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Abstract

Biodiesel has emerged as a promising renewable alternative to fossil-derived diesel,
driven by increasing environmental concerns and the need for sustainable energy sources.
Among the various production routes, enzymatic transesterification catalyzed by lipases
offers significant advantages, including mild reaction conditions, high selectivity, and
reduced formation of by-products. However, the industrial application of free lipases is
limited by their high cost, low operational stability, and lack of reusability. In this context,
enzyme immobilization has gained considerable attention as an effective strategy to
enhance lipase performance and economic feasibility. This review provides an overview
of recent advances in lipase immobilization techniques for biodiesel production. Different
immobilization methods are discussed, as well as support materials such as polymers,
nanomaterials, and hybrid structures. Finally, current challenges and future perspectives
are outlined, aiming to guide the development of more robust and cost-effective
biocatalytic systems for large-scale biodiesel production.
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1. Introduction

The continuous growth of the global population, rapid industrialization, and
expanding urbanization have substantially increased worldwide energy consumption,
intensifying dependence on fossil fuels such as coal, petroleum, and natural gas. Although
these resources remain the dominant contributors to the global energy supply, their
extensive utilization is associated with greenhouse gas emissions, environmental
degradation, and concerns regarding long-term availability. Consequently, the search for
sustainable and renewable energy alternatives has become a global priority [1].

Among the various renewable energy sources currently available, biofuels have
attracted considerable attention because of their ability to reduce reliance on fossil
resources while contributing to lower carbon emissions. In particular, biodiesel has
emerged as one of the most promising renewable fuels due to its biodegradability, low
toxicity, compatibility with existing diesel engines, and potential to decrease greenhouse
gas emissions. Furthermore, biodiesel can be used directly or blended with conventional
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diesel without requiring significant engine modifications, making it an attractive
alternative for the transportation sector [2,3].

Biodiesel consists of fatty acid alkyl esters produced from lipid-based feedstocks,
including vegetable oils, animal fats, waste cooking oils, algal biomass, and other
renewable resources. Depending on the origin of the feedstock, biodiesel production can
involve first-generation sources such as edible oils, second-generation feedstocks
including non-edible oils, waste cooking oils, and animal fats, as well as third- and fourth-
generation resources derived from algae and metabolically engineered biomass [2]. The
increasing interest in second- and third-generation feedstocks is largely driven by
concerns regarding food security, land use, and the need for more sustainable production
pathways [1].

Several methods have been investigated for biodiesel production, including
pyrolysis, microemulsion, supercritical fluid processing, ultrasonic-assisted techniques,
microwave-assisted processes, and transesterification. Among these approaches,
transesterification remains the most widely applied route due to its high conversion
efficiency, economic feasibility, ability to process different feedstocks, and favorable
effects on fuel properties, particularly viscosity reduction [3,4]. In this process,
triglycerides react with short-chain alcohols, commonly methanol or ethanol, to produce
fatty acid alkyl esters and glycerol as a valuable by-product. Esterification reactions are
often employed to convert free fatty acids into esters, particularly when feedstocks with
high free fatty acid contents are used, thereby minimizing soap formation and improving
the overall process efficiency [5].

Fatty acid methyl ester (FAME) yield is a critical parameter for evaluating biodiesel
quality and process efficiency, as it directly determines compliance with international
standards that establish the minimum requirements for commercial biodiesel. Moreover,
the efficiency of biodiesel production is strongly influenced by the catalyst employed.
Conventional catalytic systems are generally classified as homogeneous acid catalysts,
homogeneous base catalysts, heterogeneous catalysts, and biocatalysts. Industrial
biodiesel production has traditionally relied on homogeneous acid and alkaline catalysts
because of their high catalytic activity and ability to achieve elevated conversion yields.
However, these systems present several drawbacks, including difficulties in catalyst
recovery, wastewater generation, product purification requirements, and limited catalyst
reusability [5-7]. In addition, alkaline catalysts are particularly sensitive to feedstocks
containing high concentrations of free fatty acids, often requiring pretreatment steps
before transesterification can be performed efficiently [8].

To overcome these limitations, considerable research efforts have focused on the
development of alternative catalytic systems, including heterogeneous catalysts,
nanocatalysts, and enzymatic processes (Figure 1). Heterogeneous catalysts offer
advantages such as easier separation, catalyst recovery, reusability, and improved
tolerance toward water and free fatty acids. Likewise, nanostructured catalysts have
attracted interest due to their enhanced catalytic activity, selectivity, and reaction
efficiency. Nevertheless, challenges related to catalyst stability, production, and large-
scale implementation remain important barriers to broader industrial adoption [5,9-11].
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Figure 1. Overview of feedstock generation and production strategies for biodiesel synthesis.

Among the emerging alternatives, enzymatic transesterification has gained
increasing attention as a sustainable and environmentally friendly approach for biodiesel
production. Lipases are particularly attractive biocatalysts because of their high specificity
toward triglyceride conversion, ability to operate under mild reaction conditions, and
reduced formation of undesirable by-products. Furthermore, enzymatic processes
simplify downstream purification and can efficiently process feedstocks with elevated free
fatty acid contents, thereby expanding the range of raw materials suitable for biodiesel
production [3,10,12]. Despite these advantages, the industrial implementation of
enzymatic biodiesel production is still constrained by factors such as enzyme cost,
operational stability, and limited reusability, motivating the development of
immobilization strategies to improve enzyme performance and economic viability. This
review provides an overview of recent advances in lipase immobilization techniques for
biodiesel production.

2. Lipases as Biocatalysts for Biodiesel Production

The catalyst employed in biodiesel production strongly influences the reaction
efficiency, alcohol consumption, and overall process economics. Among the available
catalytic systems, enzymatic catalysts have attracted increasing attention as sustainable
alternatives to conventional homogeneous and heterogeneous chemical catalysts. In
recent years, lipase-catalyzed biodiesel production has emerged as a promising approach
because it overcomes several limitations associated with acid- and alkali-catalyzed
transesterification processes while offering a more environmentally friendly route for
biodiesel synthesis [2,13].

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are enzymes naturally found in
animals, plants, fungi, and bacteria. These biocatalysts primarily catalyze the hydrolysis
of triglycerides into free fatty acids and glycerol at the water-lipid interface, but they are
also capable of promoting esterification, transesterification, alcoholysis, acidolysis,
interesterification, and aminolysis reactions. Structurally, lipases belong to the o/f3-
hydrolase family and possess a catalytic triad generally composed of serine, histidine, and
aspartic acid residues. Their catalytic mechanism is closely associated with a phenomenon
known as interfacial activation, in which a polypeptide lid covering the active site

https://doi.org/10.3390/pr14142271



Processes 2026, 14, 2271 4 of 19

undergoes conformational changes upon exposure to hydrophobic environments, allow-
ing substrate access to the catalytic center [14,15] (Figure 2).
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Figure 2. Lipase catalytic mechanism for biodiesel production.

Microbial lipases are particularly relevant for industrial biodiesel production because
many of them are secreted extracellularly, facilitating recovery and purification from fer-
mentation media. In addition, these enzymes exhibit excellent regioselectivity, enantiose-
lectivity, chemoselectivity, and broad substrate specificity. Lipases from microbial sources
such as Candida antarctica, Rhizomucor miehei, Thermomyces lanuginosus, Aspergillus, Penicil-
lium, Proteus, and Streptomyces have been extensively investigated for biodiesel synthesis.
Among them, lipase B from Candida antarctica remains one of the most widely studied and
commercially applied biocatalysts [16-18].

Compared with conventional chemical catalysis, enzymatic transesterification offers
several important advantages. Lipases operate under relatively mild reaction conditions,
typically at temperatures between 35 and 45 °C, reducing energy requirements and mini-
mizing the formation of undesirable by-products. Unlike alkaline catalysts, enzymatic
systems tolerate feedstocks containing high levels of free fatty acids and water, eliminat-
ing the need for extensive pretreatment steps and preventing soap formation. Further-
more, enzymatic processes generally produce biodiesel and glycerol with higher purity,
simplify downstream separation and purification, and generate lower amounts of waste,
making them highly compatible with the principles of green chemistry [2,4].

Another significant advantage of lipases is their versatility regarding feedstock utili-
zation. Enzymatic transesterification can efficiently process low-quality raw materials, in-
cluding waste cooking oils, animal fats, and other feedstocks with elevated free fatty acid
contents that are often problematic for conventional alkaline catalysis. Moreover, lipases
exhibit high tolerance toward organic solvents and can maintain catalytic activity in com-
plex reaction environments, further expanding their applicability in biodiesel production
systems [12,19,20].

Commercial lipase preparations such as Novozym 435, Lipozyme RM IM, and
Lipozyme TL IM have been widely evaluated for biodiesel synthesis and have demon-
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strated high catalytic efficiency. In particular, Novozym 435 has shown remarkable oper-
ational stability, retaining most of its catalytic activity after multiple reaction cycles under
controlled ethanolysis conditions. These characteristics highlight the potential of lipase-
based technologies for industrial biodiesel production and have stimulated extensive re-
search into process optimization and catalyst reuse strategies [14,21-23].

Despite their advantages, several challenges still limit the large-scale implementation
of enzymatic biodiesel production. The high cost of commercial enzymes remains one of
the primary barriers, especially when compared with inexpensive alkaline catalysts. In
addition, lipases may experience activity loss due to alcohol inhibition, enzyme deactiva-
tion, and operational instability during repeated use. Longer reaction times and the need
to improve enzyme robustness further contribute to the economic constraints of enzy-
matic processes [24]. Consequently, catalyst longevity and efficient reuse have been con-
sistently identified as critical factors for enhancing the commercial viability of enzymatic
biodiesel production [25-27].

To address these limitations, research has focused on improving enzyme stability,
activity, and reusability through immobilization techniques. Immobilized lipases have
demonstrated enhanced operational performance, greater resistance to adverse reaction
conditions, simplified catalyst recovery, and improved economic feasibility. As a result,
enzyme immobilization has become one of the most active research areas in enzymatic
biodiesel production and is widely recognized as a strategy for facilitating the transition
of lipase-catalyzed processes from laboratory studies to industrial applications [28,29].

3. Lipase Immobilization: Principles and Advantages

Although lipases have demonstrated significant potential as biocatalysts for biodiesel
production, their large-scale industrial application remains constrained by factors such as
high enzyme cost, limited operational stability, susceptibility to deactivation, and chal-
lenges associated with catalyst recovery and reuse. To overcome these limitations, enzyme
immobilization has emerged as one of the most effective strategies for improving the eco-
nomic and operational feasibility of enzymatic biodiesel synthesis. Consequently, re-
search efforts in recent years have increasingly focused on the development of immobi-
lized lipase systems capable of enhancing catalytic performance while extending enzyme
lifetime [30].

Enzyme immobilization refers to the physical confinement or localization of enzymes
within a defined region while maintaining their catalytic activity. In industrial applica-
tions, lipases may be employed either in free form or immobilized on solid supports. Im-
mobilization offers several advantages, including enhanced stability during storage and
operation, improved resistance to fluctuations in temperature and pH, easier catalyst sep-
aration, reduced product contamination, and the production of biodiesel and glycerol
with higher purity. Furthermore, immobilized enzymes can be recovered and reused in
multiple reaction cycles [2,31].

Another important benefit of immobilization is the possibility of tailoring enzyme
properties to withstand harsh reaction environments. Immobilized lipases often exhibit
greater resistance to the effects of organic solvents, pressure, temperature variations, and
pH changes. The immobilization process can also protect enzymes against denaturation
and preserve their catalytic activity for prolonged periods. These characteristics are par-
ticularly important for biodiesel production, where repeated exposure to alcohols and re-
action by-products may negatively affect free enzymes [25,32]. The main advantages of
lipase immobilization for biodiesel production are summarized in Table 1.

The performance of an immobilized biocatalyst depends on three key components:
the enzyme, the support material, and the mode of attachment between them. Conse-
quently, the selection of an appropriate immobilization strategy plays a crucial role in
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determining the physical and chemical properties of the resulting catalyst. Factors such as
enzyme activity retention, mass transfer limitations, mechanical stability, and catalyst du-
rability are strongly influenced by both the immobilization method and the characteristics
of the support material employed [33-35].

Table 1. Summary of the main advantages of lipase immobilization for biodiesel production.

Advantage Description References

Immobilized lipases exhibit greater resistance to fluctuations in tempera-
ture, pH, pressure, and organic solvents during prolonged operation, re-  [36,37]
ducing enzyme deactivation

Enhanced operational stabil-
ity

Improved reusability Immobilized enzymes can be recovered and reused over multiple reaction [38,39]

cycles, significantly reducing enzyme consumption and process costs

Immobilization facilitates catalyst removal from the reaction medium, par-
ticularly when magnetic supports are employed, enabling rapid recovery [40,41]
via external magnetic fields

Easier catalyst separation and
recovery

Immobilized lipases maintain catalytic activity over extended storage peri-

Enhanced storage stability ods, improving shelf life and practical applicability

(36]

Immobilization minimizes enzyme leaching into the product, producing bi-
odiesel and glycerol with higher purity and simplifying downstream sepa- [2,25]
ration and purification

Reduced product contamina-
tion and higher purity

Immobilized lipases tolerate repeated exposure to alcohols, organic sol-
vents, and reaction by-products that commonly cause the deactivation of  [42]
free enzymes

Greater resistance to harsh re-
action environments

Improved economic feasibil- Catalyst reuse over multiple cycles reduces the effective cost per batch, en-

ity hancing the commercial viability of enzymatic biodiesel production [3643]

In some cases, immobilization increases the catalytic activity compared to
the free enzyme due to favorable conformational changes or improved en- [37,44,45]
zyme-substrate interactions

Enhanced catalytic perfor-
mance

Immobilized lipases frequently exhibit improved thermostability, main-

Enhanced thermal stabili
an rmal stabriity taining activity at elevated temperatures for extended periods

[46,47]

Advanced support materials with high surface area and suitable porosity
allow high enzyme loading, maximizing biocatalyst concentration per unit [44]
of support

High enzyme loading capac-
ity

Immobilization allows for the modification of enzyme characteristics by se-
lecting appropriate support materials and immobilization methods, opti-  [2,25,48]
mizing the microenvironment surrounding the enzyme

Tailoring of enzyme proper-
ties

Immobilized lipases frequently maintain catalytic activity across a wider

B H tol
road pH tolerance pH range compared to free enzymes

(2]

Immobilized lipases show improved resistance to organic solvents com-

Enhanced solvent stability . . .
monly present in biodiesel production systems

[49]

Immobilization is widely recognized as a strategy for transitioning lipase-
catalyzed processes from the laboratory to industrial scale, enabling more [10]
robust and cost-effective biocatalytic systems

Facilitation of industrial
scale-up

Reduced mass transfer limita- Nanostructured supports provide high surface areas, tunable porosity, and
tions improved substrate accessibility, reducing diffusional constraints

Immobilized lipases have been successfully applied to a wide range of li-
pid-based feedstocks, including low-quality and waste-derived raw materi-[50,51]
als

Compatibility with diverse
feedstocks

— Covalent binding and cross-linking strategies provide strong enzyme—sup-
Structural rigidity and re- v & & g1es prov g enzy p

ort attachment, substantially minimizing enzyme leaching during opera-
duced enzyme leaching p y g enzy g g op

tion
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High catalytic density

Cross-linked enzyme systems (CLEAs/CLECs) provide high enzyme con-
centration per unit volume without the need for inert carrier material, im- [52,53]
proving cost-effectiveness

@ B
FEEDSTOCK

Triglycerides
+

Short-chain alcohol
(methanol/ethanol)

Triglyceride + 3 ROH — 3 FAME +
Glycerol

The support matrix is particularly important because it directly affects enzyme load-
ing, stability, and accessibility of the active sites. An ideal support should exhibit adequate
mechanical strength, thermal stability, chemical resistance, microbial resistance, suitable
hydrophilic or hydrophobic characteristics, high loading capacity, ease of regeneration,
availability, and effectiveness. Over the years, a wide variety of support materials have
been investigated for lipase immobilization, ranging from conventional materials such as
resins, silica, hydrogels and ceramics to advanced nanostructured materials designed to
improve catalytic performance and reduce the diffusion limitations [3,21,54].

Despite its numerous advantages, immobilization may also introduce certain chal-
lenges. Depending on the immobilization strategy employed, reductions in enzyme activ-
ity can occur due to structural modifications, diffusional limitations, or the restricted ac-
cess of substrates to the active site. Therefore, the development of efficient immobilization
approaches seeks to maximize enzyme stability and reusability while minimizing activity
losses and mass transfer constraints [28]. To achieve these objectives, a variety of immo-
bilization techniques have been developed and optimized (Figure 3). The most widely
investigated approaches include physical adsorption, entrapment or encapsulation, cova-
lent bonding, cross-linking, and immobilization on nanostructured materials. Each tech-
nique presents distinct advantages and limitations regarding enzyme stability, catalytic
efficiency, operational durability, and industrial applicability.

FREE LIPASE ROUTE

Reaction
(35-45°C)

Products
(FAME + Glycerol)

Free Lipase
(soluble in reaction medium)

Single use |
(no reusability)

Higher || Susceptible ||
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Figure 3. Comparative diagram of enzymatic biodiesel production using free lipases versus immo-

bilized lipases.
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4. Immobilization Techniques
4.1. Physical Adsorption

Physical adsorption is one of the oldest and most widely used methods for lipase
immobilization due to its simplicity, low cost, and mild operating conditions. In this ap-
proach, enzymes are attached to the support surface through weak intermolecular inter-
actions, including hydrogen bonding, ionic interactions, van der Waals forces, and acid—
base interactions. Because no chemical modification of the enzyme is required, adsorption
generally preserves the native enzyme structure and catalytic activity. Furthermore, the
reversible nature of the process facilitates support regeneration [55-57].

The effectiveness of adsorption largely depends on the physicochemical properties
of the support material, particularly its surface area, porosity, and pore size distribution.
In recent years, mesoporous materials have attracted significant attention because they
combine high surface area with pore dimensions suitable for enzyme immobilization, al-
lowing high enzyme loading while maintaining substrate accessibility [58]. For example,
Saad et al. [36] reported the first immobilization of a sequence-reconstructed ancestral li-
pase from the last universal common ancestor (LUCA) onto Seplite LX120, a cross-linked
styrene—divinylbenzene resin, through physical adsorption. The immobilized enzyme ex-
hibited broad operational stability, maintaining more than 80% of its activity between 20
and 100 °C and over 50% activity across a pH range of 4-9. Enhanced solvent and storage
stability were also observed, with more than 50% residual activity retained after 12 weeks
of storage and 95.35% activity maintained after ten reuse cycles. Under optimized trans-
esterification conditions, the immobilized LUCA achieved the complete conversion of
waste cooking oil to biodiesel within only 3 h, outperforming the free enzyme, which
reached a 95% yield.

Recent applications have demonstrated the continued relevance of physical adsorp-
tion as a simple and effective immobilization strategy. Pedro et al. [44] immobilized lipase
from Thermomyces lanuginosus on different silica-based materials and identified the
hydrophobic silica—alumina support Siral 40 as the most suitable carrier, achieving an
adsorption capacity of 169 mgprotein gsupport'. The resulting biocatalyst exhibited enhanced
esterification performance, reaching a conversion rate 2.6 times higher than that of the free
enzyme. Similarly, Carvalho et al. [40] reported the immobilization of Yarrowia lipolytica
lipase onto FesOs magnetic nanoparticles through physical adsorption, achieving 99% im-
mobilization efficiency, broad pH tolerance, improved thermostability, and retention of
70% activity after 30 reuse cycles. Earlier studies also demonstrated the effectiveness of
adsorption-based systems using hydrophobic supports. For example, Lage et al. [59] im-
mobilized Thermomyces lanuginosus lipase on mesoporous polymethacrylate particles, ob-
taining high protein loading and maintaining catalytic activity for more than twenty con-
secutive reaction cycles. Likewise, Miguez et al. [60] immobilized the same enzyme on
amino-functionalized rice husk silica through ionic adsorption, obtaining high ester
conversion and complete activity retention after eight successive cycles.

Despite its operational simplicity, physical adsorption presents important limita-
tions. Because enzyme-support interactions are relatively weak, enzyme leaching may
occur during operation, particularly in the presence of solvents, alcohols, or changes in
reaction conditions. In addition, the water—oil interface and elevated alcohol concentra-
tions may accelerate enzyme deactivation, reducing long-term operational stability. Con-
sequently, although adsorption remains attractive from an economic perspective, strate-
gies capable of strengthening enzyme—support interactions are often required to improve
catalyst durability [2].
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4.2. Entrapment or Encapsulation

Entrapment and encapsulation are physical immobilization strategies in which en-
zymes are confined within polymeric matrices while remaining accessible to substrates
and products through permeable structures. In entrapment systems, enzymes are retained
within three-dimensional polymer networks, whereas encapsulation involves enclosing
enzymes within capsules, beads, or membrane-based structures. These approaches pro-
tect enzymes from direct exposure to the reaction medium, thereby reducing deactivation
caused by alcohols and other potentially harmful compounds commonly present during
biodiesel production [25,54].

One of the principal advantages of these techniques is the preservation of enzyme
structure, since no direct chemical interaction occurs between the enzyme and the support
matrix. Consequently, denaturation is minimized, and thermal stability is often improved
[39]. For example, Ning et al. [37] immobilized Candida rugosa lipase within magnetic pol-
yvinyl alcohol hydrogel microspheres using a water-in-oil emulsion combined with
freeze—thaw processing. The porous microspheres reduced mass transfer resistance while
protecting the enzyme from structural damage. As a result, the immobilized lipase exhib-
ited a 25% increase in activity and a stability 4.1 times greater than that of the free enzyme,
while achieving high conversion during ester synthesis. In another study, Xia et al. [61]
immobilized Aspergillus oryzae lipase on the metal-organic framework ZIF-8. Molecular
dynamics simulations and experimental analyses revealed that immobilization preserved
enzyme structure and enhanced stability in methanol-rich environments. The resulting
AOL@ZIF-8 biocatalyst exhibited an activity recovery of 106.18% and produced biodiesel
from used cooking oil with a FAME content of 81.19%, confirming the potential of MOE-
based supports for enzymatic biodiesel synthesis.

Nevertheless, mass transfer limitations remain the major challenge associated with
entrapment and encapsulation. Substrate diffusion through the polymer matrix may re-
strict reaction rates, particularly in large-scale systems. Furthermore, excessive pore sizes
can lead to enzyme leakage, whereas very dense matrices may limit substrate accessibility.
These constraints have restricted the broader industrial implementation of entrapment-
based systems despite their favorable stability characteristics [2,62].

4.3. Covalent Binding

Covalent immobilization is among the most extensively employed irreversible im-
mobilization methods because it provides strong and stable attachment between enzymes
and support materials. In this approach, covalent bonds are formed between functional
groups on the enzyme surface and reactive groups present on the support matrix. Com-
mon carriers include silica-based materials, cellulose, ceramics, porous glass, synthetic
polymers, and metal oxides, while glutaraldehyde is frequently used as an activating
agent to facilitate enzyme—support coupling [34,63].

The primary advantage of covalent immobilization is the substantial reduction in en-
zyme leaching. The strong interaction between the enzyme and support enhances struc-
tural rigidity and increases resistance to denaturing factors such as organic solvents, pH
variations, and elevated temperatures. Consequently, covalently immobilized lipases gen-
erally exhibit improved operational stability and prolonged catalytic lifetimes, which are
highly desirable characteristics for industrial biodiesel production [64,65].

Recent research has focused on the development of advanced porous materials for
covalent lipase immobilization. Li et al. [38] designed gigaporous polystyrene micro-
spheres containing micro-, meso-, and gigapores that enabled the site-specific immobili-
zation of Burkholderia cepacia lipase. The immobilized enzyme exhibited 95% activity re-
covery, enhanced thermal and pH stability, and maintained high catalytic performance
after ten reuse cycles. Similarly, Feng et al. [66] immobilized Rhizomucor miehei lipase
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within a covalent organic framework (TPB-DMTP-CQOF), obtaining improved storage sta-
bility and reusability while successfully catalyzing the synthesis of structured lipids. Zhu
et al. [67] further demonstrated the potential of one-dimensional covalent organic frame-
works for enzyme immobilization, where Candida antarctica lipase B retained high activity
under extreme temperatures, broad pH ranges, and organic solvents while maintaining
95% catalytic efficiency after ten cycles. In environmental applications, Ademakinwa et al.
[68] reported the covalent immobilization of Aureobasidium pullulans lipase, which re-
tained 70% activity after ten cycles and showed promising performance in the treatment
of oil-contaminated wastewater. Adebami et al. [69] employed glyoxyl-agarose-immobi-
lized Aspergillus oryzae lipase for biodiesel production from soybean cooking oil waste. By
optimizing methanol addition through a fed-batch strategy, the immobilized enzyme
achieved a biodiesel yield of 97.7%, substantially higher than that obtained with the free
enzyme.

Similarly, Kumar et al. [70] immobilized Candida rugosa lipase on glutaraldehyde-
treated chitosan and buffalo milk powder supports for the transesterification of rubber
seed oil and kusum oil. Biodiesel yields exceeding 94% were achieved, while the immobi-
lized preparations remained active after multiple reaction batches, demonstrating their
potential for industrial applications based on non-edible feedstocks. In another study,
Lish et al. [41] evaluated Candida antarctica lipase B immobilized on silica-coated magnetic
nanoparticles through different covalent immobilization strategies. Epoxy-functionalized
magnetic nanoparticles provided superior catalytic performance, producing up to 92%
FAME from rapeseed oil. These findings demonstrate how support chemistry and immo-
bilization protocols directly influence enzyme activity and biodiesel productivity.

Despite these benefits, covalent immobilization is not without its drawbacks. The im-
mobilization procedure is often more complex than physical methods, and enzyme activ-
ity losses may occur during coupling if reactive groups essential for catalysis are affected.
In addition, some activating reagents may be costly or present environmental and safety
concerns, motivating the search for greener and more efficient immobilization chemis-
tries.

4.4. Cross-Linking Strategies

Cross-linking is a support-free immobilization strategy based on the formation of in-
termolecular bonds between enzyme molecules using bifunctional or multifunctional re-
agents. This approach results in highly stable three-dimensional enzymatic structures and
is commonly implemented through cross-linked enzyme aggregates (CLEAs) and cross-
linked enzyme crystals (CLECs). Among these approaches, CLEAs have received partic-
ular attention because they can be prepared directly from crude enzyme preparations
without requiring extensive purification steps [52,71].

Cross-linking simultaneously promotes enzyme immobilization and stabilization.
The dense enzymatic network formed during the process enhances structural rigidity, im-
proves resistance to denaturation, and often increases operational stability. In addition,
because no inert carrier material is required, cross-linking can provide high catalytic den-
sity and improved cost-effectiveness compared with some carrier-based immobilization
techniques [63,72].

The effectiveness of cross-linking strategies has recently been demonstrated using
hybrid nanostructured supports. Azizi et al. [53] compared precipitation-crosslinking and
covalent binding approaches for immobilizing Humicola insolens lipase onto magnetic
ZrFe:Os-based nanoparticles. Although precipitation-crosslinking achieved substantial
enzyme loading, covalent attachment resulted in superior immobilization efficiency, ther-
mal stability, and catalyst reusability. Moreover, recent studies have demonstrated that
combining adsorption and cross-linking may further improve catalyst performance. In
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these hybrid systems, enzymes are initially adsorbed onto a support and subsequently
cross-linked to stabilize the immobilized structure. Such strategies have shown promising
biodiesel yields and enhanced catalyst reuse, maintaining significant catalytic activity af-
ter multiple reaction cycles [52]. Novel polymeric materials have also emerged as attrac-
tive supports for lipase immobilization. Kawamura et al. [73] synthesized porous terpol-
ymer microspheres composed of methyl methacrylate, vinyl pivalate, and glycidyl meth-
acrylate and employed them as carriers for Burkholderia cepacia lipase. The sequential com-
bination of physical adsorption and covalent bonding resulted in an enzyme retention
above 95%. Under optimized immobilization conditions, biodiesel conversions exceeding
80% were obtained during soybean oil ethanolysis, demonstrating the suitability of tai-
lored polymeric matrices for biocatalytic applications.

Although cross-linking offers excellent stability and reusability, the catalyst prepara-
tion conditions must be carefully controlled. Excessive cross-linking may restrict substrate
accessibility and reduce enzyme flexibility, negatively affecting catalytic performance.
Therefore, the optimization of cross-linking density and reaction conditions remains es-
sential for maximizing biodiesel productivity.

4.5. Immobilization on Nanostructured Supports

The emergence of nanotechnology has opened new opportunities for enzyme immo-
bilization in biodiesel production. Nanostructured supports provide exceptionally high
surface areas, enhanced enzyme loading capacities, improved dispersion, and reduced
mass transfer limitations compared with conventional support materials. These charac-
teristics make nanoscale materials highly attractive platforms for the development of effi-
cient heterogeneous biocatalysts [74,75].

A broad range of nanomaterials has been investigated for lipase immobilization, in-
cluding magnetic nanoparticles, metal nanoparticles, nanosilica, carbon nanotubes, nano-
fibers, nanoflowers, and metal-organic frameworks. Among these materials, magnetic
FesOs nanoparticles have attracted particular attention because they allow rapid catalyst
recovery through the application of external magnetic fields, facilitating catalyst recycling
while reducing the operational costs [76,77].

Nanostructured supports can also be engineered to improve enzyme-support inter-
actions and optimize the microenvironment surrounding the enzyme. Enhanced surface
properties, tunable hydrophobicity, and improved accessibility to active sites contribute
to increased catalytic efficiency and stability. Consequently, nanobiocatalysts have
demonstrated considerable potential for improving biodiesel yields while maintaining
satisfactory reusability [78].

Recent advances in nanostructured materials have expanded the range of available
supports for lipase immobilization. Hu et al. [79] developed a dynamic defect-engineering
strategy within ZIF-8 frameworks that enabled the migration of lipase from surface
adsorption to intracrystalline encapsulation, significantly improving activity retention
and immobilization yield. Similarly, Ghasemi et al. [46] employed the metal-organic
framework MIL-53(Fe) as a support for both the in situ and covalent immobilization of
lipases, demonstrating remarkable thermal stability, broad pH tolerance, and excellent
reusability. Nanostructured supports have attracted increasing attention because of their
high surface area, tunable porosity, and improved mass-transfer characteristics. Guo et al.
[43] synthesized hydrophobic magnetic biochar for the immobilization of dual lipases
(CALB/ET), obtaining higher catalytic activity and stability than both free enzymes and
single-lipase systems. The immobilized dual-lipase catalyst achieved a 97.9% biodiesel
yield from acid oil in a deep eutectic solvent and maintained 75.2% of its activity after five
cycles. Additionally, the enzymatic process facilitated biodiesel purification, producing
fuel that satisfied both Chinese and ASTM quality standards.
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Despite their advantages, challenges associated with nanomaterial synthesis, func-

tionalization, and scalability continue to limit large-scale industrial implementation. Nev-

ertheless, ongoing advances in nanotechnology and material engineering are expected to

further improve the performance and economic viability of immobilized lipase systems,

making nanostructured supports one of the most promising directions for future biodiesel

biocatalysis research.

4.6. Comparison and Recent Advances in Immobilization Techniques

Table 2 shows a resume of the enzyme immobilization techniques.

Table 2. Comparison of lipase immobilization techniques for biodiesel production.

Immobilization Refer-
. Principle Main Advantages Main Limitations  Typical Supports
Technique ences
Enzyme attachment .
. . . .. ; Enzyme leaching, . s
. through weak interactions Simple, low-cost, mild . Resins, silica,
Physical adsorp- e lower operational sta- .
. (van der Waals, hydrogen conditions, easy sup- . . activated carbon, [36,73]
tion o . bility, sensitivity to . .
bonding, ionic interac- port regeneration . ceramics, alumina
. alcohol concentration
tions)
. i Protects enzyme from .., Alginate, pectin,
Physical confinement . . . Mass transfer limita- . .
Entrapment/En- ~ 7 . . . reaction medium, im- . . gelatin, polyvinyl
. within polymeric matrices o . . tions, possible en- 45]
capsulation proves stability, mini- alcohol, polyacryla-
or capsules ) . zyme leakage )
mizes denaturation mide
Possible activity loss Silica, cellulose, po-
Formation of covalent Strong attachment, min-, ty po
o _ _ . during immobiliza- rous glass, synthetic
Covalent bindingbonds between enzyme  imal leaching, high op- . 38]
. . tion, complex prepa- polymers, metal ox-
and support erational stability ) .
ration ides
High stability, high cat-

. Intermolecular cross-link- | & _ ty & Excessive cross-link- Cross-linked en-
Cross-linking ing between enzyme mole alyst density, carrier- ing may reduce activ-zyme aggregates  [53]
(CLEAs/CLECsS) & Y free system, good reus- . & may Y 881°8

cules o ity and crystals
ability
High surface area, en- Magnetic nanopar-
Nanostructured Enzyme immobilization hanced loading capac- Higher synthesis cost,ticles, nanotubes, [19]

supports on nanoscale materials  ity, low diffusionre-  scalability challenges nanofibers, MOFs,

sistance, easy recovery

nanosilica

Recent advances in biodiesel production have increasingly focused on the develop-

ment of innovative immobilization strategies aimed at improving lipase stability, catalytic

efficiency, and reusability (Table 3). Among these approaches, novel support materials

have demonstrated remarkable potential for enhancing enzyme performance under in-

dustrial conditions.

Table 3. Recent studies on immobilized lipases for biodiesel production: lipase sources, support

materials, feedstocks, and catalytic performance.

Reference Lipase Source Support Material Feedstock FAME Yield (%)
Saad et al. [36] Ancestral LUCA Seplite LX120 Waste cooking oil 100.0
. B. hi-

Alonazi et al. [50] fusaureus + B. stearothermophi CaCOs Spent coffee grounds oil 99.33

Guo et al. [43] CALB/ET (dual) Magnetic biochar Acid oil (DES) 97.9

Adebani et al. [69]  A. oryzae Glyoxyl-agarose Soybean oil waste 97.7

Kumar et al. [70] C. rugosa Chitosan-glutaraldehyde Rubber seed/kusum oil >94.0

Lish et al. [41] CALB Silica-coated magnetic 1 ceed oil 9.0

NPs
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Xia et al. [61]

Kawamura et al. [73] B. cepacia

Suresh et al. [80]
Rocha et al. [42]

A. oryzae

C. rugosa

S. thermophilum/A. phoenicis  Duolite/Octyl-Sepharose

ZIF-8 (MOF) Used cooking oil 81.19
Terpolymer microspheres Soybean oil >80.0
K20-C/y-Al20s Waste cooking oil 69.06

Soybean, sunflower, agai, buriti

. Met EN 14214
oils

Fungal lipases immobilized on commercial supports have also demonstrated poten-
tial for biodiesel synthesis from unconventional feedstocks. Rocha et al. [42] identified
Scytalidium thermophilum and Aspergillus phoenicis as promising lipase producers and im-
mobilized their enzymes on Duolite and Octyl-Sepharose supports, respectively. The im-
mobilized biocatalysts exhibited high solvent and thermal stability, retaining substantial
activity after prolonged exposure to organic solvents. The Duolite-immobilized lipase was
applied to the transesterification of soybean, sunflower, acai, and buriti oils, producing
biodiesel that met the EN 14214 [81] requirements and partially satisfied the ASTM D6751
[82] specifications. These results demonstrated the potential of fungal immobilized lipases
for converting native Brazilian oils and food-processing by-products into biodiesel.

Advanced immobilization platforms combining enzymatic and material engineering
approaches have further expanded the capabilities of lipase-based biodiesel synthesis.
Suresh et al. [80] developed a hybrid catalyst consisting of Candida rugosa lipase immobi-
lized on K20O-C/y-AlOs, integrating enzymatic and inorganic catalytic sites within a single
system. The synergistic interaction between both catalytic domains improved biodiesel
production from waste cooking oil, yielding 69.06% biodiesel under optimized conditions
while meeting the ASTM D6751 [82] and EN 14214 [81] standards.

Alonazi et al. [50] investigated biodiesel production from oil extracted from spent
coffee grounds using CaCOs-immobilized bacterial lipases. Among the tested biocatalysts,
immobilized lipases from Staphylococcus aureus and Bacillus stearothermophilus exhibited
the highest initial conversion efficiencies. Process optimization significantly improved bi-
odiesel production, reaching a conversion of 99.33% under solvent-free conditions. The
combination of both immobilized lipases in a 1:1 ratio provided an effective balance be-
tween conversion efficiency and catalyst cost, while the resulting biodiesel remained sta-
ble for more than 40 days and complied with the EN 14214 [81] requirements.

These studies demonstrate that advances in support design, immobilization tech-
niques, and enzyme engineering are substantially improving the feasibility of enzymatic
biodiesel production. The combination of enhanced stability, high catalytic efficiency,
feedstock flexibility, and catalyst reusability reinforces immobilized lipases as one of the
most promising routes toward sustainable and industrially viable biodiesel synthesis.

5. Challenges and Future Perspectives

Despite the significant progress achieved in lipase-catalyzed biodiesel production,
several challenges continue to limit its large-scale industrial implementation. The high
cost of enzymes remains one of the primary barriers, particularly when compared with
conventional alkaline catalysts. Although immobilization substantially improves enzyme
stability and reusability, the economic feasibility of enzymatic processes still depends on
maintaining catalytic activity over extended operational cycles and reducing the costs as-
sociated with enzyme production, purification, and immobilization [35,83]. In addition,
some immobilization procedures require sophisticated materials or multi-step prepara-
tion methods, which may increase the overall process complexity and production ex-
penses.

A key limitation in the current understanding of enzymatic biodiesel production lies
in the insufficient integration of fundamental reaction kinetics into process interpretation
and design. Although immobilized lipases have been extensively studied for their en-
hanced stability, reusability, and operational performance, many reports still describe cat-
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alytic outcomes primarily in terms of overall conversion or FAME yield, without a deeper
mechanistic discussion. In heterogeneous biocatalytic systems, the apparent reaction rate
is governed not only by intrinsic enzymatic activity, but also by substrate adsorption, en-
zyme-support interactions, and diffusional resistances within porous matrices. In this
context, kinetic frameworks such as Michaelis-Menten and Ping-Pong Bi-Bi mechanisms
are essential to describe lipase-catalyzed transesterification, while adsorption-influenced
models such as Langmuir-Hinshelwood further capture the coupled effects of surface
binding and catalytic turnover [84-87]. However, these models are still underutilized in
many immobilized lipase studies for biodiesel synthesis. Furthermore, the performance
of immobilized lipases is strongly influenced by the characteristics of the support material,
immobilization method, and reaction medium. Consequently, achieving an optimal bal-
ance between enzyme loading, catalytic efficiency, mass transfer, and long-term stability
remains an active area of research. Limitations associated with diffusional resistance may
also become more pronounced in large-scale systems, particularly when highly viscous
feedstocks or porous support materials are employed [39].

The diversity of feedstocks available for biodiesel production presents both opportu-
nities and challenges. Waste cooking oils, acid oils, microalgal lipids, and non-edible veg-
etable oils have demonstrated considerable potential as sustainable raw materials
[51,88,89]. However, their variable compositions, moisture contents, and free fatty acid
levels can affect enzyme performance and process reproducibility. Similarly, further in-
vestigation is needed to improve catalyst tolerance toward methanol and ethanol, which
continue to be among the main causes of enzyme inhibition and deactivation during trans-
esterification.

6. Conclusions

Lipase-catalyzed biodiesel production has emerged as a promising alternative to con-
ventional chemical processes, offering important environmental and operational ad-
vantages. Enzymatic transesterification operates under mild reaction conditions, mini-
mizes soap formation, simplifies downstream purification, and enables the efficient con-
version of feedstocks with high free fatty acid contents.

Recent advances have demonstrated that enzyme immobilization is an important fac-
tor in improving the industrial feasibility of biodiesel production. Immobilized lipases
exhibit enhanced stability, greater tolerance to reaction conditions, improved reusability,
and easier recovery from reaction media. Significant progress has been achieved through
the development of innovative support materials, including polymeric matrices, magnetic
nanoparticles, biochar-based materials, metal-organic frameworks, and hybrid catalytic
systems. In addition, emerging approaches involving dual-enzyme systems, engineered
lipases, and process intensification strategies have contributed to higher biodiesel yields
and improved catalytic performance.

Despite these advances, challenges related to enzyme cost, long-term operational sta-
bility, and large-scale implementation remain. Continued efforts are required to develop
more robust and economically viable biocatalysts, optimize immobilization technologies,
and enhance catalyst resistance to alcohol-induced deactivation. Addressing these limita-
tions will be essential for increasing the competitiveness of enzymatic biodiesel produc-
tion relative to conventional catalytic processes.
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