = 7.81e14 

(9) = 1.10e15 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

              

Source of Variation | Sum of Squares df MS Func Fue 

A 10.00e + 13 1 1.0le+14 1976 | 4.08 

B 2.70e +14 2 1.35e+ 13 264 3.23 

Cc 10.00e +11 2 5.03e+11 9.84 | 3.23 

AB 4.80e + 13 2 2.40e + 13 469 3.23 

AC 1.72e+14 2 8.6le+13 1684 | 3.23 

BC -1.67e+14 4 -4.19e +13 -819 | 2.45 

ABC 3.20e +12 4 7.96e+11 15 2.45 

Within Cell 1.84e+12 36 5.1le+10 
(experimental 

error) 

Total 4.30e+14 53 
  

Where _ variable A is the Drift Tube Temperature 

variable B is the Nitrogen Gas Flow Rate 

variable C is the Orifice Size 
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Table XLVIII 

Three Way ANOVA Results for Testosterone at 2% Methanol-Modified CO, and 1000 
mL/min Decompressed CO, 

  

  

  

  

  

  

                          

  

  

  

  

  

              
  

Orifice Size 

0.0185 in. 0.0195 in. 0.0213 in. Total 

Drift Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate SLPM) 

Tube 
Temp. 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 

50°C 5.0le+ | 1.4le+ | 6.30e+ | 1.78e+ | 8.64e+ | 5.40e+ 1.64e | 8.19e+ | 4.95e 1.32e 

06 06 05 06 05 05 +06 05 +05 +07 

70°C 9.2le+ | 5.22e+ | 3.15e+ | 1.78e+ | 5.07e+ | 3.21le+ | 9.99e | 5.46e+ | 2.95e 6.2le 

05 05 05 06 05 05 +05 05 +05 +06 

Total 5.93e+ | 1.93e+ | 9.45e+ | 3.56e+ | 1.37e+ | 8.6le+ 2.64e 1.36e+ 7.89e 1.94e 

06 06 05 06 06 0S +06 06 +05 +07 

Nitrogen Flow Rate (SLPM) 

Orifice SIze 
0.5 1.0 1.5 Total 

0.0185 in. 5.93e +06 1.93e +06 9.45e +05 8.81e+06 

0.0195 in. 3.56e +06 1.37e +06 8.6le+05 5.79e +06 

0.0213 in. 2.64e +06 1.36e +06 7.90e +05 4.79e +06 

Total 1.21e +07 4.67e +06 2.59e +06 1.94e +07 

Equations: 
(1) = 7.00e12 

(2) = 1.38e13 

(3) = 7.87e12 

(4) = 9.77e12 

(5) = 7.45e12 

(6) = 1.11e13 

(7) = 1.07e13 

(8) = 9.10e12 

(9) = 1.38e13 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

              

Source of Variation | Sum of Squares df MS Futc File 

A 9.04e+11 1 9.04e+11 1413 | 4.08 

B 2.80e +12 2 1.40e +12 2186 | 3.23 

Cc 4.85e+11 2 2.42e+11 378 3.23 

AB 4.98e+11 2 2.49e+11 389 3.23 

AC 2.40e + 12 2 1.20e+12 1879 | 3.23 

BC -1.20e+12 4 -2.88e +11 -450 | 2.45 

ABC 9.08e+11 4 2.27e+11 355 2.45 

Within Cell 2.30e +10 36 6.40e +09 
(experimental 

error) 

Total 6.87e+ 12 53 
  

Where’ variable A is the Drift Tube Temperature 

variable B is the Nitrogen Gas Flow Rate 

variable C is the Orifice Size 
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Table XLIX 

Three Way ANOVA Results for Testosterone at 20% Methanol-Modified CO, and 

1000 mL/min Decompressed CO, 

  

  

  

  

  

  

                        
  

  

  

  

  

  

              
  

Orifice Size 

0.0185 in. 0.0195 in. 0.0213 in. Total 

Drift Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate SLPM) 

Tube 
Temp. 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 

50°C 2.02e+ | 9.84e+ | 5.49e+ | 1.99e+ | 1.17e+ | 6.63e+ 1.16e | 7.1le+ | 5.79e 9.82e 

07 06 06 07 07 06 +07 06 +06 +07 

70°C 8.34e+ | 6.69e+ | 2.94e+ | 9.36e+ | 5.16e+ | 3.18e+ | 5.82e | 4.50e+ | 3.27e 4.92e 

06 06 06 06 06 06 +06 06 +06 +07 

Total 2.85e+ | 1.65e+ | 8.42e+ | 2.93e+ | 1.68e+ | 9.8le+ 1.74e | 1.16e+ 9.06e 1.47e 

07 07 06 07 07 06 +07 07 +06 +08 

Nitrogen Flow Rate (SLPM) 

Orifice Size 
0.5 1.0 1.5 Total 

0.0185 in. 2.85e +07 1.65e +07 8.42e+06 | 5.35e+07 

0.0195 in. 2.93e +07 1.68e +07 9.81e+06 5.59e +07 

0.0213 in. 1.74e+07 1.16¢+07 9.06e+06 | 3.80e+07 

Total 7.52e+07 | 4.50e+07 2.73¢ +07 1.47e +08 

Equations: 

(1) = 4.02e14 

(2) = 5.48e14 

(3) = 4.47e14 

(4) = 4.68e14 

(5) = 4.13e14 

(6) = 5.24e14 

(7) = 4.85e14 

(8) = 4.60e14 

(9) = 5.47e14 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

              

Source of Variation | Sum of Squares df MS Fate Fue 

A 4.44e+ 13 1 4.44e+13 1751 | 4.08 

B 6.52e +13 2 3.26e + 13 1286 | 3.23 

C 1.05e+ 13 2 5.23e+12 206 3.23 

AB 1.2le+13 2 6.04e+12 238 3.23 

AC 2.83e+ 13 2 1.41e+13 557 3.23 

BC -1.83e+ 13 4 -4.52e +12 -178 =| 2.45 

ABC 2.40e + 12 4 5.87e+11 23 2.45 

Within Cell 9.12e+11 36 2.53e +10 
(experimental 

error) 

Total 1.46e+14 53 
  

Where variable A is the Drift Tube Temperature 

variable B is the Nitrogen Gas Flow Rate 
variable C is the Orifice Size 
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Table L 

Three Way ANOVA Results for 17-a-Hydroxyprogesterone at 2% Methanol-Modified 

CO, and 150 mL/min Decompressed CO, 

  

  

  

  

  

  

  

                        
  

  

  

  

  

  

              
  

Orifice Size 

0.0185 in. 0.0195 in. 0.0213 in. Total 

Drift Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate SLPM) 

Tube 
Temp. 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 

30°C 3.5le+ | 1.16e+ | 5.43e+ | 3.90e+ | 1.4le+ | 3.27e+ | 3.5le | 5.88e+ 5.64e 1.66e 

06 06 OS 06 06 0S +06 0S +05 +07 

50°C 6.24e+ | 2.49e+ | 2.87e+ | 6.45e+ | 2.54e+ | 7.17e+ | 1.70e | 6.5le+ | 2.25e 4.4Se 
06 06 0S 06 06 05 +07 06 +06 +07 

70°C 7.92e+ | 2.8le+ | 1.28e+ | 1.07e+ | 2.92e+ | 1.90e+ }| 9.09e | 4.59e+ 1.97e 4.3le 
06 06 06 07 06 06 +06 06 +06 +07 

Total 1.76e+ | 6.45e+ | 2.1le+ | 2.10e+ | 6.87e+ | 2.94e+ | 2.96e | 1.17e+ | 4.78e 1.03e 

07 06 06 07 06 06 +07 07 +06 +08 

Nitrogen Flow Rate (SLPM) 
Orifice SIze 

0.5 1.0 1.5 Total 

0.0185 in. 2.85e +07 1.65¢€ +07 8.42e +06 5.35¢€+07 

0.0195 in. 2.93¢ +07 1.68e +07 9.81e+06 5.59e +07 

0.0213 in. 1.74e+07 1.16e +07 9.06€+06 | 3.80e+07 

Total 7.52e+07 | 4.50e+07 2.73e +07 1.47e +08 

Equations: 

(1) = 1.31e14 
(2) = 2.61e14 
(3) = 1.51e14 
(4) = 2.00e14 
(5) = 1.39e14 

(6) = 2.29e14 
(7) = 2.10e14 
(8) = 1.72e14 
(9) = 2.60e14 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

              

Source of Variation | Sum of Squares MS Fate F..bie 

A 1.98e + 13 2 9.92e+12 1018 | 3.23 

B 6.82e + 13 2 3.41e+13 3504 | 3.23 

C 7.98e+12 2 3.99e+12 409 3.23 

AB 9.12e+12 4 2.28e +12 234 2.61 

AC 5.1le+13 4 1.28e+ 13 1312 | 2.61 

BC -3.54e +13 4 -8.90e + 13 -909 | 2.61 

ABC 8.05e+12 6 1.01le+12 103 2.18 

Within Cell 5.26e+11 54 9.73e +09 
(experimental 

error) 

Total 1.29e+14 78 
  

Where variable A is the Drift Tube Temperature 

variable B is the Nitrogen Gas Flow Rate 
variable C is the Orifice Size 
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Table LI 

Three Way ANOVA Results for 17-e-Hydroxyprogesterone at 20% Methanol-Modified 

CO, and 150 mL/min Decompressed CO, 

  

  

  

  

  

  

                        
  

  

  

  

  

  

                

Orifice Size 

0.0185 in. 0.0195 in. 0.0213 in. Total 

Drift Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate SLPM) 

Tube 
Temp. 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 

50°C 1.94e+ | 8.19e+ | 3.00e+ | 1.67e+ | 7.08e+ | 3.21e+ 1.78e | 6.8le+ | 3.84e 6.6le 

07 06 06 07 06 06 +07 06 +06 +07 

70°C 8.70e+ | 4.32e+ | 1.86e+ | 8.31le+ | 3.66e+ | 1.94e+ 1.l4e | 4.14e+ | 2.5le 4.68e 

06 06 06 06 06 06 +07 06 +06 +07 

Total 2.8le+ | 1.25e+ | 4.86e+ | 2.50e+ | 1.07e+ | 5.15e+ 2.9le 1.09e+ 6.35e 1.33e 

07 07 06 07 07 06 +07 07 +06 +08 

Nitrogen Flow Rate (SLPM) 

Orifice SIze 
0.5 1 1.5 Total 

0.0185 in. 2.81e +07 1.25e+07 4.86e +06 4.55e+07 

0.0195 in. 2.51e +07 1.07e +07 5.15e€+06 4.09e +07 

0.0213 in. 2.91e+07 1.09e +07 6.35e +06 4.64e +07 

Total 8.23e +07 3.42e+07 1.63¢ +07 1.33e+08 

Equations: 

(1) = 3.27e14 

(2) = 5.03e14 

(3) = 3.55e14 

(4) = 4.56e14 

(5) = 3.28e14 

(6) = 4.99e14 

(7) = 4.58e14 

(8) = 3.57e14 

(9) = 5.03e14 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

              

Source of Variation | Sum of Squares df MS Fic Fuble 

A 2.85e +13 1 2.85e + 13 1223 4.08 

B 1.29e+14 2 6.47e +13 2779 3.23 

Cc 9.67e+11 2 4.84e+11 21 3.23 

AB 1.40e + 13 2 7.00e +12 300 3.23 

AC 1.02e +14 2 5.10e +13 2191 3.23 

BC -10.00e + 13 4 -2.50e +13 -1075 | 2.45 

ABC 9.17e+11 4 2.29e+11 9.85 2.45 

Within Cell 8.38e+11 36 2.33e+ 10 
(experimental 

error) 

Total 1.77e+14 53 
  

Where variable A is the Drift Tube Temperature 

variable B is the Nitrogen Gas Flow Rate 
variable C is the Orifice Size 
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Table LII 

Three Way ANOVA Results for 17-a-Hydroxyprogesterone at 2% Methanol-Modified 

CO, and 1000 mL/min Decompressed CO, 

  

  

  

  

  

  

                        
  

  

  

  

  

  

              
  

Orifice Size 

0.0185 in. 0.0195 in. 0.0213 in. Total 

Drift Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate SLPM) 

Tube 
Temp. 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 

50°C 3.30e+ | 9.36e+ | 4.56e+ | 1.35e+ | 5.40e+ | 3.54e+ 1.08e | 6.30e+ | 3.09e 8.95e 

06 05 05 06 05 05 +06 05 +05 +06 

70°C 9.87e+ | 5.3le+ | 6.30e+ | 1.78e+ | 5.3le+ | 3.27e+ | 1.25e | 5.28e+ | 3.27e 6.89e 

05 05 05 06 05 05 +06 05 +05 +06 

Total 4.28e+ | 1.46e+ | 1.08€+ | 3.13e+ | 1.07e+ | 6.8le+ | 2.32e | 1.16e+ | 6.36¢e 1.58e 

06 06 06 06 06 05 +06 06 +05 +07 

Nitrogen Flow Rate (SLPM) 

Orifice SIze 
0.5 1 1.5 Total 

0.0185 in. 4.28e +06 1.47e +06 1.09¢+06 | 6.84e+06 

0.0195 in. 3.14e+06 1.07e +06 6.8le+05 4.88 +06 

0.0213 in. 2.32e +06 1.16e +06 6.36e+05 | 4.12e+06 

Total 9.75e+06 | 3.70e+06 3.40e +06 1.58e +07 

Equations: 
(1) = 4.60e12 

(2) = 7.69e12 

(3) = 4.72e12 

(4) = 6.35e12 

(5) = 4.86e12 

(6) = 6.54e12 

(7) = 6.71e12 

(8) = 5.23e12 

(9) = 7.67e12 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

              

Source of Variation | Sum of Squares df MS Fare F.,ble 

A 7.89e +10 1 7.89e +10 222 4.08 

B 1.70e +12 2 8.54e+11 2402 | 3.23 

Cc 2.18e+11 2 1.09e+11 307 3.23 

AB 10.00e + 10 2 5.02e+10 141 3.23 

AC 1.80e+12 2 8.84e+11 2488 | 3.23 

BC -1.30e +12 -3.34e+11 -941 2.45 

ABC 4.92e+11 4 1.23e+11 346 2.45 

Within Cell 1.28e+ 10 36 3.55e +08 
(experimental 

error) 

Total 3.04e+12 53 
  

Where variable A is the Drift Tube Temperature 
variable B is the Nitrogen Gas Flow Rate 
variable C is the Orifice Size 
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Table LIII 

Three Way ANOVA Results for 17-a-Hydroxyprogesterone at 20% Methanol-Modified 
CO, and 1000 mL/min Decompressed CO, 

  

  

  

  

  

  

                        
  

  

  

  

  
  

  

                

Orifice Size 

0.0185 in. 0.0195 in. 0.0213 in. Total 

Drift Nitrogen Flow Rate (SLPM) Nitrogen Flow Rate (SLPM) | Nitrogen Flow Rate SLPM) 
Tube 

Temp. 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 

50°C 1.94e+ | 8.19e+ | 3.00e+ | 1.67e+ | 7.08€+ | 3.21e+ 1.78e | 6.8le+ 3.84e 8.6le 

07 06 06 07 06 06 +07 06 +06 +07 

70°C 5.85e+ | 4.47e+ | 2.02e+ | 6.33e+ | 3.45e+ | 2.00e+ 3.87e 2.74e+ 2.24e S5.jle 

06 06 07 06 06 06 +06 06 +06 +07 

Total 2.52e+ 1.26e+ | 2.32e+ | 2.3le+ 1.0Se+ | 5.21e+ 2.16e 9.55e+ 6.08e 1.37e 

07 07 07 07 07 06 +07 06 +06 +08 

Nitrogen Flow Rate (SLPM) 

Orifice SIze 
0.5 1 1.5 Total 

0.0185 in. 2.53e +07 1.26e +07 2.32e+07 6.11e+07 

0.0195 in. 2.31e+07 1.05e +07 §.21e+06 3.88e+07 

0.0213 in. 2.16e€+07 9.55e+06 6.08e +06 3.72e +07 

Total 7.00e +07 3.27e +07 3.45e+07 1.37e +08 

Equations: 

(1) = 3.48e14 

(2) = 5.73e14 

(3) = 3.71e14 

(4) = 3.98e14 

(5) = 3.68e14 

(6) = 4.96e14 

(7) = 4.34e14 

(8) = 4.03e14 

(9) = 5.72e14 
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Mean Squares Equations and Calculation of F: 

  

  

  

  

  

  

  

  

  

              

Source of Variation | Sum of Squares df MS Fur Fue 

A 2.26e + 13 1 2.26e + 13 852 4.08 

B 4.9le+13 2 2.45e +13 926 3.23 

Cc 1.98e+ 13 2 9.92e+12 374 3.23 

AB 7.59e +13 2 3.79e +13 1432 | 3.23 

AC 4,.29e+13 2 2.14e+13 809 3.23 

BC -1.49e +13 4 -3.73e +12 -140 | 2.45 

ABC 2.8le+13 4 7.02e+12 265 2.45 

Within Cell 9.54e+11 36 2.65e +10 
(experimental 

error) 

Total 2.24e+14 53 
  

Where variable A is the Drift Tube Temperature 
variable B is the Nitrogen Gas Flow Rate 
variable C is the Orifice Size 
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Appendix IV 

Multivariate Linear Regression Calculation” 

189



Multivariate Linear Regression 

From the experiments a first-order polynomial (eqn. 1) is fitted as a model of 

signal response from the ELSD. The fitting is performed by the general least-squares 

matrix solution for linear models.” The variables (x;-x;) are encoded into three levels. 

Then, only the matrix of response has to be changed in order to fit different models. 

= + + Response =@, +x, + @,x, + &, x,1 

    

Ry 
ay 0 *10 *20 3 

IR 

A a, 0 *1-1 *21 *33 ? 
= - R 

a, M = Fy 1 Xp -1 0% Response 3 

a x x Xx R, 
3 0 *11 *o1 *3,-1 

IR. 
\%mo 1-1 *2,-1 %3,-1 J   

A =(M™M)'M™R 

where @,, = coefficient for the linear regression 

X, = detector variable (x)-constant, x,-drift tube temperature, x,-orifice size, and x,-nitrogen gas 

flow rate) 

R, = measured response of the detector at the set detector conditions 
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After the experimental conditions are encoded and reslults in a matrix similar to: 

191



Experimental varibales were encoded into the matrix by the following equations: 

T-50 

20 

Drift tube temperature: 

where D = the encoded drift tube temperature 

T = the experimental drift tube temperature 

Nitrogen Gas Flow Rate: 

  

where N = the encoded nitrogen gas flow rate 

F = the experimental nitrogen gas flow rate 

Orifice Size: 

O = S-0.0193 

0.001 

where O = the encoded orifice size 

S = the experimental orifice size 
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Appendix V 

Propagation of Error Limit of Detection Calculation”! 
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_ LO, yy 

we (n-2)!? 

S 
S = ylx 

" [E@,-#1 

S=S [ ue : 1? 

(me nX (x, -xy 

. i KIS? +8? YS 1/2 

C= 
L m 

where: 
y; = observed integrated peak area for a given x value 

y; = calculated peak area for a given x value 
x; = analyte concentration value 

x = analyte average concentration value 

i= y intercept 

m = slope 

k = physical constant (& = 3 for LOD; & = 10 for LOQ) 
S;= 0 (zero peak area obtained for any blank) 
S; = error in intercept 
5, error in slope 

Sy4= y/x/ point error 

C, = limit of detection/limit of quantification 
(depending upon & value) 
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APPENDIX VI 

Future Work 
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FUTURE WORK 

Future work will focus on maintaining the pressure in helium headspace CO, 

cylinders. Furthermore, the SFC-ELSD system will be applied to a variety of separations 

for polymers, food stuffs, and pharmaceuticals. SFE will be used as a sample preparation 

technique for some of the samples. Finally, the feasability of interfacing a variable 

restrictor with ELSD should be investigated. This would allow for more reproducible 

flow rates and better performance of the SFC-ELSD system. 
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