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Abstract

Introduction: Biodiesel is a renewable, biodegradable, and non-toxic fuel composed of fatty acid methyl
esters produced via triglyceride transesterification. This reaction is accelerated by various catalysts, including
chemical types (alkali, acid, and solid) and biocatalytic lipase enzymes. Lipase enzymes are particularly
favored for their mild reaction conditions, reduced formation of soap byproducts, tolerance toward free fatty
acids, ease of product recovery, eco-friendliness, and lower overall energy and raw material demand.
However, free enzymes exhibit limited operational stability and high cost, motivating the need for
immobilization strategies. Enzyme immobilization enhances catalyst reusability, thermal and pH stability,
and specific activity, enabling multiple reaction cycles with minimal activity loss. The process relies on cost-
effective supports with ample surface areas and pore structures to maximize enzyme loading and
accessibility. Among these, silica/iron oxide magnetic nanoparticles stand out for their rapid separation
capabilities under an external magnetic field, which simplifies downstream processing and reduces
wastewater generation. Covalent binding methods, such as glutaraldehyde coupling, are employed to securely
attach the enzyme to the support, improving overall performance and preventing enzyme leaching.

In this research, we aim to optimize biodiesel production from canola waste cooking oil using response
surface methodology and assess the operational stability and reusability of the immobilized lipase under
repeated batch cycles.

Materials and Methods: Key reagents—including analytical-grade methanol, tetraethyl orthosilicate
(TEOS), ferric and ferrous salts, and glutaraldehyde—along with Burkholderia cepacia lipase (>50 U/mg),
were sourced from Sigma-Aldrich. Superparamagnetic mesoporous silica/iron oxide nanoparticles were
synthesized via a two- step approach: iron oxide core formation by coprecipitation, followed by a sol—gel
process using TEOS with CTAB as a pore-directing agent. Resulting particles were calcined to remove
surfactants, yielding a stable mesoporous shell. These magnetic nanoparticles were used as supports for
enzyme immobilization. Lipase was covalently attached using a glutaraldehyde coupling process in
phosphate buffer (pH 7.0) at 4°C, with protein loadings varied between 10 and 40 mg/g support.
Immobilization efficiency and activity recovery were determined by Bradford assay and olive oil hydrolysis
assays, respectively. Biodiesel production assays were performed by transesterifying pretreated canola waste
cooking oil with the immobilized lipase under gentle stirring. Reaction parameters (lipase concentration,
methanol-to-oil ratio, temperature, and time) were systematically varied according to a central composite
design, and FAME content was quantified by gas chromatography (GC-FID). All experiments were carried
out in triplicate to ensure reproducibility.

Results and Discussion: SPION-silica nanoparticles, averaging 90—110 nm with a uniform mesoporous shell
(pore diameter ~8 nm), offered a high surface area (~420 m?/g) for enzyme immobilization and pronounced
superparamagnetic behavior (saturation magnetization ~45emu/g). Upon lipase binding, saturation
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magnetization decreased to ~40 emu/g, confirming successful enzyme attachment without compromising
magnetic responsiveness. Immobilization efficiency reached up to 78%, with an optimal activity recovery of
68.4% attained at 30 mg enzyme/g support and 12 h coupling time. The RSM-based second-order polynomial
model exhibited strong predictive power (R? = 0.96, adjusted R? ~ 0.94), with significant linear and quadratic
effects of lipase concentration, reaction time, methanol-to-oil ratio, and temperature (p <0.01). Interaction
terms—particularly between methanol ratio and time—highlighted enzyme inhibition by excess alcohol.
Surface response plots revealed that FAME yield increased with enzyme loading (20—40 mg/g) and
prolonged reaction time (15-30 h), but declined at methanol/oil ratios above 6:1 and temperatures exceeding
40 °C. Under optimal conditions (36 mg/g lipase, 25 h, 6:1 methanol/oil, 34 °C), the desirability function
predicted a maximum biodiesel yield of 92%. Experimentally, three consecutive cycles yielded 92%, 89%,
and 84% conversion, indicating only ~8.7% cumulative activity loss after three uses, demonstrating robust
reusability for practical applications.

Conclusions: Burkholderia cepacia lipase was successfully immobilized on mesoporous silica/iron oxide

magnetic nanoparticles. The immobilized enzyme effectively catalyzed the transesterification of waste
cooking oil to produce biodiesel. VSM analysis confirmed that the magnetic properties of the nanoparticles
remained largely unchanged after immobilization. Key process variables—immobilized lipase concentration,
reaction time, methanol- to- oil molar ratio, and temperature—were optimized. A quadratic response surface
model, developed using RSM, accurately predicted the biodiesel (FAMES) yield. The desirability function
analysis forecasted a maximum FAMEs content of 92% at optimal conditions. Statistical validation showed
the model was both adequate and precise in predicting biodiesel yield. The immobilized lipase demonstrated
good reusability, with only an 11% activity loss after three cycles. These findings underscore the potential for
scalable, eco-friendly biodiesel production using enzyme- catalyzed processes. The magnetic recovery of the
biocatalyst not only simplifies downstream processing but also contributes to reduced overall production
costs. Future work will focus on pilot- scale trials and the evaluation of long- term operational stability
under continuous- flow conditions to assess commercial feasibility.

Keywords: Biodiesel, Immobilized lipase, Magnetic nanoparticles, Response surface
methodology.
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Figure (2) TEM images of SPION-silica NPs. The dark dots show the SPIONs which are embedded
inside porous silica. The porous structure of the silica shell can be noticed on the edges.

. a
60 4
T D Al
S 2
=
g
3 204
§ ] -_—-’
g o
60 -
o
-1000-800 -600 400 -200 0 200 400 600 800 1000
Field (Am*.10%)
sk lire Olts

() 'y 361 s yo ublio by Joww (1) <o
i S b AT (b) ISk 13436 Fe;0y )
Figure (3) Room temperature magnetization
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Figure (5) Effect of immobilization time on

the immobilization efficiency and activity
recovery, at a constant lipase amount of 5 mg.
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Table (2) Experimental design matrix and the yields of biodiesel in experimental values and predicted
by RSM model.

P P FT- S ey P il es3l ol o3ladS (glaine  lesT
Residuals  Predicted yield Experimental Coded process variables Run
(%) (%) yield (%)

L B

Temperature ~ Molarratio  Time  Catalyst

(°C) (mol/mol) (h) (%)
0.62 50.55 50.24 -1 -1 -1 -1 1
1.78 53.83 54.81 1 -1 -1 -1 2
0.57 52.30 52.60 -1 1 -1 -1 3
1.46 55.58 56.41 1 1 -1 -1 4
0.67 66.13 66.57 -1 -1 1 -1 5
1.80 69.41 70.68 1 -1 1 -1 6
1.03 67.88 68.59 -1 1 1 -1 7
0.56 71.16 70.76 1 1 1 -1 8
0.18 62.33 62.44 -1 -1 -1 1 9
0.87 61.45 61.99 1 -1 -1 1 10
2.42 64.08 62.57 -1 1 -1 1 11
0.29 63.20 63.02 1 1 -1 1 12
0.88 82.14 81.43 -1 -1 1 1 13
0.45 81.26 81.63 1 -1 1 1 14
0.50 83.89 84.31 -1 1 1 1 15
1.08 83.01 82.12 1 1 1 1 16
3.28 52.66 50.99 0 0 0 -2 17
1.53 76.29 77.47 0 0 0 2 18
0.25 50.18 50.05 0 0 -2 0 19
0.42 85.57 85.21 0 0 2 0 20
1.70 65.53 64.43 0 -2 0 0 21
0.88 69.03 69.64 0 2 0 0 22
0.78 66.22 66.74 -2 0 0 0 23
1.48 68.63 67.62 2 0 0 0 24
0.92 73.72 74.40 0 0 0 0 25
0.60 73.72 74.17 0 0 0 0 AR
1.57 73.72 72.58 0 0 0 Yv
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Table (3) Analysis of variance (ANOVA) of response surface quadratic model for yield of biodiesel.
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Figure (6) Surface plot of the effect of a) catalyst concentration and reaction time, b)
catalyst concentration and methanol/oil molar ratio, c¢) catalyst concentration and
reaction temperature, d) reaction time and methanol/oil molar ratio, e) reaction time
and reaction temperature and f) methanol/oil molar ratio and reaction temperature on
biodiesel production.
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Figure (7) The prediction profiler of the experiment design for combination of the factor settings.
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