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A B S T R A C T   

A low-cost liquid lipase from genetically modified Aspergillus oryzae (Eversa® Transform 2.0) was used in this 
study for biodiesel production. The catalytic performance of this enzyme was evaluated using refined palm oil 
adjusted with different free fatty acid (FFA) content. The methanol-to-oil molar ratio was varied from 1:1 to 8:1 
to determine the reaction rate, ester conversion and methanol tolerance of this enzyme at different FFA content. 
The reaction was carried out at low temperature (40 ◦C) for 24 h using very low enzyme concentration (0.2 wt%). 
The results showed that the enzyme could tolerate a higher dosage of methanol and could increase reaction rate 
and conversion when higher FFA content was present in the feedstocks. A biodiesel conversion of 97% could be 
obtained when the feedstocks contained ≥80 wt% FFA. Furthermore, a new semi-empirical model based on the 
Ping-Pong Bi-Bi mechanism has been developed to estimate the reaction kinetics of biodiesel production from 
feedstocks containing a mixture of triacylglycerol and FFA. In conclusion, Eversa® Transform 2.0 can be used for 
the production of biodiesel from low-quality feedstocks containing high FFA content in a sustainable and 
economical manner.   

1. Introduction 

Recently, many countries who ratify the Paris Climate Agreement 
have embarked on the initiative to reduce the emission of greenhouse 
gases (GHGs) by increasing the use of renewable fuels in the energy mix. 
Biodiesel is one of the preferred renewable fuels because it contributes to 
a rapid reduction in GHGs and offers numerous environmental benefits 
such as low in sulphur content and free of aromatic compounds. Besides, 
biodiesel does not require new infrastructure or modification of engines 
and therefore suitable for direct implementation. The global production 
of biodiesel has reached approximately 40 million tonnes in 2018, which 
is close to 7 times the amount produced since 2006 [1]. Among the main 
producing and consuming countries are EU, USA, Argentina, Brazil, 
Indonesia, Malaysia and Thailand. 

Biodiesel is also known as fatty acid methyl ester (FAME) since 
methanol is a common acyl-acceptor used in biodiesel production. 
Biodiesel is generally derived from edible vegetable oils such as soybean 
oil, palm oil, and rapeseed oil. However, the use of edible oils for 

biodiesel production has invited criticisms because it creates competi-
tion with food demand. It also negates the environmental benefits by 
needing more arable land to increase biodiesel production. Moreover, 
edible oils are expensive and thus, making the production of biodiesel 
economically unattractive, especially when the crude oil price is low. 

Currently, there is a shift towards the production of biodiesel using 
low-cost feedstocks such as low-quality oils which are unfit for human 
consumption [2,3]. Examples of the low-quality oils are animal fats 
(beef tallow, fish oil, pork lard, chicken fat), used cooking oil, grease oil, 
fatty acid distillates and sludge oil. Besides cost benefit, the use of waste 
vegetable or animal oils could also have a positive impact on the envi-
ronment. The EU’s Renewable Energy Directive has calculated the 
default GHG savings for various lipid feedstocks based on their pro-
duction, transportation and distribution [4]. The production of biodiesel 
from waste vegetable or animal oils was reported to result in substantial 
GHG savings up to 83%, which is 27–64% higher than the biodiesel 
produced from vegetable oils such as soybean, rapeseed, sunflower and 
palm. Expectedly, the amount of biodiesel produced from waste oils in 
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the EU has doubled in the last 5 years. Very recently, India has 
announced a programme to produce biodiesel from used cooking oil in 
100 cities across the country [5]. 

Biodiesel production using high-quality lipid feedstocks is a well- 
established process. Typically, the oil (also termed as triacylglycerol, 
TAG) is converted to biodiesel via a transesterification process using a 
base catalyst such as sodium hydroxide or potassium hydroxide. How-
ever, the process is not suitable for low-quality feedstocks because they 
usually contain high concentration of impurities, such as free fatty acids 
(FFA) and water. In industry, these feedstocks are first pre-treated by 
drying, base neutralisation or acid esterification to remove water and 
FFA before the transesterification process. The pre-treatment processes 
result in additional processing steps, higher energy input and lower 
biodiesel yield. Moreover, the use of acid catalyst for the esterification 
process could cause corrosion to processing equipment. 

Besides chemical catalysis, biodiesel can also be produced via an 
enzymatic process using lipase as a biocatalyst. The enzymatic process is 
suitable for low-quality feedstocks because it is generally insensitive to 
the presence of impurities in the feedstocks. Furthermore, the byproduct 
produced (i.e., glycerol) is of high purity [6–11]. Despite these advan-
tanges, the enzymatic process has not been well received by the in-
dustry, owing to the high cost of lipase. To improve the process 
economic of enzymatic biodiesel production, there have been efforts to 
immobilise the enzymes on solid support materials to increase the sta-
bility and reusability of the enzyme [12–17]. Nevertheless, the immo-
bilised enzymes that are commercially available are expensive (e.g., 
Novozym® 435). Moreover, some of the support materials are known to 
cause mass transfer limitation between the reactants, thus, reducing the 
reaction rate [18–20]. Recently, there have been attempts to overcome 
these problems, for example, by immobilising the enzymes using low- 
cost supports or support materials that can improve mass transfer 
[21–24]. However, to the best of our knowledge, these methods are still 
under laboratory development and they are not yet commercially 
available. 

Very recently, there has been a strong interest to use liquid lipase for 
biodiesel production from low-quality feedstocks [25–31]. For instance, 
liquid lipase produced from Thermomyces lanuginosus was used to ca-
talyse the hydroesterification of beef tallow [29]. A biodiesel yield of 
85.1% was obtained in 8 h of reaction. In another work, a liquid lipase 
NS40116 from genetically modified Thermomyces lanuginosus was used 
to catalyse the biodiesel production from abdominal chicken fat [30]. A 
biodiesel conversion of 77% was achieved in 24 h of reaction using 0.3 
wt% of enzyme concentration. On the other hand, a novel liquid lipase 
from Candida antarctica lipase A (CALA) was used for biodiesel pro-
duction from waste frying palm oil [31]. A high biodiesel conversion of 
94.6% was obtained in 22 h of reaction with 5.5 wt% of enzyme dosage. 
Besides, CALA also showed an excellent methanol resistance i.e., up to 
7:1 methanol-to-oil molar ratio. 

In Malaysia and Indonesia, low-quality palm-based feedstocks such 
as sludge palm oil, palm fatty acid distillates and used frying oil are 
readily available for biodiesel production. These feedstocks usually 
contain a substantial amount of FFA. However, no systematic study has 
been conducted on the influence of feedstock with different FFA con-
tents on the catalytic performance of a low-cost liquid lipase for bio-
diesel production. In this work, we simulated a low-quality feedstock by 
adding a desired amount of synthesised FFA (~0 wt% to 80%) into 
refined palm oil. Eversa® Transform 2.0, a low cost liquid lipase derived 
from genetically modified Aspergillus oryzae which was introduced by 
Novozymes recently, was used in this study. Finally, a simplified kinetic 
model for feedstocks containing a mixture of TAG and FFA was subse-
quently proposed. 

2. Materials and methods 

2.1. Materials 

Refined cooking oil (Seri Murni Pure Vegetable Oil) was purchased 
from a local supermarket in Malaysia. The characteristics and the fatty 
acid compositions of refined cooking oil are listed in Tables 1 and 2. 
Based on Table 2, the fatty acid compositions are similar to those of 
palm-based oil. Since palmitic acid is the major constituent of this 
refined cooking oil, the molecular weight of palmitic acid was used in 
the calculations in this study. Methanol was purchased from Classic 
Chemicals (Malaysia). Isopropanol (99.9%) and toluene (99.9%) were 
purchased from Merck (Malaysia). Sodium hydroxide (97%) was pur-
chased from Sigma-Aldrich (Malaysia). HYDRANALTM-Composite 5 was 
purchased from Honeywell Fluka™ (Malaysia). All reagents and sol-
vents used in this study were of analytical grade, and no purification was 
required before usage. Methyl nonadecanoate from Larodan AB (Swe-
den) was used as the internal standard for FAME. Free liquid lipase from 
genetically modified Aspergillus oryzae microorganism (commercially 
known as Eversa Transform® 2.0) with a protein content of 544 mg 
mL− 1 was kindly provided by Novozymes (Malaysia). 

2.2. Methods 

2.2.1. Enzyme activity assay 
The hydrolytic activity was used to determine the enzyme activity of 

the liquid lipase. The materials used in this assay was pre-incubated in 
the water bath at 40 ◦C for one hour. Next, 10 mL of refined oil, 10 mL of 
distilled water and 1 mL of the enzyme were added into a 50-mL 
centrifuge tube. The mixture was stirred for 1 min using a vortex 
mixer (IKA® VORTEX Genius 3). The amount of fatty acid produced via 
hydrolysis of refined oil was measured using an Auto-titrator (Met-
rohm’s Tritino Plus 484), where 1 IU represents the amount of enzyme 
that liberates one µmole of titratable fatty acid per minute at 40 ◦C. By 
using this method, the IU of the liquid lipase was found to be 9600 IU 
mL− 1. 

2.2.2. Synthesis of fatty acid methyl ester 
The enzymatic biodiesel production was carried out in a 1-L jacketed 

glass reactor equipped with an overhead stirrer and a water-cooled 
condenser [see Fig. 1]. The reaction mixture consisted of 600 mL of 
refined cooking oil (~0% FFA), 0.2 wt% of the liquid lipase, 2 wt% of 
water and a methanol-to-oil molar ratio ranging from 1:1 to 8:1. To 
prevent the palm-based feedstocks from solidification, all experiments 
were carried out at 40 ◦C. The reaction mixture was stirred at 500 rpm 
for 24 h. The methanol was dosed continuously into the reaction mixture 
using a peristaltic pump (Signal Fluid BS100-1A) with a constant flow 
rate over the first 4 h of reaction to reduce the enzyme inhibition. The 
methanol dosing rates in mL min− 1 for methanol-to-oil molar ratio of 
1:1–8:1 was as follows: 0.11, 0.22, 0.33, 0.43, 0.54, 0.65, 0.76 and 0.87 
respectively. 

Samples were collected at a pre-determined time interval, and the 
enzyme was deactivated immediately by submerging the samples to a 
water bath at 90 ◦C for an hour. Subsequently, the samples were 
centrifuged at 10,000 rpm for 10 min to phase-separate the glycerol 
from the biodiesel. The upper layer of the sample was subjected to FAME 
and FFA analyses. 

The same experimental procedures were repeated using feedstocks 

Table 1 
Characteristics of refined cooking oil.  

Properties Unit Value 

FFA wt % ~0 
Moisture Content wt % 0.31 
pH Value – 3.70  
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with different FFA contents (40% and 80%). In brief, the FFA was first 
prepared by hydrolysing the refined cooking oil using the same enzyme. 
The FFA produced from hydrolysis was then added to the refined 
cooking oil to vary its FFA content prior to biodiesel synthesis. All of the 
experiments were carried out in duplicates. 

2.2.3. Determination of FFA 
The FFA content in the sample was analysed using an Auto-titrator 

(Metrohm’s Tritino Plus 484). The sample preparation was as follows: 
2 g of the sample was accurately weighed in a 50-mL beaker, and 40 mL 
of isopropanol was added to dissolve the sample. The sample was then 
titrated against 0.01 M of sodium hydroxide (NaOH) solution. The FFA 
content (wt%) in the sample was calculated using the Eq. (1). 

FFA(wt%) =
V × MNaOH × MFA

10 × Ms
(1)  

where V corresponds to titrant volume used in neutralisation (mL), 
MNaOH is the molarity of NaOH solution used in titration (mol L− 1), Ms is 
the mass of sample (g), MFA is the molar mass of fatty acid (g mol− 1). 

2.2.4. Determination of water content 
The amount of water present in the sample was analysed using an 

Auto-titrator (Metrohm’s 870 KF Titrino plus). The sample preparation 
was as follows: 0.2 g of the sample was accurately weighed and 25 mL of 
dry methanol was added to dissolve the sample. The sample was then 
titrated against HYDRANALTM-Composite 5. 

2.2.5. Determination of fatty acid methyl ester 
The quantification of FAME in samples was performed based on the 

EN14103 method using an Agilent GC-7890A gas chromatography 

equipped with a flame ionisation detector (GC-FID) and an HP- 
INNOWAX capillary column (30 m × 0.25 mm I.D. × 0.25 µm film 
thickness). In brief, the injector and detector temperature were set at 
250 ◦C. Nitrogen was used as carrier gas with a flow rate of 2 mL min− 1. 
The split flow was set at 100 mL min− 1. The column temperature was 
programmed as follows: the starting temperature was set at 60 ◦C and 
held for 2 min; the temperature was increased to 200 ◦C at a rate of 
10 ◦C min− 1, followed by heating from 200 ◦C to 240 ◦C at a rate of 5 ◦C 
min− 1 with a holding time of 7 min. The amount of sample to be injected 
into the column for analysis was 1 µL. 

The sample preparation for GC-FID analysis was as follows: 10 mg of 
each sample from the upper layer of the reaction mixture (after phase 
separation via centrifugation) was accurately weighed in a 1.5 mL 
micro-centrifuge tube. Then, 1 mL of an internal standard stock solution 
containing methyl nonadecanoate (C19:0) in toluene (10 mg mL− 1) was 
added into the sample and the mixture was homogenised using a vortex 
mixer. The solution was then transferred into a 2 mL glass vial and ready 
for GC-FID analysis. The FAME (%) content was calculated using Eq. (2). 

FAME(%) =

(∑
A − AIS

AIS

)

×

(
WIS

W

)

× 100% (2)  

where 
∑

A is total peak areas of methyl esters (C12–C24), AIS is the peak 
area corresponding to the internal standard (C19:0), WIS is the weight of 
methyl nonadecanoate being used as an internal standard (mg), W is the 
weight of the sample used in sample preparation (mg). 

3. Results and discussion 

3.1. Effect of methanol-to-oil molar ratio 

In this study, the effect of methanol-to-oil molar ratio on the FAME 
conversion was investigated because it is well known that the short- 
chain alcohol could influence the catalytic performance of an enzyme. 
Fig. 2(a) shows the reaction kinetics of FAME conversion using feedstock 
with ~0% FFA content. The reaction rates at different methanol-to-oil 
molar ratios reveal a nearly similar trend. For all methanol-to-oil 
molar ratio tested, the reaction rates increased rapidly during the first 
4 h of reaction. The maximum reaction rates were achieved within 10 h 
of reaction. The result also showed that higher methanol-to-oil molar 
ratio (increased from 1:1 to 4:1) would increase the initial reaction rate. 
When the methanol-to-oil molar ratio increased beyond 4:1, the reaction 
kinetics plateaued out rapidly after 6 h [see Fig. 2(a)], indicating that all 
the reactions were halted. Conventionally, a methanol dosage higher 
than the stoichiometric requirement of methanol (i.e. >3:1 M ratio of 
methanol to oil) is selected to drive the reaction towards the formation 
of products due to the reversible nature of transesterification. However, 
excessive methanol would affect the stability of the enzyme, which 
could lead to irreversible denaturation of the enzyme. This explains why 
the liquid lipase was unable to catalyst esterification/transesterification 
effectively to produce FAME when high methanol dosage was used (i.e., 
methanol-to-oil molar ratios of 5:1 and 6:1). 

On the other hand, the FFA content increased notably at the begin-
ning of the reactions [see Fig. 2(b)]. The increment in FFA content 
suggests that the presence of water in the reaction medium promoted the 
hydrolysis of TAG. After the initial increment, the FFA content decreased 
and the curve plateaued out after 10th hour of reaction. The decrease in 
FFA indicates that the FFA was esterified into FAME. At low methanol- 
to-oil molar ratio (i.e., 1:1), the reduction in FFA content was less 
prominent. This result indicated that a molar ratio of 1:1 may be 
insufficient to promote the esterification of FFA to FAME. Similarly, the 
decrease in FFA was also insignificant at high methanol-to-oil molar 
ratio (i.e., 6:1). It is speculated that the excess methanol has influenced 
the stability of the enzyme, causing a decrease in the catalytic activity. 

The experiment was repeated with simulated feedstocks consisting of 
different level of FFAs to evaluate the impact of FFA content in the 

Table 2 
Fatty acid compositions of refined cooking oil.  

Fatty Acids Structure Composition (wt%) 

Lauric Acid C12:0  0.38 
Myristic Acid C14:0  1.07 
Palmitic Acid C16:0  45.6 
Stearic Acid C18:0  4.24 
Oleic Acid C18:1  39.2 
Linolenic Acid C18:2  9.51  

Water Bath 

Overhead Stirrer 

Condenser 

1-L 

Fig. 1. Reactor set-up of 1-L jacketed glass reactor for FAME synthesis.  
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feedstock on the catalytic performance of the liquid lipase. Fig. 2(c) 
shows the reaction kinetics of FAME conversion for feedstocks con-
taining 40% FFA content. A rise in the initial reaction rate was observed 
when the methanol-to-oil molar ratio was increased from 1:1 to 4:1. 
More importantly, increasing trends of FAME conversion were still 
observed even after 24 h of the reaction for all tested molar ratios. 
Unlike feedstock with 0% FFA, the reaction kinetics plateaued out after 
20 h of reaction. This shows that the liquid lipase investigated could 
yield high FAME conversion from feedstock with high FFA content. 

Interestingly, the FFA content did not increase when a feedstock with 
40% FFA was used for enzymatic biodiesel production. Instead, a sharp 
reduction in FFA content was observed in the first 10 h of reaction for all 
the tested molar ratios [see Fig. 2(d)]. This suggests that esterification is 
the dominant reaction when the feedstock used for biodiesel synthesis 
contains a mixture of TAG and FFA. It is also worth noting that the 

reduction in FFA was less observable after the 10th hour of reaction, 
indicating that hydrolysis and esterification have reached an equilib-
rium state. Nevertheless, FAME production continued to increase, albeit 
gradually beyond the 10th hour. Hence, it is postulated that the trans-
esterification of TAG would become the dominant reaction after the 
hydrolysis and esterification reactions reached an equilibrium. 

For feedstock containing 80% FFA content, the initial reaction rate of 
FAME production was found to remain high at the ratio of 6:1 [see Fig. 2 
(e)]. Therefore, the range of investigation for the methanol-to-oil molar 
ratio was further increased to 8:1. Overall, the reaction kinetics shows 
two distinct patterns. The first observation is that the reaction rates for 
methanol-to-oil molar ratios of 2:1, 6:1 and 8:1 levelled off quickly 
beyond 10 h of the reaction. For the methanol-to-oil molar ratio of 2:1, 
the rapid decrease in reaction rate can be explained by the insufficient of 
methanol to drive the reaction forward to achieve higher FAME 

(a) 0% FFA (b) 0% FFA

(d) 40% FFA(c) 40% FFA

(e) 80% FFA (f) 80% FFA

Fig. 2. Changes of FAME conversion and FFA content. Reaction conditions: 40 ◦C, 0.2 wt% of free lipase, 2 wt% of water, 500 rpm agitation speed and 24 h 
of reaction. 
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conversion. Whereas for the case of using high methanol-to-oil molar (i. 
e., 6:1 and 8:1), the result suggested that the enzyme might have been 
deactivated, which hindered the formation of FAME. Conversely, the 
result obtained for the molar ratio of 4:1 shows that the reaction rate was 
still increasing gradually beyond the 10th hour of reaction. Similar 
trends were also observed for all the tested feedstocks (different level of 
FFA contents). 

Fig. 2(f) shows that the amount of FFA, for feedstock containing 80% 
FFA, decreased more rapidly than feedstocks with lower FFA contents in 
the first 10 h of reaction. The results suggested that the esterification was 
favoured over transesterification and hydrolysis when a high amount of 
FFA was present in the feedstock. Furthermore, FFA has a higher po-
larity than TAG due to its hydroxyl group and shorter hydrocarbon 
chain. Hence, methanol is more miscible in lipid feedstocks containing 
high FFA, resulting in enhanced mass transfer and rate of reaction. 
Despite that feedstock with 80% FFA has the fastest rate of esterification 
as compared to other investigated feedstocks, a noticeable amount of 
unreacted FFA was found to present in the FAME produced. It is spec-
ulated that the methanol in the reaction mixture could be diluted with 
the water generated from esterification, hindering the shift of equilib-
rium towards product formation. Nonetheless, the FFA content for the 
molar ratio of 8:1 is still showing a decreasing trend, indicating that the 
esterification was not completely halted. This showed that methanol 
dilution caused by esterification was less prominent when a high 
amount of methanol was used. 

Fig. 3(a) shows the effect of methanol-to-oil molar ratio on the final 
FAME conversion. Interestingly, the results revealed that feedstocks 
with higher FFA have a higher FAME conversion at the same methanol- 
to-oil molar ratio compared to feedstock with 0% FFA. For example, at 
the methanol-to-oil molar ratio of 4:1, the FAME conversion increased 
from 74.3% to 96.7% as the FFA content of the feedstock was varied 
from 0% to 80%. This demonstrates that the liquid lipase from geneti-
cally modified Aspergillus orzyae is more readily to catalyse the esteri-
fication of FFA than transesterification of TAG to produce FAME. 

According to Fig. 3(a), the optimum methanol-to-oil molar ratio was 
found to be 4:1 for all the feedstocks investigated. However, the opti-
mum alcohol-to-oil molar ratio is highly dependent on the type of lipase 
and substrates used in the reaction. For instance, the optimum 
methanol-to-oil molar ratio for converting the FFA discharge from the 
physical soybean oil refinery to biodiesel using Aspergillus oryzae as the 
enzyme was previously reported to be 7.2:1 [25]. The transesterification 
of glycerol trioleate and fusel alcohols required a molar ratio of 5:1 to 
achieve >97% of reaction completion when Aspergillus oryzae was used 
as the biocatalyst [32]. On the other hand, the optimum molar ratio for 
the alcoholysis of soybean oil was reported as 2.5:1 [33], in which free 
lipase Candida Rugosa Type VII is used as the biocatalyst in the presence 

of ionic liquid. Meanwhile, 4.5:1 was concluded as the optimum molar 
ratio for methanolysis of soybean oil using liquid lipase NS40116 to 
achieve 94.3% of biodiesel conversion in 12 h of reaction [34]. 

A similar study was also conducted to investigate the effect of FFA in 
the feedstock on FAME conversion using the liquid lipase from geneti-
cally modified Thermomyces lanuginosus [35]. The FFA content in the 
soybean oil was varied from 25 to 75 wt% to simulate the composition of 
the low-cost feedstock. The reaction conditions were as follows: 35 ◦C, 
4.5:1 methanol-to-oil molar ratio, 250 rpm agitation speed, 1 wt% of 
enzyme, 2.5 wt% of water and 16 h of reaction time. They discovered 
that the soybean oil that contained 25 wt% and 50 wt% FFA showed 
remarkable FAME conversions (i.e. 93.83% and 97.3%, respectively). 
However, the enzyme became less effective when the FFA content in the 
soybean oil was further increased to 75 wt%. The highest FAME con-
version obtained in this case was only 75.3% with a residual FFA of 
25.7%. 

Despite achieving high FAME conversions, the final products ob-
tained from all the experiments contained a relatively high amount of 
FFA (>4%) [see Fig. 3(b)]. It is also observed that the higher the initial 
FFA content in the feedstock, the higher the final FFA content in FAME. 
Nonetheless, this problem can be overcome by increasing the overall 
dosage of methanol by sequential addition of methanol in order to 
minimise enzyme inhibition. With higher methanol content, the reaction 
equilibrium can be shifted towards the product side, thus reducing the 
amount of unreacted FFA. 

The effect of FFA content in the feedstock on the methanol tolerance 
of the liquid lipase from Aspergillus orzyae was investigated by evalu-
ating the initial rate of reaction for each feedstock under excess meth-
anol condition [see Fig. 4(a)]. The term “excess methanol” in this case is 
referring to the amount of unreacted methanol as the reaction pro-
gresses. Generally, the feedstock with 40% and 80% FFA showed a 
higher initial rate of reaction compared to feedstock with 0% FFA. For 
instance, it was found that the reaction rate remained high for 40% and 
80% FFA under excess methanol condition (i.e. 4 mol of MeOH/mol of 
feedstock) and showed no sign of enzyme inhibition as compared to the 
data obtained for 0% FFA. This result indicated that the methanol 
tolerance of liquid lipase was improved for feedstock containing higher 
FFA content. 

The enhanced methanol tolerance of the enzyme may be attributed 
to the gentler environment created by the water generated from esteri-
fication of FFA. To validate this speculation, water content analysis was 
performed on all the samples collected [see Fig. 4(b)]. As predicted, 
higher amount of water was generated when feedstock with higher FFA 
content was used as the raw material for biodiesel production due to 
esterification. Besides improving the methanol tolerance of the liquid 
lipase, the water generated have also created more interfacial areas for 

Fig. 3. (a) FAME conversion and (b) Final FFA content at different methanol-to-oil molar ratio. Reaction conditions: 40 ◦C, 0.2 wt% of free lipase, 2 wt% of water, 
500 rpm agitation speed and 24 h of reaction. 
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the reaction, thereby enhancing the rate of reaction and increasing the 
FAME conversion. 

The results were in good agreement with the previous finding [36]. 
In their study, oleic acid was added to refined soybean oil to evaluate the 
effect of FFA on the methanol tolerance of immobilised enzyme Novo-
zym® 435. They discovered that the reaction rate and methanol toler-
ance of the enzyme was enhanced in the presence of FFA. The highest 
FAME yield of 95% was achieved in 10 h of reaction under the reaction 
conditions of 40 ◦C, 4 wt% of Novozym® 435, 3.9:1 methanol-to-oil 
molar ratio and 150 rpm of agitation speed. In comparison, a higher 
FAME conversion of 96.7% was found in this study with feedstock 
containing 80% FFA. The high FAME conversion was achieved by using 
0.2 wt% of liquid lipase Aspergillus orzyae. Furthermore, adsorbent such 
as molecular sieve was not used to adsorb the water produced from 
esterification of high-FFA feedstock. 

3.2. Kinetic model 

The kinetic of enzymatic reaction for biodiesel production is 
commonly described by the Ping-Pong Bi-Bi mechanism. The Ping-Pong 
Bi-Bi mechanism is a double displacement reaction which involves the 
combination of an enzyme and a substrate to form two different prod-
ucts that occur consecutively [37]. The kinetic model expressions 

derived from the conventional Ping-Pong Bi-Bi mechanism are only 
applicable for feedstock consisting of either pure TAG or pure FFA [see 
Eqs. (3) and (4)]. In the previous work, feedstocks with low FFA content 
have been assumed to undergo transesterification only. Meanwhile, high 
FFA feedstocks have been assumed to undergo esterification only. 
However, low-quality lipid feedstocks usually contain a mixture of TAG 
and FFA. Therefore, a new semi-empirical kinetic model expression is 
proposed [see Eq. (5)] in this study to account for the mixed composition 
of TAG and FFA in the modelled low-quality feedstock. 

v =
Vmax[TAG][A]

KmTAG[A]
(

1 +

(
[A]
KiA

))

+ KmA[TAG] + [TAG][A]
(3)  

v =
Vmax[FFA][A]

KmFFA[A]
(

1 +

(
[A]
KiA

))

+ KmA[FFA] + [FFA][A]
(4)  

where v in the reaction rate, Vmax is the maximum reaction rate. KmTAG, 
KmFFA and KmA are the apparent Michaelis constants for TAG, FFA and 
alcohol, respectively. KiAis the apparent alcohol inhibition constant. 
[FFA], [A] and [TAG] are the molar concentration of FFA, alcohol and 
TAG, respectively. 

v =
Vmax[TAG]Eq[A]

KmTAGEq [A]
(

1 +

(
[A]
KiA

))

+ KmA[TAG]Eq + [TAG]Eq[A]
(5)  

where the concentration of FFA is expressed in terms of TAG equivalent 
([TAG]Eq). Since three molecules of FFA is bound to one molecule of TAG 
with a glycerol backbone, the [TAG]Eq can then be calculated using Eq. 
(6). 

[TAG]Eq =

(

[TAG]x +
[FFA]y

3

)

(6)  

where [TAG]x is the molar concentration of TAG when the reaction 
mixture consists of y mole of FFA and [FFA]y is the molar concentration 
of FFA present in the reaction mixture. 

In this study, the initial reaction rate was used as the method for 
developing the kinetic model for biodiesel production catalysed by 
liquid lipase Aspergillus orzyae. The results obtained from FAME analysis 
was used for the calculation of the initial rate and the subsequent esti-
mation of kinetic parameters. The experimental values for v were ob-
tained through the slope of the best-fit line for the plot of FAME 
conversion against time. The kinetic constants in the modified Ping- 
Pong Bi-Bi model were estimated using KyPlot 5.0 software (KyensLab 
Inc., Japan) by fitting with the experimental results. Lastly, the kinetic 
constants were then optimised using Excel Solver by minimising the 
objective function [see Eq. (7)]. 

OF =
∑n

j=1

(
vcal,j − vexp,j

)2 (7)  

where vcal,j is the calculated reaction rate using the modified kinetic 
model, vexp,j is the experimental reaction rate determined through initial 
rate method and n is the number of experimental data points. The other 
assumptions made in developing the kinetic model includes:  

i. Liquid lipase was used with negligible external mass transfer 
limitations.  

ii. Only two reactions (i.e. transesterification and esterification) 
were considered.  

iii. The hydrolysis reaction was assumed to occur instantaneously, 
and the rate constants associated with hydrolysis were excluded 
to simplify the kinetic model. 

Fig. 4. (a) Changes of initial reaction rate under excess methanol condition. (b) 
Amount of water generated during the reaction. Reaction conditions: 40 ◦C, 0.2 
wt% of free lipase, 2 wt% of water, 500 rpm agitation speed and 24 h 
of reaction. 
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iv. Competitive inhibition was assumed at which a dead-end 
enzyme-alcohol complex formed when an alcohol molecule 
reacted directly with the enzyme.  

v. The loss of substrate and alcohol concentration during the initial 
time of reaction was insignificant.  

vi. Product inhibition was ignored since they were not present when 
the initial reaction rate was used in the calculation. 

vii. The intermediates such as diacylglycerol (DAG) and mono-
acylglycerol (MAG) produced from transesterification and hy-
drolysis were not considered to simplify the kinetic model. 

The values of kinetic parameters are presented in Table 3. It was 
found that the enzyme has a higher affinity to bind with TAG or FFA than 
alcohol (KmTAGEq < KmA). This suggests that the values obtained are in 
good agreement with the theory of Ping Pong Bi-Bi mechanism. 
Nevertheless, the inhibition of the enzyme by alcohol cannot be 
neglected because of the small value of KiA. As a result, increasing the 
concentration of alcohol in the reaction will result in a more significant 
denominator term in Eq. (5), which leads to a lower v value. 

A series of experiments were also performed to study the effect of 
FFA in the feedstock on the initial rate of the reaction. It was found that 
the initial reaction rate increased when feedstock with higher FFA 
content was used. This means that the Vmaxobtained from Eq. (5) was 
also dependent on the FFA content of the feedstock. By maintaining 
other kinetic parameters, the Vmax for each feedstock comprising of 
different FFA contents were then predicted. The Vmax values were found 
to have a linear relationship with the FFA content in the feedstock [see 
Fig. 5]. This suggests that when feedstock with higher FFA content is 
used as the raw material for biodiesel production, esterification will 
become the dominant reaction catalysed by the liquid. This is because 
the FFA has a higher tendency to bind with the active site of the liquid 
lipase to form E-FFA complex than the TAG species. As a result, the 
subsequent reaction scheme described in the Ping-Pong Bi-Bi mecha-
nism is enhanced, which leads to a faster reaction rate. 

Fig. 6(a) illustrates the comparison between the experimental data 
and the values predicted by the modified kinetic model [Eq. (5)]. It can 
be observed that a satisfactory fit was achieved for all systems tested. 
The kinetic model developed in this work shows its versatility in pre-
dicting the reaction rate for feedstocks containing both TAG and FFA in 
varying composition. More importantly, the model developed was able 
to predict a drop in the rate of reaction [see Fig. 6(a)], wherein it serves 
as an indication for the maximum methanol tolerance of the liquid 
lipase. A parity plot of experimental reaction rate against the calculated 
reaction rate is depicted in Fig. 6(b) based on the kinetic model [Eq. (5)]. 
Overall, the experimental data and model data were in good agreement 
with a sum of squared errors of 5.382 × 10− 16 which further confirms 
the accuracy of the kinetic model. 

4. Conclusion 

This study examines the feasibility of using Eversa® Transform 2.0, a 
liquid lipase produced from genetically modified Aspergillus oryzae, for 
biodiesel production from simulated low-quality feedstocks. The 
experimental results showed that the enzyme was efficient in catalysing 
the reaction with high FFA feedstock. The presence of FFA in the feed-
stock was found to increase the reaction rate and improve the FAME 

conversion. A ester content of 97% could be achieved using feedstocks 
cotanining ≥ 80% FFA using very low enzyme concentration (0.2 wt%), 
low methanol-to-oil molar ratio (4:1) and low process temperature 
(40 ◦C). Furthermore, a simple and versatile kinetic model based on 

Table 3 
Values of kinetic parameters derived from Eq. (5).  

Kinetic Constant Current Work 

Vmax(mol mL− 1 s − 1)  1.004 × 10− 2 

KmTAGEq (mol mL− 1)  0.04502 
KmA(mol mL− 1)  379.0 
KiA(mol mL− 1)  2.975 × 10− 6  

Fig. 5. Initial rate of reaction for feedstocks with different initial FFA.  

Fig. 6. (a) Correlations of experimental data with modified kinetic model; (b) 
Parity plot of the initial rate of reaction. 
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Ping-Pong Bi-Bi mechanism was developed for this enzyme and the ki-
netic model can be used to estimate the reaction rates of feedstocks with 
varying FFA content. Overall, Eversa® Transform 2.0 is an efficient low- 
cost liquid lipase that can be used to produce biodiesel sustainably and 
economically from low-quality feedstocks containing high FFA. 
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