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An Improved Micro-Extraction Cell for Supercritical Fluid Extraction 
and Chromatography of Fatty Acids 
William E. Artz* and Robed M. Sauer, Jr. 1 
University of Illinois, Urbane, IL 61801 

An improved supercritical fluid micro-extraction cell of in- 
creased reliability was designed for on-fine supercritical 
fluid extraction and chromatography (SFE/SFC} of food 
and other fipid-related samples. The key components in the 
modified cell include a Swagelok stainless steel reducing 
union with a dual ferrule as the cell, with polyetherethem 
ketone {PEEK} ferrules and nuts to connect the cell to the 
control valve. The new cell did not leak under all condi- 
tions examined (100-500 atmospheres, 40-80°C), even after 
numerous extractions (>250}. The quantitative performance 
of the cell was evaluated with fatty acid standard solu- 
tions, technical grade fatty acid sources and wheat flour. 
The percent relative error (%RE) for the fatty acid stan- 
dards and technical-grade fatty acid samples was ~<6.0% 
for oleic, linoleic and linolenic acid. The %RE for oleic and 
linoleic acid in the whole-wheat samples was ~<10%. The 
results demonstrate that the new extraction cell can be 
used for quantitative extractions and that the sensitivity 
of the SFE/SFC technique is excellent. Similar SFE/SFC 
methods could prove useful in studying the interaction of 
free fatty acids with various food components such as en- 
zymes, amylose and proteins. 

KEY WORDS: Fatty adds, supercrltical fluid cbomatography, supel- 
critical fluid extraction. 

Application development for analytical supercritical fluid 
extraction (SFE) recently has received substantial attentiorL 
Qualitative and quantitative analytical SFE of environmen- 
tal solids {1-5}, coal tars (6), foods and pharmaceuticals 
{7-12} have been successfully coupled with both gas chr~ 
matography (GC) and supercritical fluid chromatography 
(SFC). The SFE and SFE/SFC analysis of food, flavor ~ and 
lipid-related samples recently has been reviewed in depth 
{13). Due to the solubility of lipids and their derivatives in 
supercritical COs under relatively moderate conditions, 
lipid extraction and analysis with SFE/SFC has been of pap 
ticular interest. Gmuer et aL (7) extracted and separated free 
fatty acids from cheese and butter by SFE/SFC and sug- 
gested that this method could be used to evaluate the ripen- 
ing of chees~ flavor defects in butter, and hydrolytic ran- 
cidity of dairy products in general Free fatty acid separa- 
tions have often been applied to the evaluation of new 
aaalytical methods and instrumentation (13}. Variations in 
molecular size, degree of unsaturation, the presence of a 
variety of functional groups, their solubility in supercritical 
CO2, as well as their ubiquity in natur~ make free fatty 
acids excellent test models for new SFE/SFC techniques and 
instrumentation. 

Due to the lack of a reliable leak-resistant, micr~analyti- 
cal extraction cell, application development in on-line micr~ 
analytical SFE has been restrained. Leaking of previous cell 
designs was especially problematic at the tubing connec- 
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tions of the cell body and switching valve ports. Many in- 
vestigators were required to develop their own extraction 
devices for supercritical applications {2-5,10,14) to overcome 
these problems. A new design is reported hem which is in- 
expensive and resistant to leakage, even after numerous 
extractions. 

EXPERIMENTAL PROCEDURES 

Cell design. An extraction cell, based on concepts publish- 
ed by Hawthorne and Miller {2-4) and Hawthorne et al. 
15,10), was prepared and installed on a Lee Scientific 
Model 501 capillary SFC with the on-line SFE option {Lee 
part #012970} (Lee Scientific, Salt Lake City, UT). The key 
component of the extraction cell was a Swagelok dual fer- 
rule stainless steel reducer/reducing union connector 
(Peoria-Decatur Valve and Fitting Co., Morton, IL). The 
connecting lines from the cell to the Valco 10-port valve 
IVICI, Houston, TX) require disassembly and reconnec- 
tion for each extraction. To insure leak-free connections 
to the 10-port valve, high-performance polyetheretherke 
tone {PEEK} nuts and ferrules (Alltech Associates, Inc., 
Deerfield, IL) were used. Specifically, the new design {Fig. 
1) consisted of: (B) a 0.159-cm (1/16") PEEK double-sided 
ferrule (DSF); (C) a 10/32 PEEK nut; (D-G) a Swagelok 
stainless steel ISS) reducer and (H-M) reducing union, 
which includes (D) a 0.159-cm {1/16"} SS female nut, (E) 
a 0.159-cm (1/16") SS dual ferrule, iF) a 0.794-cm (5/16"} 
SS nut, (G) a 0.318-cm (1/8") o.d. SS tubing, (H) a 0.318-cm 
(1/8"} SS female nut, (I) a 0.318-cm 11/8") SS dual ferrule, 
(J) a 0.5-~m SS frit for the 0.318-cm (1/8") i.d. tubing, (K) 
a 0.318-cm X 0.159-cm (1/8" X 1/16"} SS reducing union, 
(L) a 0.159-cm (1/16"} SS dual ferrule, (M) a 0.159-cm 
{1/16") female nut; IN) 0.013-cm X 0.157-cm (0.005" X 
0.062", i.d. X ad.) Valco SS tubing. The Valco ten-port 
valve CA), heat sink and insulated cover from the Lee 
Scientific extraction unit were used. The cell was insulated 
with 1.27 cm of fiberglass batting. The dual Swagelok fer- 
rules eliminated leaking at the cell connections to the 
transfer lines (D-E & L-M). The 0.318-cm (1/8"} SS dual 
ferrule (I), used to seal the cell body prior to extraction, 
was much better suited to repeated use than the single 
ferrule used in the original cell design. An extraction could 
be continued for an hour at approximately 500 arm at 
80°C with no evidence of leaking, even after 200 extrac- 
tions. The stainless steel nuts and ferrules normally 
used to connect the cell tubing to the Valco valve ports 
were replaced with PEEK (Alltech Associates, Inc.} nuts 
and ferrules to prevent leaking at the valve connection. 
This also reduced the maintenance costs because the SS 
tubing connecting the extraction and the Valco 10-port 
valve (Fig. 1, N) need not be replaced after leakage occur- 
red, which occurred typically after 25-50 extractions with 
SS ferrules and nuts. However, the PEEK ferrules and 
nuts do require replacement after approximately 30-40 
extractions, due to the physical deterioration that  occur- 
red during repeated reassembly. Replacement of the 
PEEK ferrules and nuts is facile and the cost is minimal. 

Fatty acid analysis. Oleic, linoleic and linolenic (99, 99 
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FIG. 1. Modified supercritical fluid extraction cell. (A) Valco ten-port valve; (B) 0.159~cm 
(1/16") polyether ether ketone (PEEK) double-sided ferrules, (C) 10/32 PEEK nut; (D-G) 
Swagelok SS reducer and (H-M) reducing union, (N) 0.013-cm X 0.167-cm (0.005" X 0.062", 
i.d. X ~d.) Valco SS tubing. CO= flow is from left to right, top to bottom. 

and 98% pure by GC, respectively} fatty acid standards 
were purchased from Sigma Chemical Co. (St. Louis, MO). 
Fat ty  acid standards were prepared as a mixture of oleic, 
linoleic and linolenic acids at a concentration of approx- 
imately 5.0 × 10 -4 g/mL per fa t ty  acid in pentane 
(American Burdick and Jackson, Muskegon, MI). Serial 
dilutions to concentrations of 2.0 X 10 -s to 2.6 × 10 -4 
g/mL of each fat ty acid were prepared from the 5.0 × 
10 -4 g/mL fatty acid mixture. All reagents were reagent 
grade unless stated otherwise. 

The reliability of the system for the quantitative 
analysis of liquid samples was evaluated with technical- 
grade oleic, linoleic and linolenic fat ty acids (Kodak Co., 
Rochester, NY). Technical-grade oleic, linoleic and linolenic 
fat ty acid was 98, 96, and 96% pure by titration, respec- 
tively, according to the manufacturer. The specific fat ty 
acid content of each source of technical-grade fatty acid 
was analyzed at two concentrations with 3-4 replicates. 

Flour sample analysis. The oleic/linoleic/linoleuic acid 
content of Ceresota Unbleached Whole Wheat Flour (Uhl- 
man Co., Kansas City, MO) was determined with SFE/ 
SFC. Samples were stored at -20°C over anhydrous 
CaSO4 (W.A. Hammond Drierite Co., Xenia, OH), under 
nitrogen in polyethylene desiccators. 

Supercritical fluid extraction and chromatography. A 
Lee Scientific 501 supercritical fluid chromatograph and 
extraction system (Lee Scientific) equipped with the on- 
line supercritical fluid extraction option and a flame- 
ionization detector (FID) was used. Two columns (SB- 
cyano-50, 20 m × 100/~m i.d., 0.25 ~m film thickness, Lee 
Scientific), connected in series, were used. Chromatograms 
were recorded and integrated on an HP3390A integrator 
(Hewlett-Packard, Avondale, PA). A 0.35-m )< 15-kan deac- 
tivated fused silica restrictor was used to achieve the re- 
quired back pressure during extraction. Deactivated 
fused silica restrictors provided increased extraction rates 
and reduced cleanup relative to restrictors that  had not 
been deactivated. The cryofocusing unit was cooled with 
industrial-grade CO2 (Depke, Inc, Urbana, IL), so that a 
light frost appeared just on either side of the intersection 
in the cryofocusing T located inside the oven. If the T was 
heavily frosted or frosted along the entire length of the 
cryofocusing T, it resulted in a substantial reduction in 
the extracting CO= mobile phase flow. To achieve the ap- 
propriate level of cooling in the cryofocusing T, a two- 
stage, high-pressure regulator can be used. The second 
stage was set at 700 psi. Even with heavy frosting, quan- 
titative collection of volatile compounds (e.g., cinnamon- 

aldehyde) at the cryofocusing T can be less than 40% (W.E. 
Artz and R.M. Sauer, Jr., unpublished data). 

For liquid samples, one ~LL of fatty acid standard or sam- 
ple was placed onto a small triangular (0.3 cm × 1.0 cm, 
base × height) piece of #541 filter paper (Whatman Inter- 
national Ltd., Maidstone~ U.K.), which was positioned in 
the center of the extraction cell. Preliminary investiga- 
tions indicated that placement of the liquid sample on a 
filter paper support improved the reproducibility of the 
extraction. A short extraction (5 min, 500 atm) was re- 
quired between each sample to remove the small percen- 
tage (<3%} of sample remaining in the lines, valves, cell, 
etc. After the cleanup step, further extractions indicated 
no remaining sample. 

The standard solutions, technical-grade fatty acid mix- 
tures and the flour samples were extracted at approx- 
imately 500 atm at 80°C for 15.0 min. The column oven 
was maintained at 40°C during the extraction. At the end 
of the extraction period, the pressure was reduced to 
140 atm over a 2.5-min period, during which the cryofocus- 
ing was continued. When the pressure had been reduced 
to 140 atm, a control valve was switched from extraction 
to column to direct the extracted analytes onto the 
capillary column. Immediately after the depressurization 
step following the extraction, the oven temperature was 
rapidly increased to 100°C (70 ° C/min) and then maintain- 
ed at 100°C. A linear pressure ramp was initiated at 17.5 
min into the extraction/separation procedure, which was 
immediately after the pressure had been reduced to 140 
atm. The pressure ramp program was: 10 atm/min to 150 
atm (1 min); -{-0.5 atn~min to 152 atm (4 rain); hold at 152 
atm (52 min); +0.2 atm/min to 155 atm (15 min); +0.7 
atm/min to 170 atm (21 min); hold at 170 atm (19 rain) 
for a total of 112 rain. 

RESULTS AND DISCUSSION 

Standard curves of integrator area vs the quantity of oleic, 
linoleic and linolenic acid are shown in Figure 2. The cor- 
relation coefficient (R 2) for each standard curve was 
>10.989. The standard deviation of each set of replicates 
at each concentration is shown as error bars (Fig. 2). Gross 
outliers were rejected with the Dixon Q-test (15). Represen- 
tative separations of the extracted fatty acid standards 
are shown in Figure 3. Oleic acid eluted at approximately 
57.5 min, linoleic at approximately 66.5 min and linolenic 
at approximately 76.5 rain. Retention times varied slightly 
(___1.5 min) per fat ty acid among the samples used for the 
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FIG. 2, Standard curves for SFEISFC analysis of oleic, linoleic and 
linolenic acid. Y-axis = FID peak area (~volts-sec) (X 106). X- 
axis = mass, grams of fatty acid (X 10-7). Sample volume = 1 ~L. 
Oleie (R ~ = 0.992); linoleic (R ~ = 0.990); linolenic (R z = 0.989), Error 
bars = standard deviation about the mean. Oleic is represented by 
a dotted Hne and triangles; linoleic by a dashed line and diamonds; 
linolenic by a solid line and circles. 
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F IG .  3. SFE/SFC of 1 I~L of fatty acid standards at 3 concentrations; 
2 X 10 -5 g/mL, 1.4 X 10 -4 glmL and 2.6 X 10 -4 g /mL OL = oleic, 
LO = linoleic and LN = linolenic acid. Extraction: 500 atm at 80°C 
for 15.0 min. Chromatography: two (20 m X 100 ~m) SB- 
cyanopropyl-50 columns; mobile phase pressure program 140 atm to 
170 atm at 100°C. 

s t andard  curve. Resolution was excellent th roughout  the  
entire concentration range. At  the  smallest  concentration 
(2.0 × 10 -5 g/mL) of f a t t y  acid s tandard  mixture  anal- 
yzed, there was some downward baseline drift  during the 
separation, which resulted in a sys temat ic  increase for the 

TABLE 1 

Percent Relative Error (%RE) for the SFE/SFC Analysis  of Oleic, 
Linoleie and Linolenic Acid in Both Standards and Samples 

Percent relative error, 
Sample (n) = number of repetitions 
(g/mL) Oleic Linoleic Linolenic 

Std. solutions a 
2.0 X 10 -5 5.0% (3) 4.1% (3) 3.6% (3) 
6.0 X 10 -5  0.9% (3) 0.8% (3) 1.6% (3) 
2.2 X 10 -4 5.2% (4) 4.5% (4) 3.5% (4) 
2.6 X 10 -4 4.3% 14) 5,0% (4) 6.0% (4) 

TG oleic acid b 
1.6 × 10 -4 5.3% (3) ND c ND 
2.4 × 10 -4 1.5% (3) ND ND 

TG linoleic 
2.0 X 10 -4 7.7% (3) 2,3% (3) 4.3% (2) 
3.0 X 10 -4 4.7% (3) 4,9% (3) 4.3% (2) 

TG linolenic 
3,0 X 10 -4 4.7% (3) 4.4% (3) 1.7% (3) 
4,0 X 10 -4 4,9% (3) 2.9% (3) 2.6% (3) 

Whole wheat 
flour (0.3 rag) 9.2% (3) 10.0% (3) ND 

aEach fatty acid (oleic, linoleic and linolenic acid) was prepared in 
the same series of concentrations (2.0-26.0 × 10 -s  g/mL). 

bTG refers to technical grade. 
CND, not determined. 

in tegrated peak  area of oleic acid. Baseline drif t  only oc- 
curred at  the smallest concentration. Reproducibility was 
good at  mos t  sample concentrat ions (Table 1). Following 
the first extraction, a second extract ion of the s tandard  
solutions was performed to determine the  extract ion ef- 
ficiency for each f a t ty  acid. Ex t rac t ion  efficiencies were 
determined by  dividing the peak  area of each fa t ty  acid 
from the first extraction by the sum of the peak areas from 
both  the first  and second extract ion and mul t ip lying the 
rat io by 100. Ex t rac t ion  efficiency was greater  than  99% 
for the  initial extract ion of each f a t ty  acid at  each con- 
centration. 

Individual fa t ty  acid composition of the technical-grade 
f a t t y  acids is reported in Table 2. The free oleic, linoleic 
and linolenic fa t ty  acid composition of technical-grade fat- 
ty  acid and flour samples  was determined f rom the stan- 
dard curves for each f a t t y  acid. The separat ion of 
technical-grade oleic acid (TG OL), technical-grade linoleic 
acid (TG LO) and technical-grade linolenic acid (TG LN) 
is presented in Figure 4. The oleic acid content  of tech- 
nical-grade oleic acid sample  was approximate ly  64-  
67.5%. Linoleic and linolenic f a t ty  acids were not  present  
in sufficient quan t i ty  to accurately determine their  con- 
centrations.  The linoleic acid content  of the technical- 
grade linoleic acid sample  was approximate ly  57-58%. A 
significant amount  of oleic (ca. 27.5%) was found in the  
technical-grade linoleic acid sample. Linolenic acid was 
clearly present  in the linoleic acid samples  (ca. 5%), but  
could not  be accurately determined because the concen- 
t ra t ion  was below tha t  of the smallest  concentrat ion on 
the s tandard curve. Technical-grade linolenic acid contain- 
ed approximately 47% of the reported concentration. Both  
oleic and linoleic acids were found at  approximate ly  15% 
in the technical-grade linolenic acid sample. The linolenic 
acid content  determined by SFE/SFC was calculated as 
percent 9,12,15,-octadecatrienoic aci& However, the actual 
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T A B L E  2 

Fat ty  Acid Composition of Technical-Grade (TG) Fat ty  Acid 
Sources A s  Determined by SFE and Capillary SFC 

Average ± std. dev. 
Sample (mg fatty acid/g sample} 
(g/mL) Oleic Linoleic Linolenic 

TG oleic acid 
1.6 X 10 -4 639.8 ± 34.2 ND a ND 
2.4 X 10 -4 674.5 ± 10.4 ND ND 

TG linoleic 
2.0 X 10 -4 275.0 ± 21.2 580.4 ± 13.6 51.6 ± 1.8 
3.0 X 10 -4 278.2 ± 13.1 573.1 ± 28.2 55.1 ± 2.4 

TG linolenic 
3.0 X 10 -4 137.8 ± 6.5 153.9 ± 6.7 462.3 ± 7.8 
4.0 X 10 -4 198.7 ± 9.7 141.3 ± 4.9 440.2 ± 11.3 

aND, not determined. 

IJJ 
03 
Z 
0 
n 
(/) 
I.U 
nr 

Q 

m, 

1.6 x 10"7g TG OL 
58.08 

t2 
3.0 x 10"7~1 TG LO 67.82 

LO 

75.6  

LN 

4.0 x 10"7g TG LN 

57.3,1 1 An:,,/ 

" ~  TIME (mini 

FIG. 4. SFE/SFC of 1 ~1. of technical-grade oleic acid (TG OL), TG 
LO and TG LN at 1.6 X 10 -4  g/mL, 3.0 X 10 -4  g/mL and 4.0 X 10 -4  
g/mL, respectively. OL = oleic, LO = linoleic and LN = linolenic 
acid. Extraction: 500 atm at 80°C for 15.0 min. Chromatography: 
two (20 m X 100 ~m) SB-cyanopropyl-50 columns; mobile phase 
pressure program 140 atm to 170 atm at 100°C. 

percentage of this linolenic acid isomer may  be even lower 
than  the calculated value. The shoulder on the linolenic 
acid peak  was integrated with the  main  peak as 9,12,15- 
octadecatr ienoic acid, bu t  it  may  actual ly  represent  the 
y-linolenic (6,9,12-octadecatrienoic) acid isomer. The ex- 
t ract ion efficiency for oleic, linoleic and linolenic acid in 
the technical-grade f a t ty  acids was greater  than  99%. 
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FIG. 5. SFE/SFC of wheat flour sample (0.30 mg sample). OL = oleic 
and LO = linoleic. Extraction: 500 atm at 80°C for 15.0 min. 
Chromatography: two (20 m X 100 pm) SB-cyanopropyl-50 columns 
in series; mobile phase pressure program 140 atm to 170 atm at 100°C. 

The SFE/SFC ch romatogram of freeze-dried whole 
wheat  is shown in Figure 5. The free oleic content  for the 
wheat  flour samples  was 163.6 __- 12.3 pg/g, while the free 
linoleic acid content  was 605.0 +_ 49.5 pg/g. Free linolenic 
fa t ty  acid was not present in sufficient amount  to be quan- 
t i ta ted accurately. The reproducibility (percent relative er- 
ror (%RE), Table 1) achieved from the SFE/SFC analysis 
of the whea t  flour samples  was ~<10.0%. Additional work 
is needed to improve the %RE of the wheat  flour samples 
to an acceptable value. Ext rac t ion  efficiency was greater  
than  99% for the flour samples. The low %RE observed 
for bo th  the free oleic and linoleic f a t t y  acid concentra- 
t ions of the wheat  flour sample and the sensi t ivi ty a- 
chieved in this sample demonstrates  the potential  of SFE/ 
capillary SFC for the analysis of free fa t ty  acid and related 
compounds.  

The results  indicate tha t  the new extract ion cell can 
reproducibly maintain supercritical conditions after num- 
erous extract ions for quant i ta t ive  analysis  of liquid and 
solid samples. The cell is very res is tant  to leaking and is 
easy to use. Most  of the  cells developed for SFE/GC have 
overlooked the ut i l i ty of the double ferrule for the cell 
body connection. Frequent  leaking of these commercial 
cells seemed to be caused by the repeated stress of tighten- 
ing and unt ightening the cell body connection. The cell 
reported here should be easily adaptable  for SFE/GC with 
the a t t a c h m e n t  of a polyimide ferrule in the exit nu t  (M 
in Fig. 1) to allow the insertion of a capil lary restrictor. 
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