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Abstract Hexane extraction is the most common technique
used to remove oil from full fat soy materials in the
production of both soy oil and defatted soy. The popularity
of hexane is based on its high oil extraction efficiency and
its availability. The solvent, however, has some consider-
able economic, environmental, and safety drawbacks. A
review of alternative soybean defatting techniques is carried
out through the description of four main technological
approaches including: (1) alternative organic (carbon-
based) solvent extraction, (2) aqueous extraction, (3)
supercritical carbon dioxide (SC-CO2) extraction, and (4)
enzymatically aided extraction. Through detailed discus-
sions of experimental results, the advantages and disadvan-
tages of each approach are presented. The optimum oil
yield for the various extraction techniques discussed ranges
from as high as 26.0% for mixed organic solvent extraction
of full fat soy flour to as low as ∼7% for some enzymatic
treatments of full fat soy brokens extracted by mechanical
pressing. An environmentally friendly, safe, and cost-
efficient alternative technique has yet to be developed to
replace hexane extraction. Current aqueous and SC-CO2

techniques show promise but require further research and
development to ensure their practicality in terms of
industrial processing.
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Abbreviations
AE Aqueous extraction
CFFSB Cracked full fat soybean
CPG Compressed petroleum gas
EFFSF Extruded full fat soy flakes
EtOH Ethanol
FAO Food and Agriculture Organisation (United

Nations)
FDA Food and Drug Administration (United States)
FFA Free fatty acid
FFEC Expanded full fat soy collets
FFF Full fat soy flour
FFSB Full fat soy brokens
FFSF Full fat soy flakes
Hex Hexane
HPLC High performance liquid chromatography
Incub.
temp

Incubation temperature

Incub.
time

Incubation time

IPA Isopropyl alcohol
MIP Membrane isolation process
n/a Not available
Press temp Pressing temperature
SC-CO2 Supercritical carbon dioxide
SFFSF Steam-conditioned full fat soy flakes
SPI Soy protein isolate
Temp Temperature
w/v Weight by volume
w/w Weight by weight
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Introduction

On the global scale, processed soybeans represent the
largest source of protein feed and the second largest source
of vegetable oil. Soy oil also shares 28% of the global trade
in vegetable oil next to palm oil (32%) (USDA-FAS 2009).
The increased consumption of soy has long hinged upon its
known nutritional benefits; in the last two decades, the
potential of soy to play a role in the prevention and
treatment of chronic diseases has led to an increased
interest in its processing and use in the development of
food products (Messina 1997). Defatting (removal of oil)
from soy is one of the primary steps involved in the value-
added processing of soy. Traditional methods of extracting
oil, such as mechanical and solvent extractions, all have
their limitations. Mechanical extraction, or pressing, is
limited in its applicability, particularly with low-oil content
oilseeds such as soybean. Elevated temperatures employed
during pressing can also have a deleterious effect on the
quality of the extracted oil and residual meal (Sugarman
1956; Nelson et al. 1987).

In spite of its widespread use, solvent (hexane) extrac-
tion of soy material has many economic, environmental,
and safety limitations. Economically, one of the main
concerns is the stability of both hexane supply and price
due to fluctuation in the fossil fuel market (Friedrich and
List 1982; Lusas et al. 1990; Gandhi et al. 2003). As energy
requirements of oilseed processing have grown to become a
considerable cost, becoming the second most important
production input after the seed (Lusas et al. 1995), the
energy required to remove hexane from both the soy meal
and soy oil has come under scrutiny. Coupled with these
economic concerns, growing awareness of the deleterious
effects of organic (carbon-based) solvents on environmental
and human health has increased public scrutiny of
environmental emissions from oil processing plants. A
chronic exposure of hexane as low as 400 ppm in the air
can cause multiple nerve disorders (polyneuropathy), vision
impairment, hair loss, irritation to skin and lungs, fatigue,
reproductive failure, and brain damage (NIOSH/OSHA/
DOE Health Guidelines 1996). Increased emission restric-
tions, through such efforts as the 1990 amendments to the
Clean Air Act of the USA, as well as the testing and
determination of hexane as a hazardous air pollutant, have
raised concern in terms of the current and long-term
feasibility of hexane use (Lusas et al. 1991; Gandhi et al.
2003). On the whole, the vegetable oil sector, which
includes a substantial input from soy and other plant oil
processing, is principally responsible for the high volatile
organic compound emission levels found in the food
industry (Rosenthal et al. 1996). In addition, hexane is
highly flammable, and as such safety precautions need to be
taken during soy oil extraction as the risk of severe

accidents is constantly present in many extraction plants
(Rosenthal et al. 1996). Furthermore, although not suffi-
ciently substantiated to force FDA regulations, a growing
portion of the population is concerned by the potential
toxicity of ingested residual hexane in foods consumed
directly or through animal feeds (NIOSH/OSHA/DOE
Health Guidelines 1996). Based on the economic, environ-
mental, and safety reasons listed above, the search for
alternative soy defatting techniques has long been called for
(Rosenthal et al. 1996), and considerable progress has been
made in developing various novel approaches.

As an immediate response, the industry switched to
another hexane isomer (iso-hexane or 2-methyl pentane).
Although more expensive, this solvent has very similar
extraction properties and involves only slight capital
investment. However, iso-hexane may be just a temporary
replacement because it has very similar flammability,
human and environmental toxicity to n-hexane. These two
products are so similar that, most often in the literature,
both isomers are simply called hexane.

This review paper focuses specifically on alternative
techniques to hexane defatting. Previous reviews have
focused on techniques applied to oilseeds in general (e.g.,
aqueous and enzymatic techniques) (Rosenthal et al. 1996;
Dominguez et al. 1994) and alternative organic solvent
extraction (Johnson and Lusas 1983; Lusas et al. 1990;
Lusas and Gregory 1998). The primary objectives of this
review are to focus on promising alternative approaches as
they have been applied to processing of full fat soy
materials alone and to highlight the strengths and weak-
nesses of these methods and their potential applicability in
industrial scale soy processing. In certain cases, the aim of
defatting soy material is for the processing and extraction of
soy oil, whereas in other approaches the removal of soy oil
is secondary to the production of low fat protein concen-
trates and isolates.

The review progresses from an initial discussion of the
experimental results from pure hexane extraction after
which it focuses on four major alternative approaches to
soy material defatting. The first section deals with the use
of organic solvents as alternative extraction mediums. The
second section discusses aqueous extraction of oil from full
fat soy materials. The third section details the development
of supercritical extraction using carbon dioxide (SC-CO2)
as a viable alternative approach to lipid removal, while the
final section details the application of enzymatic treatment
to techniques used for oil extraction from soybeans.
Throughout these sections, the advantages and disadvan-
tages of each technique are discussed to provide a practical
guide for the implementation of alternative soy material
defatting techniques. A final comparison of the alternative
techniques presented herein allows for a discussion of
current limitations, as well as provides possible future
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directions for the research and development of environ-
mentally friendly, safe, and cost-efficient techniques to
remove oil from full fat soy materials.

Equations and Terminology

This review paper attempts to summarize and compare
experimental results from a variety of sources. It is, therefore,
necessary to make a note of some of the common forms in
which data are expressed. The most often cited measure of
extraction efficiency is oil yield. Since the oil content of full
fat soy is approximately 20%, as oil yield approaches this
value, the more efficient is the oil extraction process. Oil yield
is, therefore, defined as follows:

Oil yield %ð Þ ¼ Mass of oil extracted gð Þ
Totalmass of startingmaterial gð Þ � 100 ð1Þ

It is also possible to calculate the amount of oil which
remains after extraction, i.e., the residual oil content. The
lower the residual level of oil, the more efficient the
extraction. This calculation is based on the percent ratio of
the mass of oil in the final extracted soy meal as a function
of the total mass of the starting material. Residual oil, thus,
depends on the method used to measure the mass of oil in
the final product. Hexane extraction under severe condi-
tions is often used. As these extraction conditions may
differ from one study to another, comparison between
authors is to be made with caution.

Residual oil %ð Þ ¼ Mass of oil in final product gð Þ
Total mass of startingmaterial gð Þ � 100

ð2Þ
Often, the notion of oil recovery is used, which involves

two steps. The first step is an experimental determination of
the total mass of oil present in the starting material. The
second step involves the calculation of oil recovery as the
percent ratio between the mass of oil extracted compared to
the mass of oil originally present in the starting material. The
closer the oil recovery is to 100%, the more efficient the
extraction process. Note that this equation has similar
limitations as Eq. 2 because of the need to measure the
total mass of oil in the sample.

Oil recovery %ð Þ

¼ Mass of oil extracted gð Þ
Total mass of oil in startingmaterial gð Þ � 100 ð3Þ

In some studies, the effect of different treatments are
evaluated by calculating the percent change in oil yield,
which involves the determination of the difference in total
fat extracted using hexane before and after each given pre-

treatment. The mass difference in extracted oil is reported
as a percent of the initial oil extracted using hexane prior to
the given treatment. Given that this calculation is a mass
difference, an increase in oil extraction is indicated by a
positive percent change, while a decrease in oil extraction is
indicated by a negative percent change.

Change in oil yield %ð Þ

¼ Mass difference of extracted oil due to treatment gð Þ
Mass of oil extracted initially gð Þ �100

ð4Þ
Another measure of the effect of alternative defatting

techniques can be seen through the proximate analysis of
soy protein isolates (SPI). In these cases, the residual oil/fat
content in the SPI is an indication of the effectiveness of the
defatting technique used, i.e., the lower the fat content, the
better the process at removing soy oil. All fat content
(percent) calculations are carried out on a dry basis.

Fat content %ð Þ¼Mass oil extracted from SPI gð Þ
Total mass of SPI gð Þ �100 ð5Þ

Finally, in order to compare the optimum results for each
defatting technique, the results need to be transformed onto
the same scale and units, i.e., standardizing the results using
theoretical calculations. This can be facilitated by setting
the oil yield from a standard hexane extraction as a baseline
and calculating any difference from this baseline using oil
recovery as follows:

Theoretical oil yield based on oil recovery %ð Þ

¼ Oil yield standard hexane extraction %ð Þ
Oil recovery %ð Þ � 100

ð6Þ

(or)

¼ Total mass of oil in startingmaterial gð Þ
Total mass of startingmaterial gð Þ � 100 ð7Þ

Hexane Extraction

The major steps involved in soybean defatting using hexane
are highlighted in Fig. 1 and include comminution, solvent
extraction, meal desolventizing, separation of soy oil, and
recovery of hexane solvent. Details of these processes are
summarized elsewhere (Mustakas 1980; Serrato 1981). The
main reason for the use of hexane is its ability to extract
almost all of the oil present in soybeans, leaving a residual
oil level in the meal of <1.0%. Wiese and Snyder (1987)
found that full fat soy flour exposed to a continuous 4-min
high performance liquid chromatography (HPLC) grade

202 Food Bioprocess Technol (2011) 4:200–223



hexane extraction had an oil yield of 22.5%, while a
comparable treatment of full fat soy flakes had an oil yield
of 17.1%. This difference in oil yield is due to the fact that
oil is extracted faster from flour than from flakes during a
set time period. Nieh and Snyder (1991) also found an oil
yield of 21.5% for a HPLC grade hexane batch extraction
of full fat soy flour. However, in commercial practice,
solvent extractors employ deep beds where the porosity of
finely ground soy products would retard solvent flow and
miscella (mixture of oil and solvent) percolation rates,
whereas the coarse grits, flakes, and collets would enhance
solvent flow and oil extraction rates (Williams 1995).
Bargale et al. (2000) reported that a 7-h-long commercial
hexane extraction process is effective to extract a maximum
of 21% oil from ground soy grits, soy flakes, and expanded
soy collets (50–100 mm length and 20 mm diameter)
compared to oil extraction from soybeans that had not been
ground which ranged from 15% to 19% during the same
period. Moreover, the residual oil level in full fat expanded
soy collets continuously extracted with hexane was 0.6%
(Lusas 1997) indicating almost complete oil removal.
Further to these findings, Gandhi et al. (2003) illustrated
that n-hexane had the fastest batch extraction rate of soy oil
from full fat soy flakes, in comparison to other pure
solvents such as ethanol and heptane. As hexane is
currently used throughout the soy oil processing industry,
the experimental results discussed above provide a frame-
work and baseline reference point against which to compare
all other alternative defatting techniques. It should be
mentioned here that in some papers petroleum ether is

used, which is a mixture of various alkanes including
hexane.

Alternative Organic Solvent Extraction

Requirements of Organic Solvent Extraction In response to
the limitations of hexane extraction discussed earlier, there
has been an active search for alternative organic solvents
for the defatting of soybeans. The general requirements for
a replacement solvent include (1) plentiful supply, (2)
safety in terms of human and environmental toxicity, (3)
non-flammability, (4) low cost, (5) oil extraction efficiency,
and (6) industrial practicality, i.e., easily separated from
extraction material and chemically stable (Lusas et al.
1990).

Johnson and Lusas (1983) listed over 70 solvents which
have been used to extract oil from oilseeds. The list
reported included pure solvents such as other alkanes
(propane, butane, pentane, and heptane) to benzene,
chlorinated hydrocarbons, alcohols, ketones, and other
organic solvents and organic solvent mixtures. Of these,
the bulk of recent work has focused primarily on ethyl and
isopropyl alcohols (IPA) and mixtures thereof (Lusas et al.
1990; Seth et al. 2007, 2010). Discussions presented here
will focus on recent developments in the use of (1) pure
solvents, (2) sequential pure solvent extraction, and (3)
solvent mixtures, including (a) mixtures of organic sol-
vents, (b) aqueous–organic solvent mixtures, and (c)
azeotropic mixtures (Table 1).

Pure Organic Solvent Extraction In comparison to hexane,
pure organic solvents showed comparable levels of soy oil
extraction efficiency, although slightly altered extraction
conditions were required in some cases. Oil extractability of
pure n-heptane, n-propanol, IPA, and ethanol was evaluated
by Gandhi et al. (2003). All extractions were carried out in
the same manner, i.e., full fat soy flakes were refluxed with
pure solvents after which the extracted oils were recovered
by evaporating the solvent present in the extracted miscella.
The IPA extraction was the only exception in that oil was
recovered by chilling the IPA miscella, as IPA requires
considerably more energy to vaporize in comparison to the
other solvents tested. In these trials, after 10 h of refluxing
extraction, all of the pure solvents yielded complete oil
recovery. The comparative recovery, after 2 h refluxing,
was however lower in all cases, compared to hexane
(Table 1).

Sequential Pure Solvent Extraction The application of the
two-phase consecutive solvent extraction of soy material
with organic solvents was investigated by Nieh and Snyder
(1991). In this experiment, full fat soy flour was first batch-

Full fat soy beans 

Cracking and moisture 
adjustment 

Flaking 

Solvent extraction 

Defatted soy meal 
containing solvent 

Miscella – oil in 
hexane 

Desolventizing / toasting Hexane evaporation and oil 
stripping 

Defatted, solvent-free soy meal Soy oil 

Fig. 1 General flow diagram illustrating standard hexane extraction
of soy oil from full fat soy flakes (based on Mustakas 1980; Serrato
1981)
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extracted with pure hexane, followed by a wash with an
aqueous ethanol solvent mix ranging from 50% to 90%
ethanol. The aim of this study was to determine the ability
of ethanol to displace residual hexane trapped in the
defatted meal, with the goal of increasing the overall oil
yield (Table 1). It was found that full fat soy flour submitted
to a 1-min hexane extraction followed by a 30-s 50%
ethanol extraction led to the highest oil yield, which was

comparable to a pure hexane extraction. Upon further
analysis, it was observed that the concentration of the
ethanol used in the wash step affected the quality of the soy
oil extracted and consequently the quality of the residual
soy meal (i.e., the lower the concentration of ethanol used,
the greater the amount of phospholipids found in the
extracted oil due to their affinity for the more polar
extraction solvent). In all cases, pure hexane extraction

Table 1 Processing conditions and experimental results for full fat soy materials extracted with various organic solvents

Solvent (C = continuous extraction,
B = batch extraction)

Starting
material

Solid/liquid
ratio (w/v)

Time (min) Oil yield
(%)a

Oil recovery
(%)b

Reference

Hexane (C) FFF n/a 4 22.5 Wiese and Snyder (1987)

1% IPA in hexane (C) FFF n/a 4 26.0 115.5 Wiese and Snyder (1987)

Hexane (C) FFSF n/a 4 17.1 Wiese and Snyder (1987)

1% IPA in hexane (C) FFSF n/a 4 18.4 107.6 Wiese and Snyder (1987)

Hexane (B) FFF 2:5 1.5 21.5 Nieh and Snyder (1991)

(1) Hexane and (2) 90% ethanol (B) FFF 2:5 1 (Hex) + 0.5 (EtOH) 21.0 97.6 Nieh and Snyder (1991)

(1) Hexane and (2) 85% ethanol (B) FFF 2:5 1 (Hex) + 0.5 (EtOH) 20.4 94.8 Nieh and Snyder (1991)

(1) Hexane and (2) 65% ethanol (B) FFF 2:5 1 (Hex) + 0.5 (EtOH) 21.0 97.6 Nieh and Snyder (1991)

(1) Hexane and (2) 50% ethanol (B) FFF 2:5 1 (Hex) + 0.5 (EtOH) 21.2 98.6 Nieh and Snyder (1991)

95% IPA (with water) (C) FFEC 1:1 45 23.9 97.5 Lusas (1997)

100% hexane (C) FFEC 1:1 45 23.8 97.1 Lusas (1997)

n-Hexane (B) FFSF 1:2 120 (600)c n/a 77.0 (99.5)d Gandhi et al. (2003)

n-Heptane (B) FFSF 1:2 120 (600)c n/a 70.0 (99.0)d Gandhi et al. (2003)

n-Propanol (B) FFSF 1:2 120 (600)c n/a 70.0 (98.5)d Gandhi et al. (2003)

IPA (B) FFSF 1:2 120 (600)c n/a 73.0 (99.5)d Gandhi et al. (2003)

Ethanol (B) FFSF 1:2 120 (600)c n/a 71.0 (99.0)d Gandhi et al. (2003)

10% n-propanol in water (B) FFSF 1:2 120 (600)c n/a 78.0 (98.5)d Gandhi et al. (2003)

20% n-propanol in water (B) FFSF 1:2 120 (600)c n/a 72.0 (94.5)d Gandhi et al. (2003)

10% IPA in water (B) FFSF 1:2 120 (600)c n/a 80.0 (98.0)d Gandhi et al. (2003)

20% IPA in water (B) FFSF 1:2 120 (600)c n/a 72.0 (98.0)d Gandhi et al. (2003)

10% ethanol in water (B) FFSF 1:2 120 (600)c n/a 76.0 (98.0)d Gandhi et al. (2003)

20% ethanol in water (B) FFSF 1:2 120 (600)c n/a 71.0 (97.0)d Gandhi et al. (2003)

78% n-hexane + 22% IPA (B) FFSF 1:2 120 (480)c n/a 64.0 (99.5)d Gandhi et al. (2003)

79% n-hexane + 21% ethanol (B) FFSF 1:2 120 (600)c n/a 52.0 (99.0)d Gandhi et al. (2003)

52% n-heptane + 48% ethanol (B) FFSF 1:2 120 (600)c n/a 64.0 (99.0)d Gandhi et al. (2003)

96% n-hexane + 4% n-propanol (B) FFSF 1:2 120 (600)c n/a 68.0 (99.6)d Gandhi et al. (2003)

4.4% water + 95.6% ethanol (B) FFSF 1:2 120 (600)c n/a 54.0 (99.0)d Gandhi et al. (2003)

28.2% water + 71.8% n-propanol (B) FFSF 1:2 120 (600)c n/a 57.0 (99.0)d Gandhi et al. (2003)

87.8% IPA + 12.2% water (B) FFSF 1:2 120 (600)c n/a 56.0 (99.8)d Gandhi et al. (2003)

Hexane (B) FFSB 1:10 480 (1440)c 7.9 34.7 (75.5)d Seth et al. (2007)

90.5% IPA + 9.5% water (B) FFSB 1:10 480 (1440)c 8.4 37.0 (79.1)d Seth et al. (2007)

Hexane (B) FFSF 1:10 480 (960)c 20.6 80.1 (94.2)d Seth et al. (2007)

90.5% IPA + 9.5% water (B) FFSF 1:10 480 (960)c 21.5 83.5 (98.4)d Seth et al. (2007)

FFF full fat soy flour, FFSF full fat soy flakes, FFEC expanded full fat soy collets, FFSB full fat soy brokens, IPA isopropyl alcohol, Hex hexane,
EtOH ethanol, n/a not available
a Oil yield (percent) calculated using Eq. 1
b Oil recovery (percent) calculated using Eq. 3
c Time in brackets represents complete extraction time
d Percent in brackets represents oil recovery (percent) after complete extraction time
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was found to be more effective at removing fat from full fat
soy flour than the two-phase consecutive solvent extraction
(Nieh and Snyder 1991).

Mixtures of Organic Solvents The advantage of using
mixed solvent systems is that the polarity of the
extraction medium can be controlled by varying the ratio
of the selected solvents in order to facilitate the removal
of specific soybean components. Wiese and Snyder
(1987) compared pure hexane extraction of full fat soy
flour and full fat soy flakes to a mixed solvent solution
extraction using hexane spiked with 1% IPA (Table 1).
In the case of full fat soy flour, the increase in total oil
yield was significantly higher using 1% IPA spiked
hexane, than with pure hexane. Thus, more total oil was
extracted by increasing the polarity of the extraction
medium. Li et al. (2004) also reported a higher oil yield
from ground soy flakes using mixed solvents (hexane/
isopropanol 60:40% v/v) for extraction than hexane or
isopropanol alone. Unfortunately, neither the quality of the
oil nor meal was evaluated as the increase in total oil yield
may have been a result of increased extraction of
phospholipids. The use of the 1% IPA-spiked hexane did
not have a significant effect on the oil yield from full fat
soy flakes, which may be the result of limited solvent
diffusion into the larger soy flakes (Wiese and Snyder
1987).

Aqueous–Organic Mixed Extraction Solvents Organic sol-
vents most amenable to mixing with water are those with
higher polarities, i.e., alcohols. The extraction of expanded
soy collets using 95% IPA (5% water) was carried out at
74 °C, due to increased miscibility of IPA with soy oil at
elevated temperatures; the residual oil level in the extracted
collets (0.5%) was comparable to a similar sample extracted
with pure hexane at 57 °C (Lusas 1997). Gandhi et al.
(2003) investigated three alcohols namely, n-propanol, IPA,
and ethanol at both 10% and 20% concentrations in water
for the extraction of oil from full fat soy flakes (Table 1).
The 10% IPA mixture had the greatest oil recovery after
2 h, comparable to the extraction rate of pure hexane
(Gandhi et al. 2003). The mixtures all yielded lower
recoveries even after 10 h of refluxing. In general, the
higher the concentration of alcohol, the larger the quantity
of soy oil extracted after 2 h of refluxing. However, Seth et
al. (2007) reported higher oil recovery (98.7%) from soy
flakes extracted with a mixture of IPA and water (90.5±
9.5% w/w at solvent flow rate of 7.75 mL/min for 16 h)
than n-hexane extraction (94.2%). The higher extraction
rate with IPA was probably due to the higher extraction
temperature used for IPA (i.e., actual temperature used for
the study was 100–110 °C; however, boiling point of pure
IPA for 95% evaporation is 81–82.5 °C; additionally,

specific gravity of IPA at 20 °C is 0.784–0.786, latent heat
for vaporization is 80 cal g−1, and flash point is 18 °C)
compared to n-hexane extraction (actual temperature used
for the study was 65–70 °C; boiling point of pure n-hexane
for 95% evaporation is 65–70 °C; specific gravity at 20 °C
is 0.656–0.656; latent heat of vaporization is 206 cal g–1

and flash point is −14 °C) (Gandhi et al. 2003; Seth et al.
2007). Using aqueous solvent mixtures has the advantage
of decreasing the quantity of organic solvent used;
however, the extraction temperature often has to be elevated
to ensure adequate solubilization of soy oil which, when
coupled with the higher heat treatments required to remove
the solvent and moisture from the meal, negatively impacts
on the functional properties of the residual soy meal
(Gandhi et al. 2003).

Azeotropic Extraction Solvents By mixing predetermined
ratios of certain solvents together, one can create
azeotropic mixtures with unique physical properties for
solvent extraction. Table 1 provides experimental results
obtained for seven different organic and aqueous solvent
azeotropes used to defat full fat soy flakes. In all cases, the
azeotropic extractions had lower oil recovery levels after
2 h of continuous refluxing compared to pure hexane.
Recovery levels were only comparable to pure hexane
after 10 h of refluxing (Table 1). As with the aqueous–
organic extraction solvent mixtures described above, the
elevated temperatures used to remove residual solvent
from the meal again had a negative impact on the soy meal
and further translated into higher processing costs (Gandhi
et al. 2003). However, the use of aqueous alcohol
azeotropes further poses practical problems in that during
extraction the concentrated alcohol solutions can extract
moisture from the soy material being extracted, thereby
decreasing the extraction medium’s solvency in oil and
consequently decreasing the extraction yield (Lusas and
Gregory 1998).

Advantages and Disadvantages of Alternative Organic
Solvent Extraction of Oil from Soybeans The advantages
and disadvantages of the use of organic solvents are
summarized in Table 2. For the most part, the use of pure
solvents, sequential pure solvent extraction, and solvent
mixtures has been shown to be possible, with total oil
extraction yields comparable to that of pure hexane
(Gandhi et al. 2003). In particular, the use of both ethanol
and IPA has particular advantages in that ethanol is a
commonly used solvent, while IPA is lower in cost and is
not subject to the regulation and taxation of ethanol (Lusas
et al. 1990; Lusas et al. 1995). Both ethanol and IPA are
also desirable given that the cost of retrofitting plants
currently using hexane as an extraction solvent is minimal
when compared to other alternative approaches (Lusas

Food Bioprocess Technol (2011) 4:200–223 205



1997). Moreover, crude soybean oil extracted with ethanol
and IPA contains higher neutral oil content (99%), is low
in phosphorus (4–5 ppm), and requires less refining
(Gandhi et al. 2003). The residual meal from alcoholic
extraction (IPA and ethanol) showed better sensory
characteristics such as improved color and flavor and
was blander in taste than meal obtained by hexane
extraction (Beckel et al. 1948). In contrast, Seth et al.
(2010) reported that oil and residual meal extracted from
soy flakes using azeotropic IPA mixture (91% IPA + 9%
water w/w) was darker in color than those extracted by n-
hexane. The inconsistent results may be due to differences
in moisture content of soy flakes which has a strong
impact on the quality of oil and meal. Beckel et al. (1948)
used low moisture soy flakes for oil extraction (6–8%),
whereas Seth et al. (2010) used high moisture soy flakes
(13.4%). Depending on the requirements for the soy oil
extracted, or the remaining defatted meal, alternative
solvent approaches can also lead to phospholipid-free
meals, improving their oxidative stability and functional
properties (Wiese and Snyder 1987; Nieh and Snyder
1991). Finally, IPA is a safer solvent than hexane, given its
higher flashpoint (18 °C) and auto-ignition temperatures
(425 °C) (Lusas 1997).

Hexane has not been replaced with an alternative
organic or organic–aqueous solvent mixture due to some

of its inherent drawbacks. Alternative pure solvents cost
more than hexane and require more energy to vaporize,
especially IPA (Gandhi et al. 2003). While the use of
aqueous azeotropes of alcohols, in particular IPA, may
have the advantage of decreasing the total amount of
organic solvent used, the main limitation to their use is
that they have limited solubility for oil which is further
complicated by the absorbance of moisture from the
soybean meal being extracted (Lusas et al. 1995; Lusas
and Gregory 1998). Another drawback specific to IPA is
its greater density, which increases the energy required for
pumping (Lusas 1997). Overall, it has been shown that
alternative solvents, such as IPA, require considerably
increased energy requirements, on the scale of 30–40% in
comparison to hexane (Lusas 1997); this is perhaps the
strongest deterrent to their implementation as alternatives
for the removal of oil from soybeans. One noticeable
exception is the use of compressed petroleum gases (CPG)
for oil extraction developed in China in the 1990s, with
over 20 production plants being started between 1993 and
2003 (Xuede and Liu 2005). The CPG extraction process
uses a pressurized mixture of liquefied propane and
butane. The main advantage is low temperature extraction
and desolventizing which preserves the quality of the final
products. Unfortunately, this process cannot be retrofitted
to actual plants.

Table 2 Advantages and disadvantages to alternative soybean defatting techniques

Defatting technique Advantages Disadvantages

Alternative organic solvent extraction Comparable efficiency Limited solubility

Familiarity Cost of solvents

Lower price—IPA Efficiency of extraction

Safety Increased energy costs

Improved meal quality
Lower retrofitting cost

Aqueous extraction Environmentally friendly Elevated residual oil levels

Safety Oxidation of residual oil

Minimal protein denaturation Demulsification

Cost Microbial concerns

Aqueous solubilization

Supercritical carbon dioxide extraction Environmentally friendly Cost unit operations

Non-toxic Extraction efficiency

Safety Extraction consistency

Minimal protein denaturation
Cost of extraction medium

Enzymatic assisted extraction Rational design Oil yield dependent on complimentary extraction method

Increase oil extraction Enzyme cost

Improved meal quality Decreased oil extraction

Environmentally friendly Meal functional properties

Meal functional properties Particle size

Adaptability
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Aqueous Extraction

History and Principles of Aqueous Extraction Aqueous
separation of oil and protein from oilseeds was reported as
early as the 1950s (Sugarman 1956). Initially, the technique
was developed for processing high fat oilseeds such as
peanuts. It was eventually suggested that the technique
could be applied to soybeans (Cater et al. 1974) which led
to a focused effort to develop aqueous extraction techniques
for the simultaneous extraction of oil and protein from
soybeans. The bulk of this work was carried out at the Food
Protein Research and Development Center at Texas A & M
University in the late 1970s and early 1980s (Cater et al.
1974; Lawhon et al. 1981a; Lusas et al. 1982).

In the aqueous approach, water is used as the extracting
solvent and defatting is based on the insolubility of the oil in
water (Lawhon et al. 1981a; Rosenthal et al. 1996). By
coupling aqueous extraction with the separation of different
phases using physical techniques, it is possible to extract and
separate protein and lipid fractions from full fat soy materials.

The unit operations for aqueous extraction of oil and
protein from soy have remained largely unchanged since
they were initially described (Sugarman 1956; Cater et al.
1974; Lusas et al. 1982; Rosenthal et al. 1996). The process
involves various steps which are highlighted in Fig. 2
(Lawhon et al. 1981a).

The first step involves comminuting the full fat soybeans
in order to facilitate an increase in surface area for the
efficient extraction of oil and protein (Fig. 2). This
comminution may be either cracking the seeds into smaller
pieces, grinding the seeds into full fat soy flour, tempering
and flaking the seeds into full fat soy flakes, or passing full
fat soy material through an expander/expeller to produce
full fat expanded soy collets.

After comminution, the full fat soy material is solubilized
to perform a solid–liquid extraction/separation. During this
step, insoluble compounds are removed, leaving a liquid
solution containing both proteins and lipids. This solution is
further separated in the third unit operation which is three-
phase centrifugation. The solubilized components are sepa-
rated into solid, aqueous, and oil/emulsion phases. Finally,
each separate phase is further processed through a series of
unit operations. The aqueous fraction is submitted to an acid/
alkali precipitation after which it is centrifuged and the
precipitated protein is dried to produce a soy protein
concentrate/isolate. The oil/emulsion fraction is demulsified
and separated into its constituents, and the insoluble residue is
dried forming a high fiber animal feed (Fig. 2).

The bulk of the experimental work carried out regarding
aqueous techniques for the simultaneous removal of oil and
protein from soybeans was aimed at the development of a
technique to extract a minimally denatured low fat soy
protein isolate (Rosenthal et al. 1996). The extraction of

pure soybean oil is, thus, a secondary concern in compar-
ison to the production of an oxidatively stable soy protein
isolate. For this reason, the experimental results summa-
rized in Table 3 include only the proximate analysis data for
soy protein isolates (i.e., they only present the fat and
protein contents of the soy protein isolate after its
separation and drying).

In practically all cases, the smaller the particle size, the
more efficient the extraction of protein and oil (Lusas et al.
1982), with the main limiting factor being the equipment to
handle and process the starting material. Rosenthal et al.
(1998) found that oil recovery increased from 22% to 65%
when particle size of full fat soy flour was reduced from
1,200 to 100 μm during aqueous extraction. In all instances
presented in Table 3, the alkaline solubilization progressed
under very similar conditions, i.e., a solids/liquid ratio of
1:12, a pH range of 8–9, a temperature between 40 and 60 °C,
and an extraction time of 30–40 min. Experimental differ-
ences occurred mostly in the protein precipitation steps during
the aqueous extraction process.

As presented in Table 3, washing the acid-precipitated
soy protein isolate can have an effect on the levels of
residual fat and protein content of soy protein isolate. By
washing the precipitated protein with pH 4.5 wash water,
then resolubilizing at pH 9.0 culminating with a final
pH 4.5 precipitation, one can decrease the fat content from
7–9% to 3–6%, while increasing the protein content to such

Comminution of starting soy material 

Alkaline solubilization – solid-liquid separation 

Centrifugation 

Oil/emulsion Solids Aqueous 

Acid 
precipitation 

Centrifugation 

Demulsification Drying 

Centrifugation 

Protein precipitate 

Drying 

Soy protein 
isolate 

Fibrous 
residue 

Whey 

Soy oil 

Whey 

Fig. 2 General flow diagram illustrating the unit operations for
aqueous extraction of full fat soy material (modified from Lawhon et
al. 1981b)
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a degree as to extract a soy protein isolate (90–92%) from
what was, without the added washing step, a soy protein
concentrate (81–85%) (Mattil et al. 1979). These results
were confirmed by Lawhon et al. (1981b) who also showed
that solubilizing the full fat soy flour in water under
controlled conditions (1:12 w/w solid to water ratio, pH 9.0
at 60 °C for 30 min), separating the aqueous phase from the
slurry by centrifugation and washing the residue with water
(1:5 w/w solid to water ratio) at pH 9.0, precipitating the
combined aqueous phase at pH 4.5, and then washing the
curd with acid water (pH 4.5) decreased the fat content to
3.6%, while ensuring a protein content approaching 90%.
The addition of extra washing steps ultimately increases the
efficiency of oil extraction. Unfortunately, these studies did
not comment on protein yield.

Lawhon et al. (1981a) also reported that the extractability
of protein in aqueous medium (water) from full fat soy flour
was higher when using higher flour to water ratio (i.e., 1:30
or 1:25 soy flour to water ratio by weight), than when using
lower flour to water ratio (i.e., 1:12 or using a double
extraction of 1:10 followed by 1:6). In the former case,
extraction at 60 °C for 30 min at pH 6.6, 8.0, and 9.0 gave
nitrogen recoveries of 91.4%, 94.2%, and 89.3%, respectively.
In the latter case (1:12 flour to water ratio), the extraction was
done at pH 9.0 and a recovery of 80.4% nitrogen was
obtained, whereas for the double extraction (1:10 followed by
1:6) a pH of 2.5 was used and a recovery of 81.8% nitrogen
was obtained. The authors indicated that flour: water ratios
influenced nitrogen extractability more significantly than pH.
The data presented in the paper are however limited, making a
generalization of the statement difficult to validate.

Aqueous Extraction and Membrane Isolation Process Based
on the principles of the aqueous extraction protocol
described above, a technique was developed to couple the
defatting potential of aqueous extraction with the separation
capabilities of membrane isolation. Membrane filtration is
increasingly used today as an alternative to isoelectric
precipitation in various food applications. The technique
has been effectively used for the preparation of protein
concentrates and isolates from whey, peas, chickpeas, and
lentils (Sachdeva and Buchheim 1997; Fredrikson et al.
2001; Rombaut et al. 2007; Mondor et al. 2009; Boye et al.
2010). Other workers have used microfiltration and
ultrafiltration effectively to remove fat from dairy milk
and also to fractionate or enrich the phospholipid content in
buttermilk (Sachdeva and Buchheim 1997; Goudedranche
et al. 2000; Morin et al. 2006). Depending on the order of
unit operations, it was possible to create a full fat,
intermediate fat, and low fat soy protein isolate (Lawhon
et al. 1981a, b); the low fat extraction protocol is outlined in
Fig. 3. Full fat soy protein isolate was prepared by directly
passing the full fat aqueous extract of the soy flour slurryT
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obtained after the two-phase centrifugation through the
ultrafiltration membrane. An intermediate fat containing
soy protein isolate was produced by removing residue and
oil emulsion from the membrane-filtered concentrate of the
full fat aqueous extract by centrifugation. To prepare a low
fat protein isolate (Fig. 3), a three-phase centrifugation of
the soy flour slurry was done to separate residue as well as
protein from oil and water prior to membrane filtration.
Experimentally, these soy protein isolates had fat contents
ranging from 1.9% (low fat SPI) through 9.8% (intermedi-
ate fat SPI) to 32.3% (full fat SPI) as shown in Table 4.
Clearly the low-fat extraction protocol is an effective
technique to remove oil from soy. Unfortunately, the soy
protein isolates extracted using a combination of all of the
processes described above did not have a protein content
above 80%, which renders this technique less effective than
aqueous extraction alone.

Aqueous Extraction Process and Ultrasonication As a
novel alternative approach, the effect of ultrasonication on
the aqueous extraction of oil and protein from full fat soy flour
was evaluated (Yoon et al. 1991), the results of which are
summarized in Table 5. In this study, full fat soy flour was
ground to a particle size ranging from 120 to 150 mesh,
solubilized in a 1:6 flour/water ratio (w/v), and extracted at
pH 8.0 at a temperature of 40 °C. During the alkaline

extraction period, the solution was subjected to a constant
level of sonication, for varying amounts of time (0 to
15 min). After sonication, the solution was centrifuged and
the three resultant phases were separated and dried. It was
anticipated that subjecting the aqueous solution to sonication
would induce cell rupture, increasing the release of oil and
protein during extraction (Yoon et al. 1991). The response
variables for this study were both the oil and protein
recovery. The results of this study indicated that ultra-
sonication can substantially increase the simultaneous release
of oil (87% oil recovery) and protein (85% protein recovery)
from full fat soybean flour, in as little as 5 min of sonication
time, compared to a control sample which was not sonicated
(62% and 68% oil and protein recovery, respectively);
however, 90% recovery of both oil and protein was achieved
when sonication was done for 15 min (Table 5). This is a
novel approach to the removal of fat and protein from full fat
soybean flour, which requires further experimentation to
determine its viability as a complementary technique for
aqueous defatting of soy material.

Aqueous Extraction Using the FRIOLEX® Process One
promising technique that has yet to be experimentally
applied to the aqueous defatting of full fat soy material is
the FRIOLEX® process. This is a commercially available
physical oil extraction process which uses water and a

Alkaline extraction 

Ground full fat soy material 

Two-phase centrifugation 1  

Three-phase Centrifugation 2 

UF membrane 

Full fat extract 

Low-fat extract

UF concentrate 

UF Permeate 

Spray drying 

Insoluble Residue 
to dryer 

Insoluble Residue 
to dryer 

Low fat soy protein isolate 

Oil emulsion 

Fig. 3 General flow diagram
illustrating the unit operations
for aqueous extraction combined
with membrane isolation
(modified from Lawhon et al.
1981a)
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water-soluble extraction aid (15–50% short-chain aliphatic
alcohols) to physically remove oil from oilseeds,
providing oil recoveries of 95–99% (Hruschka and
Frische 1998; Anonymous 1998). In general, the oilseed
is milled and then solubilized in water containing the
extraction aid, making an aqueous sludge which is then
separated through a combination of decanters, separators,
and dryers. It is claimed that this technique has been
applied to defatting soybean (Hruschka and Frische 1998;
Anonymous 1998), but unfortunately no experimental
data were presented.

Advantages and Disadvantages of Aqueous Extraction The
aqueous techniques described above are generally more
environmentally friendly than the traditional hexane extrac-
tion (Hruschka and Frische 1998; Anonymous 1998)
(Table 2). Using water as the main extraction solvent
eliminates the risk of explosion and facilitates the ease of
start-up and shut down during processing. It also decreases
capital investment and the day-to-day costs associated with
explosion-proofing and implementing the necessary safety
measures required with hexane extraction (Lawhon et al.
1981a, b). Another major advantage is that because only
water is used, there is minimal protein denaturation during
fat removal; thus, the functional properties of the residual
soy proteins are more likely to be maintained throughout
extraction (Rosenthal et al. 1996). Aqueous solubilization
of the soy material further allows for the removal of water-

soluble undesirable constituents found in raw soy material
(Lusas et al. 1982).

In spite of these advantages, aqueous extraction
techniques generally leave higher residual fat contents
than are found in products extracted with solvent. The
higher the content of oil in the final soy protein isolate,
the greater its susceptibility to oxidation and the
development of off-flavors and odors (Lawhon et al.
1981b). Some preliminary experiments have, however,
shown that protein isolates with higher oil contents can be
fairly stable to oxidative degradation (Mattil et al. 1979;
Lawhon et al. 1981b); a more detailed and systematic
study is required to validate these findings. Another
disadvantage of aqueous extraction is that the oil removed
from soy flour is often in the form of an emulsion and requires
further processing to break the emulsion to release the oil
(Lusas et al. 1982; Lamsal et al. 2006; Chabrand et al. 2008).
Finally, the use of water as the extraction solvent brings with
it the need to maintain hygienic processing conditions to
decrease the potential of microbial deterioration and spoilage
(Lawhon et al. 1981a, b).

Supercritical Carbon Dioxide Extraction

History and Principles of Supercritical Carbon Dioxide
Extraction The application of SC-CO2 extraction to the

Table 4 Processing parameters and partial proximate analysis of soy protein isolates processed using the combined aqueous extraction and
membrane isolation process (AE-MIP) (from Lawhon et al. 1981a)

Product type Starting
material

Particle size Solid/water
ratio (w/w)

pH Temp (°C) Time (min) Fat content (%)a Protein content (%)

Low fat SPI FFF ∼100 mesh 1:30–1:12 9, 8, 6.6, and 2.5 60 30 1.9 78.8

Intermediate fat SPI FFF ∼100 mesh 1:30–1:12 9, 8, 6.6, and 2.5 60 30 9.8 78.9

Full fat SPI FFF ∼100 mesh 1:30–1:12 9, 8, 6.6, and 2.5 60 30 32.3 66.0

SPI soy protein isolate, FFF full fat soy flour
a Fat content (percent) calculated using Eq. 5

Table 5 Effect of ultrasonication on the aqueous extraction of oil and protein from full fat soy flour (from Yoon et al. 1991)

Starting material Particle size Solid/water ratio (w/v) pH Temp (°C) Sonication time (min) Protein yield (%)a Oil recovery (%)b

FFF 120–150 mesh 1:6 8.0 40 0 68 62

FFF 120–150 mesh 1:6 8.0 40 5 85 87

FFF 120–150 mesh 1:6 8.0 40 10 89 90

FFF 120–150 mesh 1:6 8.0 40 15 90 90

FFF full fat soy flour
a Protein yield (percent) = (mass of protein extracted / total protein content of starting material)×100
b Oil recovery (percent) calculated using Eq. 3
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removal of oil from soybeans was first demonstrated in the
early 1980s (Stahl et al. 1980; Friedrich et al. 1982) and has
garnered considerable interest as an alternative to the less
environmentally friendly hexane extraction process. In
contrast to the aqueous extraction techniques described
above, which focused on protein extraction, the develop-
ment of this technology has focused mainly on the use of
SC-CO2 as a lipid extraction medium and its oil extraction
efficiency; the quality of the residual meal has been of
secondary concern. In spite of this, the results can be
interpreted in a manner that sheds light on the utility of this
technique as a defatting technique for the down-stream
processing of soy protein isolates.

The definition of a supercritical fluid is a gas existing
in a physical state above its critical temperature and
pressure, which upon compression increases in its
density (i.e., it is a gas having the density of a liquid,
while maintaining the diffusivity of a gas) (Friedrich et
al. 1982). Under these conditions, the use of a supercritical
fluid leads to rapid oil extraction in comparison to
traditional solvents, due to its higher diffusivity and
lower density which improves mass transfer from both
solid and liquid matrices (Kim and Yoon 1991; Lancas et
al. 1994; Ueno et al. 2008). Given these improved
extraction characteristics, the application of SC-CO2 to
soybean oil extraction has been studied by many workers
and the results are summarized in Table 6.

Experimental Results Using Supercritical Carbon Dioxide
Extraction A number of parameters affect oil extraction
and consequently the amount of residual oil in SC-CO2-
defatted soy material. Firstly, the physical state of the
starting material has a considerable effect on oil removal
(Table 6), the most poorly extracted being cracked full fat
soybeans, having residual oil levels of ∼20% (Snyder et al.
1984). Snyder et al. (1984) illustrated that more efficient oil
extraction is facilitated by further comminution of the
starting material, to either full fat soy flour or full fat soy
flakes (both of which yielded final residual oil contents of
∼2%). It was further found that the thinner the soy flake,
the greater the oil yield, approaching virtually complete soy
oil extraction at a soy flake thickness of 0.10 mm (Table 6).
For practical application, full fat soy flakes were found to
be easier to manipulate, as full fat soy flour had a tendency
to pack which led to a reduction in fluid flow (Snyder et al.
1984).

Different combinations of extraction pressure, temper-
ature, and time provide differing oil yields and recoveries
and consequently different amounts of residual oil in the
meal (Table 6). It is difficult to compare between the
treatments presented in Table 6, as all of the experimental
parameters listed, i.e., starting material, particle size,
particle moisture content, extraction pressure, temperature,

and time are all integrally related and combinations of
these parameters each have their own effect on the oil
yield (Friedrich and Eldridge 1985). In some experimental
combinations, the amount of residual oil was comparable
to that found with traditional hexane extraction, i.e., <1%
(Friedrich and List 1982; Friedrich and Pryde 1984;
Friedrich and Eldridge 1985). Unfortunately, in other
experimental studies, it was found that the residual oil
levels were elevated well above those levels found in
traditional hexane extraction (Stahl et al. 1980; Friedrich
et al. 1982; Dobarganes Nodar et al. 2002). The results are
at best inconsistent, leaving the comparison of the use of
SC-CO2 to traditional hexane extraction inconclusive. In
spite of this uncertain conclusion, it has been found that in
the case where there is an elevated oil content in the
residual soy flour after SC-CO2 extraction, the flour has
been relatively stable to autoxidative deterioration under
mildly accelerated conditions (37 °C) indicating that SC-
CO2 extraction either removed some of the lipid fractions
most susceptible to autoxidation or was integral in
decreasing the activity of lipoxygenase. Differences in
flavor scores for defatted soy flour held at 37 °C for
2 months did not differ statistically from the same sample
stored at 2 °C (Eldridge et al. 1986).

Evaluation of Supercritical Carbon Dioxide Extraction In
summary, the main strength of SC-CO2 extraction is that
it is easily removed from food samples and processing
environments and is neither nutritionally nor environmen-
tally toxic (Stahl et al. 1980; Ueno et al. 2008) (Table 2).
Much like the aqueous extraction, this extraction medium
is non-flammable, lending to a safe working environment
(Dobarganes Nodar et al. 2002). SC-CO2 is also readily
available and inexpensive (Friedrich and Pryde 1984;
Ueno et al. 2008). Friedrich et al. (1982) compared the
physicochemical quality of crude soy oil extracted by SC-
CO2 and hexane and reported that oil extracted using SC-
CO2 was light in color, had lower free fatty acid content
(FFA −0.3%), and contained less phosphorus and iron (0.3
and 45 ppm, respectively) than oil extracted using hexane
(0.6% FFA, 1.45 ppm iron and 505 ppm phosphorus).
Moreover, the refined soy oils from both hexane and SC-
CO2 extractions had equivalent odor and flavor scores
after 5 days of storage at 60 °C (Friedrich et al. 1982).
Dobarganes Nodar et al. (2002) also noticed that the
physicochemical quality of crude soy oil obtained by SC-
CO2 extraction was comparable to the Food and Agricul-
ture Organization (FAO) standard values of soy oil for
human consumption. Finally, the relatively mild condi-
tions of extraction lead to defatted meals with a relatively
high content (49–50%) of minimally denatured soy
protein with excellent nutritional, functional, and organo-
leptic properties, as well as high oxidative stability (Stahl
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et al. 1980; Friedrich and Pryde 1984; Friedrich and
Eldridge 1985; Eldridge et al. 1986). Hexane is completely
soluble in SC-CO2 when pressurized at >8 MPa and 40 °C;
thus, it could be used as a solvent to remove hexane from
miscella in conventional oil extraction processes (Wagner
and Wichterle 1987). Currently, heated evaporators and
reduced pressure strippers are used to separate hexane from
soy oil miscella which requires a lot of energy (Woerfel
1995). Reverchon et al. (2000) attempted to eliminate hexane
from soy oil/hexane mixture (10% w/w) based on the
solubility of hexane in SC-CO2 using continuous counter-
current packed tower operating system. Their results indi-
cated that supercritical CO2 treatment effectively removed
hexane from soy oil, leaving residual hexane levels as low as
20 ppm under controlled operating conditions (12 MPa
pressure, 40 °C, 180 min). Supercritical CO2 has also been
used for post-processing of vegetable oils such as deacidi-
fication of oils and removal of impurities, separation of free
fatty acids from triglycerides, deoiling of raw lecithin, and

isolation of polyunsaturated fatty acids and phosphatidyl-
choline from oil and lecithin, respectively, as well as
extraction of bioactive compounds (e.g., essential oils,
phenolic compounds, carotenoids, tocopherols, and tocotrie-
nols) from plant materials (Peter 1996; Ueno et al. 2008;
Pereira and Meireles 2010).

The practical application of SC-CO2 extraction is limited
as the technology is prohibitively expensive for bulk
extraction of oil from oilseeds (Hruschka and Frische
1998). The efficiency of this technology is also not
consistently comparable to hexane oil extraction. The use
of small particle size full fat flour has proven problematic,
in spite of the fact that smaller particle sizes lead to greater
extraction efficiency (Snyder et al. 1984). Furthermore,
percolation extraction of small particle size soy flour leads
to a non-uniform extraction of oil (i.e., soy flour closest to
the inlet of neat SC-CO2 has lower residual oil levels than
soy flour close to the outlet being extracted by oil-saturated
SC-CO2) (Stahl et al. 1980; Friedrich and List 1982).

Table 6 Processing parameters and experimental results for supercritical carbon dioxide extraction of oil from full fat soy materials

Starting
material

Particle size Moisture
content (%)

Pressure
(MPa)

Temp
(°C)

Time
(min)

Oil yield
(%)a

Residual
oil (%)b

Oil recovery
(%)c

Reference

FFSB 60–100 mesh n/a 28.0 20 150 16.6 3.3 83.4 Stahl et al. (1980)

FFSB 60–100 mesh n/a 30.0 40 120 16.4 3.1 82.4 Stahl et al. (1980)

FFSF n/a 9.8 34.5 50 660 19.9 0.9 99.5 Friedrich and List (1982)

FFSF 0.015–0.020 in. 9.8 55.2 50 n/a 18.3 2.1 96.3 Friedrich et al. (1982)

CFFSB n/a 3.5 55.2 50 n/a n/a 20.8 n/a Snyder et al. (1984)

CFFSB n/a 6.0 55.2 50 n/a n/a 18.4 n/a Snyder et al. (1984)

CFFSB n/a 12.0 55.2 50 n/a n/a 20.3 n/a Snyder et al. (1984)

FFSF 0.10 mm n/a 55.2 50 n/a n/a n/a 97.4 Snyder et al. (1984)

FFSF 0.25 mm n/a 55.2 50 n/a n/a n/a 96.8 Snyder et al. (1984)

FFSF 0.38 mm n/a 55.2 50 n/a n/a n/a 87.0 Snyder et al. (1984)

FFSF 0.81 mm n/a 55.2 50 n/a n/a n/a 66.0 Snyder et al. (1984)

FFSF 0.25 mm 3.5 55.2 50 n/a n/a 2.1 n/a Snyder et al. (1984)

FFSF 0.25 mm 6.0 55.2 50 n/a n/a 0.9 n/a Snyder et al. (1984)

FFSF 0.25 mm 12.0 55.2 50 n/a n/a 1.1 n/a Snyder et al. (1984)

FFF 100 mesh (<150 μm) 3.5 55.2 50 n/a n/a 0.9 n/a Snyder et al. (1984)

FFF 100 mesh (<150 μm) 6.0 55.2 50 n/a n/a 0.7 n/a Snyder et al. (1984)

FFF 100 mesh (<150 μm) 12.0 55.2 50 n/a n/a 1.8 n/a Snyder et al. (1984)

FFSF <0.010 in. 11.4 55.2 50 480 19.4 0.7 96.5 Friedrich and Pryde (1984)

FFSF 0.025–0.040 mm 11.2 86.2 82–83 20 19.0 0.8 95.8 Friedrich and Eldridge (1985)

FFSF 0.25 mm 5.0–12.4 73.1–85.5 80–100 n/a 22.6–22.9 <1 n/a Friedrich and Eldridge (1985)

FFSF 0.01 in. 10.5–11.5 82.7 84 20 n/a <1 n/a Eldridge et al. (1986)

FFF 100–120 mesh n/a 48.3 50 n/a n/a n/a 95.0 Kim and Yoon (1991)

FFSB 0.3 mm n/a 30.0 40 300 19.5 n/a 78.0 Dobarganes Nodar et al. (2002)

FFSB full fat soy brokens, FFSF full fat soy flakes, CFFSB cracked full fat soybean, FFF full fat soy flour
a Oil yield (percent) calculated using Eq. 1
b Residual oil (percent) calculated using Eq. 2
c Oil recovery (percent) calculated using Eq. 3
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Enzyme-Assisted Extraction

History and Principles of Enzyme-Assisted Extraction of
Protein and Oil from Soybeans The application of enzymes
during or prior to the extraction of oil from soybeans was
first demonstrated in the early 1980s (Fullbrook 1983;
Fullbrook 1984). Since then, the investigation of this
approach using single and multiple enzyme systems for
the liberation of oil and recovery of protein from soybeans
has continued. The main principle of enzymatic assisted
extraction is the use of enzymes which damage and/or
degrade plant cell walls increasing the permeability of the
oil in the oilseed (Dominguez et al. 1994).

The two main approaches used include the use of single
and mixed enzymatic systems. The latter has increased
utility given that the mixed systems allow for various
enzymes to simultaneously act on the cellular structures,

leading to a more effective release of oil (Fullbrook 1984;
Dominguez et al. 1993). There are four main ways in which
this technology is used: (1) enzyme-assisted aqueous
soybean oil extraction, (2) simultaneous oil extraction using
enzymes and hexane, (3) low moisture enzymatic hydroly-
sis followed by solvent extraction, and (4) low moisture
enzymatic hydrolysis followed by mechanical extraction.

Enzyme-Assisted Aqueous Soybean Oil Extraction The use
of enzymes during aqueous extraction is a variation of the
aqueous extraction technique described earlier. Generally, it
involves the addition of an enzyme incubation and an
enzyme inhibition step into the standard aqueous extraction
protocol (Fig. 4). In some cases, the enzyme incubation step
is carried out prior to alkaline extraction (i) (Fullbrook
1983; Rosenthal et al. 2001), whereas in other cases
enzyme incubation is carried out during aqueous extraction

Full fat soy material 

Aqueous solubilization 

i) Enzymatic incubation ii) Simultaneous enzymatic 
incubation and alkaline extraction 

Alkaline extraction 

Heating to inactivate enzymes 

Centrifugation 

Oil/emulsion Solids Aqueous 

Acid precipitation 

Centrifugation 

Demulsification Drying 

Centrifugation 

Protein precipitate 

Drying 

Soy protein 
isolate 

Fibrous 
residue 

Whey 

Soy oil 

Whey 

Fig. 4 General flow diagram
illustrating enzymatically
assisted extraction of soy oil
from soy material using i
enzymatic pre-treatment
followed by aqueous extraction
(based on Rosenthal et al. 2001)
and ii simultaneous enzymatic
treatment and alkaline solubili-
zation (based on Fullbrook
1984)
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(ii) (Fullbrook 1984; Marek et al. 1990; Yoon et al. 1991).
Subsequent enzyme inactivation is carried out by raising
the temperature of the solution (Fullbrook 1983, 1984;
Marek et al. 1990).

A summary of the experimental conditions and results
for the aqueous enzymatic extraction of oil and protein
from soybeans is presented in Table 7. In most of the cases,
a finely ground full fat soy flour was used as the starting
material. In comparison to a non-enzyme-treated control,
the use of a mixed enzyme system obtained by using
Bacillus subtilis showed an increase in oil yield from 2.7%
to as much as 9.2% depending on the enzyme concentration
used; although this is an improvement, it is well below the
maximum yield of ∼20% (Fullbrook 1983). In another
study, Yoon et al. (1991) obtained 62% oil extraction when
flour particle size was reduced to <150 mesh (compared to

15% at 32–48 mesh). The recovery further increased to
85% when the flour was treated with an alkaline protease
(Alcalase®) obtained from Bacillus lichenthinous, and 86%
when treated with Neutrase® protease enzymes from
Aspergillus oryzae before aqueous extraction. Flaking and
extrusion prior to enzyme treatment (0.5% w/w Multifect
Neutral® bacterial protease) also enhanced oil recovery
from 68% to 88% in enzyme-assisted aqueous extraction
(Lamsal et al. 2006). Additionally, de Moura et al. (2008)
recorded higher oil recoveries (93% and 96–97%) from
extruded full fat soy flakes when treated with proteases
(0.5% w/w Protex 7L–Bacillus amyloliquefaciens and 0.5–
1.0% Protex 6L–Bacillus licheniformis, respectively). They,
however, observed that very fine grinding of soybean
produced a thicker, more viscous emulsion cream phase
compared to the emulsion obtained from extruded full fat

Table 7 Processing parameters and experimental results for aqueous enzymatic approaches to oil extraction from full fat soy materials

Enzyme(s) and concentration
(enzyme/substrate) (w/w%)

Starting
material

Solid:
water
ratio (w/v)

pH Incub.
temp
(°C)

Time
(min)

Oil
yield
(%)a

Oil
recovery
(%)b

Reference

No enzymes—control FFF n/a n/a 50 and 63 240 2.7 13.7 Fullbrook (1983)

Mixed enzymes from
Bacillus subtilis (1%)

FFF n/a n/a 50 and 63 240 7.1 36.0 Fullbrook (1983)

Mixed enzymes from
Bacillus subtilis (2%)

FFF n/a n/a 50 and 63 240 8.8 44.6 Fullbrook (1983)

Mixed enzymes from
Bacillus subtilis (3%)

FFF n/a n/a 50 and 63 240 9.2 46.7 Fullbrook (1983)

No enzymes—control FFF 1:6 8.0 40 60 15.5 62.0 Yoon et al. (1991)

Alcalase® alkaline protease of
Bacillus lichenthinous (0.05%)

FFF 1:6 8.0 40 60 17.2 69.0 Yoon et al. (1991)

Alcalase® alkaline protease of
Bacillus lichenthinous (0.1%)

FFF 1:6 8.0 40 60 21.2 85.0 Yoon et al. (1991)

Alcalase® alkaline protease of
Bacillus lichenthinous (0.15%)

FFF 1:6 8.0 40 60 21.2 85.0 Yoon et al. (1991)

Alcalase® alkaline protease of
Bacillus lichenthinous (0.2%)

FFF 1:6 8.0 40 60 21.0 84.0 Yoon et al. (1991)

Protease from Aspergillus oryzae (0.5%) FFF 1:6 8.0 40 60 20.0 80.0 Yoon et al. (1991)

Protease from Aspergillus oryzae (1%) FFF 1:6 8.0 40 60 20.2 81.0 Yoon et al. (1991)

Protease from Aspergillus oryzae (1.5%) FFF 1:6 8.0 40 60 21.5 86.0 Yoon et al. (1991)

Protease from Aspergillus oryzae (2%) FFF 1:6 8.0 40 60 21.5 86.0 Yoon et al. (1991)

No enzymes—control FFF 1:10 8.0 50 60 n/a 75.8 Rosenthal et al. (2001)

Cellulase from Aspergillus niger (0.1%) FFF 1:10 5.0 50 60 n/a No change Rosenthal et al. (2001)

Hemicellulase (3.85%) FFF 1:10 5.0 50 60 n/a No change Rosenthal et al. (2001)

Pectinase from Aspergillus niger (2.0%) FFF 1:10 3.5 50 60 n/a No change Rosenthal et al. (2001)

Protease—Alcalase® 2.4L (3.0%) FFF 1:10 8.0 50 60 n/a No change Rosenthal et al. (2001)

No enzymes—control FFSF 1:10 8.0 50 60 n/a 46.0 Lamsal et al. (2006)

Multifect Neutral® bacterial protease (0.5%) FFSF 1:10 8.0 50 60 n/a 56.0 Lamsal et al. (2006)

No enzymes—control EFFSF 1:10 8.0 50 60 n/a 68.0 Lamsal et al. (2006)

Cellulase from Aspergillus sp. (1.0%) EFFSF 1:10 8.0 50 60 n/a 64.0 Lamsal et al. (2006)

Multifect Neutral® bacterial protease (0.5%) EFFSF 1:10 8.0 50 60 n/a 88.0 Lamsal et al. (2006)

Protease 6L–Bacillus licheniformis
(0.5%, 1.0%)

EFFSF 1:10 9.0 50 60 20.1–20.3 96–97.0 de Moura et al. (2008);
de Moura and Johnson (2009)

Protease 7L–Bacillus amyloliquefaciens (0.5%) EFFSF 1:10 8.0 50 60 19.5 93.0 de Moura et al. (2008)

FFF full fat soy flour, FFSF full fat soy flakes, EFFSF extruded full fat soy flakes, Incub. temp incubation temperature
a Oil yield (percent) calculated using Eq. 1
b Oil recovery (percent) calculated using Eq. 3
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flakes which was difficult to separate by centrifugation due to
the high emulsion stability of the soy proteins and lecithin
(Lamsal and Johnson 2007). In contrast to these studies, other
workers have reported no improvements in oil yield by using
single and mixed enzymatic systems coupled with aqueous
extraction (Marek et al. 1990; Rosenthal et al. 2001). These
conflicting results indicate that the application of enzymes
during the aqueous extraction of oil and protein from
soybeans might be limited. The putative benefits of this
experimental approach must be weighed with the additional
costs, along with the traditional limitations of the aqueous
extraction protocol previously mentioned.

Simultaneous Oil Extraction Using Enzymes and Hexane The
integration of enzymatic techniques and solvent extraction
aims to combine the strength of hexane extraction with the
increased oil permeability caused by enzymatic degradation
of the cellular constituents of soybeans. There are two main
forms of this complementary approach including (1)
enzymatic treatment during simultaneous aqueous and
hexane extraction (Fig. 5) and (2) simultaneous enzymatic
and hexane extraction (Fig. 6).

As shown in Table 8, for full fat flour, the introduction of
hexane coupled with increasing concentrations of all of the
enzymes evaluated led to a significant increase in oil yield.
As an example, the oil yield for full fat soy flour extracted
using 3% B. subtilis under aqueous conditions (9.2%)
(Table 7) is 3% less than that obtained for full fat flour
extracted using 3% B. subtilis and an aqueous system that
included hexane (12.5%) (Table 8). The use of Aspergillus
niger, in the study conducted by Fullbrook (1983), instead
of B. subtilis increased the yield further. A. niger 1 and 2
were used as a source of β-glucanase and hemicellulase,
respectively. The highest concentration of A. niger 2 used
(3%) led to an oil yield of 17.7% which is much closer to
the average 20% oil content of soybeans; this is, however,
still lower than the results that are typically obtained with
hexane extraction alone.

Table 9 presents the experimental parameters and the
results for soybeans treated with enzyme mixtures while
being concurrently extracted with hexane alone (Fig. 6). The
starting materials for these experimental extractions were
crushed full fat soybeans (Bhatnagar and Johari 1987) and
cracked full fat soybeans (Dominguez et al. 1995). Bhatna-
gar and Johari (1987) found that for all the conditions
studied, the oil yield increased up to 24.1% which is quite
considerable when compared to the 20.3% oil yield of a
control (non-enzymatically treated) sample. An increase in
oil yield of 5–9.0% was similarly reported by Dominguez et
al. (1995), Kashyap et al. (2006), and Kashyap et al. (2007).
The high oil yields (>20%) are to be expected given that the
extraction medium was pure hexane. The use of enzymes

Full fat soy material 

Simultaneous enzymatic incubation 
and hexane extraction 

Filtration 

Addition of aqueous enzymes and 
hexane 

Hexane and oil

Desolventizing 

Soy oil 

Defatted solid
soy material

Fig. 6 General flow diagram illustrating enzymatically assisted
extraction of soy oil from soy material using hexane extraction (based
on Bhatnagar and Johari 1987; Dominguez et al. 1995)
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Fig. 5 General flow diagram illustrating enzymatically assisted
extraction of soy oil from soy material using simultaneous aqueous
and hexane extraction (modified from Fullbrook 1983)
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Table 8 Processing parameters and experimental results for enzyme-assisted full fat soy flour extraction using enzyme and hexane
simultaneously from Fullbrook 1983)

Enzyme(s) and concentration (enzyme/substrate) (w/w%) Starting material pH Incub. temp (°C) Time (min) Oil yield (%)a

No enzymes—control FFF 6.0 50 and 63 240 2.6

Mixed enzymes from Bacillus subtilis (1%) FFF 6.0 50 and 63 240 10.6

Mixed enzymes from Bacillus subtilis (2%) FFF 6.0 50 and 63 240 12.4

Mixed enzymes from Bacillus subtilis (3%) FFF 6.0 50 and 63 240 12.5

β-Glucanase from Aspergillus niger 1 (1%) FFF 4.5–5.0 50 and 63 240 14.2

β-Glucanase from Aspergillus niger 1 (2%) FFF 4.5–5.0 50 and 63 240 16.4

β-Glucanase from Aspergillus niger 1 (3%) FFF 4.5–5.0 50 and 63 240 16.5

Hemicellulase from Aspergillus niger 2 (1%) FFF 4.5–5.0 50 and 63 240 15.1

Hemicellulase from Aspergillus niger 2 (2%) FFF 4.5–5.0 50 and 63 240 17.5

Hemicellulase from Aspergillus niger 2 (3%) FFF 4.5–5.0 50 and 63 240 17.7

FFF full fat flour, Incub. temp incubation temperature
a Oil yield (percent) calculated using Eq. 1

Table 9 Processing parameters and experimental results for enzyme-assisted full fat soy material extraction using hexane

Enzyme(s) and concentration (enzyme/substrate) (v/w%) Starting
material

Incub.
temp (°C)

Time
(min)

Oil
yield (%)a

Change in
oil yield (%)b

Reference

No enzymes—control CFFSB 45 480 20.3 Bhatnagar and Johari (1987)

Multi-enzymes from Aspergillus fumigatus (1%)c CFFSB 45 480 21.9 7.8 Bhatnagar and Johari (1987)

Multi-enzymes from Aspergillus fumigatus (2%)c CFFSB 45 480 23.2 14.2 Bhatnagar and Johari (1987)

Multi-enzymes from Aspergillus fumigatus (3%)c CFFSB 45 480 24.2 19.2 Bhatnagar and Johari (1987)

Multi-enzymes from Sporotrichum thermophile (1%)c CFFSB 45 480 21.8 7.3 Bhatnagar and Johari (1987)

Multi-enzymes from Sporotrichum thermophile (2%)c CFFSB 45 480 22.9 12.8 Bhatnagar and Johari (1987)

Multi-enzymes from Sporotrichum thermophile (3%)c CFFSB 45 480 24.1 18.7 Bhatnagar and Johari (1987)

Multi-enzymes from Huminocola lanuginosa I (1%)c CFFSB 45 480 21.4 5.4 Bhatnagar and Johari (1987)

Multi-enzymes from Huminocola lanuginosa I (2%)c CFFSB 45 480 22.5 10.8 Bhatnagar and Johari (1987)

Multi-enzymes from Huminocola lanuginosa I (3%)c CFFSB 45 480 23.7 16.7 Bhatnagar and Johari (1987)

Multi-enzymes from Huminocola lanuginosa II (1%)c CFFSB 45 480 21.2 4.4 Bhatnagar and Johari (1987)

Multi-enzymes from Huminocola lanuginosa II (2%)c CFFSB 45 480 22.5 10.8 Bhatnagar and Johari (1987)

Multi-enzymes from Huminocola lanuginosa II (3%)c CFFSB 45 480 23.5 15.7 Bhatnagar and Johari (1987)

Cellulase (1%)d CFFSB 45 480 21.7 6.8 Bhatnagar and Johari (1987)

Cellulase (2%)d CFFSB 45 480 22.4 10.3 Bhatnagar and Johari (1987)

Cellulase (3%)d CFFSB 45 480 23.3 14.7 Bhatnagar and Johari (1987)

Hemicellulase (1%)d CFFSB 45 480 21.5 5.9 Bhatnagar and Johari (1987)

Hemicellulase (2%)d CFFSB 45 480 22.4 10.3 Bhatnagar and Johari (1987)

Hemicellulase (3%)d CFFSB 45 480 23.1 13.7 Bhatnagar and Johari (1987)

Multifect® cellulase and hemicellulase enzyme
mixture (0.05–1.5%)

FFSG 50 180 n/a 5.0 Dominguez et al. (1995)

CFFSB crushed full fat soybeans, FFSG full fat soy grits, Incub. temp incubation temperature
a Oil yield (percent) calculated using Eq. 1
b Change in oil yield (percent) calculated using Eq. 4
c Contains carboydrases, proteases, and lipases enzymes
d Commercial enzyme purchased from Sigma Chemical Co., USA
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would also be expected to facilitate the extraction of oil by
disrupting cell wall structure which under control conditions
would not have been extracted, thus leading to an increase in
oil yield. Free fatty acid and phosphorus levels in the
extracted oils were increased in comparison to an untreated
control indicating the removal of undesirable lipid fractions
from the meal (Dominguez et al. 1995); this can be
advantageous for the down-stream processing of the defatted
meal into soy protein isolates, but problematic in terms of
extracted oil quality.

Low Moisture Enzymatic Hydrolysis Followed by Solvent
Extraction The use of enzymes as a pre-treatment to
solvent extraction has also been investigated. This approach
differs from the two presented above in that enzymes are
added to pre-tempered soybeans and incubated at a defined
temperature and for a specific time period. After this
incubation, the soybeans are dried at an elevated temper-
ature to inactivate the enzyme and decrease the moisture
content to allow for effective solvent extraction (Fig. 7).

An increase in oil yield due to the increased permeability
of the extraction solvent was obtained using this process.
Table 10 shows the experimental parameters used and the
results obtained for these studies. An increase in total oil
yield ranging from 6.3% for full fat soy brokens (Smith
et al. 1993), to 8.5% (Kashyap et al. 1997) and 8.8%
(Shankar et al. 1997) for full fat soy flakes, and to 8–10%
for cracked full fat soy grits (Dominguez et al. 1995) was

obtained. In the cases listed above, the increase in oil yield
resulted in the removal of more than the standard 20%
extractable total oil levels reached using hexane extrac-
tion. Bargale et al. (2000) reported up to 50.0% oil yield
increase for enzyme-treated full fat soy flakes. It must be
noted that, in addition to the effect of enzymatic treatment,
this large increase in oil yield was also partially due to the
fact that the control treatment had a very low oil yield, i.e.,
11–12.0%, due to the fact that intact soy flakes were
extracted. It is clear from these results that low moisture
enzymatic pre-treatment increases the total amount of
extractable oil.

For low moisture enzymatic pre-treatment prior to
solvent extraction, the starting material used affects oil
yield, as illustrated by the higher change in oil yield for full
fat soy flakes relative to full fat soy grits (Bargale et al.
2000). Bargale et al. (2000) reported that an ideal extraction
combination is the use of full fat soy flakes and the
Driselase® multi-enzymes from Basidiomycetes sp. (con-
taining cellulase, xylanase, and laminarinase). Using this
combination led to a maximum oil recovery of 84.3% of the
total oil available, corresponding to a 50.0% increase in oil
yield in comparison to a non-enzymatically treated control
(Table 10). As shown in Table 10, some enzymatic
treatments decreased oil yield in comparison to non-
enzymatically treated controls regardless of the starting
material, reinforcing the need for a judicious choice of
enzymatic pre-treatment prior to solvent extraction.

Low Moisture Enzymatic Hydrolysis Followed by Mechan-
ical Extraction The use of enzymes as a type of pre-
treatment for full fat soy material prior to mechanical
pressing has also been investigated. Mechanical pressing is
generally not as efficient as solvent defatting; hence, the use
of enzymes is intended to facilitate oil extraction and
increase yield. As with enzyme-assisted solvent extraction,
the starting full fat materials are adjusted to the desired
moisture content with an aqueous enzyme solution and
incubated under varying conditions of time and tempera-
ture. The incubation temperature is subsequently increased
to inactivate the enzymes, and the moisture content is
adjusted for maximum efficiency during mechanical press-
ing (Fig. 7).

Overall, some treatments showed a considerable increase in
oil yield. Smith et al. (1993) observed an 11.7% increase in
oil yield, which corresponded to an optimized maximum
total oil yield of ∼15% based on the initial sample weight,
while Shankar et al. (1997) reported a 16.7% total oil yield
based on initial moisture-free sample weight. Other workers
(Bargale et al. 2000) have, however, indicated that enzymatic
treatment prior to mechanical pressing led to decreased oil
yield in some of their experimental trials (Table 11). Any
increments that were noted were not practically interesting,

Full fat soy material 

Tempering starting material to pre-determined moisture 
content with aqueous enzyme solutions 

Incubation 

Comminution of starting material 

Drying to lower moisture content and inactivate 
enzymes 

i) Solvent extraction ii) Mechanical pressing Pressed 
meal 

Extracted 
meal 

Desolventizing 

Soy oil 

Soy oil 

Fig. 7 General flow diagram illustrating low moisture enzymatic pre-
treatment protocols for the i solvent extraction of soy oil (based on
Bargale et al. 2000) and ii mechanical extraction of soy oil (based on
Bargale et al. 2000)
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given the limitations inherent to mechanical pressing. The
increase in oil yield presented in Table 11 corresponds to
percent increases above and beyond initial mechanical
pressing oil recovery levels of 44.3% (soy grits), 48.4%
(soy flakes), and 48.2% (expanded soy collets at 37 MPa)
(Bargale et al. 2000), which are considerably lower than

other alternative methods. On the other hand, full fat
expanded soy collets treated under 65 MPa pressing
conditions had an initial oil recovery level of 78.0%. In
this case, the influence of enzymatic pre-treatment,
particularly that obtained from the use of Driselase®
from Basidiomycetes sp. at 0.5%, led to the highest total

Table 10 Processing parameters and experimental results for enzymatically treated full fat soy materials followed by extraction with hexane or
petroleum ether

Enzyme(s) and concentration
(enzyme/substrate) (w/w%)

Starting
material

Moisture
content (%)

Incub.
temp (°C)

Time
(min)

Extraction
time (h)

Oil yield
(%)a

Change in
oil yield (%)b

Reference

Multi-enzymes from Aspergillus
fumigatus (12.0% v/w)c

FFSB 23.0 45 794 n/a 25.2 6.3 Smith et al. (1993)

Celluclast 1.5 and Multifect® cellulase and
hemicellulase enzyme mixture (0.05–1.5% v/w)

FFSG 15–20.0 50 180 n/a n/a 8–10 Dominguez et al. (1995)

Multi-enzymes from Aspergillus fumigatus (12.0% v/w)c FFSF 23.0 45 827 16 23.4 8.8 Shankar et al. (1997)

Multi-enzymes from Aspergillus fumigatus (12.0% v/w)a FFSB 23.0 45 827 16 23.2 8.0 Shankar et al. (1997)

No enzyme—control FFSG 50.0 60 960 7 9.7 −53.7 Bargale et al. (2000)

Driselase® from Basidiomycetes sp. (0.5%) FFSG 50.0 60 960 7 10.2 −51.5 Bargale et al. (2000)

Protease from Aspergillus oryzae (0.5%) FFSG 50.0 60 960 7 12.1 –42.3 Bargale et al. (2000)

Plant papain (0.5%) FFSG 50.0 60 960 7 11.5 –45.2 Bargale et al. (2000)

Olease® multi-enzymes (0.5%) FFSG 50.0 60 960 7 9.9 –52.9 Bargale et al. (2000)

Cellulase 1 from Trichoderma reesei (0.5%) FFSG 50.0 60 960 7 11.4 −45.9 Bargale et al. (2000)

Protease from Bacillus subtilis (0.5%) FFSG 50.0 60 960 7 9.3 −55.7 Bargale et al. (2000)

Cellulase from Trichoderma longibrachiatum (0.5%) FFSG 50.0 60 960 7 9.0 −57.2 Bargale et al. (2000)

Pectinase from Aspergillus sp. (0.5%) FFSG 50.0 60 960 7 10.1 −47.9 Bargale et al. (2000)

Multi-enzymes from Aspergillus niger (0.5%) FFSG 50.0 60 960 7 10.2 −51.5 Bargale et al. (2000)

Pectinase 1 from Aspergillus sp. (0.5%) FFSG 50.0 60 960 7 9.8 −53.5 Bargale et al. (2000)

Pectinase 2 from Aspergillus niger (0.5%) FFSG 50.0 60 960 7 9.7 –53.8 Bargale et al. (2000)

Cellulase 2 from Trichoderma longibrachiatum (0.5%) FFSG 50.0 60 960 7 9.6 −54.5 Bargale et al. (2000)

No enzyme—control FFSF 50.0 60 960 7 11.8 −44.0 Bargale et al. (2000)

Driselase® from Basidiomycetes sp. (0.5%) FFSF 50.0 60 960 7 17.7 −15.7 Bargale et al. (2000)

Protease from Aspergillus oryzae (0.5%) FFSF 50.0 60 960 7 15.5 −26.2 Bargale et al. (2000)

Plant papain (0.5%) FFSF 50.0 60 960 7 13.5 −35.9 Bargale et al. (2000)

Olease® multi-enzymes (0.5%) FFSF 50.0 60 960 7 14.5 −31.2 Bargale et al. (2000)

Cellulase 1 from Trichoderma reesei (0.5%) FFSF 50.0 60 960 7 12.4 −41.0 Bargale et al. (2000)

Protease from Bacillus subtilis (0.5%) FFSF 50.0 60 960 7 12.6 −39.5 Bargale et al. (2000)

Cellulase from Trichoderma longibrachiatum (0.5%) FFSF 50.0 60 960 7 12.3 −41.2 Bargale et al. (2000)

Pectinase from Aspergillus sp. (0.5%) FFSF 50.0 60 960 7 10.3 −50.5 Bargale et al. (2000)

Multi-enzymes from Aspergillus niger (0.5%) FFSF 50.0 60 960 7 10.7 −48.1 Bargale et al. (2000)

Pectinase 1 from Aspergillus sp. (0.5%) FFSF 50.0 60 960 7 11.1 −46.9 Bargale et al. (2000)

Pectinase 2 from Aspergillus niger (0.5%) FFSF 50.0 60 960 7 10.1 −51.5 Bargale et al. (2000)

Cellulase 2 from Trichoderma longibrachiatum (0.5%) FFSF 50.0 60 960 7 9.4 −54.9 Bargale et al. (2000)

Multi-enzymes from Aspergillus fumigatus (16.9% v/w)c FFSF 23.0 45 720 8 19.6 −24.4 Kashyap et al. (1997)

Multi-enzymes from Aspergillus fumigatus (16.9% v/w)c FFSF 23.0 45 720 16 24.8 8.5 Kashyap et al. (1997)

Multi-enzymes from Aspergillus fumigatus (16.9% v/w)c FFSB 23.0 45 720 8 15.3 −32.0 Kashyap et al. (2006)

Multi-enzymes from Aspergillus fumigatus (10.0% v/w)c FFSB 21.0 45 480 8 14.0 −37.8 Kashyap et al. (2006)

Multi-enzymes from Aspergillus fumigatus (16.9% v/w)c FFSB 23.0 45 720 16 24.1 7.5 Kashyap et al. (2006)

Multi-enzymes from Aspergillus fumigatus (10.0% v/w)c FFSB 21.0 45 480 16 24.0 6.6 Kashyap et al. (2006)

Multi-enzymes from Aspergillus fumigatus (7.1% v/w)c FFSB 24.7 45 834 24 24.2 7.0 Kashyap et al. (2007)

Multi-enzymes from Aspergillus fumigatus (14.2% v/w)c FFSF 24.6 45 798 16 24.9 8.7 Kashyap et al. (2007)

FFSB full fat soy brokens, FFSG full fat soy grits, FFSF full fat soy flakes, Incub. temp incubation temperature
a Oil yield (percent) calculated using Eq. 1
b Change in oil yield (percent) calculated using Eq. 4
c Contains cellulase, hemicellulase, and protease enzymes
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overall oil recovery of all the starting soy materials tested,
i.e., total oil recovery was raised from 78.0% to 87.6%,
which corresponds to a 12.3% increase in oil yield
(Table 11) (Bargale et al. 2000). Enzyme hydrolysis along
with conventional pre-treatments like heating/steaming,
high pressure, and extrusion also increased oil yield from
soy flakes by mechanical pressing (Shankar et al. 1997;
Smith et al. 1993; Bargale et al. 2000).

Advantages and Disadvantages of Enzyme-Assisted Extrac-
tion of Protein and Oil from Soybeans Enzymatic treatment
as a complementary technique has been applied to aqueous,
aqueous/organic solvent, organic solvent, and mechanical

extraction of oil from soybeans. Overall extraction efficiency
is directly related to the efficiency of the complimentary
extraction process (i.e., enzyme-assisted mechanical extrac-
tion gives a lower oil yield compared to enzyme-assisted
hexane extraction based primarily on the original methods’
strengths and weaknesses) (Table 2).

In addition to increasing oil yield, a high quality residual
meal is also obtained due to the avoidance of drastic
processing conditions and the minimization of undesirable
by-products (Dominguez et al. 1994). Kashyap et al. (2007)
found that enzymatic hydrolysis reduced the time required
for 99% oil extraction from 28 to 14 h for soy flakes and 32
to 21 h for soy brokens using hexane. The technique is,

Table 11 Processing parameters and experimental results for enzymatically treated full fat soy materials followed by mechanical extraction

Enzyme(s) and concentration
(enzyme/substrate) (w/w%)

Starting
material

Incub.
temp
(°C)

Incub.
time
(min)

Press
temp (°C)

Press
pressure
(MPa)

Press
time
(min)

Oil
yield
(%)a

Change in
oil yield (%)b

Reference

Multi-enzymes from Aspergillus
fumigatus (12.0% v/w)c

FFSB 45 720 18 72 5 14.5 –39.0 Smith et al. (1993)

Multi-enzymes from Aspergillus
fumigatus (12.0% v/w)c

SFFSF 45 810 18 72 5 16.7 –22.3 Shankar et al. (1997)

No enzyme—control FFSG 60 960 90 65 5 9.3 –55.9 Bargale et al. (2000)

Driselase® multi-enzymes from
Basidiomycetes sp. (0.5%)

FFSG 60 960 90 65 5 10.3 –51.2 Bargale et al. (2000)

Plant papain (0.5%) FFSG 60 960 90 65 5 8.7 –58.9 Bargale et al. (2000)

Protease from Aspergillus oryzae (0.5%) FFSG 60 960 90 65 5 8.6 –59.0 Bargale et al. (2000)

Cellulase from Trichoderma reesei (0.5%) FFSG 60 960 90 65 5 9.9 –52.9 Bargale et al. (2000)

Olease® multi-enzymes (0.5%) FFSG 60 960 90 65 5 7.1 –66.3 Bargale et al. (2000)

Cellulase 1 from Trichoderma
longibrachiatum (0.5%)

FFSG 60 960 90 65 5 9.9 –53.3 Bargale et al. (2000)

No enzyme—control FFSF 60 960 90 65 5 10.2 –51.6 Bargale et al. (2000)

Driselase® multi-enzymes from
Basidiomycetes sp. (0.5%)

FFSF 60 960 90 65 5 12.3 –41.7 Bargale et al. (2000)

Plant papain (0.5%) FFSF 60 960 90 65 5 10.1 –52.2 Bargale et al. (2000)

Protease from Aspergillus oryzae (0.5%) FFSF 60 960 90 65 5 9.2 –56.4 Bargale et al. (2000)

Cellulase from Aspergillus reesei (0.5%) FFSF 60 960 90 65 5 11.0 –47.7 Bargale et al. (2000)

Olease® multi-enzymes (0.5%) FFSF 60 960 90 65 5 7.9 –62.5 Bargale et al. (2000)

Cellulase 1 from Trichoderma
longibrachiatum (0.5%)

FFSF 60 960 90 65 5 10.4 –50.6 Bargale et al. (2000)

No enzyme—control FFEC 60 960 90 65 5 16.7 –21.9 Bargale et al. (2000)

Driselase® multi-enzymes from
Basidiomycetes sp. (0.5%)

FFEC 60 960 90 65 5 18.7 –12.7 Bargale et al. (2000)

Plant papain (0.5%) FFEC 60 960 90 65 5 17.1 –20.1 Bargale et al. (2000)

Protease from Aspergillus oryzae (0.5%) FFEC 60 960 90 65 5 17.4 –18.7 Bargale et al. (2000)

Cellulase from Trichoderma reesei (0.5%) FFEC 60 960 90 65 5 15.3 –28.6 Bargale et al. (2000)

Olease® multi-enzymes (0.5%) FFEC 60 960 90 65 5 15.7 –26.7 Bargale et al. (2000)

Cellulase 1 from Trichoderma
longibrachiatum (0.5%)

FFEC 60 960 90 65 5 14.3 –33.0 Bargale et al. (2000)

FFSB full fat soybeans, SFFSF steam-conditioned full fat soy flakes (2 min at atmospheric pressure), FFSG full fat soy grits, FFSF full fat soy
flakes, FFEC expanded full fat soy collets, Incub. temp incubation temperature, Incub. time incubation time, Press temp pressing temperature,
Press pressure pressing pressure, Press time pressing time
a Oil yield (percent) calculated using Eq. 1
b Change in oil yield (percent) calculated using Eq. 4
c Contains cellulase, hemicellulase, and protease enzymes
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thus, efficient and may be environmentally safer (Fullbrook
1984).

The fact that enzymatic pre-treatments have been applied
to the various extraction processes described above illus-
trates its adaptability and its ease of integration into existing
extraction techniques (Rosenthal et al. 1996). A potential
drawback, however, is that proteolytic enzymes can
sometimes negatively affect the functional properties of
the residual meal proteins (Rosenthal et al. 1996). Jung et
al. (2006) evaluated the functional properties of SPI
produced by enzyme-assisted aqueous extraction. No
significant changes in the solubility and foaming properties
of the enzyme-treated SPI compared to untreated SPI were
observed; however, a decrease in emulsifying properties
was reported. Clearly, the effect on protein functionality
will depend on the type of enzymes used (i.e., proteases or
carbohydrases) and processing parameters. In addition to
this, a major drawback to the use of enzymatic pre-
treatment is its cost (Rosenthal et al. 1996; Dominguez et
al. 1994). Smaller particle size starting materials have been
shown to lead to increased oil extraction efficiency when
using enzymatic pre-treatments (Dominguez et al. 1995);
however, these materials are difficult to handle in an
industrial scale. The development of industrial equipment
to handle such material may lead to greater interest in

enzymatic pre-treatments for the extraction processes
reviewed. The increase in oil extractability has the potential
to off-set the cost of acquiring new industrial equipment, as
well as the costs of the required enzymes and processing
aids.

Conclusions

The alternative defatting techniques described here were all
successful in removing oil from soybeans. Unfortunately, not
all were equivalent in terms of the overall amount of oil
extracted. To facilitate process comparison, representative
optimal oil yields for each of the alternative extraction
technique are presented, in descending efficiency, in Table 12.
There are five alternative approaches that have oil recoveries
close to or higher than that seen with pure hexane (i.e., oil
recoveries >97%) and seven extraction processes which have
oil recoveries less than 97%.

The majority of the alternative extraction techniques that
had oil yields higher than pure hexane were slightly altered
forms of the traditional hexane extraction process (Table 12).
Unfortunately, the top three techniques do not eliminate the
problems associated with hexane extraction discussed earlier

Table 12 Comparative selected optimal oil extraction levels (decreasing order) for alternative full fat soy material defatting techniques

Class (Table in paper)a Technique Starting
material

Theoretical
oil yield
(%)b

Residual
oil (%)c

Oil recovery
(%)d

Reference

Organic solvent (Table 1) 1% IPA in hexane FFF 26.0 n/a 115.5 Wiese and Snyder (1987)

Enzymatic (Table 10) Low moisture enzyme and hexane FFSB 25.3 n/a 106.5 Smith et al. (1993)

Enzymatic (Table 9) Enzymes, hexane CFFSB 24.2 n/a 119.2 Bhatnagar and Johari (1987)

Organic solvent (Table 1) 95% IPA with water FFEC 23.9 0.6e 97.5 Lusas (1997)

Organic solvent (Table 1) Pure hexane FFF 23.8 0.7 97.1 Lusas (1997)

Aqueous (Table 5) Aqueous and ultrasonication FFF 22.5 n/a 90.0 Yoon et al. (1991)

SC-CO2 (Table 6) SC-CO2 FFSF 19.9 0.9 99.5 Friedrich and List (1982)

Enzymatic (Table 7) Enzyme and aqueous FFF 19.3 n/a 93.0 de Moura et al. (2008)

Aqueous (Table 4) Aqueous and membrane FFF 18.7 1.9f 90.7 Lawhon et al. (1981a)

Enzymatic (Table 11) Low moisture enzyme and
mechanical pressing

FFEC 18.7 n/a 87.3 Bargale et al. (2000)

Enzymatic (Table 8) Enzyme, aqueous, and hexane FFF 17.7 n/a 89.8 Fullbrook (1983)

Mechanical (Table 11) Mechanical pressing FFEC 16.7 n/a 78.0 Bargale et al. (2000)

Aqueous (Table 5) Aqueous FFF 15.5 n/a 62.0 Yoon et al. (1991)

FFF full fat soy flour, FFSB full fat soy brokens, CFFSB crushed full fat soybeans, FFEC expanded full fat soy collets, FFSF full fat soy flakes,
SC-CO2 supercritical carbon dioxide, IPA isopropyl alcohol, n/a not available
a Table from which information is derived
b Theoretical oil yield calculated using Eqs. 6 and 7
c Residual oil (percent) calculated using Eq. 2
d Oil recovery (percent) calculated using Eq. 3
e Increased energy requirements to remove IPA from oil and meal
f Low residual content coupled with undesirable low final protein content (78.82%)
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and as such cannot be considered to be alternative
environmentally friendly and safer defatting techniques. A
process using lower boiling point alkanes (a mixture of
propane and butane) is used in China to replace hexane. The
process uses a non-polar solvent liquefied using high
pressure equipment which permits lower desolventizing
temperatures. Unfortunately, no data were available for
comparison.

The other alternative extraction technique with very high oil
recovery (99.5%) similar to pure hexane was SC-CO2

extraction (Eldridge et al. 1986). Unfortunately, SC-CO2

extraction has inherent limits on an industrial scale, as there
is a paucity of extraction equipment that will allow for
continuous SC-CO2 extraction at the scale required in the soy
oil processing industry; hence, its utility is limited to batch-
type extractions of high value products (Lusas et al. 1990).

Of the seven extraction techniques classified as having
lower soy oil yields, some have oil extraction levels
comparable to pure hexane, but unfortunately have
significant limitations in terms of other practical factors
(Table 12). The use of 95% IPA had a virtually identical
theoretical oil yield (23.9%) as pure hexane-extracted full
fat soy flour, yet the increase in energy required for
removal of the IPA, including evaporation of solvent from
meal and the removal of solvent from oil through chilling,
limits the practicality of this approach (Lusas 1997). The
combination of aqueous extraction and membrane isola-
tion also yielded a very low oil content protein isolate,
indicating a moderate theoretical oil yield (18.7%).
Unfortunately, the technique was intended for the extrac-
tion of protein isolates; thus, with the very low purity of
the protein isolates obtained, the technique pales in
comparison to the protein extraction and purification efficiency
of other aqueous techniques (Lawhon et al. 1981b).

The remaining techniques with lower oil yields are
primarily those based on aqueous extraction approaches. In
all cases, aqueous techniques gave lower oil yields (15.5-
17.7%) except for the ultrasonic and enzyme assisted aqueous
extraction which gave 22.5 and 19.3% oil yield, respectively.
The lowest oil yields are seen in the most environmentally safe
extraction procedures, including aqueous extraction and low
moisture enzymatically pre-treated soy mechanical expres-
sion. Both of these approaches have oil yields approximately
10% below that which is achievable using pure hexane.

In summary, the best way to maximize oil yield is to use
a traditional or modified hexane extraction, or alternative
solvent combinations to defat soy material. Unfortunately,
the increased costs of these alternative solvents do not
justify the replacement of hexane, and as such, there is yet
to be found a defatting technique that is more efficient and
as cost effective as pure hexane oil extraction. Future
possibilities for oil removal are contingent on the develop-
ment of new and improved technologies (examples of

which include the design and practical implementation of
large-scale high throughput continuous SC-CO2 extraction
equipment) and the further application of the FRIOLEX®
aqueous defatting process to full fat soy material.

For defatting of full fat material with the intention of
producing a low fat protein isolate, the aqueous and
mechanical extraction techniques are again at a disadvan-
tage due to the high residual oil levels found in the defatted
meals. Further investigation is required to determine the
degree of stability of the residual oil found in the protein
concentrates and isolates. By ensuring the oxidative
stability of the aqueous and mechanically defatted meals,
it may be possible to use environmentally friendly process-
ing techniques to produce relatively low fat soy protein
isolates while concomitantly extracting soy oil.

In addition to oil, soy is also highly valued for its protein
due to the well-known nutritional, functional, and biolog-
ical qualities of soy protein (Liu 1997; Friedman and
Brandon 2001; Anderson 2008). Moreover, soy proteins are
widely used as ingredients in many food applications
(Kinsella 1979; Singh et al. 2008). It is therefore important
to preserve the qualities of soy proteins during defatting,
and as such, the influence of the conditions used for
defatting must be studied in detail and critically evaluated
in order to identify suitable extraction techniques/condi-
tions for soy oil separation which are economically viable
and which remain respectful of the environment.
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