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Esters, such as methyl oleate, are functionally important compounds in many industrial sectors, mainly as components for
manufacturing of emulsifiers, detergents, intermediate stabilizers and wetting agents. Acid functionalization of multi-
walled carbon nanotubes (F-MWCNTs) by using a mixture of HNO3 and H,SO4 (1:3, v:v) was employed as the matrix for
the adsorption of Candida rugosa lipase (CRL) as nanobioconjugates (CRL-MWCNTSs) for the production of methyl
oleate. Structural information of the developed CRL-MWCNTs was confirmed using Fourier Transform Infrared
spectroscopy, thermogravimetric analysis and transmission electron microscopy, which revealed a successful attachment
of CRL onto the F-MWCNTSs. Process parameters (reaction time, temperature and alcohol:acid molar ratio) were
optimized for high percent conversion of methyl oleate. Structural analysis established that CRL was successfully attached
to the surface of the F-MWCNTs. Under the optimized conditions, which were 13.87 h, 51 °C, molar ratio oleic acid:
methanol (1:3.80), a high ester yield of 90.90% was attained. Also, under conditions of the shortest reaction time of 6 h,
47.07 °C and acid:methanol ratio of 1:2.54, the CRL-MWCNTs catalysed a 74.51% ester yield. Hence, we established that
response surface methodology (RSM) can be a practical technique for the prediction of the conditions that favour the high
yield production of methyl oleate. Under optimized conditions, the CRL-MWCNTSs nanobioconjugates are potentially
good and economical biocatalysts for the production of methyl oleate, as well as other types of commercially important
fatty-acid methyl esters.

Keywords: Candida rugosa lipase; esterification; nanobioconjugates; immobilization; multi-walled carbon nanotubes;

methyl oleate

Introduction

The appeal for clean energy has driven the demands for
biodiesel (fatty-acid methyl ester, FAME) to replace
petroleum products, due to its biodegradable, renewable,
clean and non-toxic nature and also due to its ability to
burn completely, among other advantages. Commercial
FAME, such as methyl oleate, has been growing tremen-
dously due to its functional importance in the oleochemi-
cal, pharmaceutical, food, biodiesel and cosmetic
industries. Its uses include production of detergents, emul-
sifiers, wetting agents and intermediate stabilizers. Methyl
oleate is also used as pesticide adjuvant to enhance and
speed up the penetration of pesticides and, therefore, to
effectively eradicate pests.[1] Nevertheless, the means of
extracting such esters from plants or other natural sources
are often either too scarce or too expensive for commer-
cial use. In addition, the current chemical approach for the
production of methyl oleate has been linked to a number
of disadvantages. These include factors, such as the need

for high energy, utilization of corrosive acids and other
hazardous chemicals, in addition to the undesirable coun-
terproductive degradation of the synthesized ester due to a
long reaction period.[2,3] Hence, the quest for alternative
methods that would overcome these shortcomings,
enhance productivity and improve reaction yields,
requires pertinence.

In this context, the enzymatic esterification by using
lipases and natural substrates for synthesizing methyl ole-
ate may prove to be a promising alternative route to the
prevailing chemical production of esters.[4,5] Such reac-
tion can be performed at ambient conditions, considering
the fact that improved production technologies and engi-
neered enzymatic properties are two key elements desired
by industrial manufacturers.[6] Other benefits, associated
with enzyme-catalysed synthetic reactions, also include
being eco-friendly (green synthesis), highly selective and
energy saving.[7—9] Lipases (triacylglycerol ester hydro-
lases EC 3.1.1.3) are one of the most adaptable classes of
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industrial enzymes with catalysing capabilities in aque-
ous and organic solvents. Among others, Candida rugosa
lipase (CRL) has been widely used in oil hydrolysis,
transesterification, esterification and interesterification, as
well as in catalysing the hydrolysis of long chain fatty-
acid esters. The fact that the free form CRL is often
unstable, exhibits low activity in organic solvents and
has a high tendency to deactivate in prolonged contact to
high temperature and extreme pH,[10] makes the immo-
bilization of the CRL onto a suitable matrix very
advantageous.

The immobilization of free or soluble enzymes
involves their attachment onto different types of supports
that limit the mobility of such enzymes.[11] This tech-
nique offers a multitude of benefits that include
enhanced structural stability, activity, specificity and
selectivity, as well as reduced inhibition.[12,13] Apart
from increased flexibility of enzyme/substrate contact,
[13] the immobilization process may also protect the
enzyme from solvent denaturation.[14] In this context,
the simpler and more economical method of immobiliza-
tion is the physical attachment of CRL onto multi-walled
carbon nanotubes (MWCNTs) as a support. This
approach is suited for the fitting of large amounts of
lipases, allowing large-scale processes [15] and offering
a feasible solution for the extension of the reaction life
of the lipases.[16] Such an extended reaction life may be
accredited to the excellent binding capacity of the
MWCNTs due to their large surface area to volume
ratio, interesting physicochemical properties and biologi-
cal compatibility.[16]

Response surface methodology (RSM) is an effective
statistical technique for the investigation of complex pro-
cesses.[17,18] This technique offers many advantages,
such as reduced number of experimental runs. This
method is faster and less expensive than the classical
method for gathering of research information.[19] Opti-
mizing the esterification reaction parameters plays a vital
role in the economical manufacturing and in gaining a
maximum yield of methyl oleate. In this regard, numerous
synthetic processes have adopted this statistical approach,
which includes biodiesel production from cotton seed oil,
[20] enzyme-catalysed synthesis of wax ester by Lipo-
zyme IM by central composite design and transesterifica-
tion of palm oil containing free fatty acids [21] based on a
Box—Behnken Design. Therefore, the objective of this
study was to model the lipase-catalysed esterification
reaction for the synthesis of methyl oleate by using immo-
bilized C. rugosa lipase (CRL-MWCNTs). Three varia-
bles, including reaction time (6—14 h), reaction
temperature (40 —60 °C) and molar ratio of oleic acid to
methanol (M:M; 1:2—1:3), were used to evaluate and
obtain the optimized conditions by RSM based
Box—Behnken Design in 17 experimental runs using the
Design Expert 7.1.6 software.

Materials and methods
Materials

MWCNTs were prepared using chemical vapour deposi-
tion method. Analytical grade solvents, i.e. methanol,
oleic acid and iso-octane were purchased from QReC
Chemicals (New Zealand). C. rugosa lipase Type VII
(847 U/mg) and sodium hydroxide were purchased from
Sigma-Aldrich (St. Louis, USA).

Purification and functionalization of MWCNTs

For purifying the MWCNTs, the MWCNTs (1 g) were
transferred into a 100 mL round bottom flask containing
4.0 mol/L HCI (60 mL) and refluxed with stirring for 24 h
at 100 °C. Upon cooling to room temperature, the liquid
was decanted and the MWCNTSs were washed repeatedly
with distilled water. The suspension of MWCNTs was
suspended by centrifuging (6000 rpm) for 5 min and the
liquid was decanted. The process was repeated until no
residual acid was detected, after which the purified
MWCNTs were dried overnight in an oven at 60 °C.[22]
Functionalization of the MWCNTs was performed
according to the method described by Yudianti et al.[22]
The purified MWCNTs were refluxed in a mixture of con-
centrated H,SO, : HNOj; (3:1, v/v) for 6 h at 100 °C and
the suspension was left overnight to ensure deposition of
the functionalized MWCNTs (F-MWCNTSs). Then the
suspension was diluted and rinsed with distilled water,
until no residual acid was detected, and subsequently
dried at 80 °C.

Immobilization of CRL onto F-MWCNTs

The F-MWCNTs (100 mg) were suspended in a 50 mL
flask with 20 mL phosphate buffer (pH 7.0) that contained
3 mg/mL CRL and incubated at 4 °C for 3 h with constant
stirring at 150 rpm. The suspension was centrifuged for
10 min at 6000 rpm, the liquid was decanted and the
unbound proteins were removed by repeated washing
with phosphate buffer (pH 7.0) until no evidence of
hydrolytic activity was detected in the washings. The
CRL-MWCNTs were lyophilized overnight and stored at
4 °C until further use.[23,24]

Determination of the protein concentration

The protein concentration was determined by following
the method described by Bradford [25] and bovine serum
albumin (BSA) was used as the reference standard for
constructing a calibration curve.

Characterization of CRL-MWCNTs

The CRL-MWCNTs were characterized using Fourier
Transform Infrared (FTIR) (BOMEM, Canada),



thermogravimetric analysis (TGA) (Perkin Elmer) and
transmission electron microscope (TEM) (JEOL, USA).
For the infrared analysis, 2 mg of the sample was ground
thoroughly with potassium bromide (ratio of 1:100) and
the resulting powder was pressed onto a transparent pellet
using a hydraulic press (Specac’s Atlas, UK). The FT—IR
spectra were obtained using a spectrophotometer (Perkin
Elmer) in transmission mode between 400 and 4000 cm ™',
with a resolution of 4 cm™'. TGA was conducted in a
compact ceramic alumina crucible and heated from 30 to
800 °C under a nitrogen atmosphere using a Thermogravi-
metric Analyzer 4000 (Perkin Elmer) at a heating rate of
10 °C/min. The morphologies of the synthesized
MWCNTs, F-MWCNTs and CRL-MWCNTSs were exam-
ined by using TEM analysis. The analysis was executed
using electron source as W-emitter and LaB6 that oper-
ated at an accelerating voltage of 200 kV. The analysis
employed an objective lens (S-Twin) having a point reso-
Iution of 2.0 nm, or better, with a 25 x, 500 x, 200 x or
higher magnification and a single tilt holder with a liquid
crystal display camera (LCD) camera (Canon). The
0.5 mg sample of MWCNTs, F-MWCNTs or CRL-
MWCNTs was ultrasonicated for 2 h in deionized water
and a drop of each sample was positioned on a copper
grid and observed after drying in vacuum.

Esterification reaction

A typical esterification reaction was performed in a mix-
ture of methanol, oleic acid and iso-octane as solvent in a
50 mL round-bottom flask. The preparations containing
the CRL-MWCNTs were in a working volume of 10 mL
and the mixture was refluxed with stirring at 200 rpm in a
paraffin oil bath. Aliquots (1 mL) of the reaction mixture
were withdrawn at fixed intervals of 1 h and analysed fol-
lowing titration with NaOH (0.02 mol/L) using phenol-
phthalein as an indicator. Samplings were conducted in
triplicate and the results were calculated from the average
of three independents. The percentage conversion was cal-
culated [26] as follows:

% Conversion = Vo — Vt/Vo x100%, (1)

where V) is the volume of NaOH at initial time (# = 0) and
V', is the volume of NaOH at a particular interval (¢ = #;,
bty ...).

Analysis of the product by gas chromatography (GC)

To further analyse the content of the obtained products
from the esterification reaction, 1 mL sample from the
reaction mixture was withdrawn at 0 h and 11 h. Then, it
was immediately analysed by GC equipped with a flame
ionization detector (FID) (Perkin Elmer, USA). The anal-
ysis was conducted using a DB-Wax column (30 m x
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0.53 mm, 0.5 um) and 1 uL of sample was injected into
GC for each run. The temperature of the injector was 250
°C and the detector was kept at 270 °C. The oven temper-
ature was set at 60 °C for 1 min and then increased to 220
°C in 10 min as a final temperature.[27] Ester identifica-
tion was done by comparing the retention time of the sam-
ple with the retention time of the standard (a method
using Methyl heptadecanoate as an internal standard).[28]

Experimental design and optimization using response
surface methodology

A Box—Behnken experimental design with three variables
and a total of 17 reactions was used to study the response
pattern and to determine the optimum combination of var-
iables. The effects of 4 (reaction time, h), B (reaction tem-
perature, °C) and C (molar ratio of oleic acid to methanol)
at three variables’ levels (—1, 0, +1) in the reaction pro-
cess were evaluated. The software Design Expert 7.1.6
was used for designing and analysing the experimental
data, in which the percentage conversion of oleic acid was
the response of the experimental design. The independent
variables and their levels, as well as the actual and coded
values, are illustrated in Table 1. Three repeated experi-
ments at the centre of the design were performed to permit
the estimation of the pure error. Unforeseen variability in
the observed response, due to extraneous influences, was
reduced by randomizing all experiments.

The model equation was used to estimate the optimum
value and, subsequently, to describe the interaction
between the factors. The quadratic equation model for
predicting the optimal point was expressed as follows:

k j—1

k k

Vo= Bt D BN+ D Bt Y D> BNX+ 6
J=1 =1 i=1j=2

2

where Y is the response, i and j are the linear and quadratic
coefficients, respectively, X; and X; are the uncoded inde-
pendent variables and regression coefficients, k& is the
number of studied and optimized factors in the experi-
ment, f, is a constant coefficient, B, B, and B;; are the
interaction coefficients of linear, quadratic and second-

Table 1. The actual and coded independent variables in the
Box—Behnken design for the CRL-MWCNTs catalysed synthe-
sis of methyl oleate.

Levels
Variables Symbols —1 0 +1
Reaction time (h) A 6 10 14
Reaction temperature (°C) B 40 50 60
Molar ratio of oleic acid to methanol C 1:2 1:3 14
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order terms, respectively, & is the number of studied fac-
tors and ¢ is the error. The value of correlation coefficient
(R?) was used as a tool to express the quality of the fit of
the polynomial model. The Fisher’s F-test which meas-
ures the degree of freedom, relative to the residual
obtained, was used to test for the significance of the model
at the 5% confidence level. The significance of a model
was represented by a p-value < 0.05. Analysis of variance
(ANOVA) was also carried out.

Results and discussion
Characterization of CRL-MWCNTs
Fourier Transform Infrared spectroscopy

Figure 1 shows the spectra of as-synthesized MWCNTs
(Figure 1(a)), F-MWCNTs (Figure 1(b)) and CRL-
MWCNTs (Figure 1(c)). The spectrum of as-synthesized
MWCNTs revealed only two weak bands at 1632.68
em™!, which was attributed to conjugated —C = C—
bonds, and at 3432.04 cm ™', which was assigned to —OH
stretching of the surface oxidized acidic groups. A promi-
nent peak at 2800—2900 cm ™' (Figure 1 (b)) that emerged
after purification and functionalization processes corre-
sponded to the C—H asymmetric and symmetric stretch-
ing vibration, derived from long alkyl chain. For the F-
MWCNTs (Figure 1(b)), a new weak peak was observed
at 1382.79 cm™', which could be assigned to C—O

stretching vibrations, consistent with MWCNTs before
acid treatment.[29]

Following the acid functionalization process, a peak
appearing in the region of 1730—1650 cm ™' was expected
to indicate the development of carboxylic groups on the
MWCNTs.[22] Appearance of peak at 1742 cm ™" assigns
carbonyl (C = O) stretching vibration of carboxyl groups,
[30,31] indicating the expansion of carboxylation on the
surfaces of F-MWCNTs. On the other hand, for the CRL-
MWCNT spectrum (Figure 1(c)), strong peaks at 1634
cm ™! were characteristic of the C = O stretching of amide
of the polypeptide chains of CRL. The spectrum of CRL
illustrated a medium intensity sharp peak at 1121 cm™"
owned to the vibrations of —C—O carbohydrate moiety.
However, the intensity of —C = O is reduced, expanded,
and shifted to a lower frequency of 1121 cm™', 1110
em™! in the CRL-MWCNTs. Hence, the investigation
agreed with previous findings by Prlainovic et al.[32]

Thermogravimetric analysis (TGA)

The thermal decomposition of both synthesized-
MWCNTs and acid-functionalized MWCNTSs were ana-
lysed by a thermogravimetric analyser and the results are
illustrated in Figure 2. The thermogram revealed that a
large loss of mass of approximately 62% was observed for
the MWCNTs, between 550 °C and 700 °C (Figure 2(a)).
The acid F-MWCNTs demonstrated a loss of mass of

80
(a)
-
78 4 \
\ 1632
_ \
/ / (‘(
76
+ )( \ 2853 (b) 1
~ 3432 | ‘J
2922 ’
I ) \/ (c)
74 + 3423
o
2947,2924,2872
724
1634
N
3421 1121 1110
70 4
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000
Wavenumber (cm'™)
Figure 1. FTIR absorption spectra of as-synthesized MWCNTSs (a), F-MWCNTs (b) and CRL-MWCNTs (c).
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Figure 2. Thermogram of as-synthesized MWCNTs (a), F-MWCNTs (b) and CRL-MWCNTs (c).

about 76.7% over a broader temperature range between
400 and 700 °C for (Figure 2(b)), with first loss of mass
occurring at 150 °C due to the decomposition of surface
hydroxyl groups. On the other hand, the carboxyl groups
—COOH and C = O decomposed at higher temperatures
(350—450 °C).[33] No further decay in mass was
observed after 700 °C, as beyond this point the remaining
residue consisted essentially of thermally stable carbon.
[22] Since enzyme molecules tend to decompose at lower
temperatures than other chemical groups [22] introduced
onto the MWCNTs in this study, the loss of mass (19%)
for CRL-MWCNTs that occurred at lower temperatures
(150 —450 °C) (Figure 2(c)) may be accredited to the
decomposition of the CRL protein. Hence, the results
showed that physical adsorption had succeeded in attach-
ing approximately 19% of CRL protein to the surface of
the F-MWCNTs.

Transmission electron microscopy (TEM)

The TEM analyses revealed differences in the morphol-
ogy of the as-synthesized MWCNTs, F-MWCNTs and
CRL-MWCNTs (Figure 3). The F-MWCNTs were
observably shorter and the fibres remained relatively
defected (Figure 3(b)) than the as-synthesized MWCNTs
(Figure 3(a)) as a result of a stronger acid treatment
(H,SO4:HNO3) during the functionalization process.
[22,34] The open-ended pipes on the F-MWCNTSs hypo-
thetically increase the surface area for the attachment of
carboxylic groups at the open ends,[35] thereby rendering
the surface accessible for biological and chemical

reactions.[22] The TEM image of the CRL-MWCNTs
(Figure 3(c)) depicted a layer of lipase protein that coated
the surface of the MWCNTSs, confirming the successful
immobilization of CRL.

Analysis of the product by gas chromatography

The conversion of methyl oleate by the CRL-MWCNTs
nanobioconjugates was analysed and identified by GC
analysis. The sequence of boiling point values for the ele-
ments of methyl oleate was methanol (64.7 °C) < methyl
oleate (351 °C) < oleic acid (360 °C). Therefore, based
on Figure 4(a), at 0 h reaction time, the presence only of
oleic acid peak at retention of 19.667 min was shown.
After the following 11 h of incubation (Figure 4(b)), a
new peak appeared at 19.367 min that can be assigned to
methyl oleate and, therefore, tend to have a shorter reten-
tion time. Hence, the results established that the enzy-
matic synthesis of methyl oleate was successful.

RSM experiments and model fitting

RSM is a well-accepted statistical technique that is capa-
ble of solving multivariate equations simultaneously from
analyses of multivariate data.[36] The use of such method
is advantageous, as it entails minimum numbers of experi-
ments to predict the optimum conditions, obtained by
multiple regression analysis of the quantitative data.[36]
Consequently, a graphical response surface is generated
to represent the relative equation, which describes the
individual and cumulative effect of the experimental
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Figure 3. TEM images of as-synthesized MWCNTs (a), F-
MWCNTs (b) and CRL-MWCNTSs (¢).
Note: Scale bar = 10 nm

variables and their subsequent effect on the response.[37]
In this study, the percentage conversion of oleic acid for
the enzymatic production of methyl oleate was modelled
using the method of RSM (Figure 5), utilizing three reac-
tion parameters: reaction time (h), reaction temperature

(°C) and molar ratio of methanol to oleic acid. The effect
of three experimental factors and their interaction was
established and each response surface was plotted as a
function of two targeted variables, while other variables
were held constant.

The results for the actual values acquired from the
response from the experimental runs and the predicted
values obtained from the generated quadratic model [38]
that corresponded to the oleic acid percent conversions
are tabulated in Table 2. The conversion of oleic acid to
methyl oleate in the reactions was found to be in the range
of 60.8%—89.9%. The best fitting model was established
by a regression analysis, whereby fitting of the data to var-
ious models (linear, two factorial, quadratic and cubic)
and their subsequent ANOVA illustrated that the CRL-
MWCNTs catalysed esterification of methanol and oleic
acid was suitably characterized by a quadratic polynomial
model. The significant terms and the equation, in terms of
coded factors, are represented as follows:

Y (%)= 78.4246.78754 + 1.0125B +2.75C + 4.454B

+5.4254C +2.725BC + 1.7654> — 3.81C*, (3)

where Y is the conversion of oleic acid (%), A4 is the reac-
tion time (h), B is the temperature (°C) and C is the molar
ratio of methanol to acid. Synergistic effect between
mutual interacting or individual parameters is represented
by a positive sign in front of the term, whereas the nega-
tive sign illustrates the antagonistic effects. The occur-
rence of antagonistic interaction usually corresponds to
the influence of independent variables on the esterification
reaction process. Furthermore, the very small p-value
(< 0.05) [36] coupled with the corresponding large F-
value [39] makes the corresponding coefficient of a partic-
ular term in the ANOVA more significant. Therefore, the
results obtained in this investigation clearly revealed that
the variable that exerted the largest effect on the esterifica-
tion reaction was the reaction time.

The relationship between the predicted and experi-
mental percentage conversion is shown in Figure 6. A
high coefficient of determination (R*> = 0.9763) between
the predicted and experimental specific activities con-
firmed that the quadratic polynomial model was adequate
to explain the actual relationship between the response
and the significant variables. The ANOVA of the regres-
sion model (Table 3) demonstrated that the model was
significant, evident from a very low probability value of
the Fisher’s F-test [(P model > F) — 0.0001]. It can be
seen that the computed value of the model (31.9731) is
very high, as compared with the tabular F s 9,7y — 3.68,
indicating that the degree of freedom relative to the resid-
ual obtained for the model is significant at the 5% confi-
dence level.
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Figure 4. Results of the GC analysis for the production of methyl oleate catalysed by the CRL-MWCNTs nanobioconjugates sampled

atOh (a)and 11 h (b).

The ANOVA (Table 3) showed that most of the inde-
pendent variables were statistically significant for the
CRL-MWCNTs catalysed synthesis of methyl oleate,
except the temperature (p-value = 0.1708). However, the
insignificant term was retained in the model equations for
the purpose of maintaining the required hierarchy of the

model. The reaction temperature may not have been a
significant term, but the interacting variables (time x
temperature, temperature x molar ratio, quadratic effects
of temperature and molar ratio) were significant and could
have an impact effect on the response. Although, one of
parent terms may not be significant, the parent term
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Figure 5. Esterification reaction of oleic acid and methanol catalysed by the CRL-MWCNTs.

should also be included in the model, whenever the inter-
acting terms are significant.[40]

According to the ANOVA of factors, the F-value for
the lack of fit (1.5829) was lower than the tabulated value
of Foos 3, 4y — 6.59, suggesting that the lack of fit was
insignificant relative to the pure error, thereby indicating
the data in the experimental domain were well represented
by the model.[41] This was corroborated by a p-value <
0.05 that confirmed that the quadratic model was statisti-
cally significant and sufficient to explain the actual rela-
tionship between the response and the significant
variables.[13,42] The validity of the model was also con-
firmed by the high value of the adjusted R* (0.9457),
which suggested that there was a total variation of 94%
for the acid conversion to the independent variables. Only
6% of the total variation could not be explained by the
model. According to literature, the experimental and pre-
dicted values share good correlation when the value of
multiple correlation coefficient (R) approaches 1.[43] In
this study, the value of R? (0.9763) indicated a good rela-
tion between the experimental and predicted values of the
response; hence, their relationships, represented by the
model, were well within the chosen range.

Effect of process variables on the percentage yield of
methyl oleate

Figure 7 illustrates the effect of the process variables,
namely, time (4), temperature (B) and molar ratio of acid
to alcohol (C) on the percentage yield of methyl oleate. It
can be seen that the percentage of conversion of methyl
oleate increased with the increase of the reaction time (4).
The conversion of methyl oleate initially exhibited an
upward trend with the increase of temperature (B). This
observation can be attributed to the continual reduction in
the structural rigidity of CRL-MWCNTs, consistent with
unfolding of the lipase structure whenever the reaction
temperature is elevated. The CRL-MWCNTs attained
their catalytically competent form at approximately 50 °C,
reflected in the high yield of the ester at this particular
point. It can be concluded that the immobilization process
considerably altered the structure of the CRL-MWCNTs,
following adsorption on to the highly thermostable carbon
nanotubes supports. The F-MWCNTs allowed for a robust
setting for the CRL enzyme linkage [32,44] and improved
the hydrophobicity of the microenvironment.[45,46]
Nonetheless, the concentration of the formed ester
declined at temperatures exceeding 50 °C, which was

Table 2. Experimental design and results of the response surface design.

Run A: Reaction B: Reaction C: Molar ratio Actual Predicted
no. time (h) temperature (°C) (Oleic acid: Methanol) yield (%) yield (%)
1 14 50 1:2 75.5 74.98
2 6 50 1:4 66.4 66.91
3 10 60 1:4 74.8 73.11
4 10 50 1:3 79.3 78.42
5 14 60 1:3 84.2 84.45
6 6 40 1:3 69.1 68.85
7 10 40 1:4 65.9 65.64
8 10 50 1:3 80.8 78.42
9 10 50 1:3 78.1 78.42
10 14 50 1:4 89.9 91.34
11 6 50 1:2 73.7 72.26
12 14 40 1:3 74.7 73.53
13 10 40 1:2 63.9 65.58
14 10 50 1:3 76.5 78.42
15 6 60 1:3 60.8 61.97
16 10 60 1:2 61.9 62.16
17 10 50 1:3 77.4 78.42
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Figure 6. Comparison between the predicted and actual values
for the percentage conversion in the CRL-MWCNTs catalysed
synthesis of methyl oleate.

probably caused by the partial inactivation of the CRL-
MWCNTs. This outcome was somewhat anticipated as
the reaction temperature (7 > 50 °C) had exceeded the
optimal temperature of the enzyme. It can be seen that the
presence of excess methanol in the reaction medium
inhibited the activity of the CRL-MWCNTs when the
(acid/alcohol) molar ratio (C) exceeded 1:3, hence result-
ing in a drop in the production of methyl oleate. Accord-
ing to a previous literary review, the presence of a large
excess of ethanol can flood the active sites of CRL and
saturate the catalytic surface with the alcohol, or prevent
nucleophilic attack by shielding the protonated alcohol by
its own excess.[36]

Table 3. Analysis of variance and coefficients of the model.
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Mutual effect of experimental factors on the synthesis of
methyl oleate

Effect of time and temperature

Figure 8 illustrates the response surface curve and contour
plot for the effect of time (4) and temperature (B), and
their mutual interaction on the synthesis of methyl oleate
by CRL-MWCNTs at a constant molar ratio of 1:3 (acid
to alcohol). It was observed that the interactions of the
two reaction parameters were significant because of the
small p-value (0.0021) (Table 3). The effect of time on
the yield of methyl oleate was very significant, as com-
pared to the temperature of the reaction. The F-value indi-
cated that the effect of time (104.69) was more
significant, as compared with the esterification tempera-
ture (2.33), implying that the reaction temperature played
a pivotal role in governing the yields of the ester. Also, it
was clearly apparent from the figure that a yield as high as
87% of methyl oleate was attainable at 13.5 h and at any
temperature value between 47 and 56 °C.

Increasing the contact time between the enzyme and
substrates significantly elevated the percentage conver-
sion of methyl oleate. It can be concluded that the reaction
time had a positive effect on the synthesis of methyl ole-
ate. The outcome is also reflected in the predictive
equation (Equation (3)), in which the factor of time has a
positive coefficient. Nonetheless, the CRL-MWCNTs cat-
alysed esterification achieved an equilibrium state at 13.5
h. The continual increase in percentage conversion of
ester, with the increase of reaction time, could be associ-
ated with the longer reaction time for the CRL-MWCNTs
to catalyse the esterification reaction. Hence, the pro-
longed contact time increased the probability of effective

Source Sum of squares Degrees of freedom Mean square F-value p-value
Model 1013.13 9 112.57 31.97 <0.0001
A: time (h) 368.56 1 368.56 104.69 <0.0001
B: temperature (°C) 8.20 1 8.20 2.33 0.1708™
C: molar ratio 60.50 1 60.50 17.18 0.0043
AB 79.21 1 79.21 22.50 0.0021
AC 117.72 1 117.72 33.44 0.0007
BC 29.70 1 29.70 8.44 0.0228 ™
A? 13.12 1 13.12 3.72 0.0949 ™
B? 268.46 1 268.46 76.25 <0.0001
c? 61.12 1 61.12 17.36 0.0042
Residual 24.64 7 3.52

Lack of fit 13.38 3 4.46 1.58 0.3258 ™
Pure error 11.27 4 2.82

Corr. Total 1037.78 16

R 0.9763

Adjusted R? 0.9457

Note: Not significant (™).
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Figure 7. Deviation of the reference point for the percentage
conversion of methyl oleate for the effect of time (4), tempera-
ture (B) and molar ratio (C).

collisions between enzyme and substrates [36]; thereby a
higher percentage yield of methyl oleate was achieved.
This outcome is suggestive of the conformational change
of CRL-MWCNTs that is related to greater protein
unfolding [42,44] of the structurally more rigid CRL-
MWCNTs biocatalysts at high temperatures of 42—56 °C.
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Figure 8. Graphs depicting the response surface plot (a) and
contour plot (b) showing the effect of time (4) and temperature
(B), and their mutual interaction in the enzymatic synthesis of
methyl oleate at a constant molar ratio of 1:3 (oleic acid:
methanol).

It is a well-known fact that temperature has two
important roles in any reaction system. An increase in
reaction temperature brings several benefits, which
include reduced mixture viscosity and improved substrate
diffusion process.[42] Henceforth, such changes possibly
improved the integration of reactants and alleviated prob-
lems associated with mass transfer limitations, thus
favouring effective interactions between enzyme mole-
cules and reactants [42] that promoted higher yield of the
ester. However, there is a limit as to how high an enzyme
catalysed reaction should be increased. Higher reaction
temperatures tend to promote propensity of enzyme inac-
tivation, due to conformational changes in the enzyme ter-
tiary structure.[45,46] The study found that by increasing
the reaction temperature up to 56 °C, higher yields of
methyl oleate were possible, albeit by also increasing the
reaction time. From an economic point of view, it is more
desirable for the esterification process to be executed at a
much lower reaction temperature, because less energy is
required to operate the large bioreactors.[42]

Effect of time and molar ratio

Response surface curve and contour plot showing pre-
dicted response surface of methyl oleate percent acid con-
version as a function of time and molar ratio (acid/
alcohol) at a constant temperature of 50 °C is depicted in
Figure 9. Again, the results clearly revealed that the effect
of time on the yield of methyl oleate was more significant
than molar ratio. The F-value of time (104.69) was higher
than that of the molar ratio (17.18), suggesting that the
reaction time had more impact on the yield of methyl ole-
ate (Table 3). According to the ANOVA of factors, the
mutual interaction between both parameters was very sig-
nificant, which is supported by a very small p-value
(0.0007). It can be seen that the highest percentage con-
version can be achieved during longer incubation time as
well as a higher molar ratio of the substrate. Hence, this
observation is referred to the direct proportionality
between reaction time and molar ratio of the substrate.
The results showed that a yield of methyl oleate as high as
90% could be attained at a reaction time of ~13.5 h by
using a substrate molar ratio in the range of 1:3.3—1:4.0
(acid:alcohol).

It was established from the investigation that both
parameters had to be increased to their maximum values
in order to obtain high yields of methyl oleate. The out-
come suggested that the enzyme activity can be enhanced
by increasing the concentration of alcohol and that the
substrate molar ratio is one of the main variables that can
determine the fate of the percentage conversion of methyl
oleate. The improvement in the yield of the ester at higher
molar ratios of substrates may be attributed to a better sol-
ubility of oleic acid in higher amounts of methanol and
also a greater availability of the methanol for the enzyme.
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Figure 9. Graphs depicting the response surface plot (a) and
contour plot (b) showing the effect of time (4) and molar ratio
(C), and their mutual interaction in the enzymatic synthesis of
methyl oleate at a constant temperature (50 °C).

[39] Several studies have reported some inhibitory effects
resulting from high concentrations of alcohol during the
esterification reaction [44,47]; however, the results of this
study revealed otherwise. This is because the nature of the
esters that will be synthesized varies from one ester to
another. Therefore, the determining of the extent of molar
ratio of acid:alcohol required in any enzyme catalysed
esterification reaction are, expectedly, not the same.[48]
According to some reports, at higher methanol to acid
molar ratios, the rate of reaction be will be enhanced.
[21,44] Likewise, a higher ratio over the stoichiometric
value can result in a higher rate of ester formation,
thereby, ensuring the complete reaction.[21] In fact, high
alcohol:acid ratio promoted the esterification reaction
towards a high product formation.[49] Thus, the yield of
methyl oleate rose with the increase in the quantity of
methanol. The positive effect exerted by methanol on the
percent yield of methyl oleate is corroborated in the
observed positive coefficient (Equation (3)) proposed for
the factor of molar ratio in the model equation. The out-
come can be explained by the thermodynamics of the
reaction, which favour product formation when the
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starting material is present in excess.[5S0] For that very
reason, many lipase catalysed esterification reactions
intentionally employ an excess of alcohol to improve the
yield of ester,[50] apart from reducing the toxicity of the
acids in the reaction medium that could deactivate enzyme
activity.[51]

Effect of temperature and molar ratio

Figure 10 depicts the mutual interaction on effect of tem-
perature with molar ratio at a constant time of 10 h on the
CRL-MWCNTs catalysed synthesis of methyl oleate. The
maximum predicted values were indicated by the surface
confined in the smallest ellipse in a contour plot.[52,53]
Elliptical contours are obtained when there is a perfect
interaction between the independent variables.[21,52,53]
It was observed that there was a significant interaction
between both variables. This was signified by a maximum
predicted yield represented by the surface confined by the
smallest ellipse in the contour plot (Figure 10 (b)). The
elliptical profile of the contour plot indicated that the
interaction between the amount of methanol and
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Figure 10. Graphs depicting the response surface plot (a) and
contour plot (b) showing the effect of temperature (B8) and molar
ratio (C), and their mutual interaction in the enzymatic synthesis
of methyl oleate at constant time (10 h).



1124 N.H.C. Marzuki et al.

temperature is strong. Although the interaction between
temperature and molar ratio was strong, their mutual inter-
action, however, was the least favourable (F-value =
8.44), as compared to the interactions between time and
molar ratio (F-value = 33.44) (Table 3).

According to Table 3, the F-value of temperature was
significantly lower (2.33) and less important than the
molar ratio (17.18), which strongly indicated that molar
ratio was the variable with the biggest impact on the ester-
ification process in obtaining a high yield of the ester. As
shown in Figure 10(b), a high conversion of approxi-
mately ~80% can be achieved at a temperature of 52 °C
and molar acid:alcohol ratio of 1:3.4. According to other
studies, the equilibrium of reactions can be affected by
the temperature of the reaction.[15,36] In general, elevat-
ing the reaction temperature increases the percentage con-
version, as the equilibrium constant was also increased.
Apart from the improvement in mass transfer limitation
between reactant and catalyst, the solubility of the reac-
tion mixture is increased [49] and the viscosity of the
medium is reduced, therefore, enhancing proper mixing of
the reactants.[41] In addition, the higher temperature also
activates the CRL-MWCNTs due to greater unfolding of
the lipase structure, consequently enhancing the conver-
sion of the substrate.[41]

Attachment of CRL onto F-MWCNTs potentially
increased the structural rigidity of the enzyme; therefore,
premature protein unfolding of the CRL-MWCNTs was
averted. Hence, the CRL-MWCNTSs were rendered more
resistant against thermal denaturation and were able to
catalyse at higher temperatures.[54] However, a decline
in the yield of ester when the reaction temperature
exceeded 52 °C was possibly attributable to the reversible
nature of the esterification reaction. According to a previ-
ous literary review, a high reaction temperature can result
in the decrease of percentage conversion. This is probably
linked to the superheated excessive evaporation of the
reactant in the reaction system,[35] which, in this case,
could lead to the loss of methanol. It is pertinent to high-
light the fact that increasing the temperature beyond 52
°C did not improve the percentage conversion of the ester,
due to the probable increase in the inactivation of the
enzyme as the protein denaturation process had begun to
set in.[49] It was obvious that increasing the substrate’s
molar ratio (acid:alcohol, 1:3.4) had a positive effect

on the yield of methyl oleate. The result is evidently a
consequence of the accessibility of the enzymes
to large amounts of substrates which increased the
probability of substrate-enzyme collision.[41,54] Further-
more, an excess of alcohol will shift the thermodynamic
equilibrium of the reaction towards the formation of
ester.[49]

Attaining optimum conditions and model verification

The highest percentage conversion from the various run
was 89.9% at 14 h of reaction time, 50 °C and substrate
molar ratio of 1:4 oleic acid:methanol (Table 2). Minimiz-
ing the production cost is an important aspect to keep in
mind [41] when developing industrial processes for the
esterification of methanol with oleic acid for the produc-
tion of detergents, emulsifiers, wetting agents and also as
intermediate stabilizers.[1] Therefore, a statistically
assisted optimized process is an appropriate method to
solve this problem. In this regard, attaining a high degree
of conversion was possible by solving the regression
equation (Equation (1)) using Design Expert 7.1.6 and
purely seeking the optimum point on the response surface.
[41] The determined optimum point indicated the neces-
sary optimal combination of variables to achieve the
highest percentage conversion.

To check the adequacy of the model equation, sets of
confirmation experiments were carried out within and out-
side the design space. By using the optimization function
of the Design Expert 7.1.6, two maximum percentage con-
versions were selected based on: (1) the highest percent
conversion with all variables in the model range and (2)
the highest percent conversion at the shortest reaction time.
The experiments for both of the proposed optimization
conditions were conducted and the results are shown in
Table 4. The obtained results were found to be relatively
close to the predicted percentage conversion. Similarities
in the predicted and actual values confirmed the eligibility
of the quadratic model suggested by the software. Thus,
RSM with appropriate experimental design could be effec-
tively applied to optimize the process parameters in this
investigation. The results also showed that the simplistic
developed enzyme revealed good tendency to produce
methyl oleate while giving high percentage conversion of
the ester under optimized conditions.

Table 4. The attained optimum conditions for the CRL-MWCNTs catalysed synthesis of methyl oleate.

Reaction Reaction Molar ratio Predicted Actual Deviation
Experiment time (h) temperature (°C) (Oleic acid : Methanol) yield (%) yield (%) (%)
1" 13.87 51.00 1:3.80 91.26 90.90 0.39
2" 6.00 47.07 1:2.54 74.51 72.80 2.29

Note: Selection for the highest percent conversion with all variables in the model range (17); Selection for the highest percent conversion at the shortest

reaction time (2%).



Comparison with other studies employing enzyme
assisted synthesis of methyl oleate

To date, research on enzymatic assisted esterification for
the synthesis of methyl oleate catalysed by lipase or
immobilized lipase onto MWCNTs has yet to be widely
explored. In another study, cell-bound lipase (CBL) from
Geotrichum sp. was reported to be effectively applied in
repeated synthesis of methyl oleate in a microaqueous sol-
vent.[55] Four recombinant CRL isozymes (LIP1—LIP4)
were used for the production of FAME. The optimal
FAME conversion yield obtained was (61.5% =+ 1.5%) at
22 h, 20 °C with molar methanol:oil ratio 4 and 3 metha-
nol addition times (1 mol/6 h).[56] Celite® R632-sup-
ported lipase sol—gels (Novozym® 435 and Lipase PS
‘Amano’ SD) were produced to catalyse enzymatic trans-
esterification of triolein to produce methyl oleate,[57]
which demonstrated optimized production of enzyme
from an endophytic yeast C. guilliermondii isolated from
castor leaves (Ricinus communis L.) and of the immobili-
zation process by covalent bonding onto agarose and 60 G
silica gel for the enzymatic synthesis of methyl oleate,
producing a high conversion yield (86%). Shu et al. [58]
studied a novel solid acid catalyst, sulfonated-multiwalled
carbon nanotubes (s-MWCNTs), to synthesize methyl ole-
ate (95.46%) at conditions of catalyst/oleic acid mass ratio
of 0.20%, methanol/oleic acid molar ratio of 5.8, tempera-
ture of 135 °C, and reaction time of 1.5 h.

Conclusions

The present study outlined the response methodological
approach for the synthesis of the FAME methyl oleate by
using nanobioconjugates of C. rugosa lipase adsorbed
onto MWCNTs. Careful observation of the three impor-
tant parameters at individual and combinatorial levels by
RSM method via the Box—Behnken design showed strong
mutual interactive effects on the methyl oleate synthesis.
The highest percentage conversion was attained under the
optimized conditions of 90.90% with all variables in the
model range and 74.51%, under the shortest reaction time.
We demonstrated that RSM can be a practical technique
to predict the conditions that favour high yield production
of methyl oleate. Based on the findings, the CRL-
MWCNTSs nanobioconjugates showed potential as good
biocatalysts to produce methyl oleate. Their development
also turned out to be relatively cheap, when compared to
Novozyme (> US$900) and Lipozyme (US$400).
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