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Abstract

BACKGROUND: Crude palm oil (CPO) is rich with phytonutrients such as carotenoids and tocols which possesses many health
benefits. The aim of this researchwas to develop amethanol-free process to produce palm phytonutrients via enzymatic hydro-
lysis. In this work, triacylglycerol was hydrolyzed into free fatty acids (FFAs) using three different types of liquid lipases derived
from Aspergillus oryzae (ET 2.0), Aspergillus niger (Habio) and Candida antartica (CALB).

RESULTS: ET 2.0 was found to be the best enzyme for hydrolysis. Under the optimum condition, the FFA content achievable was
790 g kg−1 after 24 h of reaction with 1:1 water-to-oil mass ratio at 50 °C and stirring speed of 9 × g. Furthermore, with the
addition of 2 g kg−1 ascorbic acid, it was found that 98% of carotenoids and 96% of tocols could be retained after hydrolysis.

CONCLUSION: This work shows that enzymatic hydrolysis, which is inherently safer, cleaner and sustainable is feasible to
replace the conventional methanolysis for the production of palm phytonutrients.
© 2022 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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INTRODUCTION
Owing to the rise in heath awareness, there have been increasing
interest and demand for functional food or nutraceuticals which
can help to improve health or prevent diseases. Many plants con-
tain phytonutrients which have been proven to confer health
benefits. Interestingly, crude palm oil (CPO) is naturally rich with
phytonutrients, specifically carotenoids and tocols, which have
many benefits such as cardio-protection, anti-cancer and neuro-
protection.1 Various direct methods such as solvent extraction,
molecular distillation and supercritical fluid extraction have been
studied to extract phytonutrients from CPO.2 However, an indirect
method converts the triacylglycerides (TAGs) into a fatty acid
derivative, followed by the separation of phytonutrients from
the fatty acid derivative.
Methanolysis of palm-based feedstocks is the most preferred

reaction route used in the indirect method. In this process, TAGs
are converted into methyl esters, followed by the extraction of
phytonutrients from methyl esters by distillation. However, unde-
sired excess methanol could be present in the extracted phytonu-
trient concentrate. This is toxic to humans and long-term
ingestion of a residual amount of methanol could lead to visual
impairment or metabolic acidosis.3 Besides its toxicity, methanol

is also highly flammable. Furthermore, methanol is primarily
derived from fossil fuels, thus its production contributes to global
warming. Owing to the increasingly stringent requirements for
food safety, process safety, environmental protection and process
sustainability, there is currently a strong industry interest to
develop an alternative process which is inherently safer, cleaner,
economical, and sustainable.
One option is to convert the TAG to free fatty acids (FFAs) via an

enzymatic hydrolysis process. The phytonutrients concentrated in
the unreacted CPO can then be separated from the FFA produced.
Instead of methanol, this process uses water as co-reactant, thus
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making the overall process inherently safer and more sustainable.
Additionally, FFA is a by-product which has a high value and is in
high demand. Moreover, the reaction can take place at low tem-
perature (< 60 °C) and atmospheric pressure which will reduce
energy consumption and protect the heat-labile phytonutrients,
especially carotenes which begin to undergo thermal degrada-
tion at temperatures above 60 °C.4,5 However, there are limited
studies on the use of enzymatic hydrolysis in the production of
phytonutrients from plant oils.
You et al.6 hydrolyzed the CPO and crude palm olein to

950 g kg−1 fatty acids using Candida rugosa for 24 h at 50 °C, fol-
lowed by carotene recovery through chromatography method.
However, the carotenoid content was found to decrease by up
to 18% during hydrolysis. However, Chu et al.7 hydrolyzed the
palm fatty acid distillate from 850 to 970 g kg−1 using Novozym
435 at 70 °C for 6 h. Subsequently, the fatty acid was neutralized
and subjected to adsorption chromatography which concen-
trated the tocols from 3700 mg kg−1 to 43 200 mg kg−1. Never-
theless, it was reported that 25% of the tocols were lost during
the process. Moreover, there has been no further study carried
out to improve the retention of the phytonutrient during
hydrolysis.
Since phytonutrients are present in low concentration in vege-

table oil and they are of high value, a small reduction in their con-
centration during hydrolysis would result in a substantial loss in
potential profit. In this study, the enzymatic hydrolysis of CPO
was carried out using different liquid lipases. We evaluated three
commercial liquid lipases for their performance in hydrolyzing
CPO and impacts on the retentions of tocols and carotene. In
addition, we investigated the effects of ascorbic acid, which was
added as a sacrificial antioxidant, on oil hydrolysis and phytonutri-
ents retention.

MATERIALS AND METHODS
Materials
CPO was provided by Sime Darby Plantation Berhad (Selangor,
Malaysia). The lipases derived from Aspergillus oryzae, also known
as Eversa® Transform 2.0 (ET 2.0), and Candida antartica lipase B
(CALB) were both supplied by Novozymes (Kuala Lumpur, Malay-
sia). Lipase from Aspergillus niger (Habio) was obtained from Mia-
nyang Habio Bioengineering Co. Ltd (Sichuan, China). Isopropanol
(IPA) with 99% purity and HPLC-grade methanol were purchased
from JT Baker (Pulau Pinang, Malaysia) and Systerm Chemicals
(Malaysia), respectively. The 99% n-hexane was purchased from
Friendemann Schmidtt (Kuala Lumpur, Malaysia). Sodium hydrox-
ide (NaOH), potassium hydrogen phthalate and phenolphthalein
were obtained from Sigma Aldrich (Selangor, Malaysia). All these
lipases and chemicals were used without further purification.

Enzyme activity assay
The enzymatic activity of each liquid lipase was quantified by
determining its hydrolytic activity.8 In brief, 10 mL of refined palm
oil was hydrolyzed with 10 mL of distilled water with the presence
of 0.2 mL of liquid lipase in a 50-mL beaker. The process was car-
ried out for 5 min at 50 °C and the stirring speed was set to 9 × g.
The amount of FFA produced was then determined using an auto-
titrator (Metrohm's Titrino Plus 848). The activity of the ET 2.0,
CALB and Habio were found to be 7580, 1420, and 6700 IU mL−1,
respectively (1 IU represents the amount of enzyme that catalyzes
the conversion of one μmole of titratable fatty acid per minute at
50 °C).

Enzymatic hydrolysis of CPO
The enzymatic hydrolysis reaction was carried out in a 1-L
jacketed stirred-tank reactor which was covered with aluminum
foil to minimize light exposure. Initially, 350 g of CPO was trans-
ferred into the reactor. Then, 350 g of water along with 7 g of dis-
solved enzyme (20 g kg−1 based on CPO weight) were also
transferred into the reactor. For experimental runs involving the
use of ascorbic acid, the ascorbic acid was first dissolved in the
water before the solution was added into the reactor.
The reaction mixture was then stirred continuously at 50 °C and

9 × g for 24 h. Subsequently, the reaction mixture was subjected
to phase-separation at 55 °C for 30 min. Following that, the top
phase of the sample was extracted and subjected to centrifuga-
tion at 8500 × g for 3 min to enhance the separation of remaining
water.
The reaction was repeated with varying temperatures (from

50 to 70 °C), water-to-oil mass ratio (from 0.6:1 to 1:1), ascorbic
acid concentration (from 0–2 g kg−1 based on CPO weight) and
stirring speed (from 9 × g to 18 × g). Other parameters such as
pressure (1 atm), enzyme concentration (20 g kg−1) and reaction
time (24 h) were kept constant. Hydrolysis of CPO with the differ-
ent set of process parameters were repeated with all three lipases
(ET 2.0, Habio and CALB) unless stated otherwise.

Determination of FFA
FFA in the centrifuged top-phase sample was determined using
an auto-titrator (Titrino Plus 848; Metrohm, USA) and a 0.1 M
NaOH solution as the titrant. Approximately 0.3 g of the top-phase
sample was extracted, heated, and then dissolved in 30 mL of IPA.
A total of five drops of phenolphthalein was then added to the
solution. Before the initiation of titration, the solution was stirred
using the auto-titrator until the sample was dissolved in the IPA.
The endpoint value which indicated the volume of NaOH required
to titrate the solution was recorded. The FFA content in the top
phase was calculated as shown in Eqn (1). The FFA molecular
weight (MW) used was 256.4 mol g−1, based on the MW of palmi-
tic acid.

FFA gkg−1
� �

=
NaOH volume Lð Þ×NaOHmolarity mol=Lð Þ×FFAMW mol=gð Þ

Mass of sample kgð Þ
ð1Þ

Quantification of tocols
The preparation for tocols quantification started with the extrac-
tion of approximately 0.65 g of the centrifuged top-phase sample.
This was followed by heating of the sample using a water bath at
55 °C to liquify the sample. The sample was then dissolved in 4mL
of IPA to avoid solidification, and 1 mL of the solution was then
transferred into a glass vial. The tocols content was quantified
using high-performance liquid chromatography (HPLC, 1260
Infinity II LC System; Agilent Technologies, Santa Clara, CA, USA)
where 20 μL of the solution was injected into the system. The
HPLC is equipped with an ultraviolet (UV) multiwavelength detec-
tor. The column used was C18 Reverse Phase Eclipse XDB, and
mobile phase used was methanol–water (95:5 v/v). Flow rate of
the mobile phase was maintained at 1.5 mL min−1 for 25 min dur-
ing analysis. The peaks of ⊍-tocopherol, ⊍-tocotrienol,
γ-tocotrienol and ⊐-tocotrienol peaks were identified by compari-
son with a standard curve previously generated using their
respective standards. The peak areas were then converted to con-
centrations. The concentrations were expressed in mg kg−1.

www.soci.org SH Adiiba et al.

wileyonlinelibrary.com/jsfa © 2022 The Authors.
Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

J Sci Food Agric 2022; 102: 6921–6929

6922

http://wileyonlinelibrary.com/jsfa


Quantification of carotenoids
Approximately 0.045 g of the centrifuged top-phase sample was
melted by heating it in a water bath at 55 °C. Then, the sample
was dissolved in 10 mL of n-hexane which is optically pure at
446 nm. Lastly, the sample was transferred to a quartz cuvette
and the spectrophotometric absorbance at 446 nm was obtained
using UV-visible spectroscopy (Genesys 10; Thermo Fischer Scien-
tific, Waltham, MA, USA). The beta-carotene content was deter-
mined using Eqn (2) as shown:

Carotene content mgkg−1
� �

=
Volume of solvent mLð Þ
×
383× Absorbance of sample−Absorbance of puren−hexaneð Þ

100×Sample mass gð Þ
ð2Þ

where ‘383’ and ‘100’ in the equation were the simplification of
the scaling factor and extinction factor of pure beta-carotene.

Statistical analysis
Each reaction run was carried out twice and the results shown are
the mean values along with its calculated standard deviations.
One-way analysis of variance (ANOVA) statistical analysis was car-
ried out to analyze the statistical difference of the results, and a
significant difference is identified when the P-value is below
0.05. For groups with a significant difference, a post hoc t-test anal-
ysis was carried out to identify significance between two variables
in that specific group.

RESULTS AND DISCUSSION
Characterization of crude palm oil
The properties of the investigated CPO are presented in Table 1.
Based on the results obtained, the initial FFA content found in
the CPO from several batches were found to be ranging from
23 to 47 g kg−1, which is well within the range of 30 to 50 g kg−1

FFA which is the agreement in other published reports.9,10

Likewise, the carotene and tocols content present in the CPO
was found to be within the range reported by Nagendran
et al.11 and Mohd Top.12 The carotene was found to range from
608 to 662 mg kg−1, while the tocols content in CPO was found
to be 650–754 mg kg−1. Moreover, the composition of the
⊍-tocopherol, ⊍-tocotrienol, γ-tocotrienol and ⊐-tocotrienol in
the investigated CPO were aligned with the known typical com-
position of tocols in CPO.11

Effect of lipase type
Three commercial liquid lipases (ET 2.0, Habio and CALB) were
used as biocatalysts in the hydrolysis of CPO. Figure 1 shows the

FFA production, carotene and tocols retention after 24 h of enzy-
matic hydrolysis at 50 °C, 1:1 water-to-oil mass ratio and stirring
speed of 9 × g. From the results, ET 2.0 was found to perform
the best among the three lipases. High FFA content of 830 g kg−1

was achieved following 24 h of hydrolysis using ET 2.0 at 50 °C
with a water-to-oil mass ratio of 1:1. Habio performed slightly less
effectively for the hydrolysis of CPO, with its FFA content peaking
at 780 g kg−1. However, the results show that CALB produced
poor results as the FFA content after 24 h of hydrolysis was only
120 g kg−1.
Despite being a lipase which generally catalyzes the hydrolysis

of lipids, CALB in its immobilized form (Novozym 435) has been
reported to work better in reaction medium where its water con-
tent is at minimum.13 As a result, the FFA conversion obtained
using the CALB-catalyzed reaction was the lowest among the
investigated lipases since a large amount of water was used to
hydrolyze CPO. This is in good agreement with a previous study
where a low conversion of buriti oil to FFA (i.e. approximately
190 g kg−1) was reported using CALB.14 This finding is also sup-
ported by Bresolin et al.15 who found that immobilized CALB
had ten-fold lower enzyme hydrolytic activity compared to the
immobilized ET 2.0.
For the phytonutrients retention, the results show that carotene

and tocols retentions were both higher for CALB reactions in com-
parison to ET 2.0 and Habio. Since the experiments were carried
out at a similar condition, the results show that the retention of
phytonutrients could be correlated to the extent of hydrolysis in
the reaction mixture. Higher FFA contents in the reaction mixture
catalyzed by ET 2.0 and Habio were found to give lower retention
of both carotene and tocols, whilst lower FFA content in the reac-
tionmixture catalyzed by CALB gave higher retention. This finding
indicates that FFA plays a major role in degrading the phytonutri-
ents since the FFA is prone to auto-oxidation.
The unsaturated fatty acids produced during hydrolysis are

prone to auto-oxidation due to their double bonds. As a result
of the low bond dissociation energy of double bonds, the hydro-
gen is more easily removed.16 These unsaturated fatty acids
would react with oxygen in an autocatalytic auto-oxidation pro-
cess which involves three stages: initiation, propagation, and
termination.17

When the concentration of radicals is high enough, two radicals
can join together to form non-radical products in the termination
stage.18 Before the termination stage is reached, the phytonutri-
ents such as carotenes and tocols present in the CPO would act
as antioxidants to break the propagation cycle and prevent the
formation of non-radical products. Naturally, the phytonutrients
(AHÞ would donate its hydrogen to the free radicals, R• and
ROO•, and would then turn into antioxidant radicals A•ð Þ which
are stable radical products which do not have any antioxidant
activity.16,18 The mechanism of chain-breaking antioxidants is
shown in Eqns (3) and (4):

AH+R•→RH+A• ð3Þ
AH+ROO•→ROOH+A• ð4Þ

Effect of ascorbic acid
In order to minimize the degradation of phytonutrients due to the
formation of fatty acids, the incorporation of a sacrificial antioxi-
dant was investigated in this study. Ascorbic acid, a type of antiox-
idant soluble in water, was selected as a sacrificial antioxidant for

Table 1. Characteristics of crude palm oil (CPO)

Properties Values

Free fatty acid (g kg−1) 23–47
Phytonutrients
Carotene content (mg kg−1) 608–662
Tocols content (mg kg−1) 650–754
⊍-Tocopherol (%) 18.3–20.5
⊍-Tocotrienol (%) 22.2–24.2
γ-Tocotrienol (%) 44.9–45.2
⊐-Tocotrienol (%) 12.2–12.5
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the hydrolysis of CPO. Its concentration was varied from 0 to
2 g kg−1 to determine its effects on hydrolysis and phytonutrients
retention.
Figure 2 shows the effects of ascorbic acid concentration on the

FFA production, carotene and tocols retention after 24 h of enzy-
matic hydrolysis at 50 °C, 1:1 water-to-oil mass ratio and stirring
speed of 9 × g. As shown in Fig. 2(b,c), the phytonutrients reten-
tion for all types of lipases were found to increase dramatically
with an increasing concentration of ascorbic acid. For ET
2.0-catalyzed hydrolysis, the addition of 2 g kg−1 ascorbic acid
was found to increase the retention of carotene and tocols to
98% and 96%, respectively. Meanwhile, the retention of carotene
and tocols for Habio-catalyzed hydrolysis was increased to 94%
and 99%, respectively. However, the addition of ascorbic acid,
either at 1 or 2 g kg−1, did not have significant effect on the reten-
tion of carotene for CALB-catalyzed hydrolysis; but it increased
the retention of tocols from 80% to 100%.
Ascorbic acid is a type of secondary antioxidant which scavenge

free radicals and oxygen-deprived species, i.e. hydroxyl radicals,
hydroperoxides and singlet oxygen.19 To stabilize free radicals and
oxygen-deprived species, ascorbic acid donate its electrons/hydrogen
and form relatively ascorbyl-free radicals.20 The small-sized ascorbic
acid molecules enhances its ability to donate hydrogens, making it
an effective sacrificial antioxidant for this hydrolysis process.21

In addition, the secondary antioxidant ascorbic acid (AsH) could
replenish the hydrogen atoms of the primary antioxidants such as
tocols which belong to the vitamin E group by donating its hydro-
gen atom to the tocols radical (T•Þ.20,22 This process would

regenerate the natural phytonutrients such as tocols (THÞ and its
corresponding antioxidant activity.16 The process of tocols regen-
eration through the reduction of tocol radicals is as shown
in Eqn (5):

T•+AsH→TH+As• ð5Þ

In this study, ascorbic acid was found to improve the retention of
carotenes and tocols during hydrolysis of CPO. However, ascorbic
acid with high concentration could promote oxidation by catalyz-
ing the reduction of free transition metal ions that could promote
free radical reactions.23 Therefore, it is essential to determine the
optimum concentration of ascorbic acid for the process.

Inhibitory effect of ascorbic acid
Although the addition of ascorbic acid was found to improve the
retention of carotene and tocols during hydrolysis, the addition of
ascorbic acid could also affect the hydrolysis performance of
lipases. This is evident when the hydrolysis reaction was per-
formed using Habio (see Fig. 2(a)). The FFA content was found
to decrease significantly from 780 to 500 g kg−1 when ascorbic
acid was added at 1 g kg−1. The FFA content dropped further to
400 g kg−1 when the ascorbic acid concentration was increased
to 2 g kg−1 (P < 0.05). However, the absence and presence of
ascorbic acid (up to 2 g kg−1) in the hydrolysis reactions involving
ET 2.0 and CALB lipases did not affect the FFA contents because
the differences in the results were found to be statistically insignif-
icant (P > 0.05).
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Figure 1. Effects of lipase type on (a) FFA production, (b) carotene retention and (c) tocols retention. Error bar in the graph represents standard deviation
of the mean value.
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The addition of ascorbic acid was found to result in a change in
the pH of water which could affect the lipase activities. With no
ascorbic acid, thepHofwaterwas 7.5. Upon the addition of 1 g kg−1

and 2 g kg−1 of ascorbic acid, the pH dropped to 3.3 and 3.1,
respectively. This could affect the reaction because each lipase
has a different optimum pH range where their enzyme activity
would be at its maximum. Specifically, lipase derived from Aspergil-
lus oryzae (i.e. ET 2.0 in this study) has been found to be able to per-
form optimally at pH lower than Aspergillus niger (i.e. Habio in this
study).24,25 At low pH, acid-induced protein denaturation of the
lipase could take place, thus affecting the enzymatic activity.26

Degradation rate of palm phytonutrients
The results illustrated through Fig. 3(a) gives insight to the difference
in carotenoids and tocols retention, using the ET 2.0 reactions as an
example. This is because ET 2.0 is the lipase which is able to perform
well without being disrupted by the presence of ascorbic acid. A dis-
tinct difference in the amount of carotene and tocols retention was
observed when no ascorbic acid was added. With no ascorbic acid,
the carotene retained was 58% as shown in Fig. 3(a). However, the
tocols retention was as low as 23% after 24 h of reaction.
This study has found that during hydrolysis, the tocols which

belong to the vitamin E group were degraded before the pro-
vitamin A carotenoids when no ascorbic acid was present. These
observations show that tocols are more sensitive to auto-
oxidation during hydrolysis. Similar findings were observed in
the CALB-catalyzed reactions where tocols were found to degrade
but not carotene in the absence of ascorbic acid even at low FFA
production (see Fig. 2(c)). This result is in good agreement with
previous studies which have mentioned that ⊍-tocopherol can
shield ⊎-carotene from auto-oxidation.27

Aside from the difference in the carotene and tocols degradation,
a detailed study on the degradation rate of each tocol isomer was
also carried out. This was done by performing a kinetic study on
the reaction using ET 2.0 lipase, 50 °C, 1:1 water-to-oil mass ratio
and no ascorbic acid as this was the run which produced the high-
est FFA content. As shown in Fig. 3(b), ⊍-tocopherol, ⊍-tocotrienol
and γ-tocotrienol degraded rapidly in the first 4 h, particularly in
the first 2 h. The fast degradation was due to the rapid production
of FFA at the beginning of the hydrolysis reaction.
By the eighth hour, the ⊍-tocopherol isomer was completely

degraded first before the other isomers. These results agree with
Schauss et al.28 who found that ⊍-tocotrienol was the least stable
tocotrienol isomer and most prone to degradation. Following
that, the ⊍-tocotrienol isomer was found to degrade completely
between 12th and 16th hour (see Fig. 3(b)). However,
γ-tocotrienol was found to degrade gradually over the 24 h of
reaction. Interestingly, the retention ⊐-tocotrienol remained prac-
tically unchanged throughout the whole 24 h of reaction.
The reason to the difference in the stability and antioxidant

activity of the tocol isomers can be explained by their structural
difference.29 Between the tocotrienol isomers, it is the methyl
groups on the chromanol heads that sets them apart.
⊍-tocotrienol is a trimethylated isomer with three methyl substi-
tutes in C-5, C-7 and C-8. However, γ-tocotrienol has two methyl
substitutes in C-7 and C-8, whist ⊐-tocotrienol is a monomethy-
lated isomer with only one methyl substitute in C-8. A trimethy-
lated tocol such as the ⊍-tocopherol and ⊍-tocotrienol are
reported to be the most active among the various E-vitamins.30

Due to that, the more active ⊍-tocols are degraded first, and
the monomethylated ⊐-tocotrienol is the most stable and least
prone to degradation.
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Figure 2. Effects of ascorbic acid concentration on (a) FFA production, (b) carotene retention and (c) tocols retention. Error bar in the graph represents
standard deviation of the mean value.
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Overall, it can be concluded that ascorbic acid plays an impor-
tant role in maintaining the phytonutrient level of the product
during hydrolysis. Lietz and Henry31 performed hydrolysis of red
palm oil using Candida cylindracea lipase (100 g kg−1) under
nitrogen blanketing in the presence of a very small amount of
ascorbic acid (0.05 g kg−1). They reported 100% retention of caro-
tenes after a short duration (4 h) of hydrolysis. However, the reten-
tion of tocols and the retention of carotenes without ascorbic acid
addition were not reported in the study. In this work, it was found
that both carotene and tocols could be effectively retained after
24 h of reaction without the need for nitrogen blanketing but
with the use of higher ascorbic acid content (2 g kg−1).

Effect of temperature
Enzymes are heat sensitive and each type of lipase have different
heat tolerance and optimum temperature, typically ranging
between 20 and 70 °C.32 Additionally, phytonutrients are also
heat-labile which could degrade due to exposure to high tempera-
ture. Thus, this study investigated the effect of temperature
towards the enzymatic hydrolysis of CPO, as well as the retention
of the phytonutrients. Figure 4(a) shows the FFA content in the oil
phase after 24 h of enzymatic hydrolysis (using ET 2.0 and Habio)
with a water-to-oil mass ratio of 1:1, 2 g kg−1 ascorbic acid and stir-
ring speed of 9 × g. CALB was excluded for further investigation
because the lipase did not perform well in hydrolysis.
As shown in Fig. 4(a) and as verified by the statistical t-test

analysis, the FFA productions were approximately the same for
the ET 2.0-catalyzed reactions conducted at 50 °C and 60 °C
(P = 8.6 × 10−1). However, the FFA final content dropped signifi-
cantly to 550 g kg−1 when the temperature was increased from
60 °C to 70 °C (P = 2.7 × 10−2), indicating that ET 2.0 could have
denatured at this temperature. This shows that temperature of
70 °C and above reduces the lipase's activity, and this agrees with
the lipase specification which reports that ET 2.0 begins to lose its
effectivity at temperatures above 45 °C.33 The optimum tempera-
ture for ET 2.0 is actually 40 °C, but temperatures lower than 50 °
C was not investigated because the reaction mixture would start
to solidify at a temperature below 47 °C, thus hindering the
homogenization of the oil and water mixture.
However, the FFA production of reactions using Habio was

found to decrease when the temperature was increased from
50 °C to 60 °C and then 70 °C (P= 5.2 × 10−3). These results show

that Habio lipase which was derived from Aspergillus niger was
more heat sensitive compared to ET 2.0. In fact, previous studies
have shown that the optimum temperature for oil hydrolysis
using Aspergillus niger lipases was between 35 and 45 °C.34,35

With regards to carotene, its retention was found to decrease with
increasing temperature for ET 2.0-catalyzed reactions (see Fig. 4(b)).
The carotene contentwas found to drop from 98% to 72%when the
reaction temperature was increased from 50 °C to 70 °C (P < 0.05).
The results are consistent with the findings reported in the literature
where higher temperature was found to cause higher degradation
of carotene.36 Specifically, Kha et al.37 reported that carotene
retained at 50 °C was twice the amount retained at 60 °C during
the pre-treatment of Gac oil. However, in this study, higher temper-
aturewas not the sole cause for higher degradation of carotene. The
combined effects of high FFA content and high temperature could
have contributed to the higher degradation of carotene.
The degradation of carotene in the Habio-catalyzed reactions was

significantly less than that of the ET 2.0-catalyzed reactions, even at
a reaction temperature of 70 °C. At this temperature, it is worth not-
ing that the FFA content in the reaction catalyzed by Habio was only
130 g kg−1. This finding lends further support to our hypothesis that
the presence of FFA played a key role in degrading the carotene.
Contrarily, based on one-way ANOVA statistical analysis, the

increase in temperature resulted in no significant change in the
tocols retention for both ET 2.0 and Habio-catalyzed reactions
(P > 0.05). This result shows that the degradation of tocols was less
affected by the temperature than that of the carotene. Therefore,
the optimum temperature for the enzymatic hydrolysis of CPO with
both lipases is 50 °C by taking into consideration both FFA produc-
tion and the phytonutrients retention.

Effect of stirring speed
Oil and water are immiscible by nature, therefore efficient mixing
could result in higher production of FFA during hydrolysis. Higher
stirring speed could improve the hydrolysis of CPO as it would
enhance the homogenization of the oil and water, increasing
the interfacial area for reaction. However, the increased shear
stress induced by high stirring speed could result in the unfolding
of lipase and denaturation.38

The final FFA content, carotene retention and tocols retention
after 24 h of enzymatic hydrolysis at 50 °C, water-to-oil mass ratio
of 1:1 and ascorbic acid concentration of 2 g kg−1 with varying
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stirring speed (from 9 × g to 18 × g) are shown in Fig. 5. From
Fig. 5(a), it can be seen that there was no significant difference
in the FFA production for both ET 2.0 and Habio as the stirring
speed was increased from 9 × g to 18 × g (P > 0.05).
The results indicate that the reaction mixture was well mixed

even at a low mixing speed of 9 × g and there was no mass trans-
fer limitation observed. However, increasing the mixing speed to
18 × g did not reduce nor increase the production of FFA either.
Similarly, varying the stirring speed did not cause significant dif-
ference in the retention of carotene and tocols for both lipases.

Effect of water-to-oil mass ratio
In enzymatic hydrolysis, a high excess amount of water is neces-
sary to shift the equilibrium towards hydrolysis. An increase in
water-to-oil mass ratio should theoretically drive the reaction
equilibrium forward. However, excessive amount of water may
also lead to excessive dilution of lipase and generation of a large
amount of wastewater. The effects of water-to-oil mass ratio to
the final FFA content, carotene retention and tocols retention
after 24 h of reaction at 50 °C, 2 g kg−1 ascorbic acid and stirring
speed of 9 × g is shown in Fig. 6.
Varying the water-to-oil mass ratio from 0.6:1 to 1:1 for hydrolysis

using ET 2.0 lipase did not affect the FFA production over the 24 h of
reaction. It was discovered that this difference is not statistically sig-
nificant, and the one-way ANOVA analysis resulted in a P-value of
6.8 × 10−1 (P > 0.05). As seen in Fig. 6(a), the values of final FFA con-
tent for hydrolysis reactions with water-to-oil mass ratio of 0.6:1 to
1:1 could vary between 760 and 790 g kg−1. The trends observed
shows that awater-to-oilmass ratio of 0.6:1 (equivalent to 28:1molar
ratio, 9.5-fold of the stoichiometric requirement) is already enough
to shift the equilibrium for the processes using ET 2.0. Thus, the

use of this 0.6:1 water-to-oil mass ratio would be preferable for the
minimization of materials (i.e. water) during the process.
Contrarily, the final FFA content in the oil phase increased signif-

icantly with increasing water-to-oil mass ratio for hydrolysis using
Habio lipase (P = 8.7 × 10−3). Increasing the water-to-oil mass
ratio further may potentially result in a higher production of FFA
using Habio lipase. A similar trend to that of Habio in the presence
of ascorbic acid is observed for enzymatic hydrolysis using lipase
from Candida rugosa.39 The study by You and Baharin39 observed
an increase in FFA production as the water-to-oil mass ratio was
increased from 0.2:1 to 1:1 and an eventual decrease when the
water-to-oil mass ratio is higher than 1:1.
With regards to phytonutrient retention, no significant changes

were observed in both carotene and tocols retentions by varying
the water-to-oil mass ratio for both lipases (see Fig. 6(b,c)). In this
study, the ascorbic acid which was added to help preserve the
phytonutrients is soluble in water.40 The lack of change in phyto-
nutrients preservation indicates that the amount of ascorbic acid
added into the system (i.e. 2 g kg−1 of the CPO) is sufficient to pro-
tect the phytonutrients for water-to-oil mass ratio up to 1:1.

CONCLUSIONS
This study investigated the retention of carotene and tocols dur-
ing enzymatic hydrolysis of CPO to FFAs. Lipase derived from
Aspergillus oryzae (ET 2.0) was found to perform the best in cata-
lyzing the hydrolysis of CPO, followed by the lipase derived from
Aspergillus niger (Habio). Lipase derived from Candida antartica
lipase B (CALB) was found to be inefficient in performing oil
hydrolysis. The addition of a sacrificial antioxidant (i.e. ascorbic
acid) significantly improved the retention of tocols and
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Figure 6. Effects of water-to-oil mass ratio on (a) FFA production, (b) carotene retention and (c) tocols retention. Error bar in the graph represents stan-
dard deviation of the mean value.
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carotenoids. Using ET 2.0, the highest FFA content attainable was
790 g kg−1 with 98% of the carotenoids and 96% of the tocols
retained after 24 h of reaction using an ascorbic acid concentra-
tion of 2 g kg−1, 1:1 water-to-oil mass ratio at 50 °C and 9 × g. This
finding shows that it is feasible to develop a methanol-free pro-
cess to produce palm phytonutrients via enzymatic hydrolysis,
thus improving the overall process sustainability and safety.
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