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ABSTRACT: Selective extraction of phosphatidylcholine (PC)
from deoiled soybean lecithin using supercritical fluid (SCF)
mixtures of carbon dioxide (CO2) and ethanol was studied at
moderate pressures. Temperature was varied between 60 and
80°C at pressures of 17.2 and 20.7 MPa. Ethanol was added as
co-solvent to supercritical CO2 at the levels of 10 and 12.5
wt%. Constant rate of extraction of the individual phospholipids
(PL) was observed for 150 min during which the extractions
were carried out. Pressure and ethanol fraction had a positive
effect on the selective extraction of PC, whereas temperature
had a negative effect. Under all the conditions studied, the ex-
tracts were mainly composed of PC while the extraction of the
other PL was very low. Extraction at 60°C and 20.7 MPa with
10 wt% ethanol/90 wt% CO2 SCF mixture resulted in 95% se-
lectivity to PC. 
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Lipids that are composed of two fatty acids and a phosphorus-
containing region joined by ester linkages to a glycerol back-
bone are called phospholipids (PL). Since phosphate groups
can ionize, PL have both polar and nonpolar characteristics
(1). Phosphatidylcholine (PC), a major PL, has gained special
attention during the last few decades owing to various health
benefits it provides. Choline and its primary source in diet, PC,
play important roles in cardiovascular and liver health, and in
reproduction and development. Several studies suggested a
possible therapeutic use for choline and PC in certain neuro-
logical disorders and liver cirrhosis. Choline has also been
shown to improve memory in humans (2).

Lecithin, a by-product of the vegetable oil refining process,
is the major source of PC along with some other PL, neutral
lipids, carbohydrates, glycolipids, and some other impurities.
Several methods such as solvent extraction, solvent treatment
after chemical modification, precipitation, ultrafiltration, and
chromatographic methods have been used for fractionation of

deoiled lecithin in order to obtain high-purity PC (3). Ethanol
has been the choice of solvent for the first PC enrichment due
to both toxicological reasons and high solubility of PC in
ethanol, but ethanol extraction is not sufficient to obtain high-
purity PC, as phosphatidylethanolamine (PE) is also soluble
in ethanol to a significant extent. Today, chromatographic sep-
aration seems to be the method of choice to prepare both high-
purity PC and other PL. However, the major problem with
chromatographic methods is the large volume of solvent in-
volved in separation, making the process very expensive.

Various studies have shown that supercritical carbon diox-
ide (SC-CO2) is very effective in removing oil from different
seed matrices. Oil extracted from soy flakes with SC-CO2 was
characterized for free fatty acid, phosphorus, tocopherol and
iron contents, neutral oil loss, and color, and the product was
found to be similar to a hexane-extracted degummed oil (4).
However, better oxidative stability was observed with the
hexane-extracted degummed oil. This was attributed to the
low levels of phosphorus content indicating low levels of PL,
although the function of PL in protecting crude oil from oxi-
dation is unclear. This feature was used for SC-CO2 degum-
ming of hexane-extracted crude soybean oil in which the
phosphorus content of the crude oil was reduced from 620
ppm to less than 5 ppm (5).

SC-CO2 does not dissolve PL effectively, but recovery of
PL can be achieved by addition of a polar entrainer (or co-
solvent) to SC-CO2. Presence of an entrainer enhances the
solubility in the supercritical fluid (SCF) at the same temper-
ature and pressure, making it possible to conduct the extrac-
tion at lower pressures. Addition of 10 wt% ethanol to 
SC-CO2 increased the solubility of palm oil from 0.25 to 5%
at 20.3 MPa and 70°C (6). Choice of an entrainer, especially
for food applications, must take into account not only the de-
sired properties based on thermodynamic fundamentals but
also some regulatory aspects such as food safety. It has to be
a Generally Recognized As Safe (GRAS) solvent. Temelli (7)
qualitatively demonstrated the extraction of PL from canola
meal using SC-CO2 after impregnation of the seeds with
ethanol, which is accepted GRAS in the USA. Dunford and
Temelli (8) added ethanol into the SCF phase continuously
and observed a positive effect of ethanol fraction on the PL
extraction from canola meal. In another study, in addition to
ethanol, methanol and isopropanol were also found to be effi-
cient in extracting more than 90% PC in a few stages of coun-
tercurrent extraction (9). Montanari et al. (10) carried out ex-
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traction of PL from soybean flakes, after extraction of oil with
neat CO2, with SC-CO2/10 wt% EtOH for 30 min varying the
pressure from 16.6 to 68.9 MPa and the temperature from 60
to 80°C. They observed PC enrichment at low pressures
(80.1% PC, relative to the other PL, at 19.4 MPa and 80°C)
although total yields increased with increasing pressure.

Currently, we are working on the extraction of PC from a
PL concentrate obtained as the retentate of a membrane oil re-
fining process in order to produce high-purity, pharmaceutical-
grade PC. Here, the first part of that study is being reported in
which the objective was to investigate the effect of pressure,
temperature, ethanol fraction in the supercritical phase, and ex-
traction time on the selective extraction of PC at low-to-mod-
erate pressures using a commercially-available deoiled lecithin
as a model mixture in order explore the optimal conditions.

EXPERIMENTAL PROCEDURES

The soybean lecithin used for selective extraction of PC was
CENTROLEX®F with a composition of 23% PC, 20% PE,
14% phosphatidylinositol (PI), 8% phosphatidic acid (PA),
8% minor PL, 15% glycolipids, 8% complexed sugars, 3%
triglycerides, and 1% water. It was obtained from Central
Soya Company, Inc. (Gibson City, IL), who also provided the
data on composition. Ethanol (99.8%) was purchased from
Omni Solv-EM Industries (Gibbstown, NJ). CO2 was ob-
tained from Brazos Valley Welding Supply, Inc. (Bryan, TX).

The experimental apparatus used for PL extraction is
shown in Figure 1. The co-solvents, CO2 and ethanol, were
delivered by two separate syringe pumps (Isco, Inc., Lincoln,
NE). The flow rates of CO2 and ethanol necessary to achieve
the desired composition of the SC-CO2/ethanol mixture were
calculated from a mass balance. Density values of SC-CO2/
ethanol were taken from Pohler and Kiran (11). After bringing
the isothermal chamber to the desired temperature via the im-
mersion heater 6, the system pressurized with CO2 slowly to
the desired pressure. Ethanol flow was then started, and CO2

and ethanol were mixed and passed through an equilibration
coil. The flow was first passed through a by-pass line to deter-
mine the ethanol breakthrough, which was monitored by an
on-line Variable Wavelength Absorbance detector (Isco, Inc.).

The absorbance detector served only for qualitative pur-
poses. After the steady state was observed through the break-
through curve, outlet ethanol and CO2 flow rates were mea-
sured to close the mass balance. Ethanol flow rate was deter-
mined by measuring the volume of ethanol collected in the
sampling vial with respect to time after expansion. The sam-
pling vial contained activated carbon and was cooled in an ice
bath in order to capture all the ethanol. CO2 flow rate was
measured with a flow meter. Once the steady state was
reached and the mass balance was confirmed, the flow was
switched to the extraction column. The PL breakthrough
curve was monitored with the on-line absorbance detector.
The effluent was bubbled through chloroform after expansion
via the two backpressure regulators placed in series, in order
to capture the extracted PL. Two backpressure regulators
were used in order to obtain a smooth flow in the system and
eliminate back pulsing in the extractor. Extracts were then
dried under nitrogen and redissolved in chloroform for fur-
ther analysis of individual PL fractions.

Extractions were conducted for 150 min on samples of 3 g
lecithin at pressures of 17.2 and 20.7 MPa. Temperature was
varied between 60 and 80°C; extractor temperature was mea-
sured by a thermocouple (not shown). Ethanol fractions of 10
and 12.5 wt% were used with the SCF flow rate of 1 and 2
mL/min. 

PL analyses were performed according to the high-perfor-
mance liquid chromatography (HPLC) analysis developed 
by Hurst and Martin (12). A normal-phase silica column
µPorasil (3.9 mm i.d. × 300 mm) (Waters, Milford, MA) was
used. The mobile phase was acetonitrile/methanol/85% phos-
phoric acid (780:10:9, vol/vol/vol). The HPLC flow rate was
1 mL/min. There was a 5-min isocratic equilibration time be-
tween each injection. An injection loop of 5 µL was used.
HPLC column calibration was performed using a standard
mixture (obtained from Sigma, St. Louis, MO) containing 
L-α-PE, L-α-PC, L-α-PI, and L-α-lysophosphatidylcholine
(LPC). The standard mixture had 3.0 mg PC, 2.4 mg PE, 1.8
mg PI, and 0.6 mg LPC in 2 mL chloroform solution.

RESULTS AND DISCUSSION

Extraction behavior of PL from a commercially available
deoiled lecithin by supercritical mixtures of CO2 and ethanol
was investigated at pressures of 17.2 and 20.7 MPa. These
pressures were selected as higher PC enrichment was ob-
served at low pressures using 10 wt% ethanol in SC-CO2
(10). Ethanol was chosen as the co-solvent because: (i) It is
GRAS; (ii) solubility of PC is higher in ethanol than the solu-
bility of other PL in ethanol (13); and (iii) phase behavior of
CO2/ethanol at high pressures is available (11,14,15).

An on-line ultraviolet-detector was used to obtain the
breakthrough profiles. Although the breakthrough curves
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FIG. 1. Supercritical fluid extraction system: (1) carbon dioxide cylinder;
(2) co-solvent reservoir; (3) syringe pump for carbon dioxide; (4) syringe
pump for co-solvent; (5) equilibration coil; (6) heater; (7) fixed-bed
column; (8) ultraviolet/visible detector; (9) backpressure regulator; 
(10) backpressure regulator; (11) sampling vial; (12) flowmeter.



commonly showed a maximum within the first 30 min, no sig-
nificant amount of PL was observed during this period. This
observation was more pronounced at the lower pressure of
17.2 MPa. This suggests that PL extraction started after some
other components of the mixture (probably triglycerides)
were selectively removed with the SCF mixture. During ex-
traction of full-fat canola flakes, addition of 8 mol% ethanol
into the SC-CO2 resulted in a very low PL concentration in
the extracts, which indicated that presence of ethanol did not
change the selectivity of SC-CO2 to triglycerides (8). This is
in agreement with our observation as the soy lecithin used in
this study contained 3% triglycerides.

The HPLC analysis used in this study was not able to de-
tect phosphatidic acid, but no phosphatidic acid extraction
was observed at low pressures in the previous studies (10,16).
Figure 2 illustrates the extraction behavior of PC, PE, and PI
at 20.7 MPa and 60°C with 10 wt% ethanol. It shows the cu-
mulative amounts of the individual PL extracted with respect
to time. Figure 2 also shows the reproducibility of three dif-
ferent extractions under the same conditions, where PC
amounts are shown as scattered data and PE and PI are shown
as the average of three runs with standard deviation included.
Extraction curves revealed a more or less linear relationship

in the first 150 min indicating a constant rate of extraction. It
is seen in this figure that PE and PI were extracted to a very
low extent, whereas the extracts were mostly PC. This can be
observed better in Figure 3, where relative percentages of the
individual PL in the extracts are plotted with respect to time.
As can be seen in this figure, the percentage of PC in all the
extracts, collected at different periods during the extraction
time of 150 min, stayed constant around 91%. On the other
hand, percentages of PI and PE were very low. 

Effect of pressure on the extraction is shown in Figure 4. In-
creasing the pressure resulted in higher amounts of extracts.
Since the amount of PE and PI were the same at both pressures,
selectivity to PC was also increased with increasing pressure.
Increasing the pressure from 17.2 to 20.7 MPa increased the
PC selectivity (relative to other PL) from 91 to 95%.

Effect of temperature on both the total amount of PL ex-
tracted and selectivity to PC is illustrated in Figure 5. There
was a considerable decrease in the total extracted amount
with increasing temperature. This is attributed to a decrease
in the density of the SCF, thus a decrease in the solvent ca-
pacity of the SC-CO2/ethanol mixture when the temperature
is increased. Figure 5 also reveals the negative effect of tem-
perature on the PC content of the extracts. Increasing the tem-
perature from 60 to 80°C decreased the selectivity to PC from
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FIG. 2. Extraction of phospholipids (PL) at 20.7 MPa, 60°C with 90%
CO2/10% ethanol. PE, phosphatidylethanolamine; PC, phosphatidyl-
choline; PI, phosphatidylinositol.

FIG. 3. Time on stream extraction selectivities of PL (P = 17.2 MPa, T =

FIG. 4. Effect of pressure on the extraction of PL (T = 60°C, wEtOH = 0.1,
QSCF = 2 mL/min). See Figure 2 for abbreviations.

FIG. 5. Temperature dependency of PL extraction and PC selectivity (P
= 20.7 MPa, wEtOH = 0.1, QSCF = 2 mL/min). See Figure 2 for abbrevia-
tions.



95 to 73%, whereas the percentages of both PE and PI in-
creased considerably. For a 90% CO2/10% ethanol mixture,
temperatures below 60°C were not tested to make sure that
the extraction fluid is in one phase, as the critical temperature
of this mixture is reported to be 60°C (11). Montanari et al.
(10) observed the highest amount of extracts at 80°C in the
moderate-pressure range. This can be clearly seen in Figure 6,
where the effect of temperature on the solubility of PL ob-
served in this study and that of Montanari et al. (10) are com-
pared. Basically we observed a decrease in solubility with
temperature, whereas they observed an increase. Solubility
data of this study are calculated from the slopes of extraction
curves at 20.7 MPa, whereas solubility data of Montanari
et al. (10) are calculated as average of reported values at 23.9
MPa, which is a slightly higher pressure (hence higher den-
sity) than the pressures used in this study. This discrepancy
may be due to mass transfer effects, which become more pro-
nounced at higher temperatures, and may indicate that we had
mass transfer limitations. The discrepancy may also be due to
crossover of solubility isotherms between the two pressures.
Temelli (7) observed a crossover of solubility isotherms of
canola lipids at about 27.6 MPa, which is slightly above the

pressures used in these studies. Similar behavior of solubility
isotherms (decreasing solubility with temperature at low pres-
sures and increasing solubility with temperature at high pres-
sures) has been reported for other solutes in SCF (17,18). 

Extraction of the individual PL with two different ethanol
percentages in the SCF mixture is shown in Figure 7. Increas-
ing ethanol wt% from 10 to 12.5 wt% at 17.2 MPa and 80°C
resulted in about a fourfold increase in the total extracted
amount. Owing to the increase in the mixture critical tempera-
ture, 12.5% ethanol extraction was carried out at 80°C. Both
the amount of PC extracted and its ratio to PI and PE increased
considerably with only a 2.5% increase in ethanol content of
the SCF. With 10 wt% ethanol concentration at this tempera-
ture, the selectivity to PC was 73%, whereas the selectivity in-
creased to 84% at 12.5 wt% ethanol. Although increased per-
centages of ethanol seem to favor selective extraction of PC,
further increase was not studied as the critical temperature of
CO2/ethanol mixture increases with the increasing ethanol
fraction and high temperatures can cause denaturation of PL.

REFERENCES

1. Horrocks, L.A., Nomenclature and Structure of Phosphatides, in
Lecithin: Sources, Manufacture, and Uses, edited by B.F.
Szuhaj, American Oil Chemists’ Society, Champaign, 1989, 
pp. 1–6

2. Canty, D.J., and S.H. Zeisel, Lecithin and Choline in Human
Health and Disease, Nutrition Rev. 52:327–339 (1994).

3. Schneider, M., Fractionation and Purification of Phospholipids,
in Lecithins: Sources, Manufacture, and Uses, edited by B.F.
Szuhaj, American Oil Chemists’ Society, Champaign, 1989, 
pp. 109–130.

4. List, G.R., and J.P Friedrich, Oxidative Stability of Seed Oils
Extracted with Supercritical Carbon Dioxide, J. Am. Oil Chem.
Soc. 66:98–101 (1989).

5. List, G.R., and J.P. Friedrich, Supercritical CO2 Degumming
and Physical Refining of Soybean Oil, Ibid. 70:473–476 (1993).

6. Brunner, G., and S. Peter, On the Solubility of Glycerides and
Fatty Acids in Compressed Gases in the Presence of an En-
trainer, Sep. Sci. Tech. 17:199–214 (1982).

7. Temelli, F., Extraction of Triglycerides and Phospholipids from
Canola with Supercritical Carbon Dioxide and Ethanol, J. Food
Sci. 57:440–442 (1992).

8. Dunford, N.T., and F. Temelli, Extraction of Phospholipids from
Canola with Supercritical Carbon Dioxide and Ethanol, J. Am.
Oil Chem. Soc. 72:1009–1015 (1995).

9. Peter, S., Supercritical Fractionation of Lipids, in Supercritical
Fluid Technology in Oil and Lipid Chemistry, edited by J.W.
King and G.R. List, AOCS Press, Champaign, 1996, pp. 82.

10. Montanari, L., P. Fantozzi, J.M. Snyder, and J.W. King, Selec-
tive Extraction of Phospholipids from Soybeans with Supercriti-
cal Carbon Dioxide and Ethanol, J. Supercrit. Fluids 14:87–93
(1999).

11. Pohler, H., and E. Kiran, Volumetric Properties of Carbon Diox-
ide + Ethanol at High Pressures, J. Chem. Eng. Data 42:
384–388 (1997).

12. Hurst, W.J., and R.A. Martin, Jr., The Analysis of Phospholipids
in Soy Lecithin by HPLC, J. Am. Oil Chem. Soc. 61:1462
(1984).

13. Van der Meeren, P., J. Van der Deelen, M. Huys, and L. Baert,
Quantification of Soybean Phospholipid Solubility Using Evap-
orative Light-Scattering Mass Detector, in Phospholipids: Bio-
chemical, Pharmaceutical and Analytical Considerations,

118 L. TEBERIKLER ET AL.

JAOCS, Vol. 78, no. 2 (2001)

FIG. 6. Comparison of solubility data with literature. �, PI (Montanari
et al., Ref. 10); �, PE (Montanari et al., Ref. 10); �, PC (Montanari et
al., Ref. 10); ��, PI (this work); ��, PE (this work); ��, PC (this work). SCF,
supercritical fluid.

FIG. 7. Effect of ethanol fraction on the extraction of phospholipids (P =



edited by I. Hanin and G. Pepeu, Plenum Press, 1989, pp.
273–277.

14. Day, C.Y., C.J. Chang, and C.Y. Chen, Pressure Equilibrium of
Ethanol + CO2 and Acetone + CO2 at Elevated Pressures, J.
Chem. Eng. Data 41:839–843 (1996).

15. Suzuki, K., H. Sue, M. Itou, R.L. Smith, H. Inomata, K. Aral,
and S. Saito, Isothermal Vapor-Liquid Equilibrium Data for 
Binary Systems at High Pressures: Carbon Dioxide–Meth-
anol, Carbon Dioxide–Ethanol, Carbon Dioxide–1-Propanol,

Methane–Ethanol, Methane–1-Propanol, Ethane–Ethanol, and
Ethane–1-Propanol Systems, Ibid. 35:63–66 (1990).

16. Montanari, L., J.W. King, G.R. List, and K.A. Rennick, Selec-
tive Extraction of Phospholipid Mixtures by Supercritical Car-
bon Dioxide and Cosolvents, J. Food Sci. 61:1230–1233 (1996).

17. Friedrich, J.P., and E.H. Pryde, Supercritical CO2 Extraction of
Lipid-Bearing Materials and Characterization of the Products, J.
Am. Oil Chem. Soc. 61:223–228 (1984).

18. Fattori, M., N.R. Bulley, and A. Meisen, Carbon Dioxide Ex-

PHOSPHATIDYLCHOLINE FROM LECITHIN BY SCF EXTRACTION 119

JAOCS, Vol. 78, no. 2 (2001)



traction of Canola Seed: Oil Solubility and Effect of Seed Treat-
ment, Ibid. 65:968–973 (1988).

[Received May 22, 2000; accepted November 9, 2000]

120 L. TEBERIKLER ET AL.

JAOCS, Vol. 78, no. 2 (2001)


