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Abstract The transesterification of phytosterol and soy-
bean oil was performed using Novozym 435 in supercrit-
ical carbon dioxide (SC-CO,). The transesterification
reaction was conducted in soybean oil containing 5-25 %
phytosterol at 55-95 °C and free-water solvent. The effects
of temperature, reaction time, phytosterol concentration,
lipase dosage and reaction pressure on the conversion rate
of transesterification were investigated. The optimal reac-
tion conditions were the reaction temperature (85 °C),
reaction time (1 h), phytosterol concentration (5 %), reac-
tion pressure (8 Mpa) and lipase dosage (1 %). The highest
conversion rate of 92 % could be achieved under the
optimum conditions. Compared with the method of lipase-
catalyzed transesterification of phytosterol and soybean oil
at normal pressure, the transesterification in SC-CO,
reduced significantly the reaction temperature and reaction
time.
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Introduction

Phytosterols are known to have a hypocholesterolemic
effect by lowering plasma total and low-density
lipoprotein (LDL) cholesterol levels without affecting
plasma high-density lipoprotein (HDL) cholesterol
concentration [1, 2]. It is generally believed that plasma
total and LDL cholesterol levels can be reduced up to
10-20 % with a dose of 1.5-3.0 g phytosterols/day in
humans [3, 4].

Because of such health attributes of phytosterols, they
have been recently applied as a dietary supplement in
various types of food products such as margarine, spread,
salad dressing, edible oil and milk. However, phytos-
terols have limited usage as a dietary supplement since
they possess very low solubility in edible oil and have
very high melting point. Therefore, to overcome such
problems of free forms of phytosterols, phytosteryl esters
are preferred in food formulations, since phytosteryl
esters have much greater solubility in oils and much
lower melting point compared to the corresponding
phytosterols. They can be easily incorporated into a wide
variety of diets and fat-based food products. They pro-
vide easily the daily intake of phytosterol needed for
sufficient reduction of cholesterol absorption. Moreover,
many studies in recent years have shown that phytosteryl
esters can also effectively reduce plasma total and LDL
cholesterol levels in a similar manner as phytosterols [5—
8].

Various attempts have been made to develop phytos-
terol-containing edible oils. Special margarines fortified

@ Springer


http://orcid.org/0000-0002-3493-6451
http://crossmark.crossref.org/dialog/?doi=10.1007/s00449-015-1469-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00449-015-1469-5&amp;domain=pdf

2344

Bioprocess Biosyst Eng (2015) 38:2343-2347

with steryl esters are now commercially available as
functional foods with the ability to reduce both total and
low-density lipoprotein (LDL) cholesterol levels [9]. Phy-
tosteryl esters of FAs are presently synthesized by chemi-
cal esterification and transesterification, but the chemical
method involves some problems such as the formation of
side products, excessive energy cost, need for removal of
catalyst from the product and so on (e.g., dehydrated or
oxysterols).

Enzymatic methods can overcome these problems which
allow mild reaction conditions and no chemical waste is
produced [10-13]. Hence, in recent years, several enzy-
matic procedures using lipases (triacylglycerol acylhydro-
lases, E.C. 3.1.1.3) obtained from diverse kinds of
microbial sources for the preparation of phytosteryl esters
of FAs have been developed to overcome such shortcom-
ings of chemical methods [14-16]. The lipase-catalyzed
esterification and transesterification were carried out suc-
cessfully in organic solvents or oil/water two phase and in
oil itself [17].

In combination with an environmentally benign and safe
medium, such as supercritical carbon dioxide (SC-CO,),
enzymatic catalysis makes supercritical fluids extremely
attractive to the food industry [18]. In particular, it has
demonstrated that lipases can be used in the presence of
SC-CO, to conduct several reactions valuable to the food
industry [17] such as hydrolysis, esterifications, transes-
terifications, acylations, glycerolysis and randomization of
fats, among others.

The main reason for the frequent use of lipase in
supercritical fluids (SF) is the increased solubility of
hydrophobic lipid substrates in nonpolar SF and the
reversal of hydrolysis reactions in favor of synthesis, such
as esterification and transesterification. The separation and
recovery of the enzyme catalysts after the reaction are
possible due to their insolubility in nonpolar SF. Nonpolar
substrates such as lipids are more soluble in dense gases
than in aqueous solution. Moreover, the advantages of
carbon dioxide as a supercritical fluid include its low tox-
icity, low cost, lack of flammability, lack of reactivity,
wide range of solvent properties at different pressures and
temperatures and improved properties of separated com-
ponents in certain cases [19].

The present study focuses on synthesizing phytosteryl
esters of soybean oil by the lipase-catalyzed transes-
terification reaction between phytosterols and soybean
oil. The effects of reaction parameters on the conversion
rate of transesterification in SC-CO, were evaluated,
such as temperature, reaction time, phytosterol concen-
tration, reaction pressure, lipase dosage and stirring
speed, and then the optimal reaction conditions were
determined.
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Materials and methods
Materials

Novozym 435 (immobilized Candida antarctica lipase,
10,000 PLU/g) was obtained from Novozymes (China)
Investment Co. Ltd. Refined soybean oil was obtained from
the local supermarket. Phytosterol was supplied by the Sky
Bioengineering Co., Ltd. (Xian, China). The phytosterol
was analyzed and found to contain three major phytosterol
analogs (pB-sitosterol 48.1 %, campesterol 24.7 %, dihy-
drobrassicasterol 22.2 %) by GC in our laboratory. All
other chemicals were commercially available and of ana-
lytical grade.

Methods

A certain amount of phytosterol, soybean oil and Novozym
435 lipase was taken in a high-pressure reactor. Then the
high-pressure reaction kettle was sealed and CO, introduced
for tightness test. The experiment was conducted by intro-
ducing CO, and adjusting the pressure, temperature, stirring
speed and reaction time. After the reaction, the high-pres-
sure reactor was cooled to room temperature, the air was
discharged from the reactor and then the products from the
reactor were separated. Transesterified samples were col-
lected and analyzed. The range for each factor in this
research was preliminarily investigated for optimization.

Analysis

The composition of the reaction products was analyzed
with a GC using a DB-1ht (0.32 mm x 0.1 um x 5 m)
column (Agilent Technologies, Palo Alto, CA). The col-
umn temperature was raised from 150 to 370 °C at a rate of
15 °C/min and the split ratio was 80:1. The temperature of
the injector and detector was both set at 370 °C. The carrier
gas was helium at a flow rate of 7.0 mL/min.

Degree of conversion

The sample from the reaction was subjected to GC to
calculate the conversion rate (%) using the following
equation:

Degree of conversion (%)

f — sitosteryl ester area 100
= - - X .
p — sitosterol area + f§ — sitosteryl ester area

The peaks of B-sitosterol and B-sitosteryl ester were
identified by GC using standard reagents. The peak areas
were confirmed to be proportional to the concentrations.
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Statistical and chemometric methods

All the measurements were carried out in triplicate and
mean values and standard deviations were calculated.
Differences were considered statistically significant at
p < 0.05. The variety values for each compound were
compared to the mean of all varieties by calculating a
confidence interval. One-way ANOVA was performed for
mean differences. Statistical analyses were conducted
using the XLSTAT software (http://www.xlstat.com).

Results and discussion
Effect of lipase dosage on the conversion rate

The effect of a different amount of lipase was examined in
the range of 0.5-2.5 %, reaction time of 3 h, reaction
temperature of 85 °C, reaction pressure of 8§ Mpa and
phytosterol dosage of 5 %. As shown in Fig. 1, the results
show that the conversion rate increased rapidly when the
mass amount of lipase was increased up to 1 %, but it did
not significantly increase the reaction rate above that
amount. The optimal lipase dosage was achieved at 1 %
with a conversion at 91.7 %. Obviously, a great amount of
lipase provides abundant active sites and sufficient mass
contact and consequently leads to a higher conversion rate.
When the lipase dosage was more than 1 %, the conversion
rate remained unchanged. It may be due to the lack of
substrates corresponding to the active sites of enzyme, and
the difficulties in maintaining uniform suspension of the
biocatalysts. Hence, lipase dosage (1 %) was used in the
subsequent experiment. Weber et al. [20] also observed
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Fig. 1 Effect of lipase dosage on the conversion rate (different letters
indicate significantly different results at the 0.05 level)

that the enzyme amount increased from 50 to 100 mg can
not be obvious increasing the degree of esterification and
transesterification.

Effect of reaction temperature on conversion rate

Figure 2 presents the effect of reaction temperature on the
conversion rate of transesterification reaction. The enzy-
matic transesterification was carried out under the follow-
ing conditions: reaction temperature in the range of
55-95 °C, reaction time of 3 h, phytosterol concentration
of 5 %, reaction pressure of 8 Mpa and lipase dosage of
1 %. The results indicate that temperature had a significant
effect on the conversion rate. Figure 2 shows that the
conversion rate increased by increasing reaction tempera-
ture between 55 and 85 °C significantly (p < 0.05). In fact,
an increase in temperature reduces the mixture viscosity of
substrates and thus reduces mass transfer limitations which
favor the interactions between enzyme particles and sub-
strates. Furthermore, the conversion rate decreased with the
further increase of temperature at temperature ranges
higher than 85 °C significantly (p < 0.05), which could be
due to partial denaturation of the enzyme and loss of its
hydrolytic activity at higher temperature. Therefore, the
highest conversion rate was observed at a temperature of
85 °C.

These observations were in accordance with what was
previously shown by Weber et al. [21] in which authors
reported that the highest conversion by esterification
(89 %) was achieved at 80 °C in vacuo using Novozym
435 as catalyst, whereas conversions at 40 and 60 °C were
markedly decreased.
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Fig. 2 Effect of reaction temperature on the conversion rate (differ-
ent letters indicate significantly different results at the 0.05 level)
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Effect of phytosterol concentration
on the conversion rate

The effect of phytosterol concentration on the conversion
rate of transesterification reaction is shown in Fig. 3. The
effect of phytosterol concentration was examined in the
range of 5-25 %, reaction time of 3 h, reaction temperature
of 85 °C, reaction pressure of 8 Mpa and lipase dosage of
1 %. The results show that the conversion rate decreased
with an increase in phytosterol concentration significantly
(p < 0.05). This result can be explained by considering that
the phytosterol could not be completely dissolved in soy-
bean oil at phytosterol concentration greater than 5 %;
therefore, the transesterification reaction was not carried
out perfectly. The results suggest that the optimum phy-
tosterol concentration was 5 %.

Effect of reaction time on the conversion rate

Figure 4 illustrates the effect of reaction time on the con-
version rate of transesterification reaction. The effect of
reaction time was evaluated between 30 min and 4 h,
phytosterol concentration of 5 %, reaction temperature of
85 °C, reaction pressure of 8 Mpa and lipase dosage of
1 %. As presented in Fig. 4, the conversion rate increased
with increasing reaction time from 0.5 to 1 h significantly
(» <0.05). On the other hand, the conversion rate
increased slowly with further increase of reaction time
from 1.5 to 4 h. Therefore, the optimum reaction time was
determined at 1 h.

Effect of reaction pressure on the conversion rate

Due to the high solubility in SC-CO, as the reaction
medium, it can greatly reduce the viscosity and improve
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Fig. 3 Effect of phytosterol concentration on the conversion rate
(different letters indicate significantly different results at the 0.05
level)
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the reaction speed. Therefore, the reaction pressure is the
main factor affecting the conversion rate of the transes-
terification in SC-CO,. The effect of reaction pressure on
the conversion rate of the transesterification was investi-
gated between 6 and 10 Mpa, phytosterol concentration of
5 %, reaction temperature of 85 °C, reaction time of 1 h
and lipase dosage of 1 %. As shown in Fig. 5, the con-
version rate increased more remarkably with the increase
of reaction pressure from 6 to 8 Mpa, and then the con-
version rate increased slowly with the increase of reaction
pressure. Therefore, the optimum reaction pressure was 8
Mpa. In a previous study, Venskutonis et al. (2008) also
reported that in all cases, the yield of the extract increased
more than twice after increasing the extraction pressure
from 15 to 25 Mpa. However, the increase slows down
after further compression of CO, to 35 Mpa [22].
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Fig. 4 Effect of reaction time on the conversion rate, (different
letters indicate significant different results at the 0.05 level)
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Conclusion

Due to the high solubility in SC-CO,, the viscosity of the
reaction medium was greatly reduced and the reaction
speed was improved. Compared with lipase-catalyzed
transesterification of phytosterol and soybean oil at normal
pressure, the transesterification in SC-CO, reduced the
reaction temperature and reaction time significantly. The
optimal reaction conditions for transesterification of phy-
tosterol and soybean oil in SC-CO, were determined as
follows: reaction temperature 85 °C, reaction time 1 h,
phytosterol concentration 5 %, reaction pressure 8§ Mpa
and lipase dosage 1 %. The highest conversion rate of
92 % could be achieved under the optimum conditions.
Therefore, it was concluded that lipase-catalyzed transes-
terification of phytosterol and soybean oil in SC-CO, was
suitable for producing phytosterol-containing edible oils.
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