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Abstract: Enzyme immobilization on inorganic materials is gaining more attention with the potential
characteristics of high-surface-area-to-volume ratios, increasing the efficiency of enzyme loading
on the support. Metal oxide hybrid support was prepared by a wetness impregnation of five metal
precursors, including CaO, CuO, MgO, NiO, and ZnO, on Al,O3 and used as a support for the
immobilization of Candida rugosa lipase (CRL) by adsorption. Maximum activity recovery (70.6%)
and immobilization efficiency (63.2%) were obtained after optimization of five parameters using
response surface methodology (RSM) by Box-Behnken design (BBD). The biochemical properties
of immobilized CRL showed high thermostability up to 70 °C and a wide range in pH stability
(pH 4-10). TGA-DTA and FTIR analysis were conducted, verifying thermo-decomposition of lipase
and the presence of an amide bond. FESEM-EDX showed the homogeneous distribution and high
dispersion of magnesium and CRL on MgO-Al,O3, while a nitrogen adsorption—desorption study
confirmed MgO-Al,O3 as a mesoporous material. CRL/MgO-Al,O3 can be reused for up to 12 cycles
and it demonstrated high tolerance in solvents (ethanol, isopropanol, methanol, and tert-butanol)
compared to free CRL.

Keywords: magnesium oxide; Candida rugosa lipase; wetness impregnation; enzyme immobilization;
response surface methodology (RSM); biodiesel

1. Introduction

Lipases are known as versatile enzymes, owing to their ability to catalyze many
reactions, such as hydrolysis, alcoholysis, esterification, transesterification, acidolysis,
aminolysis, and amidation [1,2]. The stability and flexibility of lipase to catalyze these
reactions, as well as having a wide range in substrate specificity, make it highly attractive
from a commercial perspective. The application of lipases has been explored for the synthe-
sis of aromatic flavor esters [3], detergent [4], degreasing fats in the leather industry [5],
treatment of fat-containing waste effluents [6], biodiesel production [7], simultaneous
transesterification—esterification [3], and many more. Despite numerous advantages, free
enzymes have low tolerance in organic solvents, are expensive, and are not economically
promising. Lipase immobilization on solid supports has gained remarkable attention to
overcome the limitations of homogeneously catalyzed processes. The immobilization meth-
ods have been employed to improve lipase stability in organic solvents, reproducibility, and
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make product recovery much easier [9]. Conventional immobilization, such as adsorption
via hydrogen bonding, electrostatic interaction, hydrophobic interaction, Van der Waals
forces, and ionic interaction, is still gaining lots of attention, despite the development of ad-
vanced and sophisticated methods. However, the disadvantage of this technique is enzyme
leaching due to weak binding between enzyme and support. Among these interactions,
the immobilization of lipase via ionic interactions is gaining lots of attention because it
provides strong interaction between the opposite charge on the support and amino group of
the lipase, but still allowing support regeneration by incubating the immobilized lipase at
ionic detergents [10]. Nazzoly Rueda et al. [10] synthesized octyl-glutamic heterofunctional
agarose beads with hydrophobic properties and the presence of two anionic groups and
one cationic group, allowing lipase immobilization via interfacial activation and ionic
interaction with anionic amino group of the lipases. Sabi et al. [11] reported that the ad-
sorption process of lipase on silica may occur via ionic interactions in negatively charged
silanol groups (-Si—O~), with positive groups of lysine or arginine residues (-NH;3") of
Themomyces lanuginosus lipase. In addition, amino acids can be used to tailor the surface
of the support, resulting in the changes in the charge density of the support [12]. Hence,
the selection of support materials and their surface charges is becoming one of the crucial
things to consider for enzyme immobilization via ionic interaction.

Aluminum oxide (Al;O3), also known as alumina, is inorganic support that plays
a crucial role in industries. Thanks to its excellent properties, such as good thermal stability,
high mechanical resistance [13], good catalytic activity [14], high porosity, and large surface
area, it can provide high dispersion of the active metal species [15]. These properties act as
a major attraction from a catalytic or adsorption point of view. The surface properties of
Al;O3 can be altered by the addition of metallic species, which can change the isoelectric
point (pl) of the Al,O3, hence, increasing the electrostatic interaction between enzyme
and the support [16]. The modification of hydroxyapatite with metal ions (Cu?* and Ni?*)
showed efficient immobilization of xylanase due to coordination interactions between
metal ions on the support surface and electron donor groups on the enzyme surface [17].
Wang et al. [18] found that the pH of solution can change the pI of MgO and resulted in
significant effects on the adsorption and decomposition of ozone. Another study, conducted
by Mulcahy et al. [19], showed that the addition of different concentrations of fluoride on
Al O3 resulted in changes in pl and affected the adsorption capacity of molybdates on
the support. In addition to that, several types of metal oxide (TiO; and ZrO,) have been
studied for 3-galactosidase immobilization by tailoring its pI and surface area [20]. Despite
the variety of methods that have been established, the wetness impregnation method is the
easiest and least expensive method to add metal oxide on the support [21].

Commonly, the catalysts for biodiesel production are derived from chemical (acid/alkali)
or biological sources (enzymes). The chemically catalyzed transesterification using an acid
or alkali catalyst gives high conversion of triglycerides to methyl esters in a short reaction
time. However, the use of chemically catalyzed transesterification has several limitations,
especially in cost effectiveness, due to high temperatures, leading to energy intensity,
requirement for low-free-fatty-acid content [22], extensive separation process [22], wastew-
ater generation, and leaching of the catalyst [23]. Lipase-mediated transesterification can
be carried out under mild reaction conditions to produce high-quality biodiesel that is free
of contaminants, favoring an easy recovery of glycerol, without the need for purification
or chemical waste release [24]. In addition, the application of enzymes may eliminate
the deacidification or esterification process prior to transesterification reaction and reduce
the quantities of hazardous solvents needed, thus, making the process cost effective and
environmentally friendly [25]. However, the reaction time using an enzymatic catalyst
is longer compared to using a chemical catalyst [26]. By virtue of these issues, this pa-
per presents a preparation of magnesium oxide (MgO) impregnated on aluminum oxide
(Al,O3) that serves as a support for lipase immobilization and as a chemical catalyst for
biodiesel production. Candida rugosa lipase (CRL) was chosen as a model enzyme due to
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nonspecific activity, which can transesterify all the ester bonds of triglycerides and esterify
them in the presence of alcohols.

The synthesis of heterogeneous chemical catalysts and development of immobilized
lipase have gained outstanding attention for biodiesel production. Recently, the immo-
bilization of lipase on metal organic frameworks via adsorption for biodiesel production
was studied by Le Zhong et al. [27]. Meanwhile, a previous study conducted by Ashok
et al. [28] shows that MgO has the catalytic activity to perform a transesterification reaction.
This study is the first report on the application of a chemoenzymatic catalyst for biodiesel
production, combining MgO and lipase as a chemical and enzymatic catalyst on a single
support. Hence, in this study, the screening of five types of metal oxide, the optimization
of CRL immobilization on metal hybrid support, and its characterization were performed
for further application as a chemoenzymatic catalyst for biodiesel production. A rigor-
ous and systematic investigation on the effects of MgO addition on the immobilization
efficiency, activity recovery, biochemical and chemical characterization of the free CRL,
and the immobilized CRL on MgO-Al,O3; (CRL/MgO-Al,O3) were evaluated in this study.
CRL/MgO-Al,O3 was investigated to demonstrate high recyclability of the enzyme and
high solvent tolerance, which is impossible to achieve using free CRL. Lastly, the prepared
catalysts are employed for transesterification reaction for biodiesel production. This study
was conducted to further expand the prospects of enzyme immobilization towards metal
hybrid support as well as its ability to perform a transesterification reaction of high acid
value of waste cooking oil for biodiesel production.

2. Results and Discussion
2.1. Effect of Metal Oxides Ratio to Al,O3 for Wetness Impregnation Method

Lipase immobilization performances on five types of MO-Al,O3 was measured in
terms of activity recovery of the adsorbed enzymes. Three types of metal oxide were chosen
to be studied in this research: alkaline earth metal oxide (CaO and MgO), post-transition
metal oxide (ZnO), and transition metal oxide (NiO and CuO). The results presented in
Figure 1 show the effect of MO ratio to Al,O3 towards activity recovery. The MO ratio
to Al,O3 was 0.05-0.25 (w/w) for MgO, ZnO, and NiO, while 0.25-1.5 (w/w) % for CaO
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Figure 1. Effect of MO: Al,O3 ratio on activity recovery.

In the alkaline earth metal oxide group, the activity recovery for CRL immobilized on
MgO was higher than CaO when using 0.1:1 w/w of MgO: Al,Oj3 ratio and 0.5:1 w/w of CaO:
Al O3 resulting in 79.11% and 43.22% of activity recovery, respectively. For the transition
metal oxide group, 0.2:1 w/w of NiO: Al,O3 ratio gave the highest activity recovery of



Catalysts 2022, 12, 854

4 0f 32

Activity recovery (%)
= b W o g1 O N
o o O O o O O O

67.88%, which is higher compared to 0.5: 1 w/w of CuO: Al,O3 with 60.18% activity
recovery. Meanwhile, for the post-transition metal oxide group, 0.15:1 w/w ratio of ZnO:
Al,O3 presented 76.59% of activity recovery. In general, the addition of metal oxides on
AlyOj5 increased the activity recovery of immobilized CRL as compared to immobilization
on Al,O3 except for CaO, which showed a 0.77-fold decrement in activity recovery. The
highest activity recovery was observed when using MgO, with a 1.4-fold increment in
activity recovery, followed by ZnO, NiO, and CuO with 1.36, 1.21, and 1.07, respectively.
The performance of the metal oxides for CRL immobilization was evaluated in ascending
order starting from CaO < Al,O3 < CuO < NiO < ZnO < MgO.

Previously, y-Al,O3, MgO, and ZnO were used for the immobilization of B-galactosidase
via a simple adsorption mechanism. y-Al,Osz shows the highest activity of 268 U/g,
while no activity was detected for MgO and ZnO [20]. Interestingly, our result shows
a contradiction with previous findings by Satyawali et al. (2013). This study showed
high-activity recovery for MgO (79.11%) and ZnO (76.59%), while low-activity recovery for
Al O3 (56.33%). This could be attributed to the type of enzyme used in our study, lipase
from Candida rugosa. Possibly, the enzyme was bound to the Al,Os with its active site and
lost its biocatalytic activity. It can be seen that the metal-oxide-to-Al,O3 ratio is one of the
important parameters affecting activity recovery of the immobilized enzymes, probably
due to an alteration in surface charge that affects the adsorption of enzymes on the support.
Hence, 0.1:1 w/w of MgO: Al,O3, 0.5:1 w/w of CaO: Al,O3, 0.2:1 w/w of NiO: Al,O3, 0.5:
1 w/w of CuO: Al,Os, and 0.15:1 w/w ratio of ZnO: Al,O3 were chosen for screening at
different calcination temperatures, attributed to high-activity recovery.

2.2. Effect of Calcination Temperature

All the metal oxides were subjected to calcination at 300-700 °C and immobilization
performance was evaluated through activity recovery of CRL, as presented in Figure 2.
Varying calcination temperature is one of the approaches to study the dispersion of metal
on the support and tailoring the surface area and basicity of the support [29]. As evident
from the results, five different types of metal oxides show different activity recovery at
different calcination temperatures. Increasing the calcination temperature in Al,O3 from
300 to 400 °C shows an increment in activity recovery from 56.33 to 71.40%, respectively.
Meanwhile, for CRL/CaO-Al,Os, varying calcination temperature from 300400 °C shows
a significant increase in activity recovery from 43.22% to 67.40%. A further increment
in calcination temperature at 700 °C declined the activity recovery up to 2.47% due to
reduction in surface area caused by sintering of fine crystals and cluster aggregation [30].

01300 °C
E400 °C
1 @500 °C
i me00°C
8700 °C

[TTIITTITTITTIITTEN

CRL/ALO, CRL/CaO- CRL/CuO- CRL/MgO- CRL/NiO CRL/ZnO-

ALO, AlLO, AlLO, Al O, Al O,

Metal oxides

Figure 2. Effect of different calcination temperatures of MO-Al,O3 towards activity recovery.
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CRL/MgO-Al,O3 showed the highest activity recovery obtained of 79.11%, when
calcined at 300 °C. After 500 °C, the activity recovery dropped, resulting from the lost
hydroxyl groups on temperature treatment, thus, decreasing enzyme immobilization on the
support. In the case of CRL/ZnO-Al,O3, no significant difference was observed by varying
calcination temperature, yielding 70.34% in the lowest activity recovery when calcined at
700 °C. In addition, the highest activity recovery for CRL/NiO-Al,O3 was 76.31% when the
carrier was calcined at 600 °C and decreased afterwards. Because of the weak interaction
between NiO and Al,O; as the calcination temperature increased, there was more free Ni
on the support surface and the Ni was more likely to migrate and aggregate, resulting
in a decrease in adsorption capacity of CRL [29]. For CRL/CuO-Al,O3, activity recovery
for immobilized CRL increased when the support was calcined at 400 °C, resulting in
62.45% of activity recovery and the trend for activity recovery decreased when calcined
> 400 °C. These results suggest that the calcination temperature changes the physiochemical
properties of the MO-Al,O3 and affects the activity recovery of the immobilized CRL. Based
on the obtained results on activity recovery of immobilized lipase, 0.1:1 w/w of MgO: Al,O3
ratio, calcined at 300 °C, was selected for optimization of CRL immobilization.

2.3. Optimization of CRL Immobilization Using RSM for Activity Recovery

The optimization of immobilization parameters was performed using Box-Behnken
Design (BBD). The coded values, experimental, and predicted values for activity recovery
and immobilization yield are given in Table 1.

Table 1. Experimental design for response surface design for CRL immobilization on MgO-Al,O3
using BBD.

o Weight of Activity Recovery Immobilization

Run Agltatlon CRL C'on- Temperature  Immobilization MggO- (%) Efficiency (%)

Order peed  centration o) Time (hour) ALO i i i i

(rpm) (g/L) 203 Experimental Predicted Experimental Predicted

Beads (g) Value Value Value Value
1 100 2.5 30 6 3 64.7 65.0 44.6 43.2
2 100 1 30 4 1 48.6 45.3 57.3 57.2
3 100 25 20 6 2 67.7 68.1 30.8 304
4 100 25 30 6 1 54.6 59.1 40.1 38.7
5 150 25 30 6 2 73.6 71.0 39.9 38.1
6 100 25 20 2 2 62.5 66.2 21.6 20.6
7 50 25 20 4 2 57.5 58.2 242 22.0
8 100 25 30 2 3 65.5 63.1 55.6 56.6
9 150 25 30 2 2 70.6 69.0 17.1 17.1
10 100 4 30 2 2 70.6 73.0 349 333
11 100 1 40 4 2 43.4 421 50.6 47.1
12 100 25 20 4 3 64.0 70.1 47.2 48.5
13 100 2.5 20 4 1 63.3 64.2 27.2 28.3
14 100 25 30 4 2 60.9 61.1 73.0 739
15 100 1 30 4 3 50.7 51.1 80.5 81.0
16 150 25 30 4 3 76.6 729 51.6 50.1
17 50 1 30 4 2 40.5 39.3 62.6 684
18 100 25 40 4 3 55.2 57.9 40.8 42.3
19 100 2.5 30 2 1 60.8 57.2 28.0 28.9
20 50 2.5 30 2 2 52.0 51.2 45.0 474
21 150 1 30 4 2 54.3 57.1 45.7 48.7
22 150 25 20 4 2 78.0 76.1 32.0 33.8
23 150 25 40 4 2 57.1 63.9 11.8 12.4
24 100 4 30 6 2 78.4 749 14.9 16.9
25 100 25 40 4 1 52.2 52.1 29.1 30.4
26 100 2.5 40 2 2 524 54.1 27.8 30.1
27 100 25 30 4 2 63.4 61.1 73.3 739
28 100 4 40 4 2 67.9 67.9 247 23.1
29 50 2.5 30 4 1 443 49.2 43.0 415
30 100 1 30 2 2 50.6 47.2 53.7 49.8
31 100 2.5 30 4 2 61.4 61.1 75.5 739
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Table 1. Cont.
: Activity Recovery Immobilization
gy . Weight of o - o
Run Agltatlon CRL C.on Temperature = Immobilization MgO- (%) Efficiency (%)
Order peed centration €0 Time (hour) Lo - - - -
(rpm) (g/L) Ime (hour AL O; Experimental Predicted Experimental Predicted
Beads (g) Value Value Value Value
32 150 4 30 4 2 84.3 82.9 31.5 29.8
33 50 2.5 40 4 2 47.4 46.1 42.7 39.2
34 150 2.5 30 4 1 66.4 67.1 315 30.9
35 50 2.5 30 6 2 54.3 53.1 22.2 22.8
36 100 1 30 6 2 49.6 49.2 63.0 62.6
37 50 2.5 30 4 3 54.1 55.1 57.0 54.5
38 100 1 20 4 2 53.7 54.3 57.6 56.3
39 50 4 30 4 2 68.2 65.0 241 25.1
40 100 4 30 4 1 69.3 71.0 33.5 33.8
41 100 4 20 4 2 83.2 80.0 17.6 18.1
42 100 2.5 40 6 2 57.2 56.0 14.1 16.8
43 100 4 30 4 3 75.6 76.9 41.2 422
Among the 43 experimental runs, including replicates, run number 32 shows the highest
activity recovery (84.3%), while run number 17 shows the lowest activity recovery of 40.5%.
The subsequent analysis of variance (ANOVA) for activity recovery is shown in Table 2.
Activity recovery is most suitably described with a linear model following Equation (1).
Y=61.07+892A+1288B - 6.06C+0.96D +292E (1)
Table 2. Analysis of variance (ANOVA) and fit statistics of the linear model for activity recovery response.
Source Sum of Squares df Mean Square F-Value p-Value
Model 4667.27 5 933.5 118.69 <0.0001 significant
A-Agitation speed 1272.42 1 1272.42 161.79 <0.0001
B-CRL concentration 2655.22 1 2655.22 337.61 <0.0001
C-Temperature 587.62 1 587.62 74.71 <0.0001
D-Time 14.68 1 14.68 1.87 0.1802
E-Weight of beads 137.33 1 137.33 17.46 0.0002
Residual 291 37 7.86
Lack of Fit 287.7 35 8.22 498 0.1811 not significant
Pure Error 3.3 2 1.65
Cor Total 4958.27 42
Standard deviation 2.80 R? 0.9413
Mean 61.07 Ad]I‘{lfted 0.9334
C.V.% 4.59 Preclgfte‘i 0.9195
Adequate precision 41.62

The model expressed by Equation (1) represents activity recovery (Y) as a function
of agitation speed (A), CRL concentration (B), temperature (C), time (D), and weight of
MgO-Al,O3 beads (E). A positive sign in front of the terms indicates a synergistic effect in
increasing activity recovery, whereas a negative sign indicates an antagonistic effect [31].
The F-test for ANOVA was performed to determine the model’s statistical significance.
The regression is statistically significant at the 95 percent confidence level if the p (<0.0001)
of the model in the F-test is very low [32]. There is barely a 0.01 percent risk that noise
will cause a model failure. The p-value for the term ‘lack of fit’, which is an evaluation to
determine the impact of disparities between the actual and predicted values on the pure
error among replicates, was 0.1811, which is more than 0.05 and indicates that the p-value
is not significant. Furthermore, the F-value of 4.98 for ‘lack of fit" indicates that the lack of
fit is not significant in comparison to the pure error. Due to noise, a significant lack-of-fit
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F-value has an 18.11 percent chance of occurring. The correlation measure to determine
the quality of the model is through evaluation of the coefficient of determination (R?). The
obtained R? was 0.9413, indicating that 94 percent of the experimental data are consistent
with the model’s data. The adjusted R? reached a high of 0.9334, indicating the model’s
importance. Meanwhile, the models’ high anticipated R? suggested that the experimental
data and theoretical values predicted by the model were in close agreement.

Figure 3A-E shows the effect of agitation speed, CRL concentration, temperature,
immobilization time, and weight of MgO-Al,O3 toward activity recovery. Based on the
result of regression coefficients, an increment value of agitation speed from 50 to 150 rpm
(Figure 3A) and CRL concentration from 2 to 4 g/L (Figure 3B) resulted in increased activity
recovery. The non-uniform distribution of the enzyme in the immobilization mixture
during the adsorption process can be linked to the low immobilization yield at 50 rpm
of agitation speed, resulting in low-activity recovery [33]. Meanwhile, the increment in
CRL loading provides more enzymes to be adsorbed on the support, resulting in high-
activity recovery. On the contrary, Figure 3C portrayed that a rise in temperature, from
a low level (20 °C) to a high level (40 °C), shows a decrement in activity recovery due
to a reduction in non-specific binding of the lipase on the MgO-Al,O3 support, which
changed the structure of the enzyme and made it susceptible to thermal degradation [34].
Another study reported that thermal inactivation of lipase occurred after 30 °C [35]. In
addition, varying the immobilization time from 2 to 6 h, as shown in Figure 3D, did not
show significant difference towards activity recovery due to p-value > 0.05. The results
obtained come to an agreement with a study conducted by Adnan et al., reporting that
the immobilization of lipase was not affected by prolonging the immobilization time [35].
Meanwhile, the increment in weight of MgO-Al,O3 beads shows an increment in activity
recovery (Figure 3E) because more space is provided for the enzyme to be immobilized and
can prevent the enzyme crowding effect. A linear model demonstrates that the interaction
between five parameters during the immobilization treatment has no significant effect on
activity recovery. The interaction between parameters during the immobilization operation,
on the other hand, can be detected in terms of immobilization efficiency.
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Figure 3. One-factor effect of five independent variables: (A) agitation speed, (B) CRL concentration
(g/L), (C) temperature, (D) time, and (E) weight of MgO-Al,O3 beads towards activity recovery.

2.4. Optimization of CRL Immobilization Using RSM for Immobilization Efficiency

Table 3 shows that the second-order polynomial model has an R? value of 0.9882,
indicating a strong correlation between the theoretical values predicted by the model and
the experimental results. The second-order polynomial model was chosen to study the
interaction of two different parameters on the same response. The immobilization efficiency
and the process variables of agitation speed (rpm), CRL concentration (g/L), temperature
(°C), time (hour), and weight of MgO-Al,O3 beads are linked by a second-order polynomial
regression equation (g). When the response surface has a curvature, the first-order model is
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insufficient. As a result, the second-order model is beneficial for approximating the section
of the true response surface with curvature, as well as being very significant and sufficient
to describe the actual relationship between the response and the five parameters. Based on
the ANOVA results, the factors, and their interactions, a p-value lower than 0.05 (95% level)
was considered statistically significant in model terms. Therefore, according to Table 3,
A, B, E, AB, AC, AD, BC, BD, BE, CD, DE, A?, B?, C?, D?, and E? are significant model
terms (p-value < 0.0001) and the suggested model is significant (p < 0.05). Model F-value
of 92.08 implies the model is significant and there is only a 0.01% chance that an F-value
could occur due to noise. The predicted R? of 0.9533 is in reasonable agreement with the
adjusted R? (0.9755), thus, acknowledging the validity of the model. Therefore, this model
is adequate to predict the immobilization results within the range of the variables.

Table 3. ANOVA and fit statistics of the quadratic model for immobilization efficiency.

Source Sum of Squares df Mean Square F-Value p-Value
Model 13,152.38 20 657.62 92.08 <0.0001 significant
A-Agitation speed 224.05 1 224.05 31.37 <0.0001
B-CRL concentration 3866.35 1 3866.35 541.38 <0.0001
C-Temperature 17.24 1 17.24 241 0.1345
D-Time 12.54 1 12.54 1.76 0.1987
E-Weight of beads 1037.16 1 1037.16 145.23 <0.0001
AB 147.14 1 147.14 20.60 0.0002
AC 373.43 1 373.43 52.29 <0.0001
AD 521.23 1 521.23 72.99 <0.0001
AE 9.43 1 943 1.32 0.2629
BC 49.98 1 49.98 7.00 0.0148
BD 212.80 1 212.80 29.80 <0.0001
BE 60.07 1 60.07 8.41 0.0083
CD 132.80 1 132.80 18.59 0.0003
CE 17.03 1 17.03 2.38 0.1368
DE 133.28 1 133.28 18.66 0.0003
A2 2585.85 1 2585.85 362.08 <0.0001
B2 748.26 1 748.26 104.77 <0.0001
2 4647.83 1 4647.83 650.81 <0.0001
D? 3236.97 1 3236.97 453.26 <0.0001
E2 587.10 1 587.10 82.21 <0.0001
Residual 157.12 22 7.14
Lack of Fit 153.47 20 7.67 4.22 0.2090 not significant
Pure Error 3.64 2 1.82
Cor Total 13,309.49 42
Std. Dev. 2.67 R? 0.9882
Mean 40.46 Adjusted R? 0.9775
CV.% 6.61 Predicted R? 0.9533
Adequate Precision 36.7178

The quadratic equation obtained for the relationship between the factors and the lipase
immobilization efficiency is shown in Equation (2):

Y=7391—-372A —1554B —1.04C — 0.89 D + 8.05E + 6.07 AB — 9.66 AC +
11.42 AD + 1.54 AE+ 3.53 BC — 7.29 BD — 3.88 BE — 5.76 CD — 2.06 CE — 5.77  (2)
DE — 20.10 AZ — 10.81 B2 — 26.95 C%2 — 22.49 D? — 9.58 E2

where Y is immobilization yield, A is the agitation speed (rpm), B is the CRL concentration
(g/L), C is the temperature (°C), D is the time (hour), and E is the weight of MgO-Al,O3
beads (g).

The model also showed a statistically non-significant lack of fit (p-value 0.2090),
indicating that the responses are adequate to be employed in this model and the model
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satisfactorily fitted to the experimental data. Insignificant lack of fit is very important as
a significant lack of fit shows that there might be a contribution in the regressor response
relationship that is not accounted for in the model.

There are three factors that show a significant effect towards immobilization efficiency,
which are agitation speed, CRL concentration, and weight of beads due to p-value < 0.05.
These parameters show an increment in response value when the value of the parameter
increases. After achieving the optimum condition, the immobilization efficiency dropped.
The 3D surface plots of immobilization efficiency and the interaction between independent
variables are shown in Figure 4. The parameters involved are interaction between agitation
speed and temperature (AC), agitation speed and time (AD), and CRL concentration and
time (BD), as shown in Figure 4 b, c, f. The 3D response surface in Figure 4(a) reveals
that the immobilization efficiency increases by increasing agitation speed (50 to 150 rpm)
and CRL concentration (24 g/L). However, if a very large quantity of lipase loading
(>4 g/L) is introduced, it may reduce the activity recovery, as the enzyme is deposited
in the inner pore of MgO-Al,O3, thus, prolonging the contact time of the substrate to
reach the enzyme’s active site. This result correlates favorably with Rios et al., regarding
the increment in the effect of substrate diffusion limitations of p-Nitrophenyl butyrate
due to high enzyme loading, subsequently reducing enzyme activity [36]. As reported
by Fernandez-Lopez (2017), the enzyme crowding phenomenon, where enzyme stability
decreased when enzyme loading increased, caused the activity to drop [37]. Figure 4b shows
that with the simultaneous increase in agitation speed and temperature, the immobilization
efficiency improved up to a certain optimum value. The non-uniform distribution of the
enzyme in the immobilization mixture during the adsorption process can be linked to the
low-immobilization yield at 50 rpm of agitation speed [33]. Increasing agitation speed
increases immobilization efficiency by providing more adsorption sites [38]. Figure 4c
shows that increasing the time and agitation speed ratio from 2 to 4 h and 50 to 110 rpm
causes a 20% increment in immobilization efficiency while increasing the weight of the
bead between 2 and 2.5 g and agitation speed between 110 and 130 rpm resulted in up to
80% immobilization efficiency, as shown in Figure 4d.

Figure 4e demonstrates that as the incubation temperature rises to 40 °C and the
weight of the beads drops, the immobilization efficiency falls. The curvature in Figure 4f
shows the interaction between CRL concentration and immobilization time greatly impacts
the immobilization efficiency. These results were supported by previous a experiment con-
ducted by Chang et al. [39]. Other interactions shown in Figure 4g portray the interaction
between the weight of beads and CRL concentrations. Increased enzyme loading means lots
of protein being adsorbed on the support and the increment in weight of beads provides
more surface for the enzyme to adsorbed, hence, increasing immobilization efficiency [36].
Figure 4h reveals that there is no significant interaction between immobilization time and
temperature, with increasing immobilization time increasing immobilization efficiency,
while increasing temperature decreased immobilization efficiency. The results are compa-
rable to research conducted by Andriano Jospin (2017), where the author deduced that
the increase in the temperature at a fixed immobilization time induced a reduction in the
immobilization yield [40]. In addition, Figure 4i,j portrayed the interaction between the
weight of beads and temperature, and also between the weight of beads and incubation
time, respectively. These interactions did not represent a significant effect towards immobi-
lization efficiency attributed to p-value > 0.05. Even though, the immobilization efficiency
is still low, the optimization of other independent variables (agitation speed, temperature,
time, and weight of MgO-Al,Osbeads) at their optimum value may increase immobilization
efficiency after a validation process.
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Figure 4. Response surface plot and contour plot for immobilization efficiency showing significant
model terms: (a) agitation speed vs. CRL concentration, (b) agitation speed vs. temperature,
(c) agitation speed vs. time, (d) agitation speed vs. weight of MgO-Al,O3 beads, (e) CRL concentration
vs. temperature, (f) CRL concentration vs. time, (g) CRL concentration vs. weight of MgO-Al,O3

beads, (h) temperature vs. time, (i) temperature vs. weight of MgO-Al,O3 beads, and (j) time vs.
weight of MgO-Al,O3 beads.

2.5. Validation of the Model

Table 4 shows that the experimental results are quite close to the theoretical calculated
data provided by the proposed models. The validation of these parameters (147.2 rpm
agitation speed, 3.83 g/L CRL concentration, 20.63 °C temperature, 5.98 h of immobilization
time and 2.44 g of MgO-Al,O3 beads weight) successfully maximized the activity recovery
up to 88.9%. Furthermore, the optimized conditions for activity recovery and immobi-
lization efficiency were obtained as follows: 121.53 rpm agitation speed, 2.84 g/L CRL
concentration, 26.96 °C temperature, 4.08 h immobilization time, and 2.69 g of MgO-AL, O3
beads (Table 4 (c)). These optimized conditions experimentally resulted in 70.6% of activity
recovery and 63.2% of immobilization efficiency. The predicted activity recovery and immo-
bilization efficiency are 71.8% and 65.1%, respectively, and this proves that the experimental
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results are relatively close to the computed and projected values by the model. It can also
be concluded that the chosen BBD is an accurate and dependable strategy for predicting the
response to CRL immobilisation under the conditions tested. The immobilization efficiency
and activity recovery of CRL/MgO-Al,O3 are comparable to the immobilization of lipase
in an octyl-agarose study conducted by Rios et al. [36], resulting in 73.5% and < 75%,
respectively. However, the immobilization efficiency and activity recovery in this study are
lower than in an immobilization study conducted on mesoporous material MCM-41 [41]
and magnesium nano ferrite (MgNF) [42] via covalent bonding, probably due to strong
attachment of lipase on the support, preventing leaching of the immobilized enzyme.

Table 4. Results of model validation at the optimum condition for (a) activity recovery and (b) immo-
bilization efficiency (c) activity recovery and immobilization efficiency.

(a) Activity Recovery
Agi}::zig " CSIFCI;H- Temperature Time wiilgg}g-o f Activity Recovery (%) Ill?flfrilcoiZ:(l:;a(t‘:/c?)n
(rpm) tration (@) (Hour) Al,05 Predicted Experimental  Predicted Experimental
(g/L) Beads (g) Value Value Value Value
147.20 3.83 20.63 5.98 2.44 88.9 85.7 16.2 17.9
(b) Immobilization efficiency
97.96 1.41 28.06 4.13 2.36 53.7 53.5 82.3 80.0
(c) Activity recovery and immobilization efficiency

121.527 2.845 26.964 4.076 2.690 71.8 70.6 65.1 63.2

2.6. Biochemical Characterization of CRL/MgO-Al,O3 and free CRL
2.6.1. Thermal and pH Stability

One of the most significant qualities for practical application, particularly in industry,
is the temperature stability of immobilized lipase. The experimental method of biochemical
characterization is described in the Supplementary Materials. Figure 5a,b shows the free
CRL was retaining its activity better compared to CRL/MgO-Al,O3. At 40 °C, both free
CRL and CRL/MgO-Al,O3 show no significant loss in lipase activity. However, when
temperature increases to 50 °C, the residual activity for CRL/MgO-Al,O3 after 75 min
incubation dropped to 54.7% of its initial activity, while the residual activity free CRL was
observed at 75.9%. A further increment in temperature (60 and 70 °C) led to a declination
in residual activity for both free CRL and CRL/MgO-Al,O3. After 75 min incubation at
60 °C and 70 °C, the residual activity for free CRL declined to 64.2% and 47.3%, respectively,
which is higher compared to the residual activity of CRL/MgO-Al,O3; with 32.7% and
22.7%, respectively. This result displayed contradictions with the earlier findings by Wenlei
Xie et al., in which the immobilized CRL on a graphene oxide sheet exhibited better
thermal stability compared to free CRL [43]. The possible reasons for the reduction in
residual activity of CRL/MgO-Al,O5 at high temperatures are due to thermal energy
diffusivity from the Al,O3; wall (thermal conductivity of Al,O3 30-40 W/mK) [44] and
enzyme structural changes at 3-sheet after heat treatment [34].

Furthermore, the pH stability for free CRL and CRL/MgO-Al,O3 was determined
by incubation at different pH ranges from 4 to 10. Figure 5c shows that almost 50% of
activity recovery was obtained by CRL/MgO-Al;Os. In addition, at pH 4-8, free CRL
exhibited superior pH stability compared to CRL/MgO-Al,O3. Immobilization may affect
the structural stability of enzymes because of the changes in the total net charges of
the enzymes caused by the ionization of acidic and basic amino acid side chains in the
microenvironment around the active site of the enzyme [45,46]. In addition, in an extreme
alkaline environment (pH 10), the stability of free CRL drastically decreased as compared
to CRL/MgO-AL, O3 due to a break down of hydrogen bonds in water—protein interactions
in an extreme pH microenvironment.
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Figure 5. Thermal stability of (a) free CRL and (b) CRL/MgO-Al,O; at 40, 50, 60, and 70 °C while
(c) pH stability for free CRL and CRL/MgO-Al,Os. The initial activity of free CRL and CRL/MgO-
Al O3 before being incubated at varying ranges of temperature and pH was set as 100%. The error
bars show standard deviations; all studies were conducted in triplicate.

2.6.2. Optimum Temperature and pH

The effect of temperature on the relative activities of free CRL and CRL/MgO-Al,O3
was studied by measuring the enzyme activity at a particular temperature in a range of
10 °C to 80 °C (Figure 6a). The optimum temperature for CRL/MgO-Al,O3 dropped to
50 °C, lower than that of free CRL (60 °C), as shown in Figure 6a. The shift in optimum tem-
perature of CRL could be described by the formation of hydrogen bonds between enzyme
molecules with support during immobilization, which could lead to three-dimensional
structural changes in the enzyme [47]. The influence of pH on the relative activity of the
free CRL and CRL/MgO-Al,O3 was determined in a range of pH 4-10. The results in
Figure 6b demonstrated that free CRL and CRL/MgO-Al,O3 have the same optimum pH
of 9. It reveals that the immobilization method did not affect CRL’s optimal pH.
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Figure 6. (a) Optimum temperature of free CRL and CRL/MgO-Al,O3 at 60 and 50 °C, respectively
while (b) pH optimum for free CRL and CRL/MgO-Al,O3 at pH 9. The highest activity of free
CRL and CRL/MgO-Al,O3 was defined as 100% of relative activity. The error bars show standard
deviations; all studies were conducted in triplicate.

2.6.3. Mechanical Stability, Leaching Analysis, and Reusability

To further examine the stability of CRL/MgO-Al,O3, mechanical stability and leaching
analyses were conducted. Figure 7 illustrated that, at lower agitation speeds (50 and
100 rpm), CRL/MgO-Al,O; retained 97.7% and 72.4% of their initial activity with a lower
enzyme leaching percentage of 13.99% and 10.96%, respectively. At 150, 200, and 250 rpm
of agitation speed, the residual activity of CRL/MgO-Al,O3 reduced to 69.0%, 65.1%, and
61.8%, respectively. In general, when operating at 50 to 250 rpm for 60 min, the enzyme
leaching out from the support was less than 14%, which is comparable to a previous
study conducted by George et al., where 15% of lipase leached out from the support [48].
Even though the study employed covalent bonding through interaction between lipase
and silanol groups of mesoporous silica, the percentage of enzyme leached is slightly
higher than in our study, suggesting that physical adsorption is suitable for industrial
application, especially in non-aqueous media [49]. Enzyme leaching is mainly due to
the physical attachment of the enzyme on the support via Van der Waals forces and
hydrogen bonding [50].
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Figure 7. The residual activities of CRL/MgO-Al,O3 after shaking at various agitation speeds
for 60 min at 30 °C. The initial activity of CRL/MgO-Al,O3 before being incubated at various
ranges of agitation speed was set as 100%. The error bars represent the standard deviation of
triplicate experiments.

Figure 8 shows the reusability of CRL/MgO-Al,O3 on the residual activity of the
p-NPP hydrolysis. CRL/MgO-Al,Os preserved more than 32.7 percent of its initial activity
after 12 cycles. Up to nine cycles, CRL/MgO-Al,O3 is able to retain 50% of its initial
residual activity. The decrease in activity recovery of CRL/MgO-Al, O3 after 12 cycles was
most likely due to the washing during separation steps that induced enzyme leaching
or desorption of non-covalently bound enzyme molecules from the support [51]. The
immobilization of CRL on MgO-Al,O3 by adsorption shows 72.9% residual activity after
5 cycles, which is higher when compared to immobilized Candida Antartica (isoform B lipase)
on octyl agarose and coated with the polymers (polyethyleneimine and dextran) with ~65%
residual activity [52]. Even though the addition of polymers reduced the percentage of
enzyme leaching during thermal inactivation and improved enzyme stability, the enzyme
recyclability in our study is superior. CRL/MgO-Al,O3 shows better recyclability compared
to Candida Antarctica lipase immobilized on acrylic resin synthesized by Amini et al. that
showed recyclability up to only 10 cycles, with a 21.5% product yield [53]. In addition,
our reusability study is 1.64-fold higher compared to the immobilized CRL on modified
polyethersulfone, which yields only 20% of residual activity after 12 consecutive cycles [54].
The decrease in CRL activity in future cycles could be due to a variety of factors, including
enzyme denaturation, enzyme leaching from the support, and aggregation of reaction
products on the support and enzyme, all of which limit the accessibility of the substrate to
the enzymes’ active sites [50].
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Figure 8. Reusability of CRL/MgO-Al, O3 for 12 cycles. All experiments were performed in triplicate;
the error bars represent standard deviations. The first cycle of CRL/MgO-Al,Oj for lipase assay was
set as 100%.

2.6.4. Solvent Tolerance Analysis

The stability of lipases in the presence of solvents is crucial, especially in the reaction
that involved esterification and transesterification to make biodiesel. One of the major
drawbacks adopting an enzymatic catalyst in biodiesel production is the low tolerance
of lipases towards the acyl acceptor. One of the methods to reduce the negative effect
of the alcohol on the enzyme is the addition of organic solvents. Free CRL and CRL
immobilized onto MgO-Al,O3 were incubated in the presence of solvents with different
concentrations for 30 min. Figure 9a shows that the residual activity of free CRL decreased
as the concentration of solvents increased. At 5% (v/v) concentration of solvents, free
CRL does not show a significant reduction in relative activity when compared to lipase
without solvent addition, except for methanol. The residual activity for free CRL was
100.55%, 91.45%, and 100.13% after being incubated at 5% (v/v) concentration of ethanol,
isopropanol, and tert-butanol for 30 min. The residual activity after being incubated at
5% (v/v) methanol resulted in 72.46% and the relative activity increased to 81.05% at 20%
(v/v) of methanol concentration and decreased afterwards. The residual activity of free
CRL after incubation at 50% (v/v) concentration of ethanol, methanol, and tert-butanol
for 30 min was 39.03%, 55.25%, and 23.81, respectively. The hydrophobic interactions,
hydrogen bonds, and electrostatic interactions of protein can be affected by solvents by
changing their conformational structure. Solvents with high polarity, such as methanol
and ethanol, cause a conformational change in native form to inactive form by partial
removal of water from the catalytic site of the enzyme, reducing its catalytic efficiency [55].
Incubation in 5% to 20% (v/v) concentration of tert-butanol showed the lipase is able to
retain its catalytic activity up to 97.60% and declined to 46.91% after being incubated in 30%
of tert-butanol. Free lipase can tolerate tert-butanol more readily because of the retention
of a water layer that hydrates the enzyme and prevents it from unfolding. Compared
to solvents with linear structures, tert-butanol has branching structures that increase the
stability of enzyme activity and conformation [55].
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Figure 9. Solvent tolerance analysis of (a) free CRL and (b) CRL/MgO-Al,Os3 at 5, 10, 20, 30, 40, and
50% (v/v) of solvent concentration, The 100% of residual activity for CRL and CRL/MgO-Al,O3
indicated as the initial lipase activity without solvent addition.

Figure 9b depicted that among four types of solvents (ethanol, isopropanol, methanol,
and tert-butanol) that were evaluated, isopropanol was the most tolerant in terms of im-
mobilized lipase stability. In general, compared to free CRL, CRL/MgO-Al,O3 showed an
increment in residual activity in 50% (v/v) concentration of ethanol, isopropanol, methanol,
and tert-butanol correspond to 69.18, 114.99, 116.37, and 60.24%, respectively. Immobiliza-
tion of CRL on MgO-Al,O3 improves the inner rigidity of the lipase structure, preventing
the water at the protein interface from being stripped off, eventually retaining the cat-
alytic conformation of lipase [56]. These findings demonstrated that the denaturing effects
of solvents can be reduced because the enzyme structure is stable due to its fixation to
the support, hence, minimizing activity loss. This study corresponds with the reports
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published by Badoei-Dalfard et al. [57] and Ingrid Y. Pulido et al. [58], in which the im-
mobilized lipase presented higher residual activity after being incubated in 50% and 30%
(v/v) concentration of solvents (methanol, ethanol), respectively, compared to free lipase.
CRL/MgO-Al,O3 presented hyperactivation after incubation from 5% to 40% (v/v) of
isopropanol increased with 102.61% and 167.21% of residual activity, respectively. After
incubation in 50% (v/v) of isopropanol, the relative activity of CRL/MgO-Al,O3 dropped
drastically to 114.99%, but portrayed hyperactivation when compared to the initial activity
of immobilized CRL and free CRL. On the contrary, for free CRL, a complete loss of lipase
activity was observed after incubation in 50% (v/v) of isopropanol. Due to the hydrophobic
nature of the lipase’s active site, the hydrophobic region on the isopropanol may bind
to the active site, induce perturbation, and alter the catalytic triad of the enzyme [59,60].
The resistance of CRL/MgO-Al,O3 towards different types of solvent could expand its
potential for various applications, especially in biofuel synthesis. Alcohols have been used
widely as an acyl acceptor in biodiesel production. However, deactivation of lipases may
occur at high alcohol-to-oil molar ratios; thus, a stepwise addition of alcohol was imple-
mented to minimize lipase deactivation [61]. Moreover, the addition of co-solvents may
reduce the inhibitory effect of alcohols towards lipases by controlling the concentration of
alcohols surrounding the lipases [62] and enhance the solubility of the substrate [63]. These
methods are laborious and lead to additional costs and environmental concerns [63]. The
prepared CRL/MgO-Al,O3 shows high stability of lipase in four types of alcohol that are
commonly used in biodiesel production, thus, eliminating the addition of solvents in the
reaction system.

2.7. Physical Characterization of CRL/MgO-Al;O3

The study of the surface chemistry of the support materials is important to gain a better
understanding of the chemical and physical processes that happen between enzymes and
the surface of the support. The elemental analysis of the prepared Mg by ICP-OES showed
that the concentration of Mg in the prepared support was 0.96 mg/L, which is higher than
the Mg content in the native Al,O3 with 0.10 mg/L (as shown in Table 5). The native Al,O3
contains impurities, such as metal precursors (Mg, Ca, Si and Fe), that interfere during
the manufacturing process. Our findings appear to be well supported by Romero Toledo
et al., who discovered 0.9 wt.% of Mg was quantified in Al,O3 [13]. The Mg content in the
CRL/MgO-Al,O3 increased due to the presence of trace metal in the phosphate buffer that
was used to dissolve the enzyme.

Table 5. ICP-OES analysis for Mg detection on different samples.

Sample Concentration of Mg (mg/L)
Al,O3 0.10
MgO-Al,O3 0.96
CRL/MgO-AlL,0O3 1.05

The TGA-DTA spectra curves for the dried Al,O3, MgO-Al,O3 and CRL/MgO-Al,O3
are represented in Figure 10. This analysis was employed to observe the decomposition
and degradation of the catalysts by measuring the changes in samples” weight over time as
the temperature changes and its thermal stability at high temperature [64]. The first stage of
decomposition for Al,O3 and MgO-Al,O3, attributed to the desorption of moisture content,
occurred in a temperature range of 45 °C to 140 °C and 45 °C to 150 °C, corresponding
to 5% and 9% of weight loss, respectively [65]. Next, the second stage of decomposition
of Al,O3 occurred at 140 °C to 660 °C, accompanied by a weight loss of 8%, attributed to
the decomposition of boehmite and the formation of y-Al,O3 aluminum oxide [15]. The
precise temperature for the transformation of distinct Al,O3 phases (y-Al,O3, 5-Al,Os3,
0-Al, O3, x-Al;O3) can be determined via continuous measurement during thermal analysis.
Meanwhile, the decomposition of nitrate in MgO-Al,O3 occurs at the second stage, resulting
in a % of weight loss occurring at 150 °C to 650 °C, since all of the catalysts were prepared
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with nitrate precursors [66]. At the last stage of MgO-Al,O3 thermal degradation, no
formation of volatile gases was detected, forming pure magnesium oxide [64]. The results
show that the formation of pure MgO-Al,O3 can be obtained through calcination at 800 °C,
evidenced by the constant weight of the catalyst. However, the best calcination temperature
used for this CRL immobilization was 300 °C, indicating that the CRL favors immobilization
on a magnesium precursor instead of pure magnesium oxide.
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Figure 10. TGA-DTA spectra of the (a) support (Al,O3), (b) adsorbed metal oxide (MgO-Al,O3)
species taken after heating at 300 °C, and (c) CRL immobilized on the support (CRL/MgO-Al,O3).
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The thermal analysis revealed that the composition of organic matter was increased
after CRL immobilization on MgO-Al,O3, resulting in greater weight loss of CRL/MgO-
Al,O3 compared to MgO-Al,O3 and Al,O3. The first stage of decomposition of CRL/MgO-
Al O3 can be observed at temperatures ranging from 45 to 160 °C, resulting in a 25% major
loss of weight due to decomposition of immobilized lipase [67]. The enzyme loading on
CRL/MgO-Al,O3 was calculated to be 14.26% based on the comparison of TGA curves
of CRL/MgO-Al,O3 and MgO-Al,O;5. This finding was supported by a previous study
conducted by Patel et al., where at roughly 100 °C, the immobilization of CRL on ZnO
revealed a 10% weight loss, which is attributed to the loss of water molecules and thermo-
decomposition of lipase, showing effective enzyme immobilization on the platform [68].
It has been suggested that apart from the material properties of metal oxides, types of
enzymes and buffers also have significant effects on the adsorption strength during the
immobilization process [20].

The FTIR spectra of magnesium oxide impregnated on Al,O3 and CRL immobilized on
MgO-AlL,Oj3 catalysts are shown in Figure 11. The observation of the effect of MgO towards
the adsorption of the enzyme was analyzed using FTIR. The purpose of this analysis is
to characterize the surface-adsorbed species over binary oxide and catalysts. The valley
between 1069 cm~! and 482 cm ™! of Al,O5 confirms the y-form and the one at 723 cm ™! is
assigned to the bending vibrations of the Al-O-Al bond [69]. The peaks in the region of
500-750 cm ™! are assigned to Al-O, whereas the shoulder at 750 and the line at 890 cm !
are assigned to Al-OH species. Thus, the y-Al,O3 phase contains both tetrahedral and
octahedral coordination [15]. The peaks at 723 cm 1,588 cm !, and 495 cm ! correspond
to twisting, stretching, and bending vibrations between the aluminium and oxide [70].
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Figure 11. Fourier transform infrared spectra of the support (Al,O3), adsorbed metal oxide (MgO-
Al,O3) species taken after heating at 300 °C, and CRL immobilized on the support (CRL/MgO-Al,O3).

The FTIR results show a low percentage of surface OH groups for Al,O3, indicating
a lower acidity due to the low concentration of AlI-OH species [13]. For all samples, the
wavelength ~1100 cm~! C-O bond of secondary alcohol was presently attributed to the
presence of an alcohol precursor during the production of aluminium oxide. The reaction
between metallic aluminium with isopropyl, sec-butyl, or other alcohols takes place to form
aluminium alkoxide, the starting materials for the production of aluminium oxide [71].
Specifically, the FTIR peak for MgO-Al,O3; was the same as Al;O3 due to a redundant
MgO peak at 836 cm ™! with the peak of Al,O3;. However, the presence of Mg into the
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Al crystal lattice changed the acid and basic properties of this oxide [69]. The presence
of magnesium decreases the Br¢sted acidity and increases the basicity of alumina due to
the lower electronegativity of magnesium (1.31) compared to aluminium (1.61) [69]. All
of the samples show a small peak at 1649 cm !, corresponding to the bending-scissoring
vibrations (H-O-H) of water molecules due to the physiosorbed water.

The ~OH bending vibration can be observed at 1069 cm !, due to the in-plane bending—
scissoring vibration of OH in AI-O-H [15]. After lipase immobilization, the characteristic
peak appearing at 1594 cm~! could be attributed to C=0 stretching (amide I band) and
N-H bending vibrations (amide II band) from amide (-CO-NH-), respectively [72]. The
enzyme’s protein backbone is responsible for the related peaks of amide-type I and amide-
type II [73]. The successful immobilization of CRL on the support was confirmed by the
broadening and increasing intensity of the characteristic absorption peaks of CRL in the
FTIR spectrum of CRL/MgO-Al,Os.

Figure 12 illustrated the FESEM image of Al,O3, MgO-Al,O3, and CRL/MgO-Al,O3.
This analysis was used to observe the morphology of the support and confirm the deposition
of CRL on the support. Rough surface morphology with a combination of larger and smaller
particle sizes and the formation of aggregates and agglomerates with undefined shapes
can be observed on the pure Al,O3 pellet (Figure 12a,b). Figure 12c¢,d show that the
catalyst surfaces impregnated with a magnesium precursor were scattered and densely
packed with coarse and non-uniform grain structures, resembling disc-shaped morphology.
The sintering effect on the MgO-Al,O3 formed a larger particle size and showed a good
bonding structure with a smooth stacking particle indicating a good diffusion process, as
compared to the pure Al,O3 pellet. Moreover, Figure 12¢,d depicted that the surface of
Al,O3 was covered with the magnesium precursor and the results were supported with
TGA analysis, confirming that the calcination of the catalyst at 300 °C was not enough
to form pure magnesium oxide. Previous work by Harun et al. showed that MgO can
stabilize the microstructure of Al,O3 by suppressing the grain growth distribution and
allowing the porous region to densify homogeneously, without the occurrence of abnormal
grain growth [74]. After CRL immobilization, the appearance of a spherical aggregate
on the surface of MgO-Al,O3 confirmed the immobilization of lipase clusters by physical
adsorption (Figure 12e,f). The observations were supported by previous findings by
Mohammadi et al. confirming the lipase adsorption by its good dispersion on the carrier.

The characterization of the porous catalysts was performed by measuring nitrogen
an adsorption—-desorption isotherm. The analysis of BET surface area (Table 6) shows that
the impregnation of MgO on Al,O3 and immobilization of CRL on MgO-Al,O3 led to an
increment and decrement in surface area of 301.44 m? /g and 246.88 m? /g, respectively. This
study shows similar results to a study conducted by Nematian et al. [73] in regards to the
employment of graphene oxide with Fe3Oy4, showing an increment in surface area. These
findings suggest that MgO can speed up and increase densification during the sintering
stage, resulting in a reduction in the consolidated structure’s porosity value [74]. The pore
volumes of Al,O3, MgO-Al,O3, and CRL/MgO-Al,O3 were measured using single-point
adsorption. The result shows a decrement in pore volume, attributed to the impregnation
of MgO and CRL immobilization with 0.40 cm3/g, 0.41 cm3/g, and 0.381 cm?/g of Al,O3,
MgO-Al,O3, and CRL/MgO-Al,Os, respectively. In contrast, the pore size of Al,O3 and
MgO-Al,O3 decreases after impregnation of MgO and CRL immobilization, respectively.
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&
14.8 mm

Figure 12. FESEM micrograph of Al,O3, MgO-Al,03, and CRL/MgO-Al,O3 with magnification
5000 (a,c,e) and 15,000 (b,d,f) magnification, respectively.

Table 6. BET surface area, total pore volume, and pore size evaluated by nitrogen adsorption—
desorption and isoelectric point (IEP) of the support and immobilized CRL.

Pore Size

2 3 L

Sample BET Surface Area (m“/g) Total Pore Volume (cm°/g) BJH (A) IEP
AlLO3 275.69 0.40 60.53 3.71
MgO-Al,O3 301.44 0.41 57.13 8.10
CRL/MgO-Al,05 246.88 0.38 61.53 NA

In order to understand the influence of MgO loading on the surface of the Al,O3,
as well as the effect of CRL immobilization on MgO-Al,Os3, the nitrogen adsorption—
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desorption isotherms were measured. In addition, porous solid materials are classified by
the adsorption—desorption isotherm, addressing the relationship between pore size and
sorption ability. As illustrated in Figure 13, Al;O3, MgO-Al,O3, and CRL/MgO-Al,O3 were
classified according to IUPAC as mesoporous structures because the adsorption-desorption
isotherm displays a type IV isotherm, accompanied with hysteresis loop type 3 [75]. The
hysteresis loops in the relative pressure for Al;O3, MgO-Al,O3, and CRL/MgO-Al,O3 are
similar, which is P/Pg = 0.45-1, which explains the degree of mesoporosity does not change
by the impregnation of MgO on the Al,O3 and immobilization of CRL on MgO-Al,O3. Our
findings show a good agreement with Mahlambi et al. regarding y- Al,O3, carbon-covered
v- Al,O3 and impregnation of TiO, on carbon-covered y- Al,O3 exhibited type IV isotherm
with heterogeneous pore structure [76]. The N; as an adsorbate fills in the mesopore
structure at a small pressure and as the concentration of N, increases, the formation of
a multimolecular adsorption layer occurs when the N fills in the pores of larger diameter.
Referring to pore sizes, average pore diameter of Al,O3, MgO-Al,O3, and CRL/MgO-
Al,O3 was characterized as macroporous materials (>50 A), corresponding to 60.53 A,
57.1 A, and 61.533 A, respectively [75]. These findings show that the Al,O3, MgO-Al, O3,
and CRL/MgO-Al,O3 consist of a distinct mesopore and macropore regime, confirming
the existence of the bimodal nature of the pore system in the respective materials. This
study concurs well with a porosity analysis of Ni/Al,O3 that showed the bimodal nature
in the pore system, with 2/3 of the total pore volume of Ni/Al,O3 having macropores and
the remaining 1/3 was a mesopore structure [77].
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Figure 13. Nitrogen adsorption—desorption isotherms for Al;O3, MgO- Al,O3, and CRL/MgO-Al,O3,
respectively.

2.8. Mechanisms of CRL Adsorption on MgO-Al,O3

The possible lipase adsorption mechanism was proposed based on the result analysis
of FTIR and zeta potential. The surface charge of the metal oxides depends on the pH of
a system due to the presence of the hydroxyl group that may protonate or deprotonate,
depending on the pH of the contact solution. At pHs above the isoelectric point (pI),
the compound will be negatively charged and deprotonate and, therefore, adsorb cations
strongly [78]. The same concept applies to protein, in which the protein is positively
charged at a pH below plI and negatively charged at a pH above pI [79]. The pI of MgO-
AlyO3 is 8.10; on the other hand, the pI of CRL is 5.2. In the immobilization medium (pH 7),
the MgO-Al,Os is positively charged, while CRL possessed a negative charge. Hence, the
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_

impregnation

electrostatic interaction between the negatively charged CRL and the positively charged
hydroxyl groups on the support increases the amount of CRL adsorption. Meanwhile, the
plfor Al,O3 is 3.71, which was negatively charged at pH 7, causing electrostatic repulsion of
CRL on the support, thus, decreasing adsorption efficiency of CRL on the untreated support.
The mechanisms of CRL adsorption on MgO-Al,O3 at pH 7 are illustrated in Figure 14.
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Figure 14. The mechanisms of CRL adsorption on MgO-Al,O3 at pH 7.

2.9. Application of CRL/MgO-Al,O3 for Biodiesel Production

Lastly, the CRL/MgO-Al,O3 was employed for biodiesel production via a transesteri-
fication reaction using methanol. The FAME yield using CRL/MgO-Al,O3 biocatalyst was
compared with MgO-Al,O3 and free CRL, as tabulated in Table 7.

Table 7. Biodiesel production using free CRL, MgO-Al,03 and CRL-MgO-Al,O3, respectively.

Catalyst Biodiesel Yield (%) Mass Conversion (%)
Free CRL 48.10 86.00
MgO-Al, O3 23.00 80.90
CRL/MgO-AlL,0O3 59.91 90.90

The result shows that CRL/MgO-Al,O3 produced the highest mass conversion, up
t0 90.90%, corresponding to 59.91% of biodiesel yield as compared to free CRL and MgO-
Al,O3 with 86.00% and 80.87% mass conversion attributed to 48.1% and 23.0% of biodiesel
yield, respectively. Costa et al. reported a mass conversion of 89.7%, which corresponds to
57.3% of biodiesel yield obtained from enzymatic transesterification of Crambe abyssinica [7].
The higher biodiesel yield of CRL/MgO-Al,O3 may be attributed to the dual-active site
of MgO-Al,O3 and immobilized CRL that served as a chemoenzymatic catalyst. In this
project, the MgO-Al,O3 successfully delivered in its role as a support for CRL immobi-
lization while performing its catalytic efficiency as a chemical catalyst. The low biodiesel
yield for MgO-Al,O3, compared to a study conducted by Ashok et al., may be attributed
to the low reaction temperature used in this study [28]. Since lipases are less tolerant and
prompt to denaturation at high reaction temperatures, 50 °C was chosen in this study.
Meanwhile, low biodiesel yield for free CRL may be because of methanol inhibition dur-
ing the transesterification reaction, which can be overcome using CRL/MgO-Al,O3 [80].
CRL/MgO-Al,O3 may be able to protect the lipase from structural changes and denat-
uration due to methanol addition. Magnesium oxide could incorporate to form a stable
molecular structure of protein and resist any conformational changes due to the presence of
methanol [81]. The optimization of different parameters (temperature, oil-to-methanol ratio,
agitation speed, catalyst loading, and time) for biodiesel production should be evaluated to
properly address the effect of these parameters towards a chemoenzymatic reaction.
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3. Materials and Methods
3.1. Enzyme and Chemicals

Commercial lipase from Candida rugosa (>700 U/mg), 3 mm alumina beads (Al,O3), mag-
nesium nitrate hexahydrate (Mg(NO,)3.6H,0), calcium nitrate tetrahydrate (Ca(NO;)3.4H,0),
p-nitrophenyl palmitate (p-NPP), and sodium deoxycholate were purchased from Sigma-
Aldrich, Germany. Meanwhile, Triton X-100 and Arabic gum were obtained from R&M
Chemicals. Copper (II) nitrate tetrahydrate (Cu(NO;)3.3H,0), zinc nitrate hexahydrate
(Zn(NO,)3.6H,0), and nickel nitrate hexahydrate (Ni(NO,)3.6H,O) were obtained from Qrec.

3.2. Preparation of MO-Al,O3 Support

Wetness impregnation method was performed by immersing 5 g of Al,Oj into re-
spective amount of metal precursor until it was evenly absorbed on the support’s surface.
This support was called MO-Al,O3. Then, MO-Al,O3 was filtered and aged at 60-70 °C
overnight prior to calcination at 300 °C for 1 h. Next, CRL was immobilized on the MO-
Al,O3 support using 1 g of support in 2 g/L of CRL concentration for 3 h under 100 rpm
agitation speed. Enzyme solution was prepared by dissolving CRL in phosphate buffer
(0.1 M, pH 7). The beads were filtered and washed after immobilization procedure using
phosphate buffer to remove unbound and non-specific lipase. The washing solutions were
collected during the immobilization procedure to determine the amount of residual lipase
using Bradford method. The immobilization efficiency of lipase onto MgO-Al,O3; was
calculated according to Xie and Huang [43].

3.3. Determination of Lipase Activity

The enzymatic activity of free and immobilized lipase was determined followed
by a modified method of Winkler and Stuckmann [82], using p-NPP as a substrate and
spectrophotometric detection of the released p-nitrophenol (p-NP) at 410 nm. One enzyme
unit is defined as the amount of enzyme that liberates 1 pmol of p-nitrophenol (p-NP) per
minute per mL under assay conditions.

3.4. Experimental Design for Response Surface Methodology (RSM) and Statistical Analysis

The experimental design was developed via Box-Behnken Design (BBD) using Design-
Expert version 11 to optimize the immobilization conditions. The experimental design con-
sists of 5 parameters which are agitation speed (50-150 rpm), CRL concentration (14 g/L),
temperature (20-40 °C), time (2-6 h), and weight of MgO-Al,O3 beads (1-3 g). The central
point repeats are required since they allow for the estimate of pure experimental errors
and the verification of the model’s fit. [32]. After entering the ranges for the parameter,
a design that consisted of 43 experimental runs, including replicates at the central point,
was suggested and the results of the predicted and experimental value for activity recovery
and immobilization yield. The regression analysis of the experimental data and response
surfaces was performed using analysis of variance (ANOVA).

3.5. Biochemical Characterization of Free CRL and Hybrid CRL/MgO-Al;O3

Biochemical characterization of the free CRL and hybrid CRL/MgO-Al,O3 included
heat stability, pH stability, mechanical stability, leaching analysis, reusability, and solvent
tolerance analysis. The optimum conditions for their activity were also determined. Ther-
mal stability of free and CRL/MgO-Al,O3 was identified by measuring residual activity
after 75 min of incubation in sodium phosphate buffer at temperatures ranging from
40to 70 °C (0.1 M, pH 7). The pH stability of free CRL and hybrid CRL/MgO-Al,O3 was
determined by evaluating residual activity after incubation at different pH buffers ranging
from pH 4 to 10 for 60 min at 40 °C. The buffers used were 0.05 M sodium acetate buffer
(pH 4 and 5), 0.05 M potassium phosphate buffer (pH 6, 7, and 8), 0.05 M Tris-HCl buffer
(pH9), and 0.5 M Glycine-NaOH buffer (pH 10 and 11). The residual CRL activity was
subsequently determined by p-NPP assay and was calculated relative to the initial activity
before incubation. The influence of temperature on CRL activity was investigated using
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an enzyme assay at various temperatures (10-80 °C) and the influence of pH on enzyme
activity was examined by employing a buffer solution with varying pH values (pH 4-10)
in an enzyme experiment. The relative activity of CRL at different temperatures and pHs
was calculated as a relative activity. The highest activity of free CRL and CRL/MgO-Al,O3
was defined as 100% relative activity.

Mechanical stability of free CRL and hybrid CRL/MgO-Al,O3 was determined by
measuring residual activity after 60 min of shaking at 30 °C at various rotating speeds in an
orbital shaker (50 rpm, 100 rpm, 150 rpm, 200 rpm, and 250 rpm). p-NPP assay was used to
determine the residual CRL activity, which was computed relative to the original activity
before shaking. The starting activity level was set to 100%. The p-NPP assay was used
to determine the CRL activity in the supernatant. At 37 °C, the reusability of all enzyme
preparations was assessed. The enzyme was rinsed with potassium phosphate buffer after
each test cycle (0.1 M, pH 7). Then, a fresh reaction mixture was added. The CRL activity
of each cycle was measured in terms of residual activity. Free CRL and CRL/MgO-Al,O3
activity of the first cycle was set as 100%. Next, CRL/MgO-Al,O3 and free CRL were
incubated in 1 mL of 5%, 10%, 20%, 30%, 40%, and 50% (v/v) of ethanol, isopropanol,
methanol, and tert-butanol for 30 min. Then, the lipase assay was performed and the
residual activity was calculated based on initial activity before addition of solvent.

3.6. Physical Characterization of Support (MgO-Al,O3) and CRL/MgO-Al,03

The estimation of purity of the prepared biocatalysts and the magnesium composition
were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES)
using an Optical Emission Spectrometer Avio™ 200. Prior to elemental analysis, the solid
sample was digested using Microwave Digester Titan MPS to break down the sample.

The degradation of biocatalysts was studied utilizing a Netzsch simultaneous thermal
analyzer STA409 PC and thermogravimetric analysis (TGA) with simultaneous differential
thermal analysis (DTA). The temperature accuracy of the instrument was calibrated using
the melting points of a series of metal standards, resulting in a temperature accuracy of
1 °C. In several experiments, samples of 20-30 mg were heated in alumina crucibles from
room temperature to 1490 °C with heating speeds ranging from 5 to 40 °C/min and oxygen
flow rates of 50 mL/min.

The Fourier transform infrared spectroscopy (FTIR) was performed using a Shimadzu
IRTracer-100, for the support and immobilized catalyst in order to check the functional
group changes on Al,O3 after wetness impregnation and CRL immobilization. The surface
morphology of the catalyst was obtained using field emission scanning electron microscopy
(FESEM) Hitachi SU 8020. The sample was attached by carbon tape on special platform
called stub, coated with platinum using a platinum sputter at 10~ Mbar using a Bio Rad
Polaron Division SEM coating system machine. The sample was covered with a tungsten
filament using an electron gun under 25 kV resolutions to obtain the required magnification
image. The images were observed at different points along the platform.

The nitrogen adsorption-desorption isotherms of the support and immobilized en-
zyme were measured on a Micromeritics TriStar II device at —196.15 °C. All samples were
degassed at either 150 or 250 °C in vacuum for 8 h prior to the analysis. The specific surface
area was determined by Brunnauer, Emmett, and Teller (BET) method for adsorption data
in relative pressure range from 0.05 to 0.20. The pore volumes were calculated from the
quantity of nitrogen adsorbed at a relative pressure of 0.97. Average pore diameters were
determined from the nitrogen desorption branch according to Barrett-Joyner-Halenda
(BJH). The zeta potential of the CRL and support was analyzed using Malvern Zetasizer
Nano ZSP.

3.7. Biodiesel Production and Analysis of FAME Content

CRL/MgO-Al,O3 was employed for transesterification of waste cooking oil to biodiesel
using methanol. The acid value for waste cooking oil was recorded as 10.51 (mg KOH/g fat)
and 4.79% of FFA content. The free fatty acid compositions of waste cooking oil are palmitic
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acid (42.75% =+ 1.80), stearic acid (5.25% =+ 0.25), oleic acid (40.84% =+ 3.65), and linoleic
acid (8.35% = 0.60). The transesterification reaction was performed under these condi-
tions: catalyst loading (3% w/w), temperature 50 °C, reaction time (48 h), oil-to-methanol
molar ratio (1:12 w/w), water content (2% w/w), and agitation speed at 250 rpm. Free CRL
(0.0006 mg) was used as a reference to analyse the efficiency of immobilised enzyme. The
amount of free CRL represents the amount of CRL that was adsorbed on the MgO-Al,Os.
Next, the fatty acid methyl ester (FAME) content in the reaction mixture will be quanti-
fied using a gas chromatography-flame ionization detector (GC-FID), equipped with an
HP-INNOWax column (30 m x 0.25 mm x 0.25 pm) and nitrogen was used as a carrier
gas. The sample weighed approximately 0.025 g and was added into the vials followed
by the addition of 0.5 mL of 0.01 g/mL methyl heptadecanoate as internal standard. The
oven temperature of gas chromatography was set at 250 °C. The initial temperature of the
column was programmed at 60 °C for 2 min with the first ramp rate of 10 °C/ min up to
200 °C. The second ramp was programmed at 5 °C/min for 2 min to 240 °C and hold for
7 min. The injector and detector temperatures was set up at 250 °C and the gas flow rate
was 1 mL/min. The FAMFAME purity, mass conversion, and biodiesel yield are calculated
using Equations (3)-(5).

YA LAE) CELxVEL
Y AEI

FAME Purity (%) = ( 100 (©)]
where:

Y A = total peak area from the FAME C14:0 to C24:1

AEI = peak area of methyl heptadecanoate

CEI = concentration, in mg/mL, of the methyl heptadecanoate solution

VEI = volume, in mL, of the methyl heptadecanoate solution

m = mass, in mg, of the sample

The mass conversion was calculated taking into consideration the amount of raw
material used in the transesterification reaction and the final weight of the biodiesel, as
described in Equation (4) [7].

Mass conversion (%) = Weight of (I)/i/leg ZTO?Z:S(Z’,# icationx * 100 4)

Mass conversion x purity of FAME

Biodiesel yield (%) = 100

Q)

4. Conclusions

MgO-Al,O3 was successfully prepared via wetness an impregnation and calcination
method to be used for lipase immobilization via electrostatic interaction. The addition
of MgO onto Al,O3 successfully changed the surface charge in the support and subse-
quently enhanced the electrostatic interaction between the negatively charged CRL and the
positively charged hydroxyl groups on the support. The subsequent analysis of variance
(ANOVA) showed that immobilization of lipase was most suitably described with a linear
model due to its highest-order polynomial with the significance of additional terms and the
model was not aliased. The optimized conditions for activity recovery and immobilization
efficiency were obtained as follows: 121.53 rpm agitation speed, 2.84 g/L CRL concentra-
tion, 26.96 °C temperature, 4.08 h immobilization time, and 2.69 g of MgO-Al,O3 beads.
These conditions resulted in 70.5% activity recovery and 65.1% immobilization efficiency of
the lipase. The reusability of immobilized CRL successfully preserved its activity to 32.7%
after 12 cycles of reactions. This study explores the potential applicability of immobilized
lipase in a reaction that involved solvent and is of immense interest in biodiesel application.
The synthesizing of inorganic metal hybrid support for lipase immobilization can serve
as a chemoenzymatic catalyst for biodiesel applications with 59.90% of biodiesel yield.
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Further optimization studies focusing on the parameters affecting biodiesel production
should be conducted to produce biodiesel at the highest yield.
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