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Abstract: Early research on recycling agri-food industry
waste focused on valorization to identify valuable compo-
nents lost when waste is disposed of, reflecting a linear
economy model. With the shift to a circular economy, cur-
rent research aims for full recycling of waste containing
high-value compounds. This study builds on previous work
involving egg white layer proteins and high-purity calcium
salts to explore the potential of eggshell membranes for
lipase immobilization. Eggshell waste was treated with
acids (5% hydrochloric, 10% acetic, 15% o-phosphoric),
and then lipase from Burkholderia cepacia was immobi-
lized using adsorption and covalent binding. The immobi-
lized enzymes were tested for biochemical and operational
properties. Results showed improved thermal stability,
altered pH and temperature optima, and retention of up
to 85% of initial activity after ten reuse cycles. Adsorption
proved to be the most effective immobilization method,
offering superior stability and reusability. Among the car-
riers tested, ESMC-HCl was identified as the most suitable,
with the immobilized lipase successfully applied in the
enzymatic pretreatment of wastewater from the oil-proces-
sing industry. This application achieved over 89% removal of
chemical oxygen demand and reduced total oil content from

95% to 18% across four treatment cycles, demonstrating both
effectiveness and reusability of the biocatalyst.

Keywords: eggshell membrane, Burkholderia cepacia lipase,
immobilization, wastewater bioremediation

1 Introduction

The growing global population demands more resources,
including food, water, and energy, and consequently gen-
erates increasing amounts of waste, emphasizing the need
for sustainable management and environmental preserva-
tion. The relatively slow progress in the field of waste
management has made this issue as a major global pro-
blem. Food waste can be used as a raw material for the
production of a variety of value-added products, as it
represents a valuable source of various nutrients [1]. Egg-
shells, among other waste materials, are an important food
waste and a valuable potential raw material. For this
reason, the possibilities of recycling eggshells have been
investigated to avoid disposal in landfills. Initial uses of
this waste included ground eggshells in the diets of poultry
and laying hens as a source of calcium to investigate their
nutritional quality compared to ground limestone [2–5].
Further research revealed that eggshells show a high
absorption capacity for dyes [6–8], heavy metals [7,9–11],
radionuclides [12], or gases [13,14]. In addition, eggshells
were found suitable as a catalyst in various syntheses,
such as for bioceramics [15–19] and biodiesel [20–25] or
as a biodiesel purification agent [26], as well as for the
remediation of oil spills [27]. Moreover, for the criteria of
green building and the development of innovative environ-
mentally friendly building materials through the replace-
ment of cement and the production of bioconcrete, it has
been shown that eggshells increase the strength of the
obtained materials and also have great potential for the
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production of unburned clay blocks or value-added tech-
nical materials such as glass [28–39]. Furthermore, one of
the more important applications is in medicine, where egg-
shells are a drug delivery vehicle [15] or a pharmaceutical
excipient in pharmaceutical products [40], as well as a
material for the production of bandages or even in tissue
engineering [41–43]. On the other hand, in the food
industry, eggshells are used as a source of calcium to
enrich food products such as bread, biscuits, rice, snacks,
meat, or drinks, where small changes in texture were
observed without significant impact on taste [44]. Three
papers have been published by our research group on
the complete utilization of eggshell waste, in which (i) pro-
teins were determined in aqueous solutions obtained by
washing the eggshells during pretreatment, among which
lysozyme stands out with an activity of 485821 U [45]. A
further process, dissolving the eggshells with different
acids, yielded (ii) high-purity calcium salts, but also (iii)
eggshell membranes [45–47]. In our last published paper
[46], looking at the complete utilization of eggshell waste, it
was found that the eggshell membranes remaining after
the treatment of eggshell waste with acid can be used for
the immobilization of lipase.

Among various enzymes, lipases (E.C. 3.1.1.3) stand out
because under the right reaction conditions, these adap-
table biocatalysts can catalyse various reactions such as
hydrolysis, esterification, transesterification, acidolysis,
and aminolysis [48,49]. Lipases are widely utilized in the
food industry and many other industries because of their
versatility, particularly as food additives, in the production
of biodiesel, and in the treatment of lipid-rich wastewater
[49,50]. However, the high price of lipase and the inability
of its reuse make the above-mentioned applications expen-
sive. Exactly for this reason, immobilized lipases have
become one of the most important biocatalytic systems
used for many industrial purposes due to their advantages
in terms of good chemical and thermal stability, with the
possibility of reuse and easy recovery [48,50–52]. Today,
various techniques are used to immobilize lipases, but
immobilization by adsorption on solid carriers has proven
to be the most common, especially when increasing or
maintaining catalytic activity is the main goal of immobi-
lization [48,53]. Immobilization by adsorption is based on
the formation of relatively weak hydrophobic, van der
Waals, and/or hydrogen bonds and ionic interactions
between the enzyme and the carrier that do not lead to a
change in the native structure of the enzyme [52–54]. Cova-
lent immobilization enables strong and stable attachment
of enzymes to solid carriers through the formation of cova-
lent bonds. These bonds typically form between the amino
groups of the enzyme and aldehyde, carboxyl, or epoxy

groups on the carrier, or between enzyme carboxyl groups
and amino groups on the carrier. Immobilization can be
direct, where the enzyme binds directly to an activated
functional group or indirect using a flexible arm attached
to the carrier. A recent cost analysis of enzymatic biodiesel
production [55] confirmed that the cost of the immobiliza-
tion carrier is a major economic barrier for commercial
application of enzyme-based processes, especially in flow-
intensified systems. Since most of the commercially avail-
able carriers are primarily optimized for laboratory use
[55] and are not competitive in terms of cost, having a
relatively high price (380–550 EUR/kg [56]), there is a
need to find cheaper ones. In this respect, various wastes
and/or by-products of the agri-food industry might have a
potential for use. According to the available literature,
there are numerous waste-based carriers for enzyme
immobilization, such as coconut fibres, waste grains, coffee
grounds, onion husks, rice husk ash, and also eggshells or
eggshell membranes [51,54]. Eggshell membrane, being an
abundant agro-industrial waste, offers a promising alter-
native due to its low cost, favourable physicochemical
properties, and proven potential for enzyme immobiliza-
tion. However, the use of eggshell membrane as a carrier
for immobilization of laccase [57], oxidase [58,59], glucose
oxidase [60–63], urease [64], tyrosinase [65], uricase [66],
catalase [67], β-galactosidase [68], and lipase [69–71] has
been reported for the production of biosensors [59–67].

Although eggshell membranes have been previously
investigated for enzyme immobilization, especially in the
development of biosensors, there are few studies focusing
on their use as carriers for lipases. This study is one of the
first to investigate the influence of different chemical pre-
treatments of eggshell membranes on the immobilization
of Burkholderia cepacia lipase (BCL) by adsorption and
covalent methods. In addition, it is the first study to eval-
uate the biochemical and operational properties of the
immobilized enzyme and its application in the pretreat-
ment of real oily wastewater.

In this respect, we have examined the possibility of
eggshell membrane immobilized lipases production to be
used as a potential heterogeneous biocatalyst.

Eggshell membrane-based carriers (ESMC) were pre-
pared by dissolving eggshells with three different acids (5%
hydrochloric acid, 10% acetic acid, or 15% o-phosphoric
acid) and used for immobilization of BCL by adsorption
and covalent methods. Immobilized lipases were examined
on biochemical and operational properties. Another objec-
tive of the present study was to evaluate the performance
of the immobilized lipase for the treatment of oil-con-
taining wastewater, specifically in terms of chemical
oxygen demand (COD) and total oil reduction. The central
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hypothesis of this work is that chemically treated eggshell
membranes can serve as effective, low-cost supports for the
immobilization of B. cepacia lipase, with the specific aim of
developing a reusable biocatalyst for the pretreatment of oil-
rich wastewater, thereby integrating waste valorization
within a sustainable bioremediation framework.

Eliminating pollutants from wastewater is essential to
safeguard the environment, wildlife, and human health. A
range of treatment methods has been designed to target
contaminants such as lipids/oils, heavy metal ions, phar-
maceuticals, and other harmful substances from various
wastewater sources. Key approaches include adsorption,
filtration, ion exchange, electrochemical processes, reverse
osmosis, precipitation, flotation, coagulation/flocculation,
and photocatalytic treatments [72]. For wastewater that is
rich in organic matter, particularly effluents from the food
industries, biological treatment is typically favoured over
other treatment methods [73]. The main reason for
removing oils and fats from wastewater is that their exces-
sive presence can form a layer on the sludge surface, lim-
iting the transfer of soluble substrates and oxygen to
aerobic microorganisms. Furthermore, the long-term pre-
sence of fats and oils can lead to issues such as blockages
and the emission of unpleasant odours. As a result, pre-
treatment to break down fats and oils is essential for
improving the effectiveness of the subsequent biological
treatment process [74–76]. Due to their environmentally
friendly nature and clean application, lipases can be
employed in a wide range of biotechnological processes,
including the treatment of wastewater with high oil/fat
content.

Considering the limited number of studies on the use
of commercial lipases in the pretreatment of oil-rich
wastewater, this study aims to evaluate the application of
immobilized lipases, through several cycles of use, for the
pretreatment of edible oil-industry wastewater.

2 Materials and methods

2.1 Materials

Industrial eggshell waste was generously supplied by
Elcon-nutritional products Ltd. (Zlatar Bistrica, Croatia).
Wastewater containing edible oil was obtained from a
nearby oil refinery (Tvornica ulja Čepin, Croatia).

Transformation process of eggshell waste was per-
formed using 5% (w/v) hydrochloric, 10% (w/v) acetic,
and 15% (w/v) o-phosphoric acid prepared from

hydrochloric acid (37%, w/v) purchased from Carlo Erba
(Emmendingen, Germany), acetic acid glacial (99–100%)
purchased from LabExpert (Ljubljana, Slovenia), and o-
phosphoric acid (85%) purchased from Fisher Chemical
(Shanghai, China). The obtained eggshell membranes
were washed with acetone purchased from LabExpert
(Ljubljana, Slovenia). For carrier activation and flexible
arm attachment, glutaraldehyde and polyethyleneimine
were purchased from Sigma-Aldrich Chemicals (Saint
Louis, MO, USA). Amano lipase PS from B. cepacia
(Sigma-Aldrich product number: 534641) was used for
immobilization on the obtained eggshell membranes and
was purchased from Sigma-Aldrich Chemicals (Saint Louis,
MO, USA). Lipase activity was measured with olive oil as
substrate purchased from Sigma-Aldrich Chemicals (Saint
Louis, MO, USA). Virgin olive (Trenton, Croatia), sunflower
(Zvijezda, Croatia), vegetable (Omegol Croatia), rapeseed
(S-BUDGET, Austria), and coconut (Encian, Croatia) oils,
as well as fresh lard (PIK Vrbovec), were purchased in
the local market, while waste cooking oil is collected in a
nearby local restaurant (Osijek, Croatia). For the total oil
content, n-hexane (Carlo Erba, Italy) and 96% ethanol
(LabExpert, Kefo, Croatia) were used. All other chemicals
used in this research were of pro-analysis purity.

2.2 Preparation of ESMC

ESMC were prepared according to the method previously
reported by our research group [45–47]. Briefly, the pre-
paration included washing of eggshell waste with distilled
water in the 15 L conical batch reactor as described by
Strelec et al. [46] and then mixing with 5% hydrochloric
acid (HCl), 10% acetic acid (HAc), or 15% o-phosphoric acid
(H3PO4), separately. The obtained eggshell membranes
were filtered, washed, dried, and milled according to
Strelec et al. [46]. Finally, three types of ESMC were
obtained: ESMC-HCl, ESMC-Hac, and ESMC-H3PO4.

2.3 Immobilization of lipase on ESMC

2.3.1 Adsorption

Immobilization by adsorption of BCL on prepared ESMC
was performed by the combination of the methods of
Chattopadhyay and Sen [77] and Salleh et al. [78], over a
period of 1 up to 6 h with constant rotation on a multi-
rotator (Multi RS-60, bioSan, Riga, Latvia) set at 17 rpm at
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room temperature with different lipase initial activities
ranging from 230 to 1,430 U in 50 mM phosphate buffer
of pH 7.5. The ratio between the mass of the carrier and
the volume of lipase solution was 1:20. After every hour of
immobilization, vacuum filtration using a Whatman filter
No. 1 was performed, and immobilized lipase was washed
three times with 10 mL of buffer. Immobilized lipase
activity was determined according to Mustranta et al.
[79] and expressed as U·g−1 of the wet carrier. Immobiliza-
tion yield was calculated based on the initial activity used
for immobilization and the residual activity measured in
the supernatant. After immobilization, the lipases were
lyophilized for 48 h for further studies (ALPHA 2-4 LSC
PLUS, Martin Christ Gefriertrocknungsanlagen GmbH,
Germany).

2.3.2 Covalent binding

The covalent binding on the prepared ESMC was per-
formed either directly on the activated groups of the
ESMC or indirectly on the activated flexible arm. For direct
covalent binding, the prepared carriers were activated
with glutaraldehyde at concentrations of 0.5% and 1% for
2 h to determine the optimal concentration [80]. In the case
of indirect covalent binding, activation of the prepared
carriers with glutaraldehyde was followed by binding of
the polyethyleneimine as a flexible arm at a concentration
of 0.2% for 2 h according to the method of Cui et al. [81] and
then by activation of the polyethyleneimine with 0.5% glu-
taraldehyde for 2 h. After activation of the carrier or flex-
ible arm, covalent binding of lipase was then performed
for 1–3 h with constant rotation on a Multi RS-60 multi-
rotator (BioSan, Latvia) at 17 rpm at room temperature
with different initial lipase activities ranging from 230 to
1,430 U. The ratio of the mass of the carrier to the volume of
the lipase solution was 1:20. Subsequent steps of separa-
tion, washing, activity testing, and lyophilization of the
immobilized lipase were performed as described for
adsorption.

2.4 Characterization of free and immobilized
lipase

The characterization of lipases included the determination
of pH and temperature optimum, pH and temperature sta-
bility, stability in methanol and ethanol, as well as sub-
strate specificity towards various oils/fats. In addition,
the reusability of immobilized lipases was examined.

2.4.1 Lipase activity

BCL (free and immobilized) activity was determined by a
titrimetric assay with olive oil as substrate according to
Mustranta et al. [79]. The concentration of all buffers in
the reaction mixture was 100mmol·L−1. Enzyme addition
was 1 mL (1 mg·mL−1) for free lipase, while for immobilized
lipase, it was 100mg (wet immobilized lipase) and 25 mg
(lyophilized lipase).

2.4.2 pH and temperature optimum

The pH optimum of the free and immobilized lipases was
determined in the pH range from 6 to 10. Three different
buffer systems were used: sodium phosphate buffer (pH 6,
7, and 8), Tris-HCl buffer (pH 8 and 9) and glycine-NaOH
buffer (pH 9 and 10). Once the pH optimum of lipase was
determined, the temperature optimum at the pH optimum
was carried out in the range from 30°C to 70°C.

2.4.3 pH and temperature stability

After determination of pH and temperature optimum, pH
and thermal stabilities of free and immobilized lipases
were investigated using a thermoblock (LLG uniBLOCKTH-
ERM, Meckenheim, Germany) with constant stirring at
250 rpm. The pH stability was conducted during 6 h at
optimal temperature by dissolving lipases in buffers of
different pH (1 mg·mL−1 for free lipase, and 25 mg in
1.5 mL for lyophilized immobilized lipase): 100 mM sodium
phosphate buffer of pH 6, 7, and 8 and 100mM Tris-HCl
buffer of pH 9. Temperature stability was investigated
during 6 h at optimal pH (in optimal buffer) and at various
temperatures (40°C, 50°C, 60°C, and 70°C). Samples were
tested every hour (after centrifugation) for residual
activity [%] of immobilized lipase, where the untreated
and unheated sample activity was taken as 100%.

2.4.4 Stability in methanol and ethanol

Stability in methanol and ethanol was investigated during
3 h at optimal temperature, using a thermoblock (LLG
uniBLOCKTHERM, Meckenheim, Germany) with constant
stirring at 250 rpm, by dissolving lipases in 30% methanol
or 30% ethanol solution (1 mg·mL−1 for free lipase and
25 mg in 1.5 mL of solvent for lyophilized immobilized
lipase). Samples were tested every hour (after centrifuga-
tion) for the residual activity (%) of immobilized lipase,
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where the untreated and unheated sample activity was
taken as 100%.

2.4.5 Substrate specificity

The substrate specificity of free and immobilized lipases
towards various oils and lard was determined by titri-
metric assay at optimal pH and temperature. Tested oils
included olive oil standard, commercially available virgin
olive oil, sunflower oil, vegetable oil, rapeseed oil and
coconut oil, waste cooking oil, and fresh lard. The activity
of lipase in olive oil standard was taken as 100%.

2.4.6 Reusability

The immobilized lipase activity in the hydrolysis of p-nitro-
phenyl palmitate (pNPP) according to Palacios et al. [82]
was repeated 10 consecutive cycles to determine the reu-
sability properties. Before each treatment, a fresh pNPP
solution was added to the reaction mixture.

2.5 Evaluation of the functionality of BCL
immobilized on ESMC in wastewater
treatment

To evaluate the functionality of the selected immobilized
lipase in terms of COD and oil reduction, three different
concentrations (2, 8, and 16 g·L−1) of the selected immobi-
lized lipase in wastewater were tested over 2, 4, 6, and 24 h
with constant rotation on a magnetic stirrer (2mag mag-
netic motion, MIX 6, 2mag AG, München, Germany) placed
in a universal dryer (Memmert, LLG, Meckenheim,
Germany) at 40°C. Prior to analysis, the samples were fil-
trated withWhatman filter paper 113 to separate the immo-
bilized BCL from the wastewater. Additionally, reusability
was examined over five cycles. The COD in the wastewater
was measured using Hach Lange LCK514 cuvette tests, fol-
lowing the manufacturer’s instructions. The samples were
first decomposed in the HT200S High temperature thermo-
stat (Hach Lange, Germany), after which the concentration
for COD was measured in the DR3900 laboratory spectro-
photometer (Hach Lange, Germany). All samples were pro-
cessed within 24 h of their delivery to the laboratory. The
total oil content was determined in duplicate using the
partition gravimetric standard method 5520 B [83].

2.6 Statistical analysis

Mean values and standard deviations were calculated
using Microsoft® Excel® 2016 MSO. One-way analysis of
variance (ANOVA) (p < 0.05) was used to evaluate statistical
differences between lipases and tested characterization
parameters using software Statistica 14.0.0.15. TIBCO
Software Inc. Fisher post hoc test was conducted (p <

0.05) to determine statistical differences between immobi-
lized lipases.

3 Results

3.1 Adsorption

Although eggshell membrane was long regarded as waste,
new investigations have shown that it contains unique
qualities that have drawn the interest of numerous
researchers. Eggshell membrane, mostly in its raw form,
has been used in immobilization studies due to its low cost,
permeability, and surface area. In this article, BCL with
different lipase initial activities ranging from 230 to 1,430
U was immobilized on acid-obtained ESMC. Preliminary
studies have shown that the optimal time for immobiliza-
tion by adsorption of BCL on ESMC was one hour, and that
the highest activities of the immobilized lipase are
achieved with high initial lipase activities, specifically 820
and 1,190 U. It is interesting to note that by applying an
immobilization time longer than one hour, the activity of
immobilized lipase decreased. Salleh et al. [78] in their
article, immobilized several lipases on eggshells and
showed optimal immobilization time of 2 h followed by
1 h of incubation time, where also longer immobilization
time leads to activity decrease. This phenomenon was
explained by Strelec et al. [46] by utilizing the concept of
multi-layered adsorption, which can result in the steric
interference of nearby immobilized enzymes and thus
impede substrate-related activity. Considering the optimal
immobilization time, Figure 1 shows that as the lipase load
for immobilization increases, the activity of the immobi-
lized lipase also increases, while the immobilization yield
decreases, ranging from 54.57% to 88.69%. This trend can
be clarified by the fact that a greater amount of enzyme in
the immobilization mixture increases the probability of
enzyme molecules binding to the carrier, resulting in
higher overall catalytic activity. However, the immobiliza-
tion yield declines due to the limited number of available
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binding sites on the carrier. Once these sites are saturated,
the excess enzyme remains in the supernatant and is not
immobilized [84,85]. At higher enzyme concentrations,
steric hindrance and molecular crowding on the carrier
surface may reduce binding efficiency and lead to unfa-
vourable enzyme orientations or partial inactivation [86].
This is consistent with the observed drop in activity at the
highest lipase load tested, which can be attributed to sur-
face oversaturation, conformational changes of the immo-
bilized enzymes, and potential diffusion limitations, such
as restricted substrate access.

The factors of time and activity were essential for the
initial selection of immobilized lipases. Analysing each
ESMC separately, the highest lipase activity was observed
on ESMC-HCl at 1190 U and measured 124.50 ± 0.90 U·g−1.
The maximum activity for the other two ESMC was found
at 820 U and measured 97.65 ± 5.46 and 110.44 ± 2.37 U·g−1

for ESMC-HAc and ESMC-H3PO4, respectively. The
obtained results are higher than those reported by Jiang
et al. [71] who found 12 U·g−1 as the maximum ester hydro-
lysis activity of BCL immobilized on eggshell membrane.

3.2 Covalent binding

The covalent immobilization of BCL initially required acti-
vation of the ESMC with glutaraldehyde, which was opti-
mized with respect to its concentration. Considering the
similar behaviour of all ESMC during immobilization by
adsorption, but also the highest activity on ESMC-HCl, the
optimization of carrier activation with glutaraldehyde was
performed only with ESMC-HCl using two concentrations
(0.5% and 1%). On the activated ESMC-HCl, BCL was
directly immobilized for 1–3 h to investigate the optimal
immobilization time, while in the case of indirect covalent
binding, first, polyethyleneimine was attached and acti-
vated, and therefore, immobilization was performed. The
results of the influence of glutaraldehyde concentration
and immobilization time showed that higher activities of
immobilized lipases were obtained on ESMC-HCl activated
with 0.5% glutaraldehyde and that the optimal immobiliza-
tion time was 1 h for both covalent binding methods.
Similar to adsorption, the same trends were observed for
both direct and indirect covalent binding methods, where
the activity of the immobilized lipase increased as the
lipase load was raised, while the immobilization yield
decreased (Figures 2 and 3). However, the yield ranged
differently for each method: for direct covalent binding,

Figure 1: Effect of lipase activity load on the activity of immobilized lipase
and immobilization yield by adsorption: (a) ESMC-HCl, (b) ESMC-HAc, and
(c) ESMC-H3PO4.
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Figure 2: Effect of lipase activity load on the activity of immobilized lipase
and immobilization yield by direct covalent binding: (a) ESMC-HCl, (b)
ESMC-HAc, and (c) ESMC-H3PO4.

Figure 3: Effect of lipase activity load on the activity of immobilized lipase
and immobilization yield by indirect covalent binding: (a) ESMC-HCl, (b)
ESMC-HAc, and (c) ESMC-H3PO4.
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it varied between 46.19% and 79.09%, while for indirect
covalent binding, the yield was the highest of all three
methods, ranging from 76.86% to 97.08%. These findings
indicate that, despite the similar trends in activity and
yield across the three methods, each method displayed
distinct immobilized lipase activity and immobilization
yield values based on the type of ESMC applied. In the
optimal hour of immobilization by covalent binding, the
activity of maximum 43.92 ± 0.29 and 48.08 ± 0.54 U·g−1 was
obtained, for direct and indirect methods, respectively.
These results were lower than those published by Abdulla
et al. [69], which showed an activity of 80 U·g−1 of BCL
immobilized on eggshell membrane pretreated with glu-
taraldehyde. Comparing these results with those obtained
by adsorption, it is clear that covalent binding was less
efficient, as adsorption leads to up to 2.5 times higher
activity values in the first hour (124.50 ± 0.90 U·g−1). These
results are in agreement with those published by Tembe
et al. [65], who immobilized tyrosinase on eggshell mem-
branes by (i) adsorption, (ii) adsorption followed by glutar-
aldehyde cross-linking, and (iii) glutaraldehyde activation
of the eggshell membrane followed by adsorption, where
physical adsorption yielded the highest activity.

Generally, the obtained results showed that the cova-
lent method does not achieve high enzyme activity per
gram of carrier, which confirms that covalent binding
can cause a considerable loss of enzyme activity during
immobilization [52]. However, results for the indirect
method contradicted the hypothesis that the incorporation
of a flexible arm increases the mobility of the immobilized
enzyme and thus increases its activity compared to direct
covalent binding [87].

3.3 Free and immobilized lipase
characterization

For further characterization of the immobilized lipases,
one of the highest recorded activities on each carrier for
each method at the optimal immobilization time was
selected. Since there were no notable differences in the
results obtained using the highest initial activities applied
(820, 1,190, and 1,430 U), the activities of lyophilized lipases
were taken into consideration, as well as the cost-effective-
ness of the immobilization process. Accordingly, taking all
of the above into consideration, ESMC-HCl-BCL-820U was
selected for immobilization by adsorption and indirect
covalent binding, while ESMC-HCl-BCL-1190U was chosen
for immobilization by direct covalent binding.

According to our knowledge, there are no data in the
available literature on the characterization of BCL immo-
bilized on ESMC prepared by exposure of eggshells to var-
ious acids. There are only three articles dealing with the
immobilization of lipase on eggshell membranes: Abdulla
et al. [69] immobilized BCL on ESM preactivated with glu-
taraldehyde; Jiang et al. [71] immobilized BCL on crude and
oxidized eggshell membranes by adsorption and with two
other immobilization methods, but without characterizing
the resulting immobilized lipases; Işık et al. [70] immobi-
lized lipase from Acinetobacter haemolyticus on eggshell
membranes using glutaraldehyde as an activating or cross-
linking agent. In this context, all comparisons of the prop-
erties of the immobilized lipases obtained in this study
were made with available literature data on BCL immobi-
lized on different types of carriers, as well as with data on
other enzymes immobilized on eggshell membranes using
various immobilization methods.

3.3.1 pH and temperature optimum

The effects of pH on the hydrolysis of olive oil were exam-
ined in the pH range from 6 to 10. According to Figure 4, the
maximum of relative activity was observed at pH 8 for free
lipase and at pH 9 for all of the immobilized lipases. The
highest activities for all tested lipases were obtained in the
pH range of 7–9, while lower activities were observed at
both acidic pH 6 and alkaline pH 10. According to Mokhtar
et al. [88], in an alkaline environment, immobilized lipase
has higher activity than free lipase, while Işık et al. [70]
reported that the activity of the lipase immobilized on the
eggshell membrane was higher than that of the free
enzyme at almost all pH values investigated, which was
all confirmed in the present study. Most surprising was
the fact that the optimal pH differentiated in one pH unit
between free and immobilized lipases. Regarding free
lipase, BCL exhibits the highest activity at pH 8 in sodium
phosphate buffer, whereas immobilized lipases show peak
activity at pH 9 in Tris-HCl buffer. The shift in optimal pH
value for the immobilized lipases, according to Cao et al.
[89] and Mokhtar et al. [88], may have been due to the
stronger interactions between the lipase and the carrier,
including hydrogen bonding as well as electrostatic inter-
actions; however, it does not necessarily have to occur.
Different authors obtained different results when immobi-
lizing lipases. Thus, Ali et al. [90], Mortazavi and Aghaei
[91], and Ghadi et al. [92] also showed a pH optimum shift
towards an alkaline medium, Ferreira et al. [93] towards
acidic, while El-Ghonemy et al. [94] obtained the same pH
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Figure 5: Temperature optimum of free and lipase immobilized by (a)
adsorption, (b) direct covalent binding, and (c) indirect covalent binding.
Results are shown as average value ± standard deviation of three inde-
pendent determinations.

Figure 4: pH optimum of free and lipase immobilized by (a) adsorption,
(b) direct covalent binding, and (c) indirect covalent binding. Results are
shown as average value ± standard deviation of three independent
determinations.
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optimum values for free and immobilized lipases. The
obtained data on the pH optimum for the free lipases are
in accordance with our previous paper [95] where the pH
optimum of free BCL was tested with two assays, and also
with report from Padilha et al. [96], but are slightly dif-
ferent from those reported by Liu et al. [97] and Dalal
et al. [98] (pH 9). Moreover, according to the literature,
immobilized BCL showed the highest activities in the pH
range of 7–7.5 [92,99,100].

Once the pH optimum was found, the temperature
optimum at optimal pH was determined (Figure 5). A shift
in the temperature optimum between free and immobi-
lized lipases also occurred. Free BCL optimally hydrolyzed
olive oil at 50°C, while immobilized lipases showed the
highest activity at 40°C. According to Işık et al. [70], carriers
as eggshell membrane contain large amounts of –OH
groups in their structure and hence have the ability to
change the optimum temperature of the immobilized
enzyme compared to the free enzyme, since they protect
its structure against a temperature change. In enzyme
immobilization studies using eggshell membrane and
other carriers, there are papers in which the optimum
temperature value changes after immobilization [58,77].
When evaluating the immobilized lipases at the highest
tested temperature of 70°C, the lipases immobilized by
direct covalent binding retained the highest activity, con-
firming a positive effect on the protection of lipases from
loss of activity during manipulation at higher tempera-
tures. The obtained data on the temperature optimum of
free lipase are different from those reported by Padilha
et al. [96] (37°C), Dalal et al. [98] (40°C), Liu et al. [97]
(55°C), Wang et al. [101] (60°C), and Yang et al. [102] (70°C)
but are in agreement with those reported by Sharma et al.
[103] and Sánchez et al. [104]. According to reports on
immobilized BCL, when immobilized on various carriers
using different methods, it exhibited the highest activity
within a temperature range of 40–70°C [69,92,99,105].

3.3.2 pH and temperature stability

Contrary to expectations based on the literature, the immo-
bilized BCL exhibited lower pH stability than its free form
(Table 1). After 6 h of incubation, the adsorption-immobi-
lized BCL retained 60.19 ± 0.59 to 86.27 ± 1.96% of its initial
activity, whereas the free enzyme retained up to full initial
activity. Lipases immobilized by direct covalent binding
were found to be relatively resistant to the effect of pH,
retaining 49.15 ± 0.29 to 86.77 ± 1.06% of their activity over
a 6-h period, with the highest stability at pH 9. On the other
hand, lipases immobilized by indirect covalent binding

were less stable and retained only 22.57 ± 1.68 to 51.57 ±

1.76% of their activity. This result is somewhat surprising,
as immobilization is generally reported to enhance the pH
stability of lipases. Indeed, numerous studies have docu-
mented improved pH tolerance and structural stability of
lipases following immobilization [88,106]. However, the
observed reduction in pH stability could be due to several
factors [107–110]. First, the unfavourable surface charge of
the carrier (e.g., a negative charge) may lead to microscopic
pH fluctuations in the environment of the enzyme, thereby
impairing its catalytic activity. Second, conformational
changes caused by immobilization could limit the struc-
tural flexibility of the enzyme and impair its ability to
adapt to pH fluctuations. Finally, steric hindrance effects
could limit the access of substrates to the active site, espe-
cially under extreme pH conditions.

Since the operation of bioprocesses at elevated tem-
peratures is advantageous due to higher diffusion rates,
lower substrate viscosity, better solubility of reactants,
and lower risk of microbial contamination, the

Table 1: pH stability of free and immobilized BCL

pH stability (6 h) Free BCL

pH 6 (%) 81.63 ± 0.27
pH 7 (%) 75.38 ± 0.00
pH 8 (%) 101.50 ± 1.67
pH 9 (%) 86.53 ± 0.70

BCL immobilized by adsorption
ESMC-
HCl-BCL

ESMC-
HAc-BCL

ESMC-
H3PO4-BCL

pH 6 (%) 69.10 ± 1.23a 86.27 ± 1.96b 82.18 ± 0.43c

pH 7 (%) 62.48 ± 0.85a 69.72 ± 2.65b 67.94 ± 0.82b

pH 8 (%) 63.14 ±
2.45a,b

60.19 ± 0.59a 65.21 ± 1.90b

pH 9 (%) 73.64 ± 2.40a 64.23 ± 1.87b 69.51 ± 0.69a

BCL immobilized by direct covalent binding
ESMC-
HCl-BCL

ESMC-
HAc-BCL

ESMC-
H3PO4-BCL

pH 6 (%) 76.90 ± 0.85a 83.06 ± 2.74a 70.92 ± 2.23b

pH 7 (%) 62.49 ± 1.28a 53.72 ± 1.49b 51.79 ± 1.63b

pH 8 (%) 49.15 ± 0.29a 51.64 ± 0.42b 52.26 ± 0.94b

pH 9 (%) 75.90 ± 1.36a 82.42 ± 1.96b 86.77 ± 1.06c

BCL immobilized by indirect covalent binding
ESMC-
HCl-BCL

ESMC-
HAc-BCL

ESMC-
H3PO4-BCL

pH 6 (%) 28.18 ±
1.94a,b

25.48 ± 1.55a 29.42 ± 0.53b

pH 7 (%) 28.42 ± 4.65a 27.25 ± 0.26a 24.88 ± 0.85a

pH 8 (%) 24.69 ± 0.41a 24.63 ± 1.42a 22.57 ± 1.68a

pH 9 (%) 51.15 ± 1.61a 50.21 ± 1.18a 51.57 ± 1.76a

Results are shown as average value ± standard deviation of three inde-
pendent determinations. Means with the different superscripts within
the raw indicate significant differences; p < 0.05.
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immobilization of lipases on solid carriers helps to
increase their thermostability and expand their biotechno-
logical potential [106]. Table 2 presents the temperature
stability of free and immobilized BCL. At lower tempera-
tures (≤60°C), immobilized lipases retained approximately
42–86% of their initial activity, while a more pronounced
decrease was observed at 70°C. Free lipase demonstrated
slightly better thermal stability at 40°C and 50°C, retaining
full activity at optimal temperature, with only a slight drop
to 88% at 40°C. However, its stability declined significantly
at elevated temperatures, with activity falling to 52.88 ±

0.86% at 60°C and complete inactivation at 70°C. In con-
trast, immobilized lipases retained up to 59% of their
activity at 70°C, indicating improved thermal stability
due to immobilization, as in the literature [111–113], with
lipases immobilized by direct covalent binding showing
the highest stability. Girelli and Scuto [57] investigated
the thermal stability of laccase immobilized on eggshell
membranes for one hour at 30°C, 40°C, and 50°C and
showed a slightly lower stability of the immobilized

compared to the free enzyme. Similar results were pre-
sented by Kharrat et al. [106] who immobilized lipase
from R. oryzae on silica aerogels by adsorption and
observed during the thermostability test that although
the free lipase is inactivated at 60°C, the immobilized lipase
retains 83% of its activity. Corrêa et al. [105] reported that,
at 70°C, the lipase thermal deactivation is increased, but
immobilization positively affected lipase stability at high
temperatures [88,106]. This may be because lipase is
located inside carrier micropores, which provide good
resistance to changes. Because of the constraint on its con-
formational flexibility caused by the many attachment
points of the enzyme on the carrier, which limit the con-
formational modifications and movements under different
temperatures, immobilized enzyme is frequently observed
to have a higher thermal stability than free enzyme.

3.3.3 Stability in methanol and ethanol

Stability in organic solvents is a very important issue in the
use of lipases in real systems, where the most commonly
used solvents are methanol and ethanol, which can have
an inactivating effect on lipases. Therefore, the stability of
free and immobilized BCL in 30% solutions of methanol
and ethanol was tested for 3 h, and the results are pre-
sented in Table 3. When comparing the stabilities in the
two selected solvents, it can be concluded that immobilized
lipases exhibited similar stability within each solvent.
However, slightly better stability was observed in
methanol, where the lowest recorded relative activity
remained above 70%. Overall, the results showed that
ethanol inactivates lipases more than methanol, which is
not in accordance with the statement by Lotti et al. [114],
who reported that lipase inactivation tends to decrease
with an increasing number of carbon atoms in the alcohol,
although the preference for alcohol type is enzyme specific.
Nonetheless, the same authors noted that lipases from the
Pseudomonas/Burkholderia genus exhibit high tolerance to
methanol [114].

The stronger inactivation of BCL by ethanol compared
to methanol can be attributed to the different interactions
with the enzyme. Ethanol is a larger molecule and more
hydrophobic than methanol, which may disrupt the hydro-
phobic residues on the surface of the lipase, and affect its
tertiary structure and stability [115–118]. Methanol tends to
be better tolerated by certain lipases, including BCL, pos-
sibly due to enzyme-specific adaptations. In addition, the
immobilization technique used also affects stability:
Adsorption keeps the enzyme more flexible and stable,
whereas covalent binding may increase susceptibility to

Table 2: Temperature stability of free and immobilized BCL

Temp.
stability (6 h)

Free BCL

40°C (%) 88.11 ± 0.63
50°C (%) 101.50 ± 1.67
60°C (%) 52.88 ± 0.86
70°C (%) 1.19 ± 0.24

BCL immobilized by adsorption
ESMC-
HCl-BCL

ESMC-
HAc-BCL

ESMC-
H3PO4-BCL

40°C (%) 73.64 ± 2.40a 64.23 ± 1.87b 69.51 ± 0.69a

50°C (%) 63.91 ± 1.67a 66.70 ± 1.42a 75.53 ± 1.13b

60°C (%) 65.60 ± 0.96a 63.80 ± 2.15a 73.65 ± 2.35b

70°C (%) 43.54 ± 1.84a 43.83 ± 1.31a 45.93 ± 0.92a

BCL immobilized by direct covalent binding
ESMC-
HCl-BCL

ESMC-
HAc-BCL

ESMC-
H3PO4-BCL

40°C (%) 75.90 ± 1.36a 82.42 ± 1.96b 86.77 ± 1.06c

50°C (%) 66.08 ± 0.65a 67.75 ± 0.92b 66.58 ± 0.59b

60°C (%) 64.28 ± 0.16a 64.47 ± 1.52a 62.64 ± 0.52a

70°C (%) 55.31 ± 1.04a 59.92 ± 0.67b 54.48 ± 0.93a

BCL immobilized by indirect covalent binding
ESMC-
HCl-BCL

ESMC-
HAc-BCL

ESMC-
H3PO4-BCL

40°C (%) 51.15 ± 1.61a 50.21 ± 1.18a 51.57 ± 1.76a

50°C (%) 68.09 ± 1.32a 57.20 ± 0.73b 53.51 ± 1.91c

60°C (%) 50.64 ± 1.74a 42.63 ± 1.33b 46.11 ± 0.69c

70°C (%) 40.32 ± 0.68a 37.35 ± 0.61b 49.28 ± 0.11c

Results are shown as average value ± standard deviation of three inde-
pendent determinations. Means with the different superscripts within
the raw indicate significant differences; p < 0.05.
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solvent-induced denaturation, especially by hydrophobic
solvents such as ethanol. In summary, the stronger hydro-
phobic interactions of ethanol, the enzyme-specific solvent
tolerance, and the immobilization effects together explain
the observed increased inactivation of BCL by ethanol. This
is consistent with existing studies on the behaviour of
lipases in organic solvents [115,116].

In contrast, regarding the free lipase, BCL showed
greater inactivation in methanol, where tolerance to both
solvents decreased after immobilization. For example, its
activity in methanol dropped from 85.10 ± 0.71% (free
form) to 74.28 ± 0.58% (direct covalent binding), and
further to 36.56 ± 1.49% (indirect covalent binding), while
the highest activity was retained in adsorption-based
immobilization (84.46 ± 1.98%). A similar trend was
observed with ethanol: stability decreased after immobili-
zation, ranging from 74.46 ± 2.66% (adsorption) and 67.72
± 0.60% (direct covalent) to 25.93 ± 2.35% (indirect cova-
lent). In general, adsorption-immobilized lipases were the
most stable, followed by those immobilized via direct cova-
lent binding, while the least stable were those immobilized
via indirect covalent binding.

3.3.4 Substrate specificity

Regarding substrate specificity, a similar trend in the
hydrolysis of the tested oils was observed between free
and immobilized BCL (Figure 6). The exception was lard,
where immobilized lipases showed greater activity
compared to free lipase, and waste cooking oil, where the
situation was reversed, with free lipase showing greater

specificity than the immobilized forms. In general, all lipases
exhibited the highest activity with coconut oil. According to
Dalal et al. [98], BCL also showed higher activity towards
coconut oil compared to olive oil. The substrate specificity
results for free BCL alignwith our previous work [95], where
BCL exhibited nearly equal activity in virgin olive oil, rape-
seed oil, vegetable oil, and sunflower oil. Moreover, while
coconut oil exhibited the highest activity in this study, this
was not the case in our previous work, which could be
attributed to differences in the brands or lots of commer-
cially available oils. Coconut oil is classified as a saturated
fat due to its high content of saturated fatty acids. However,
unlike most saturated fats, it consists mainly of medium-
chain triglycerides, which are easily digested and quickly
metabolized for energy. Regulatory data [119] indicate that
coconut oil contains 45–53% lauric acid (C12:0) and 16–21%
myristic acid (C14:0), in contrast to common vegetable oils
such as sunflower, rapeseed, and olive oils, which are pre-
dominantly rich in oleic acid. The increased lipase activity
observed with coconut oil can be explained by several fac-
tors. Although lipases generally exhibit broad specificity
with a relatively low preference for C12:0 and C14:0 fatty
acids [120], their pronounced activity towards coconut oil
seems to be due to the fact that lauric acid is more readily
hydrolysed compared to oleic acid [121]. Additionally, the
physical properties of the substrate play a significant role,
while coconut oil (often referred to as coconut fat due to its
solid state at room temperature) is saturated, its distinct
profile of medium-chain triglycerides enhances the
enzyme’s accessibility. This pronounced activity also
explains the comparatively high activity in lard, which con-
tains a significant proportion of 20–32% lauric acid [119].

Table 3: Stability in methanol and ethanol of free and immobilized BCL

Organic solvent (3 h) Free BCL

Methanol (%) 85.10 ± 0.71
Ethanol (%) 90.10 ± 2.84

BCL immobilized by adsorption
ESMC-HCl-BCL ESMC-HAc-BCL ESMC-H3PO4-BCL

Methanol (%) 76.25 ± 0.91a 78.96 ± 1.12a 84.46 ± 1.98b

Ethanol (%) 61.67 ± 0.28a 67.85 ± 0.45b 74.46 ± 2.66c

BCL immobilized by direct covalent binding
ESMC-HCl-BCL ESMC-HAc-BCL ESMC-H3PO4-BCL

Methanol (%) 68.56 ± 1.10a 71.08 ± 2.61a,b 74.28 ± 0.58b

Ethanol (%) 73.42 ± 0.63a 72.48 ± 0.92a 67.72 ± 0.60b

BCL immobilized by indirect covalent binding
ESMC-HCl-BCL ESMC-HAc-BCL ESMC-H3PO4-BCL

Methanol (%) 40.90 ± 0.68a 36.56 ± 1.49b 41.56 ± 0.25a

Ethanol (%) 28.16 ± 0.64a 25.93 ± 2.35a 28.50 ± 1.20a

Results are shown as average value ± standard deviation of three independent determinations. Means with the different superscripts within the raw
indicate significant differences; p < 0.05.

12  Marta Ostojčić et al.



3.3.5 Reusability

In contrast to free enzymes, which are used only once and
are difficult to separate from the reaction mixture, immo-
bilized enzymes can be reused over several reaction cycles,
making processes more sustainable and cost-effective.
They are also suitable for long-term use due to their
greater resistance to unfavourable conditions. The results
for the reusability of BCL immobilized on ESMC, through 10
cycles of pNPP hydrolysis, are shown in Figure 7. BCL
immobilized by adsorption was found to have great reusa-
bility, as it retained from 71.63 ± 0.17 to 85.46 ± 2.45% of its
initial activity after 10 cycles, while results for covalent
binding were lower. For direct covalent binding, BCL
retained between 65.54 ± 1.29 and 70.98 ± 1.21% of initial
activity after ten cycles, and for indirect, even lower 26.52 ±
2.34 to 28.44 ± 0.11%. The best reusability was shown when
immobilized on ESMC-HCl. Jiang et al. [71] recorded a drop
in activity to 5% for BCL immobilized by adsorption on the
eggshell membrane after only 5 cycles of pNPP hydrolysis,
while with oxidized eggshell membranes, the activity
remained at 50% after 10 cycles. In the article of Işık
et al. [70], the lipase activity during pNPP hydrolysis was
repeated 19 times in succession to determine the reusa-
bility properties of the lipase immobilized on the eggshell
membrane by cross-linking. According to the results,
lipase retained 60% of its activity after 16 reuses, while
its activity dropped below 50% after 18 reuses. On the other
hand, Abdulla et al. [69] studied the reusability in the
hydrolysis of olive oil and found a lipase activity of
only 13.5% after 10 cycles when the eggshell membrane
was treated with glutaraldehyde before immobilization.
From all this, it is clear that the best reusability results
were obtained in the present work. In addition to biochem-
ical performance, economic aspects support the use of
this biocatalyst. A recent cost analysis of enzymatic bio-
diesel production by packed-bed reactors [55] showed
that raw material costs accounted for nearly 80% of
total production costs, highlighting the critical need to
reduce expenses related to feedstocks and enzymes. In
our study, the use of eggshell membranes (an agro-indus-
trial waste) as enzyme carriers significantly lowered
material costs, while effective immobilization of B. cepacia
lipase enabled up to five reuse cycles. Although our system
was not directly aimed at biodiesel production, the
observed reusability and performance in wastewater
treatment demonstrate a comparable potential for cost
reduction. Similar to the referenced study, enhanced
recyclability of the biocatalyst played a key role in
improving the economic feasibility and sustainability of
the process.

Figure 6: Substrate specificity of free and lipase immobilized by (a)
adsorption, (b) direct covalent binding, and (c) indirect covalent binding
to selected oils and fats (OO-S – olive oil standard, VOO – virgin olive oil,
RO – rapeseed oil, VO – vegetable oil, CO – coconut oil, SO – sunflower
oil, L – lard, WCO – waste cooking oil). Results are shown as average
value ± standard deviation of three independent determinations.
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3.3.6 Selection of lipases

Statistical analysis (ANOVA) showed that there are statisti-
cally significant differences (p < 0.05) in lipases and all of
the applied values and parameters, such as time, pH, tem-
perature, organic solvent, and examined oil, when looking
pH and temperature stability, stability in organic solvents,
as well as substrate specificity and their combinations in
treated samples (data not shown). To see possible statisti-
cally significant differences between individual immobi-
lized lipases for all the tested characterization parameters,
a post hoc Fisher test was performed, where in almost all
tested parameters, there were statistically significant differ-
ences between immobilized BCL on all carriers (Tables 1–4),
which was predictable considering the results of variance
analysis. Generally looking, the results of the stability of
immobilized BCL at different pHs, temperatures, and inor-
ganic solvents are very varied, depending on the ESMC used,
so looking at it separately, it is not possible to say which
immobilized BCL lipase would be the best. However, BCL
immobilized by adsorption on ESMC-HCl showed the highest
activity towards all oils and lard, but also the best stability at
the widest pH and, most importantly, highest stability at the
optimal pH and temperature, as well as best reusability. If
the activity values are further examined (Table 4), it is evi-
dent that the highest value was achieved on the ESMC-HCl,
with statistically significant differences observed compared
to the other two ESMC. Therefore, based on the best stability
results, demonstrated reusability, and the highest activity of
the lipase bound to the carrier, BCL immobilized by adsorp-
tion onto ESMC-HCl was selected for further functionaliza-
tion studies. Membranes treated with HCl showed the
highest efficiency compared to those treated with acetic or
phosphoric acid. This effect is attributed to the more

Table 4: Activity of immobilized BCL

Lipases immobilized by adsorption

ESMC-HCl-BCL ESMC-HAc-BCL ESMC-H3PO4-BCL

A (U·g−1) 646.02 ± 36.25a 607.04 ± 8.57b 610.48 ± 12.78a,b

Lipases immobilized by direct covalent binding
ESMC-HCl-BCL ESMC-HAc-BCL ESMC-H3PO4-BCL

A (U·g−1) 369.98 ± 3.04a 353.66 ± 1.82b 348.13 ± 3.68b

Lipases immobilized by indirect covalent binding
ESMC-HCl-BCL ESMC-HAc-BCL ESMC-H3PO4-BCL

A (U·g−1) 389.92 ± 2.95a 361.01 ± 4.87b 327.49 ± 3.03c

A – activity of lyophilized immobilized lipases at optimal conditions (pH
9, 40°C). Results are shown as average value ± standard deviation of
three independent determinations. Means with the different super-
scripts within the raw indicate significant differences; p < 0.05.

Figure 7: Reusability of BCL immobilized by (a) adsorption, (b) direct
covalent binding, and (c) indirect covalent binding. Results are shown as
average value ± standard deviation of three independent
determinations.
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complete removal of mineral components by HCl, resulting
in a cleaner and more porous collagen network with fully
exposed functional groups (e.g., –NH₂, –COOH) available for
enzyme binding. In contrast, acetic acid can leave behind
acetate groups, while phosphoric acid can cause phosphate
deposits on the membrane surface, partially blocking the
binding sites and altering the surface chemistry. These dif-
ferences in surface composition and porosity are consistent
with our previous studies on eggshell membrane treatment,
which have shown that HCl treatment maximizes organic
(protein) content and preserves a membrane structure that
is highly favourable for enzyme immobilization [45–47].

3.4 Evaluation of the functionality of ESMC-
HCl-BCL in wastewater treatment

Lipid-rich wastewater poses significant environmental
risks due to its harmful properties. Fats and oils represent
the primary organic components in municipal and certain
industrial wastewater streams. Major contributors to high
lipid concentrations (exceeding 100 mg·L−1) include edible
oil refineries, restaurants, slaughterhouses, wool proces-
sing facilities, and the food and dairy industries [122].

The results of the functionality testing of ESMC-HCl-
BCL in oil-rich wastewater are shown in Figure 8. Based
on the comparison of results in Figure 8a, the highest COD
reduction was observed after 6 h of contact with ESMC-HCl-
BCL (over 89% COD reduction achieved with 16 g·L−1 of
material). Therefore, a contact time of 6 h was used in
subsequent tests to evaluate the reusability of ESMC-HCl-
BCL over multiple cycles. A noticeable decrease in COD
reduction was observed after the fourth reuse cycle, with
no further COD reduction detected in the fifth cycle (Figure
8b). A similar trend was observed in total oil reduction
(Figure 8c). After the first cycle, approximately 95% of
the total oil content was removed, whereas by the final
cycle, only 18% was reduced. These findings are consistent
with those reported by Yao et al. [123], who observed that
immobilized lipase pretreatment of pet food industry was-
tewater resulted in a 65% reduction in COD and a 64%
reduction in oil and grease content. In addition to these
analyses, enzyme activity loss was also evaluated. The
results showed that after the fifth reuse cycle, enzyme
activity was 15.22% for 2 g·L−1 of ESMC-HCl-BCL, 20.71%
for 8 g·L−1, and 10.92% for 16 g·L−1. This decrease in perfor-
mance was accompanied by a significant decrease in the
remaining enzyme activity after the fifth cycle (e.g., to
10.92–20.71% of the original activity, depending on the
ESMC-HCl-BCL dosage). Several factors could contribute

Figure 8: Evaluation of functionality of ESMC-HCl-BCL in wastewater
treatment (a) COD reduction over time, (b) COD reduction over multiple
reuse cycles, and (c) total oil reduction over multiple reuse cycles. Results
are shown as average value ± standard deviation of three independent
determinations.

Eggshell membranes as green carriers for lipase biocatalysis  15



to this loss of activity: (i) partial enzyme inactivation –

several studies have shown that repeated cycles of immo-
bilized lipase use can lead to reduced enzyme activity due
to denaturation, conformational changes, or blockage of
the active site by accumulated reaction by-products or
impurities in the wastewater [123,124]. For example, loss
of activity after several cycles has been attributed to both
structural changes in the enzyme and gradual denatura-
tion, especially in harsh or oily environments [88,125]; (ii)
fouling of the biocatalyst – fouling is widely reported as
one of the main reasons for performance degradation
when reusing immobilized enzymes in oily or complex
wastewaters. The accumulation of fats, oils, and organic
material on the surface of the immobilized matrix can
hinder substrate diffusion and shield the active enzyme
sites, reducing the overall catalytic capacity [124,126,127].
These phenomena have been quantitatively described in
the literature, e.g., by Yao et al. [123], who found that immo-
bilized lipase can be reused up to four cycles, but decreases
significantly thereafter, and in a recent study on magnetic
carriers, which showed greatly reduced catalytic activity
after the fourth reuse – especially when fouling and high
surface loading were present [124]. In addition, extensive
reviews and modelling studies dealing with fouling of bio-
catalysts and membranes in real wastewater systems have
highlighted the need for regeneration strategies or repla-
cement [127,128]. All these findings indicate that ESMC-HCl-
BCL can be effectively used for the pretreatment of oily
wastewater.

It is important to note that while ESMC-HCl-BCL
demonstrates effective pretreatment of oily wastewater
for up to four reuse cycles, the observed decrease in
enzyme activity and COD removal efficiency beyond this
point represents a trade-off for potential industrial appli-
cations. Maintaining constant treatment performance
would require frequent regeneration or replacement of
the biocatalyst, which could impact both process costs
and operational sustainability. The development of effec-
tive regeneration strategies, such as purification protocols
to reduce fouling or the optimization of enzyme immobili-
zation to improve stability, is therefore essential for prac-
tical implementation. In addition, future research should
investigate the potential leaching of enzymes during treat-
ment and explore strategies to minimize this leaching to
ensure catalyst longevity and environmental safety.
Enzyme activity has only been measured at the end of
each reuse cycle, while activity in the treated wastewater
itself has not been assessed. Recognizing and systemati-
cally addressing this limitation will be crucial to expand
the application of ESMC-HCl-BCL in real wastewater treat-
ment systems.

4 Conclusions

In continuation of efforts to fully utilize waste eggshells,
this research investigated the ability of the eggshell mem-
brane for immobilization of lipase using both adsorption
and covalent binding methods to achieve a cost-effective
zero-waste model of transformation of eggshells.
Immobilized BCL showed a shift in pH and temperature
optimum, better temperature stability at high tempera-
tures, and improved storage stability compared to free
lipases, as well as retention of up to 85% of initial activity
through 10 reusability cycles, with adsorption proving as
the most effective method. The study demonstrated that
ESMC-HCl-BCL is highly effective in the pretreatment of
oil-rich wastewater, achieving over 89% COD reduction
and 95% total oil removal after 6 h of contact time with
16 g·L−1 of material. However, the reusability tests revealed
a gradual decline in performance, with a significant drop
in COD and oil reduction after the fourth cycle, and
minimal activity remaining by the fifth cycle. Enzyme
activity measurements further confirmed this trend, with
residual activity ranging from 10.92 to 20.71% depending on
the concentration used. Overall, ESMC-HCl-BCL presents a
promising option for the short-term enzymatic pretreat-
ment of oily wastewater, although its reusability remains
limited over extended cycles. While ESMC-HCl-BCL shows
promising performance, its declining efficiency after four
reuse cycles emphasizes the need for regeneration strate-
gies and leaching controls that will be crucial for sustain-
able, large-scale application in wastewater treatment.

Further process design research is needed for emer-
ging wastewater treatment technologies, which are cur-
rently gaining momentum. Ultimately, these developments
must progress from laboratory-scale studies to full-scale
industrial implementation. To advance towards industrial
application, future research should focus on scaling up
carrier production and immobilization processes, i.e., stan-
dardizing the washing, separation, drying, and enzyme
coupling steps to ensure consistent carrier quality and
performance. Continuous or semi-continuous pilot-scale
systems need to be evaluated under real wastewater con-
ditions to assess durability, resistance to fouling, contami-
nant removal efficiency, and re-use of the enzymes over
longer cycles. Extending the scope to other lipases and
enzyme classes will test the versatility of the platform.
The integration of techno-economic and life cycle assess-
ments will reveal bottlenecks (e.g., energy consumption,
carrier lifetime), while strategies such as by-product
utilization (e.g., CaCl₂ recovery), carrier regeneration, and
regulatory compliance planning are essential for an envir-
onmentally friendly, circular, and scalable application.
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