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ABSTRACT

Herein, the evaluation of waste fish (WF) oils as feedstock for the production of wax esters through trans-
esterification reactions was reported. In particular, the synthesis of an emollient ester in the presence of
oleyl alcohol and using an immobilized lipase catalyst was proposed. Lipase from Candida rugosa (CRL) was
immo- bilized (0.5 enzyme/support wt. ratio) on a magnetic amino-functionalized hypercross-linked resin (M-
HCLR- NH2) by ion exchange, interfacial activation, and covalent anchoring, mediated by 1-ethyl-3-(3-
dimethyl-amino- propyl)carbodiimide (EDC). The experimental results demonstrated the successful
immobilization of lipase on the as-produced M-HCLR-NH2 with a high immobilization yield of 90%. The
immobilized CRL showed very high activity and an activity recovery of ~ 94%. The immobilized enzyme on the
magnetic resin results in more stability and less sensitivity to temperature change than the free counterpart.
In addition, during emollient ester synthesis in a solvent system, the immobilized enzyme exhibited very high
activity, stability, and excellent reusability, with a yield of 94% after 12 h at 45 °C at an oil:alcohol molar ratio
of 1:4 and an immobilized enzyme concentration of 15 wt%./wt of oil. Esters synthesized showed excellent
physicochemical properties.
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1. Introduction

Wax esters are long-chain esters that are derived from fatty acids and fatty alcohols with more than 12 carbon
atoms. They show no toxicity [1] and are classified as fine chemical products [2]. The wax esters global market
had a size of 10.2 billion dollars in 2022 and is expected to register a growth rate of = 3% by 2027 [3]. They
have wide applications in the production of candles [4,5], printing inks [6], rubber, coatings [7], and lubricants
[4]. Wax esters can be used to produce pharmaceu- ticals [6] and personal care products [8], such as
emollients [8,9], cosmetics [6], skin care [10], hair care [10], and others [11]. Wax esters can be obtained
from natural sources or chemical synthesis, e.g., from petroleum. Natural sources, from which to extract the
fat components, or oils directly, can be used to derive wax esters with different compo- sitions [12]. Jojoba
oil has been the first natural source for wax ester synthesis [13]. However, costs and availability hinder the
large-scale application of oil from jojoba. For this reason, attempts to synthesize wax esters [14] with cheaper
raw materials in a shorter time are issues of great significance. Among the different possibilities, the use of
cheaper vegetable oils is a very significant option as an alternative to natural wax ester sources. Due to
competition with food crops, edible oils are not a feasible option. On the other hand, the valorization of
wastes and biomasses is a valid and promising alternative to obtaining wax esters. Currently, the fish
processing industry is one of the most important in the world. During fish processing operations, a significant
amount of fish byproducts are generated as waste in the form of viscera, frame head skin scales, etc.[15]. A
certain part of these wastes is utilized as low-cost ingredients in animal feed production and fertilizer.
Instead, the main bulk of these wastes is considered valueless garbage, resulting in disposal costs, while their
inadequate disposal creates pollution prob- lems [15,16]. It is worth noting that some of these wastes contain
a high amount of oil. Typically, fishes contain 2—35 wt% fat, while approxi- mately 50 wt% of the body weight
is generated as waste during fish processing operations [15]. Omega-3 fatty acids, which are abundant in fish
oil, are involved in different physiological activities as essential fatty acids. They exhibit an important role in
the body’s homeostatic pres- ervation. In particular, omega 3- polyunsaturated fatty acids (PUFAs), such as
docosahexaenoic acids (C22:6n-3) and omega-3 eicosapentae- noic (C20:5n-3), possess health benefits.
However, ~15-22% of omega-3 fatty acids in waste fish oil are useless. Extracted waste fish oil may not meet
the quality criteria required for edible purposes. Furthermore, in the presence of highly polyunsaturated fatty
acids, fish oils exhibit highly unpleasant flavours and odours. On the other hand, wastes from fish have been
used to produce biodiesel [17-21] and esters [22—24]. In addition, by the disposal of fish, other high-added-
value products, such as peptides, have also been produced [25-27].

Transesterification/esterification [28,29] reactions can be used for the synthesis of wax esters from vegetable
oils or fats with alcohols in the presence of a chemical homogeneous or heterogeneous catalyst. Ester-
ification, which shifts the reaction equilibrium towards ester production with the addition of excess reagents
or removal of formed catalytic unnecessary water molecules, is a thermodynamically controlled pro- cess
[30]. However, transesterification is a kinetically controlled reac- tion [31]. In particular, chemical catalysts,
although active and selective [32], present several disadvantages, such as (i) high reaction tempera- tures,
(i) difficulties in separation from the reaction media, (iii) low yields, and (iv) environmental concerns [33].
On the other hand, bio- logical reactions involving enzymatic catalysts have been demonstrated to be
attractive for the synthesis of wax esters because they are processed with low energy consumption, high
productivity and selectivity, and good stability compared to organic solvents [34]. In addition, they have
broad substrate specificity and exhibit high enantioselectivity [35].

The performance of an enzyme depends upon various factors, including enzyme active centre adsorption
characteristics, enzyme specificity, and reaction inhibitions [36]. However, enzyme cost and process stability
require, to prolong the applicability of enzymes in syntheses of wax esters or other industrial processes, the
implementation of techniques allowing stabilization and reuse. Among these techniques, enzyme
immobilization stands out [35—39]. To extend the applicability of enzymes in syntheses of wax esters, or in
other industrial processes, the implementation of techniques allowing stabilization and reuse are needed.



Several methods are used for enzyme immobilization [40,41]. Among them, the most commonly used are
based on physical and chemical immobilization (covalent bonds) [42—44]. In particular, covalent bonds,
although they do not allow for the reuse of esters when enzyme inactivity occurs, ensure that the enzymes
are strongly bound to the support, preventing the mixing of the enzyme with the products, thereby reducing
contamination and the cost of purification [45)] and favouring better stability towards organic solvents and
higher temperatures. Covalent binding also stabilizes the enzyme in specific protein orientations, which may
promote higher specific activity. The physical method, for which stability control is more difficult [46], is a
reversible, low-cost, and quite simple method, and enzymes retain activity through relatively chemical-free
enzyme binding [47]. Moreover, covalent and physical immobilization techniques have demonstrated the
ability to successfully provide stable forms of enzymes [48].

Support materials play a key role in the activity of an immobilized enzyme and should be low-cost and possess
an adequately large surface area together with low diffusion limitations in the transport of substrate and
product. Different attractive supports, such as microspheres, chitosan beads, and porous materials, were
used for the immobilization procedures. In particular, mesoporous and macropore materials have structures
full of pores and a larger surface area, so they are usually applied as catalyst supports [49]. Moreover,
materials with large pores can provide suitable space for the conformational conversion of the enzymes to
increase their activities. For example, Miletic et al. [50] prepared macroporous poly(glycidyl methacrylate-
co-ethylene glycol dimethacrylate) resins with a specific surface area of 106 m2/g and pore size distribution
in the range of 50 - 560 nm to ensure immobilization of Antarctica lipase B. In recent years, hypercross-linked
polymers (HCPs) have become one of the most promising carriers because of their excellent structural
designability and large specific surface area [51]. Furthermore, amino functionalization of the support surface
[52,53] can be useful to enhance bond strengths between enzymes and support surfaces, contrasting
leaching and favouring good reproducibility and high efficiency [54,55]. However, complicated and annoying
processes are needed to remove the immobilized enzyme from the reaction media. Magnetic
functionalization [56] can be used to facilitate these separation processes, reducing costs and improving
reusability [57], thus enhancing biocatalyst lifetime. Among magnetic nanomaterials, Fe304 nanoparticles
(NPs) have been regarded as very promising carriers due to their biocompatibility and low cost [39,58—65].
The Fe304-loaded enzymes are easy to recover by a magnetic field, which may optimize operational cost and
enhance product purity.

Here, for the first time, emollient esters were synthesized from waste fish oil (WF) in the presence of oleyl
alcohol and Candida lipase (CRL). Although lipases have broad specificity, they are the most widely used class
of enzymes in biotechnology [66], and this is for different reasons: industrial preparations of many lipases
were available, given their ap- plications, in early industrial enzymology; there is a wide range of sources;
they carry out reactions often in heterogeneous media showing the phenomenon of interfacial activation;
and they can promote different reactions [67]. Candida rugosa lipase is an inexpensive lipolytic enzyme;
moreover, it is one of the most important lipases from a com- mercial point of view. It has been used as an
enzyme model due to its high applicability in biotransformations of numerous important prod- ucts [68,69],
wide substrate specificity, good selectivity, and region -/- stereoselectivity [70]. Under physiological
conditions, this enzyme catalyses triglyceride hydrolysis with no positional specificity. It is also stable in
organic solvents and does not require any cofactors. CRL can also be utilized for catalysing esterification and
transesterification re- actions. It shows wide substrate specificity for fats and oils of both vegetable and
animal origins. These substrates are practically insoluble in water, so the reaction occurs at the water-lipid
interface, where lipases show higher catalytic activities and interfacial activation phenomena [71],
characterized by complete enzyme lid opening inducing improvement of enzymatic activity [72]. CRL was
directly immobilized on an amine-functionalized high surface area support [63—65]. Among the covalent
immobilization strategies, EDC can be chosen because of its robustness and minimal need for chemical
modification [73,74], which has led to its extensive use in biofunctionalization for research and commercial
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purposes. EDC promotes a coupling mechanism of interaction, without becoming part of the final amide bond
between the target molecules.

In particular, to design a new “catalytic system”, which ensures functionalities for catalyst stabilization and
allows the exploitation of enzyme selectivity, an amino-functionalized, hypercross-linked resin (HCLR-NH2)
was chosen. The resin, obtained from aromatic monomers and embedding magnetic Fe304 nanoparticles,
was used as a high sur- face area support for multiple interactions, including ion exchange, interfacial
activation, and covalent immobilization, mediated by 1- ethyl-3-(3-dimethyl-aminopropyl) carbodiimide
(EDC). It also works as an enzyme protection structure and alcohol cage. The immobilized enzyme was tested
for activity and stability during emollient ester synthesis through transesterification reactions. Furthermore,
the physico-chemical properties of the esters were evaluated.

2. Experimental design
2.1. Materials

The fish processing waste (Fig. 1) used in the current study was collected from a local fish market in Campania,
Italy, and stored at -20 °C before use. The less valuable edible parts of fish mackerel and cod, such as heads,
tails, fins, and organs, were taken as fish waste and used for the production of wax esters. CRL was acquired
from Sigma Aldrich (free of protease and alpha-amylase). All chemicals used in this work were of analytical
grade and acquired from Aldrich Chemical Co.

2.2. Waste fish oil (WF oil) extraction

Before extraction, 1 kg of the waste fish was thawed overnight at 8 °C. The material was then ground to a
coarse powder. The extraction of WF oil was carried out in n-hexane. The solvent-mediated extraction
method, rather than the more common method, e.g., heating with boiling water and subsequent squeezing,
was used to avoid time- consuming processes and the expensive steps of filtration and drying and to obtain
a drier oil with a higher yield. In particular, the milled WF, 500 g, was mixed with 1.5 | of n-hexane (1:3 w/v)
and stirred for 60 min at room temperature. The mixture was then centrifuged at 7500 rpm for 30 min at 15
°C. The supernatants were collected, and a rotary vacuum evaporator was used for hexane removal, while
the residue of extraction was reused to obtain a high- recovery oil. The following equation (Eg. 1) was used
to evaluate the extracted oil [75]:

't.of extracted oil)
Oil["'}i]—{“tn extracted oil) | 100 (1)

(wt.of waste fish)

where “wt. of extracted oil” is the weight of the oil after extraction and drying in the vacuum evaporator;
“wt. of waste fish” is the mass of the waste fish. The physico-chemical properties of the oil, such as the acid
value, iodine number, and saponification index, were determined by the ASTM D 664, D 5554, and D 5558
methods, respectively, and are reported in Table 1.

2.3. Fatty acid composition

For the fatty acid composition, a BF3-method was used after derivatization in fatty acid methyl esters
(FAMEs) [76]. FAMEs analysis was performed by using a GC—MS, Thermo-Fischer gas chromatography
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equipment. A capillary column, Trace-GOLD TG-POLAR GC Columns 0.25 um x 0.25 mmx 60 m, was used.
Helium was the carrier gas at 1.2 ml/min. In detail: detector and inlet temperature: 250 °C; initial temperature
150 °C up to 190 °C, 15 °C/min, and 5 min at 190 °C; finally, the temperature was raised to 230 °C, 4 °C/min,
and 10 min at 230 <C. For peak identification, a certified reference FAME mixture (C14-C24) was used to
compare retention times.

2.4. Synthesis of amino hyper cross-linked resin

Amino-functionalized hypercross-linked resins based on divinylbenzene/vinyl benzyl chloride were
synthesized as reported by Castaldo et al. [77]. The monomers (divinylbenzene/vinyl benzyl chloride, 2:98
molar ratio) were mixed under nitrogen, and then bulk polymerization was performed with 2,2'-azobis(2-
methyl-propionitrile) for 6 h at 80 C. After that, the precursor resin was purified and subjected to the Friedel-
Crafts reaction using a catalyst (ferric chloride, FeCI3) and a swelling agent (1,2-dichloroethane) to obtain the
hypercross-linked resin (HCLR). The amino-modified hypercross-linked resin was obtained starting from the
as-obtained neat HCLR through a nitration-reduction process. HCLR was added to a mixture of nitric
acid/sulfuric acid/water (HNO3/H2504/H20, 75/20/5 vol%) that was kept in an ice bath under N2 flux. The
reaction mixture was agitated for 1 h, and then the mixture was poured slowly into a sodium hydroxide
solution (NaOH, 10 M). The product was separated by filtration, washed with distilled water until pH =7, and
dried in a vacuum oven at 80 °C to obtain HCLR-NO2. HCLR-NO2 underwent a reduction process with
stannous chloride (SnCI2) in a 1/1 vol/vol hydrochloric acid/ethanol solution. The reaction mixture was stirred
at 60 °C under N2 for 2 h. The resulting resin was washed with a diluted H2S04 solution, neutralized with
distilled H20, and dried under vacuum at 80 °C to obtain HCLR-NH2.

2.5. Preparation of magnetic HCLR-NH2 support and Fe304 NPs

To prepare magnetic amino hypercross-linked resin (M-HCLR-NH2, Fig. 2) [78], 500 g of amino resin was
dispersed in 20 ml of water for 24 h in a 50 ml round-bottom flask. Then, 79.5 mg of ferrous chloride
tetrahydrate (FeCl2 ¢4 H20) and 216.3 mg of ferric chloride hexahy- drate (FeCl3¢6 H20) were added, and
the solution was evacuated at 25 °C for 3 days. Finally, the vacuum was removed, the suspension was
centrifuged, and the product was redispersed in water (10 ml). The mixture was heated to 80 °C with 25%
aqueous ammonia (74 ul) for 30 min. After 30 min, the magnetic resin (M-HCLR-NH2) was washed several
times in water. The synthesis of Fe304 NPs alone was carried out under the same experimental conditions
but in the absence of the amino-modified hypercrosslinked resin. Amino-functionalized Fe304 NPs were then
obtained by a nitrification-reduction process, following the same procedure as previously described for HCLR-
NH2 surface modification.

2.6. Enzyme immobilization

Candida rugosa lipase was immobilized onto amino-terminated magnetic resin (M-HCLR-NH2 support) by ion
exchange, interfacial activation, and covalent immobilization. In particular, the covalent bond between the
carboxyl groups of lipase and the M-HCLR-NH2 sup- port was mediated by 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) [79,80]. EDC was used for enzyme immobilization because it is water-soluble, eco-
friendly, and noncytotoxic [81,82]. Furthermore, it is called a zero-length cross-linking agent because it
activates carboxyl groups and mediates the linkage with superficial primary amino groups without the use of
any spacer molecules, which can generate random bonds, blocking enzyme active sites [83]. Briefly, a solution
containing 2.5 g/l of enzyme and 0.4 g/l of EDC in20 ml of a potassium sodium-phosphate buffer (pH 7, 0.1
M) was incubated at 4 °C at 200 rpm for 30 min. Subsequently, a 5 mg/ml suspension of M-HCLR-NH2 support
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in 20 ml of potassium sodium phosphate buffer was added to the EDC-lipase solution (0.5 enzyme/ support
wt. ratio) and incubated at 4 <«C and 200 rpm for various times. After the coupling time, the immobilized lipase
(M-HCLR-NH2 @CRL) was removed by an external magnetic field and washed several times with phosphate
buffer to remove the excess unbound lipase and, finally, tested for the lipase assay. Candida rugosa lipase
was also immobilized onto Fe304 NPs under the same experimental conditions (Fe304 @CRL). Briefly, a
solution containing 2.5 g/l of enzyme and 0.4 g/l of EDC in 20 ml of a potassium sodium-phosphate buffer
(pH 7, 0.1 M) was incubated at 4 °C at 200 rpm for 30 min. Subsequently, a 5 mg/ml suspension of amino-
functionalized Fe304 in 20 ml of potassium sodium-phosphate buffer (pH 7, 0.1 M) was added to the EDC-
lipase solution and incubated at 4 -C and 200 rpm for various times. After the coupling time, Fe304 @CRL
was removed by an external magnetic field and washed several times.

2.7. Determination of immobilization efficiency, immobilization yield, and lipase activity

Bradford’s method was used to evaluate the amount of enzyme loaded on the support using bovine serum
albumin (BSA) as a standard [84]. The data used were averages of two different tests. In particular, the
amount of lipase was determined by the difference between the enzyme unbounded in the supernatant and
the initial enzyme amount. Therefore, the immobilization efficiency was expressed as (Eq 2).

e : Co — G _
Immobilization efficiency = . (2)
-

where Co and Cs are the initial concentration and the final unbound concentration in the supernatant in the
immobilization reaction, respectively.

Immobilized yield is defined as the ratio between the hydrolytic activity immobilized on the support surface
at equilibrium (initial activity — residual activity) and initial activity [69]. The lipase activities of soluble and
immobilized lipase were determined by the hydrolysis method [39,85]. Briefly, soluble and immobilized lipase
were reacted in 5 ml of olive oil (highly refined-low acidity, CAS 8001-25—-0) emulsion and 6 ml of 0.1 M
phosphate buffer solution at pH 7. The soluble/immobilized lipase was incubated for 30 min at 37 °C under
shaking. Subsequently, the amount of fatty acid liberated was obtained by titration using a 0.1 M potassium
hydroxide solution using a phenolphthalein indicator. Moreover, the hydrolysis reaction for
soluble/immobilized lipase was also evaluated at different temperatures for 30 min. One unit (U) of catalytic
activity was defined as the amount of enzyme able to hydrolyse 1 umol/min of fatty acid. Moreover, activity
recovery % is defined as the ratio of the M-HCLR-NH2 @CRL activity to the activity of soluble lipase.
Measurements were performed in triplicate, and the mean values, as well as standard deviations and
coefficients of variation, were reported.

2.8. Transesterification reaction

Transesterification, kinetically controlled [28,29], is the main reaction mechanism. However, the possibility
that esterification reactions, thermodynamically controlled [30,31], may also occur, given the pres- ence of
free FFA and, to some extent, hydrolysis, cannot be ignored. The reactions were conducted in a 50 ml round-
bottom flask under mechanical stirring at 40 °C and at different times. The reaction mixture consisted of
waste fish oil (10 g), oleyl alcohol with a molar ratio (1:3 oil/alcohol), bionanocatalyst (10-25% wt./wt. of oil),
and 20 ml of solvent (n-hexane). The solvent choice is extremely important. Indeed, performing the reaction
in a solvent can have several advantages [86]: improved solubility of hydrophobic substrates, favoured
thermodynamic equilibrium during hydrolysis, and favoured enzyme thermostability. The degree of polarity
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of the solvent is a key element. It is necessary to choose solvents with an appropriate partition coefficient
(log P) to avoid disturbing the minimum quantity of water in the proximity of the enzyme, which is necessary
for enzymatic function [87]. Solvents that are too hydrophobic (logP> 4) could have negative effects on the
solubility of the reagents. Hexane can be considered a good compromise [88]; it allows a favourable viscosity
for the reaction mixture, improving mass transfer vs. enzyme active sites [89]. After the transesterification
time, the M-HCLR-NH2 @CRL was recovered by an external magnetic field. A rotary vacuum evaporator was
used to remove the solvent at 70 °C. To further purify the esters from glycerol, ethanol was added to the
mixture. Glycerol and alcohol residues, which are soluble in ethanol were finally removed using a separator
funnel. Finally, the esters were additionally purified using a rotary vacuum evaporator to remove the residual
ethanol. As the last step, the sample was analysed by GC—MS. Furthermore, the effect of molar ratio, reaction
temperature, and reusability was also investigated.

Transesterification reactions were also performed with free Candida rugosa lipase and Candida rugosa lipase
immobilized on Fe304 NPs (Fe304 @CRL) under the same experimental conditions. Free lipase residue from
the previous purification procedure of the esters was washed with distilled water.

2.9. GC-MS product analysis

The reaction mixture was analysed using a Thermo-Fischer gas chromatograph equipped with Trace-GOLD
TG-POLAR GC Columns (60 m x 250 um; film thickness 0.25 um). A 1 ul aliquot of sample was injected into a
split mode GC. The initial temperature was 150 °C, maintained for 2 min, then the temperature was increased
to 250 °C at 20 °C/min, and, finally, 14 min at 250 °C. The detector and inlet temperatures were 250 °C and
260 °C, respectively. Helium was used as the carrier gas, and the flow rate was 25 ml/min. Methyl
heptadecanoate was used as an internal standard for product quantification. Methyl heptadecanoate was
used as an internal standard because it is not pre- sent in the oil considered and does not overestimate the
final product. In particular, a sample of 1 ul was obtained by mixing 150 ul of methyl heptadecanoate solution
(5 mg/ml) with 200 pl of product and 1.15 ml of hexane.

The target component concentration was evaluated from the relationship between the peak area ratio and
the concentration ratio of the target component and the internal standard. In particular, the concentrations
of esters were calculated using the following equation [90] (Eg. Based on the ester concentrations, the moles
of the ester were calculated, and the percentage yield (Eg. 4) was determined.

, A Cis  Dgys
C _-[mg/m!’] = (—) X ——————— (3)
Fe Ags Dy

mmol of ester

vield(%) = » 100% (4)

3 x mmol waste fish oil

where CE and CIS are the amounts of E in esters or inside the internal standard, respectively, AE = peak area
of component E, AIS = peak area of the internal standard, and DR,IS, and DR,E are the detector response
factors for the internal standard and component E, respectively. The physicochemical properties of the
esters, such as the acid value, specific gravity, pour point, and iodine number, were determined by the ASTM
D 664, D 4052, and D 5554 methods, respectively. All measurements were performed in triplicate.



2.10. Catalyst characterization

Nanocatalyst samples were monitored under SEM (scanning electron microscopy) (TESCAN-VEGA LMH; 230
V) coupled with an EDS probe. For thermogravimetric studies, TGA 2, METTLER TOLEDO, was used under an
airflow at 10 °C/min. FT-IR spectra were obtained by Nicolet iS50 FT-IR. X-ray diffraction measurements were
also performed by a Bruker D2 X-ray diffractometer using CuKa radiation.

3. Results and discussion

3.1. Fatty acid composition and physicochemical characteristics

The yield of oil extracted from waste fish was approximately 30% + 2.0. The fatty acid composition and the
GC profile of the extracted oil are depicted in Table 1 and Fig. 3. The oil sample is made up of saturated acids
(SFA) 24.85% + 2.1; monounsaturated acids (MUFA) 47.30% +* 1.8; and, polyunsaturated fatty acids (PUFA)
27.84% * 2.2. In particular, the oil contained C16:0 (16.64%) as the most abundant saturated fatty acid,
followed by C14:0 (4.10%) and C18:0 (3.64%). The total unsaturated fatty acids (MUFA+PUFA) of the waste
fish oil was 75.15% * 1.4; 1.49% and 8.06% were due to the presence of omega-3, C20:5n3, and C22:6n3,
respectively. The physicochemical characteristics of the extracted oil from waste fish are shown in Table 2,
including moisture content, free fatty acid amount, acid value, iodine value, and saponification index.

3.2. Nanohybrid Characterization

Scanning electron microscopy (SEM) images of HCLR-NH2 and M- HCLR-NH2 are depicted in Fig. 4. The SEM
image of HCLR-NH2, Fig. 4a, shows surface dense and compact structures. After iron precipitation, in HCLR-
NH2, the SEM images of M-HCLR-NH2 show no large aggregates of iron oxides on the surface and between
particles (Fig. 4b). More detailed SEM-EDX studies of the magnetic support show that Fe304 nanoparticles
are distributed over the HCLR-NH2, Fig. 4c, and maps of C, Fe, and O at the bottom of Fig. 4.

3.3. XRD studies

In the XRD pattern of Fe304 (Fig. 5), the typical peaks of magnetite [91] can be observed. The XRD spectrum
of HCLR-NH2 (Fig. 5) shows a wide, weak band, indicating an almost amorphous structure. Finally, the
diffraction pattern of M-HCLR-NH2 is also reported in Fig. 5, showing characteristic peaks similar to those of
Fe304 at 34.68°, 42.71°, 56.69¢, and 62.19¢, corresponding to the (311), (400), (422), (511), and (440) Fe304
Bragg reflections [39,92,93], indicating the formation of magnetite NPs, likely in the resin mesopores. In
particular, an average crystallite size of approximately 13 nm was calculated from the line broadening of the
strongest diffraction peak in the (311) plane using the Scherrer equation [92,93].

3.4. Thermogravimetric analysis (TG-DTG)

In Fig. 6, the thermogravimetric profiles of the amino hyper cross- linked resin (HCLR-NH2), the magnetic
amino hyper cross-linked resin (M-HCLR-NH2), magnetic amino hyper cross-linked resin after lipase
immobilization (M-HCLR-NH2 @CRL), and Candida rugosa lipase (Sigma Aldrich) are shown. In particular, the
TG curve of HCLR-NH2 exhibits a main weight loss in the range 230-590 °C, in which the HCLR-NH2 support
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is completely degraded. M-HCLR-NH2 presents a residual weight of approximately 12%. This residual weight,
which is due to the content of magnetite in the resin, accelerates the degradation of the polymeric phase in
the nanocomposites. The TG profile of M-HCLR-NH2 @ CRL shows successful lipase immobilization.

3.5. FT-IR analysis

The FT-IR spectra of the amino hyper cross-linked support (HCLR- NH2), magnetic amino hyper cross-linked
support (M-HCLR-NH2), and immobilized enzyme (M-HCLR-NH2 @CRL) are depicted in Fig. 7. The HCIR-NH2
spectrum shows the —CH2 bending vibration at 1435 cm-1 and the intense band at 1645 cm-1 due to the
—NH2 bending vibrations. The band at 3329 cm-1 can be assigned to N-H stretching [94,95]. After the
precipitation of iron in HCLR-NH2, the spectrum of M-HCLR-NH2 shows a shift of the band from 570 cm-1 to
560 cm-1 due to the bending vibration of Fe-O [93,96]. The spectrum of free lipase is depicted in Fig. 7 insert,
and the major protein vibrational bands due to the peptide group vibrations occur in the range 1200-1900
cm-1. The amide | band, attributable to the C—O stretching vibration, is visible at 1700 cm-1; the amide Il
band is visible at 1560 cm-1 due to N-H bending, while the C-N stretching vibration at 1384 cm-1 corresponds
to the amine Il band; moreover, in the 900-1200 cm-1 range, the vibrational bands due to the sugar chain
of the lipase can be seen [38,39,97]. After immobilization (M-HCLR-NH2 @CRL), EDC-mediated favouring
carboxyl group linkage with superficial amino groups without introducing any spacer molecules (zero-length
crosslinking agent), the FT-IR spectrum showed that the lipase amide | band shifted at 1651 cm-1;
furthermore, the immobilized CRL displayed broadened bands and shifted peaks, thereby validating a
conformational change of the enzyme due to chemical linkages [98]. In Fig. 8, a schematic illustration of the
EDC-mediated reaction is shown. The reaction occurs in two steps (see Fig. 8): first, the carboxyl groups of
the enzyme are activated by adding EDC, and an active intermediate product is formed, followed by enzyme
addition through a peptide bond between the carboxyl groups of the lipase and the superficial amino group
of the support surface. The IR spectrum modifications for M-HCLR-NH2 @CRL at approximately 1600 cm-1
can also suggest physical interactions occurring due to ion exchange.

3.6. Immobilization efficiency, immobilization yield, and activity recovery

To ascertain the proper incubation time of lipase for the immobili- zation process, different immobilization
times from 1 h to 6 h were evaluated in lipase solution (2.5 g/L) and with 0.1 g of magnetic sup- port. As
indicated in Fig. 9a, the immobilization efficiency on the magnetic support, due to residual active amino
groups still available on the surface of the magnetic support for immobilization, gradually increased as the
incubation time increased in the investigated range. The lipase activity recovery increases up to 94% at 5 h.
This is probably due not only to improved conformation flexibility in the interaction with the substrate
molecules but also to the opening of the lipase lid when it interacts with the resin hydrophobicity. An
immobilization efficiency of 95%, immobilized yield of 90%, and a protein loading of 475 mg/g of support at
equilibrium were achieved after 5 h [69,99]. On the other hand, after this time, the activity recovery
decreases, as previously observed in several studies [100—102]. In the absence of EDC-mediated bonds, the
low immobilization efficiency (approximately 16%) may be due to physical interactions, such as interfacial
activation and ion ex- change between the resin and the enzyme. From the above results, it is reasonable to
suggest that covalent EDC-mediated immobilization oc- curs and that the proper incubation time for 2.5 g/L
lipase solution is 5 h.

Temperature is one of the main parameters affecting enzymatic activity. The relative activity [99] for different
temperatures between 20 and 60 °C was determined, and the results are given in Fig. 9b. The optimum
temperature for the soluble enzyme was 35 °C, while the immobilized enzyme showed the highest activity at



45 oC. Moreover, in the temperature range of 20-60 °C, the immobilized enzyme on the magnetic resin
results in less sensitivity to the temperature change, probably due to support inducing stability.

3.7. Ester synthesis: effect of operating variables

The effect of reaction time on the transesterification of the waste oil is shown in Fig. 10a. In particular, the
conversion of the waste oil with oleyl alcohol was investigated at different reaction times under the same
process conditions. The conversion was found to be relatively low over the first 8 h of reaction (up to 62%)
but increased to 85% after 12 h. A further reaction time increase, up to 24 h, led only to an additional 2%
substrate conversion. Consequently, all further catalytic tests for the transesterification of waste oil mediated
by immobilized enzyme were performed for a period of 12 h. The relatively low degree of substrate
conversion at a longer reaction time is likely due to enzyme specificity [103].

The effect of reaction temperature was examined at various temperatures, ranging from 40 °C to 60 <C, as
shown in Fig. 10b. The highest ester yield was achieved at 45 C (87%). The ester yield slowly decreases at
higher reaction temperatures, which might account for the denaturation of the lipase as well as an alteration
in the 3-D structure of lipase [104]. The temperature profile demonstrated that the optimum temperature
for wax ester synthesis was 45 °C.

The effect of immobilized enzyme concentration during wax ester synthesis was also investigated (see Fig.
10c). The amount of lipase plays a crucial role in any biocatalytic process, and its influence on the reaction
was assessed to determine a suitable enzyme amount for achieving good vyields. The ester conversion
increases rapidly as the immobilized lipase amount increases from 10% and 15% wt./wt. (mg of enzyme per
mg of oil). At 15% wt./wt. of lipase, a maximum conversion of 91% after 12 h was achieved. In Fig. 10d, the
effect of the oil:alcohol molar ratio on the transesterification reaction is shown. The optimal oil:alcohol molar
ratio was 1:4 with a maximum conversion of ~¥94%. Increasing the molar ratio of oil to alcohol beyond 1:4
decreases the trans- esterification activity. This observation may reflect the fact that alcohol can deviate the
essential water layer from the enzyme [105]. At the same time, excess alcohol hinders the interaction of
lipase with the acid sur- face [106]. From the above results, it is reasonable to suggest that the proper reaction
condition was 15% of the immobilized enzyme with 1:4 oil:alcohol molar ratio for 12 h at 45 °C.

In Fig. 11, a comparison of the ester synthesis of M-HCLR-NH2 @CRL, Fe304 @CRL, and free lipase (CRL) is
shown under the optimal conditions. In particular, M-HCLR-NH2 @CRL showed higher activity, with a yield
of approximately 94%, than Fe304 @CRL and free lipase (CRL), with yields of 80% and 65%, respectively. This
is due to the ability of the HCLR-NH2 support to allow, during the immobilization process, high loading of the
highly active enzyme stabilized on the matrix hypercrosslinked network structure preventing extensive
structural changes during the transesterification, and probably the alcohol preconcentration in HCLRs,
favouring the reaction and protecting the external surface-anchored enzyme, which is sensitive to alcohol
excesses. On the other hand, EDC, directly reacting with the functionalized resin, allows a zero-length strong
covalent conjugation between the enzyme and the resin [107], which led to a dramatic increase in catalytic
activity due to the direct interaction of the lid of the enzyme with the resin hydrophobic structure by
interfacial activation phenomena [98].

The main purpose of using immobilized lipase is to retain the activity during subsequent cycles, which is
essential for practical applications of the process. To investigate the reusability, immobilized lipase was
removed from the reaction mixture with an external magnetic field and washed with n-hexane to remove
any substrate or product. As indicated in Fig. 12, the conversions to wax esters remain constant at 94% after
the first five uses. Furthermore, after five uses, the catalyst maintains a conversion of 90%, showing excellent
reusability. The results of the catalyst reusability also suggest that enzyme loss, which cannot be completely
neglected, is not significant. This result confirmed that the CRLimmobilized on M-HCLR-NH2 allowed not only
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excellent activity but also satisfactory reusability in several reaction cycles. The retention of enzymatic
activity and fine reproducibility can be attributed to the mild synthesis conditions and the robust
immobilization ability of the magnetic resin matrix, which does not affect active sites and subunits. The choice
to work in a solvent, in particular hexane, favours solubility for hydrophobic substrates; low viscosity for
improved mass transfer; right polarity to avoid disturbing the minimum amount of water in the proximity of
the enzyme, which is necessary for enzymatic function; thermodynamic equilibrium during hydrolysis; and
enzyme thermostability, which cannot be ignored. On the other hand, due to the affinity of the support with
water, a role in favouring its correct availability cannot be neglected.

The performance of CRL immobilized on M-HCLR-NH2 in the synthesis of wax ester was compared with the
literature results [108—114], as shown in Table 3. The prepared biocatalyst showed activity compa- rable, if
not higher, to other biocatalysts and good reusability. These results confirm the promising application of the
prepared biocatalyst in wax ester synthesis.

3.8. Esters characterization

The wax esters produced via transesterification of oleyl alcohol with waste fish oils and using immobilized
lipase were further characterized and compared with the waste fish oil. In particular, the ester was
characterized by the acid value, the saponification value, the specific gravity, and the iodine number (Table
4). Generally, both waste fish oil and esters were orange in colour, but the orange colour of the ester was
very light (see Fig. 13). The specific gravity and saponification value of the ester were much lower than those
of the waste oil, likely due to the lower molecular weight of the esters. On the other hand, the iodine number
of the esters was higher than that of the waste fish oil due to the introduction of the additional double bond
of the oleyl alcohol. Finally, the lower acid value is a further advantage, as it does not impair oxidative stability
and prevents rancidity [115].

4. Conclusion

A novel magnetic amino hypercross-linked resin was prepared and used as a carrier for the immobilization
of inexpensive CRL by ion ex- change, interfacial activation, and covalent bonds mediated by EDC. The
characterization highlights the uniform distribution of the magnetic nanoparticles in the HCLR structure,
allowing easy separation of the catalyst for subsequent cycles.

The results of the experiments allow us to highlight the successful choice of HCLR support for immobilization,
stabilization, and preser- vation of the catalyst. By exploiting the surface functionalization of the resin, it was
possible to easily anchor the biocatalyst with high yields. HCLRs not only act as a catalyst immobilizing
structure but also, more advantageously, as a preconcentrating structure for alcohol, incorporating one of
the reagent’s nearby enzyme active sites. This results in favouring of the reaction and protection of the
external surface- anchored enzyme, which is sensitive to excess alcohol.

In conclusion, due to the advantages of a large surface area, special surface structure, and desirable
functionalities, M-HCLR-NH2 @CRL allows high catalytic performance with increased thermal stability and
reusability in ester synthesis.

The use of an enzymatic catalyst with different functionalities to respond to different process needs has been
demonstrated in the production of a high-added value wax, the properties of which have also been
evaluated.
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Fig. 2. Schematic illustration of precipitation of iron oxide nanoparticles (Fes04 NPs) in amino-functionalized hyper cross-linked resin (HCLR-
NH,).
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Fig. 3. Gas chromatography profile of extracted waste fish oil.
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Fig. 4. a, b) Scanning electron microscopy (SEM) analysis of amino-functionalized hyper cross-linked resin (HCLR-NH;) and magnetic amino-hyper cross-
linked (M- HCLR-NH,) resin; c) Energy-dispersive X-ray spectroscopy (EDX) elemental maps of magnetic amino-hyper cross-linked (M-HCLR-NH,) for C,
Fe, and O elements from the blue box; d) Photos of a M-HCLR-NH, resin solution.
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Fig. 5. X-Ray diffraction (XRD) profile of Fe30,, amino-hyper cross-linked resin (HCP-NH,) and magnetic amino-hyper cross-linked resin (M-HCLR-NH;)

in the range 20—-80 2 Theta.
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Fig. 6. Thermogravimetric analysis (TG-DTG) profiles of amino-functionalized hyper cross-linked resin (HCLR-NH,), magnetic amino-hyper cross-linked

resin (M-HCLR-NH,), magnetic amino-hyper cross-linked resin after lipase immobi- lization (M-HCLR-NH, @CRL) and Candida rugosa lipase (Sigma

Aldrich).
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Fig. 7. Fourier-transform infrared spectra (FT-IR) spectra in the range of wavenumber 4000—-500 cm™® of amino-functionalized hyper cross-linked resin
(HCLR-NH,), magnetic amino-hyper cross-linked resin (M-HCLR-NH,), magnetic amino-hyper cross-linked resin after lipase immobilization (M-HCLR-
NH, @CRL), and Candida rugosa lipase (Sigma Aldrich, insert).
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Fig. 8. Schematic illustration of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)-mediated enzyme immobilization on magnetic amino resin

22



I Immobilization Efficiency (%)
—=— Activity Recovery (%)

100 -

80 1

60

40 -

110

-

o

o
1

Relative activity (%)

[=:]
o
1

—=— Free enzyme

1 —*— M-HCP-NH,@CRL

70 T T
20 30

40

50

60

Fig. 9. Immobilization efficiency and activity recovery (a), Effect of coupling time. Immobilization conditions: coupling temperature, 4 'C; lipase concen-
tration, 2.5 g/l; pH, 7; and, magnetic resin concentration, 5 mg/ml) All values are expressed as mean =*=standard deviation of two replicates; Effect
of temper- ature on activities of the soluble and immobilized lipases (b). The maxima were defined as 100% activity. Immobilization conditions: coupling

time, 5 h, coupling temperature, 4 'C; lipase concentration, 2.5 g/l; pH, 7; and, magnetic resin concentration, 5 mg/ml).
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Fig. 10. a) Effect of the time during wax esters synthesis on M-HCLR-NH, @CRL (reaction conditions: temperature, 40 'C; immobilized enzyme
concentration, 10%; oil:oleyl alcohol molar ratio 1:3 M); b) Effect of the reaction temperature during wax esters synthesis (reaction conditions:
time, 12 h; immobilized enzyme concentration, 10 wt%; oil:oleyl alcohol molar ratio 1:3 M); c) Effect of the immobilized enzyme concentration
during wax esters synthesis (reaction conditions: time, 12 h; temperature, 45 'C; oil:oleyl alcohol molar ratio 1:3 M); d) Effect of oil: oleyl alcohol ratio
during wax esters synthesis (reaction conditions: time, 12 h; reaction temperature, 45 'C; and, immobilized enzyme concentration, 15%). All values
are expressed as mean standard deviation of three replicates. Immobilization conditions: coupling time, 5 h, coupling temperature, 4 'C; lipase
concentration, 2.5 g/lI; pH, 7; and, magnetic resin concentration, 5 mg/ml).
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Fig. 11. Effect of the catalytic activity of M-HCLR-NH, @CRL, Fes0, @CRL, and free Candida rugosa lipase (CRL) on wax esters synthesis, see the
experimental section for details. Reaction conditions: temperature, 45 'C; enzyme concentration, 15%; oil:oleyl alcohol molar ratio 1:4 M; and,

time, 12 h. All values are expressed as mean standard deviation of three replicates. Immobi- lization conditions: coupling time, 5 h, coupling

temperature, 4 'C; lipase concentration, 2.5 g/l; pH, 7; and, magnetic resin concentration, 5 mg/ml).
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Fig. 12. Effect of cycles on wax esters synthesis; reaction conditions: time, 12 h; temperature, 45 C; immobilized enzyme concentration, 15%;
oil:oleyl alcohol molar ratio 1:4 M. All values are expressed as mean standard deviation of three replicates. Immobilization conditions: coupling time,

5 h, coupling temperature, 4 ‘C; lipase concentration, 2.5 g/I; pH, 7; and, magnetic resin concentration, 5 mg/ml).
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Fig. 13. Photos of waste fish oil and produced wax ester by immobilized Candida rugosa lipase (CRL).
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Table 1
Fatty acids composition (% of total fatty acids) of the extracted waste fish oil.

Fatty acid C number RT (min) wt. [%}SEO
Lauric acid C12:0 11.37 0.07 £ 0.02
Tetradecanoic acid C14:0 13.584 410+ 2.0
Pentadecanoic acid C15:0 15.25 0.40 + 0.3
Palmitic acid Cl16:0 16.81 16.64 + 1.7
Palmitoleate acid Cle:1 17.86 6.13+ 3.1
cis-10-Heptadecenoic acid C17:1 18.56 0.88 + 0.5
cis-9-Heptadecenoate acid C17:1 19.55 0.69 + 0.2
Stearic acid C18:0 20.21 3.64 £ 2.0
Oleic acid C18:1n9¢ 21.23 29,17 £ 3.4
Linoleic acid C18:2nbc 22.77 12.87 £ 2.3
cis-11-Eicosanoic acid C20:1n9c 24.78 6.91 £ 3.0
Linolenic acid C18:3n6¢ 25.95 0.93 + 0.9
Cis-11,14-Eicosanoic acid C20:2 26.43 0.73 £ 0.4
Cis-11-Docosenoic acid Cc22:1 28.42 3.53+2.0
5,8,11,14,17- Eicosapentaenoic acid C20:5n3 30.52 3.76 £ 2.1
7,10,13,16,19- Docosapentaenoic acid C22:5 34.34 1.49+1.3
4,7,10,13,16,19- Docosahexaenoic acid C22:6n3 35.15 8.06 £1.0

All values are expressed as meanztstandard deviation of three replicates.
SEO= solvent extracted oil.

Table 2

Physico-chemical properties of waste fish oil.
Property Value®®®
Acid value (mgKOH/g) 4,15 +1.29
Free fatty acid content (%) 2.08+1.16
Moisture (%) 0.08 + 0.06
Saponification Index (mgKOH/g) 176.68 £ 2.1
Iodine Value (gl,/100 g oil) 1255 + 3.71

All values are expressed as mean+standard deviation of three replicates.
SEO= solvent extracted oil.



Table 3

Literature survey for the enzymatic synthesis of wax esters by acid and oil.

Lipase source Support Immobilization Reaction Conditions Salvent Reaction Conversion Reusability Ref.
time (h) (%) run
Candida sp. 99-125 Textile membrane Physical Esterification T, 40 °C, molar ratio acid: alcohol  Solveni-free 24 95 7 108]
adsorption of 1:0.9 10% m/m of biocatalyst
Candida rugosa Amino macroporous resin (LX-1000HA) Physical T, 40 °C molar ratio acid: alcohal  Solveni-free 12 926 8 109]
adsorption of 1:1 10% m/m of biocatalyst
Amino macroporous resin (LX-1000HA) Covalent 8
crosslinked with aldehyde dextran (6000 Da)  attachment
Bacillus Nanosized tin dioxide (nanoSn0,) Physical T, 65 “C molar ratio acid: alcohol  Solveni-free 5 75 8 110]
stearothermophilus adsorption of 1:1 7.2% m/m of biocatalyst, Tonic liquid 5 95 8
Mc7 [oMIM][Cl]
Lipase B from Candida Palyacrylate beads Covalent T, 60 “C molar ratio acid:alcohol of  Solveni-free 0.5 95.96 7 110]
antarctica attachment 1:2 5% of biocatalyst
Thermamyces Paly-(styrene-divinylbenzene) resin Physical T, 50 “Cmolar ratio acid:alcohol of  Solveni-free 0.5 90.5 5 111]
lanuginosus adsorption 1:1 15% m/m of biocatalyst
T, 45 *Cmolar ratio acid:alcohol of ~ Heptane 925 8 111]
1:1.25 7.5% m/m of biocatalyst
Burkholderia sp. EQ3 Macroporous polypropylene-based Physical Transesterification T, 45 “C molar ratio oil: alcohol of  Isooctane 12 88.35 5 112]
hydrophobic porous support adsorption 1:3 10 U enzyme
kholderia sp. EQ3 lypropylene (Accurel MP-100) Physical T, 30 “C molar ratio oil: alcohol of  Isooctane 12 89 5 113]
Rhizomucor miehei Anionic resin (Duolite AS68) adsorption 1:4 10 U enzyme Hexane 12 86 5 114]
Candida rugosa M-HCLR-NH; Covalent T, 45 °C molar ratio oil: alcohol of ~ Hexane 12 94 10 This
artachment 1:4 15% m/m of biocatalyst. study

Table 4

Physico-chemical properties of ester from waste fish oil.

Property

Waste fish oil

Ester from waste fish oil

Acid value (mgKOH/g)
Saponification Index (mgKOH/g)

Specific gravity

lIodine Value (gl./100 g oil)

4.15 £ 1.29
176.68 + 2.1
0.850 + 1.3
1255 + 3.71

S |

50.64 £ 3.2
0.823 £ 1.5
130.1 £ 1.8

All values are expressed as mean+standard deviation of three replicates.
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