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ABSTRACT
This study utilizes cellulose sourced from cotton linters to synthesize cellulose esters—hexanoate, benzoate, andmixed hexanoate-
benzoate—with varying degrees of substitution (DS). These esters create electrospun mats that immobilize Pseudomonas
fluorescens lipase (PFL), also in a configuration where an intermediate layer is added to a mat using an airbrush filled with
PFL, covered by a third layer of electrospun mat. PFL-incorporated spheres are produced from cellulose ester solutions. DS, acyl
chain length, and electrospinning parameters influence the morphology of the electrospun mat, which consists of nanofibers and
ultrafine fibers. The PFL-incorporatedmats showpoor catalytic activity in resolving racemic (R,S)-2-chloro-1-phenylethanol, likely
due to enzyme deactivation from high-voltage electrospinning. In contrast, mat-layered structures with PFL immobilized without
voltage nearly doubled the conversion rate, although it was still lower than that of free enzymes. Spheres enhanced biocatalysis,
achieving a 40% conversion rate with 94% enantiomeric purity while retaining 76% of their initial conversion rate in a subsequent
reaction cycle. This research is the first to explore cellulose esters for the enzymatic immobilization of PFL to resolve a racemic
mixture. The findings may enable PFL-incorporated structures in broader biocatalysis applications; the materials created may be
tested to support the immobilization of other enzymes.

1 Introduction

Cellulose esters, produced by esterification of the hydroxyl groups
on cellulose monomers (anhydroglucose units, AGUs), are versa-
tile derivatives with tunable properties that make them valuable

for a wide range of applications [1–3]. Previous research has
greatly enhanced our understanding of ester synthesis in homo-
geneous media, especially through the use of the LiCl/DMAc
solvent system [4, 5]. This foundational work has laid the
groundwork for the synthesis of hexanoate, benzoate, and mixed
esters in the current study.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
© 2025 The Author(s).Macromolecular Bioscience published by Wiley-VCH GmbH

Macromolecular Bioscience, 2025; 0:e00221
https://doi.org/10.1002/mabi.202500221

1 of 16



Awell-established cellulose derivatizationmethod involves using
N,N-dimethylacetamide (DMAc) with lithium chloride (LiCl) as
a cosolvent, a system introduced by McCormick et al. in 1979 [6].
This system disrupts the strong hydrogen bonds within cellulose,
facilitating dissolution and precise polymer modification, which
is essential to achieve specific degrees of substitution (DS) and
regioselectivity [7, 8]. DMAc/LiCl remains widely used for cellu-
lose analysis, modification, and processing due to its effectiveness
as a non-derivatizing solvent system [9–13]. Furthermore, its
alignment with sustainable practices enhances its appeal, as both
DMAc and LiCl can be efficiently recovered and reused, with
recovery rates exceeding 99.50% and 99.85%, respectively [14].
Although the exact dissolution mechanism in LiCl/DMAc is still
debated, it is widely believed that the formation of a series of
Lix(DMAc)yClz complexes enables “free” chloride ions to disrupt
hydrogen bonds and other molecular interactions, leading to
solubilized cellulose chains [15, 16]. This solvent system has been
used in various other applications, including the development
of hydrogels [17]; Yangyang [18, 19], the creation of 3D-printed
cellulose-based fabrics [20], and the extraction of polysaccharides
from bacterial sources [21], along with other innovative uses.

Alongside the various applications of cellulose esters recognized
until the end of the 1990s, the electrospinning of cellulose esters
emerged as a viable option starting around the year 2000 [22].
Electrospinning stands out as an effective method for generating
fibers with diameters ranging from nanometers to micrometers,
high surface area-to-volume ratios, high porosity, and unique
morphological characteristics [23–25]. These nanofibers can
exhibit enhanced mechanical properties and be tailored to meet
specific application requirements [26–29]. A particularly promis-
ing application of these cellulose ester nanofibers is as a platform
for enzyme immobilization [30–32]. The large surface areamakes
them ideal for developing efficient and stable biocatalytic systems
[31].

Cellulose acetate membranes have demonstrated the highest
enzymatic activity for immobilized catalase, alcohol oxidase, and
glucose oxidase. In contrast, hydrophobic cellulose propionate
and butyrate membranes provide superior storage stability but
lower catalytic activity [33]. Although effective for immobiliza-
tion, covalent binding methods can cause structural changes
in enzymes that reduce their activity. Nevertheless, enzyme
immobilization platforms remain valuable in industrial bio-
catalysis, biosensors, and biomedical applications, where they
can enhance enzyme stability, activity, and reusability [34, 35].
Interest in industrial enzyme technology is increasing, particu-
larly in protein engineering and enzymology in unconventional
media, which expands the potential applications of enzymes
as catalysts in industrial processes [36]. Enzymes, particularly
lipases, are now widely used in the resolution of racemates and
the synthesis of chiral drugs, agrochemicals, and pesticides with
high enantiomeric purity, owing to the advantages of biocatalysts
over traditional chemical routes [37, 38].

In addition to electrospun mats, cellulose esters can be shaped
into spheres with high surface areas, making them ideal for
batch processes and easy handling [34, 39]. Lipases immobilized
in cellulose-biopolymer spheres using ionic liquids achieved an
immobilization yield of up to 52% and retained 95% of their
residual activity after reuse [40].

This study explores the synthesis as processing of cellulose
esters—including hexanoate (Hx), benzoate (Bz), and mixed
esters (HxBz)—as novel, functional, fossil-freematerials. Electro-
spun nanofiber mats were produced to investigate the effects of
the degree of substitution (DS) and acyl chain length on fibermor-
phology and diameter. These materials were further evaluated
for their potential use as renewable platforms for biocatalysis—
as far as is known for the first time. The direct immobilization
of Pseudomonas fluorescens lipase (PFL) into electrospun fibers
presented challenges, including the potential inactivation of the
enzyme under high-voltage conditions. Alternative immobiliza-
tion strategies were developed to overcome these limitations:
PFL-incorporated electrospun layered mats and encapsulated
spheres. The layered mats are arranged in a sandwich-like
configuration, adding the intermediate layer to an already-formed
ester mat on the collector using an airbrush filled with PFL
and tetrahydrofuran—without voltage exposure—followed by
electrospinning another mat layer on top. Encapsulated spheres
provided a secondary option for eliminating high-voltage pro-
cessing. These ester-based mats and spheres were evaluated for
their effectiveness as enzyme immobilization platforms, with
efficiency assessed through the resolution of the racemic mixture
of (R,S)-2-chloro-1-phenylethanol.

2 Methods

2.1 Cellulose Dissolution and Esterification

Cellulose pulp derived from cotton linters was supplied by
Nitro Química SA (São Paulo, Brazil). Before dissolution and
derivatization, the cellulose underwent mercerization, an alkali
pretreatment, to reduce crystallinity and enhance solubility [8].
Briefly, the cellulose sheetswere cut into strips, ground in amicro-
knife mill (Marconi MA048, Piracicaba, Brazil), and immersed in
20 wt.% NaOH solution (1:50 w/v; Neon) for 1 h at 0◦C [41]. After
alkali treatment, the cellulose exhibited the following properties:
an averagemolecular weight of 133± 0.9 kDa, a crystallinity index
(CrI) of 52%, an α-cellulose content of 92.9% ± 0.9%, and an ash
content of 0.048% ± 0.007%. These properties were determined
using the following methods: molecular weight via ASTMD1795-
13 with an Ostwald-type capillary viscometer (Cannon Fenske
size 150, Laborglas, São Paulo, Brazil) and cupriethylene diamine
(CUEN; Merck) as a solvent [42]; CrI by X-ray diffraction
(Rigaku RINT-2000 goniometer, Tokyo-Japan, configured with
Cu radiation (Kα= 1.542 Å) at 50 kV, 100mA, and 2◦min−1 speed)
using the Segal method [43]; and α-cellulose and ash content
using TAPPI T 429 cm-10 and TAPPI T 211 om-02, respectively.

According to an established method, cellulose was dissolved in
a LiCl/DMAc (5 wt.%) solvent system (Êxodo Científica/Neon)
under a nitrogen atmosphere for 90 min at 160◦C [44, 45]. After
dissolution, esterification was performed by adding the appropri-
ate esterifying agents—hexanoic anhydride or benzoyl chloride
(Sigma Aldrich)—at molar ratios of 3, 6, and 12 reagent/AGU
to achieve DS of 1, 2, and 3, respectively [46]. Hybrid esters
were synthesized using amixture of hexanoic anhydride, benzoyl
chloride, and triethanolamine, with the overall molar ratio of
the mixture set at three or six. The reaction was conducted at
110◦C for 240 min, followed by cooling to room temperature and
precipitation in methanol.
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The resulting cellulose esters were designatedHx (cellulose hex-
anoate), Bz (cellulose benzoate), andHxBz (hexanoate-benzoate
hybrids), followed by the corresponding molar ratio of reagent to
AGU in this section (e.g., 3, 6, or 12).

2.2 Ester Characterization

2.2.1 Atomic Absorption Spectrophotometry (AAS)

To evaluate the potential residual lithium content in the esters
and assess the efficiency of the purification process, the esters
were analyzed using atomic absorption spectrophotometry (AAS)
with a PerkinElmer PinAAcle 900-T instrument (PerkinElmer,
USA). An analytical standardization curve with lithium concen-
trations ranging from 100 to 500 ppb was prepared, yielding a
linear correlation coefficient of 0.9995.

2.2.2 Elemental Analysis (EA)

To assess the potential residual content of DMAc, the nitrogen
content was quantified using a Flash Smart Elemental Analyzer
(Thermo Scientific, Waltham, MA, USA).

2.2.3 Fourier-Transform Infrared Spectroscopy (FTIR)

The cellulose esters were analyzed using Attenuated Total
Reflectance Fourier-Transform Infrared spectroscopy (ATR-
FTIR) with a Bruker Tensor 27 FTIR spectrometer (Billerica, MA,
USA). Scans were conducted in the 4000–500 cm−1 range with 32
scans at a resolution of 4 cm−1.

2.2.4 Degree of Substitution (DS)

The degree of substitution of the esters was determined using
Proton Nuclear Magnetic Resonance (1H NMR) spectroscopy.
Spectra were acquired using an Agilent Technologies 400/54
Premium Shielded 400 MHz NMR spectrometer (Santa Clara,
CA, USA) at 80◦C, with 256 scans. A drop of trifluoroacetic acid
was added to the 10mg/mLDMSO-d6 solutions to shift the signals
of residual water and the hydroxyl protons of the cellulose chains
to a lower field.

The DS values were calculated based on the ratio of the integrals
of the peaks corresponding to the protons of the alkyl group
attached to the carbonyls (δ≈1.7–2.2 ppm) and the protons of the
glucose rings (δ≈2.9–5.1 ppm) using Equation 1 for the cellulose
hexanoate [47–49].

𝐷𝑆 =
7 𝐼𝐻 𝑚𝑒𝑡ℎ𝑦𝑙

3 𝐼𝐻 𝐴𝐺𝑈

(1)

For cellulose benzoates, theDSwas determined from the integrals
of the peaks corresponding to the protons of the phenyl group
(7.5–8.5 ppm) and the protons of the glucose rings (2.7–5.5 ppm)

using Equation 2 [50, 51].

𝐷𝑆 =
7 𝐼𝐻 𝑝ℎ𝑒𝑛𝑦𝑙

5 𝐼𝐻 𝐴𝐺𝑈

(2)

2.3 Electrospinning Process andMat
Characterization

2.3.1 Electrospinning

Hx, Bz, and HxBz esters were dissolved in a THF/DMAc
(tetrahydrofuran/N,N-dimethylacetamide) binary solvent system
with a volume ratio of 65/35 (v/v) [23] at concentrations of 9
and 11 wt.% for 12 h at room temperature. This solvent system
was unsuitable for electrospinning solutions of Bz and hybrid
esters; therefore, trifluoroacetic acid (TFA) was used instead
[52]. Electrospinning was conducted using an IME Technologies
EC-DIG electrospinning unit (Geldrop, Netherlands) combined
with a pump (IME Technologies NE-1000). Preliminary runs
were conducted to test electrospinning conditions and optimize
the process for producing electrospun mats. Optimization of
parameters, including applied voltage (15, 20, and 25 kV), needle-
collector support distance 10 cm, and solvent flow rate (5.5, 15.5,
and 45.5 µL min−1), was performed through testing. Electrospun
mats were collected using a static collector.

2.3.2 Scanning ElectronMicroscopy (SEM)

The microstructure of the mats and the morphology of the fibers
were evaluated using SEM images taken from the surface of
the mat. These images were captured using an LEO 440 ZEISS
instrument (Oberkochen, Germany) at 20 kV, with secondary
electron (SE1) detection at a resolution of 11 mm. Before imaging,
the samples were coated with a layer of gold using a BAL-TEC
MED 020 sputter coater.

2.3.3 Water Contact Angle Measurement (WCA)

Thedynamicwater contact angle of a 4 µLdeionizedwater droplet
on each sample surface (≈1 cm2) was measured at 25◦C using a
KSV Instruments goniometer (Helsinki, Finland) and CAM 2008
image analysis software. A sequence of 500 images was captured
at 1-s intervals, starting 1 s after the water dropmade contact with
the substrate.

2.4 Enzyme Immobilization

Pseudomonas fluorescens lipase (PFL) enzymeswere immobilized
in platforms using three different methods: electrospun mats,
mat-layered structure, and encapsulation in spheres.

2.4.1 ElectrospunMats

A solution with 11 wt.% Hx6 and 100 mg of PFL were prepared
at room temperature using a THF/DMAc solvent mixture (65/35)
and stirred with amagnetic stirrer for 12 h. The solution was elec-
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trospun using a setup with a 10 cm distance between the needle
and collector, a voltage of 25 kV, and a solution injection flow rate
of 15.5 µLmin−1. The conditions were chosen based on the results
produced in the initial stage of the study. Challenges arose during
the optimization of the PFL-incorporated solution’s electrospin-
ning process, including the potential for enzyme denaturation
under voltage-induced conditions. This was postulated after the
initial results of using such a mat to resolve the racemic mixture.
Thus, tests were conducted using lower voltages than those
selected based on the initial electrospinning exploration. This
prevented mat formation, prompting an investigation into the
alternative layered mat structure.

2.4.2 Mat-layered Structure

A layered approach was tested to eliminate enzyme exposure to
high-voltage processing. First, Hx6 (11 wt.%) was dissolved in
a THF/DMAc mixture (65/35) and electrospun to form the first
layer on the collector. Next, PFL dissolved in THF was sprayed
onto the mat using an airbrush (Vonder, Curitiba, PR, Brazil)
with a capacity of 7 mL, a needle diameter of 0.2 mm, working
pressure of 25 lb in−2, supplied by a compressor (COMP1,Wimpel,
São Paulo, SP, Brazil). 100 mg-PFL was applied as a second layer.
Lastly, a cellulose ester solution was electrospun on top to form
a mat-layered structure. Hx6 was chosen based on the findings
from the previous study phase.

2.4.3 Spheres

An alternative enzyme immobilizationmethod was tested, avoid-
ing high-voltage electrospinning altogether. In this approach,
PFL was immobilized in beads using an encapsulation technique
involving dropping.Hx6 andHx12 cellulose esters (11 wt.%) and
100 mg of PFL were dissolved in acetone. This solution was
dripped into liquid nitrogen and then transferred to water for
thawing. The beads were subsequently dried at room tempera-
ture until a constant weight was achieved, a process that took
≈48 h. Initial exploration indicated thatHx6 andHx12 were the
most appropriate esters for forming spheres under the specified
conditions.

Figure 1 illustrates the methods employed for cellulose esterifica-
tion, processing via electrospinning or sphere formation, enzyme
immobilization, and materials characterization.

2.5 Kinetic Resolution of Racemic
2-Chloro-1-Phenylethanol

An enzymatic kinetic resolution reaction was conducted to
evaluate the enzyme immobilization. In a 10 mL vial were added
15.7 mg (0.1 mmol) of (R,S)-2-chloro-1-phenylethanol, 25 mg of
the material containing immobilized lipase, 3.0 mL of n-hexane,
and 45 µL of vinyl acetate [53, 54]. Additionally, a higher quantity
of mat-layered structure was evaluated using 550 mg of the
immobilized material. The vial was sealed with rubber septa,
taped with Teflon, and kept under magnetic stirring at 130 rpm,
32◦C, from 24 to 120 h.

The process was monitored every 24 h by collecting 100 µL of the
reaction medium, transferring it to a 1.5 mL vial, and analyzing
it with a Shimadzu GC-2010 gas chromatograph (Kyoto, Japan).
This GC was equipped with an AOC 20i auto-injector, a flame
ionization detector (FID), and a chiral column (CP-Chiralsil-
DEX CB, 25.0 m × 0.25 mm × 0.25 µm). The GC settings were:
injection volume 1.0 µL, injection temperature 250◦C, split ratio
1:10, nitrogen carrier gas at 69.0 kPa, total flow 11.1 mL min−1,
column flow 0.73 mL min−1, linear speed 24.1 cm s−1, purge flow
3.0 mL min−1, initial temperature 120◦C for 2 min, heating rate
4◦Cmin−1 for 11 min, final temperature 165◦C, total analysis time
33 min, and detection temperature 270◦C.

The enantiomeric excess of the product (eep) and the substrate
(ees) were determined experimentally using Equations 3 and 4,
where A and B represent the relative concentrations of the
substrate enantiomers, and C and D represent the relative con-
centrations of the product enantiomers. The enantioselectivity of
the process was estimated by calculating the enantiomeric ratio
(E), as shown in Equations 5 and 6, which represents the ratio
of the reaction rate constants of each enantiomer, where c is the
conversion rate [55].

𝑒𝑒𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 =
(𝐴 − 𝐵)

(𝐴 + 𝐵)
. 100 (3)

𝑒𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡 =
(𝐶 − 𝐷)

(𝐶 + 𝐷)
. 100 (4)

𝐸 =
ln[(1 − 𝑐) (1 − 𝑒𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡)]

ln[(1 − 𝑐) (1 + 𝑒𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡)]
(5)

%𝑐 =
𝑒𝑒𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

𝑒𝑒𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + 𝑒𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑡
. 100 (6)

AhighE value indicates strong enantioselectivity, ensuring a high
enantiomeric excess and yield. An E value below 10 is impractical
for enantioselective processes, while values between 10 and 30 are
considered good, and those above 30 are deemed excellent [56, 55].

3 Results and Discussion

The initial phase of this investigation involved the synthesis
of cellulose esters—specifically Hx, Bz, and the hybrid HxBz
esters—in a homogeneous medium utilizing linter cellulose as
the substrate. The outcomes of these syntheses are detailed in the
subsequent section.

3.1 Synthesis and Characterization of Cotton
Cellulose Esters

To clarify the distinction of esters, from this section onward, the
acronyms Hx, Bz, and HxBz will be presented with the DS values
found for each molar ratio of reagent to AGU, as outlined in
Table 1.

Cellulose esterswere synthesized using LiCl/DMAc as the solvent
system. The lithium and nitrogen content were analyzed through
EA and AAS, respectively. No residual nitrogen was detected
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FIGURE 1 Schematic steps of the cotton linter cellulose esterification, electrospinning, enzyme immobilization, and characterization.

TABLE 1 Conditions for the derivatization of cellulose and the resulting degree of substitution (DS) for the cellulose esters.

Cellulose ester Reagent Ratioa DS Ester code

Hexanoate
(Hx)

hexanoic anhydride 3 1.0 Hx1.0
6 2.0 Hx2.0
12 2.8 Hx2.8

Benzoate
(Bz)

benzoyl
chloride

3 0.7 Bz0.7
6 1.3 Bz1.3
12 1.6 Bz1.6

Hexanoate Benzoate
(HxBz)

hexanoic anhydride
+ benzoyl chloride
+ triethanolamine

3 1.0 HxBz1/1
1.0

6 0.9 HxBz0.9/0.3
0.3

aMolar ratio reagent/anhydroglucose unit (AGU).

in the Hx-type and Bz0.7 samples; the other samples showed
negligible amounts of nitrogen (<0.1%). No residual lithium
ions were detected in the Hx samples, whereas other samples
contained negligible amounts of lithium (<1 ppm) (Table S1,
Supporting Information). This confirmed the washing process’s
effectiveness in removing the solvent system’s components.

The synthesized esters were evaluated by ATR-FTIR (Figure 2a–
c). The spectra exhibited distinctive bands typical of cellulose, as
noted in the literature [52], such as O-H stretching at 3400 cm−1,

C–H stretching at 2900 cm−1, CH2 stretching at 1370 cm−1;
vibration of O-C═O bond at 1240 cm−1; and C–O–C stretching
of the glucose ring at 1040 cm−1 [57, 58]. As expected, the O-H
stretching band at 3400 cm−1 decreased, while the C═O band at
1750 cm−1 increased due to the formation of the ester [45, 59].

In Bz spectra, bands at 1630 and 1590 cm−1 were attributed to
C═C vibrations of the aromatic ring, with additional benzene
ring bands at 3060 cm−1 (–C–H stretching), 1430 cm−1 (C═C
stretching), and 710 cm−1 (C–H out-of-plane bending vibration)

5 of 16
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FIGURE 2 ATR-FTIR spectra of cellulose esters with different molar ratios: (a) hexanoate, (b) benzoate, and (c) hexanoate-benzoate. 1H NMR
spectra of cellulose esters with different molar ratios: (d) hexanoate, (e) benzoate, and (f) hexanoate-benzoate (range from 6.5 to 8.0 ppm, magnified for
better viewing), in DMSO-d6.

[60, 61]. In mixed ester spectra, bands for both Hx and Bz were
present, including the carbonyl band at 1750 cm−1, hexyl group
bands at 1380, 1232, 2900 cm−1, and phenyl group bands at 3060,
1430, and 710 cm−1. These results confirmed that themodification
of cellulose was accomplished.

Figure 2d-f shows the 1H NMR spectra of synthesized cellulose
esters, where the RCO- groups can be attached to C2-, C3-, and
C6- carbons of the AGU. The peaks corresponding to the cellulose
backbone appear in the δ 3.0–5.0 ppm region. In theHx spectrum,
the peaks corresponding to the protons of the hexyl group linked
to the carbonyl are within the range of δ 1.7–2.5 ppm. The peaks
of the benzene ring protons are visible between δ 7.0–8.5 ppm in
Bz [61]. For hybrid esters, both sets of peaks were observed.

The DS of the esters was determined from their 1H NMR spectra
according to Equations 1 and 2, and the results are presented in
Table 1. The DS values were controlled by using the appropriate
molar ratio of reagent to AGU.

The present study employed hexanoic anhydride and benzoyl
chloride as an acyl donor. Acyl chlorides are recognized as potent
acylating agents due to the electrophilicity of the carbonyl carbon,
which is greater than that of other carboxylic acid derivatives,
such as anhydrides, where the electron-donating resonance
effect of the oxygen atom diminishes the carbonyl carbon’s
electrophilicity. The higher electrophilicity in acyl chlorides can
be attributed to the relatively weak electron-donating effect of

the chlorine atom toward the carbonyl group. However, when
considering benzoyl chloride, it is important to consider the
influence of the aromatic ring on the carbonyl group’s reactivity,
as both the steric and electronic effects of the ring can impact
overall reactivity. Triethylaminewas employed as a neutralization
base to address the challenges posed by the hydrochloric acid
generated during the reaction (Figure S1, Supporting Informa-
tion). This prevents the protonation of hydroxyl groups, which
would deactivate them as nucleophiles and negatively affect the
reaction. Increasing the reagent/AGU molar ratio for all esters
resulted in higher DS values, which aligns with trends reported
in the literature [5, 57]. However, at equivalent molar ratios, the
DS values for hexanoate were consistently higher than those for
benzoate. For instance, at a molar ratio of 12, DS for Hx reached
2.8, whereas DS for Bz only reached 1.6 (Table 1). This suggests
that hexanoyl groups can be incorporated into the cellulose chain
more effectively, resulting in ester groups, compared to benzoyl
groups. This difference likely stems from structural and electronic
effects associated with the esterifying groups.

Hexanoyl, characterized by its flexible aliphatic chain, experi-
ences reduced steric hindrances, favoring its accessibility and
reactivity with cellulose hydroxyl sites. Since hydroxyl groups are
linked to long chains, the bulky nature of the benzoyl group,
characterized by its aromatic ring, can likely hinder interactions
between the reactive sites, especially when the degree of substi-
tution (DS) reaches high levels during the reaction, and available
hydroxyls are increasingly reduced. Moreover, the electronic
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effect between the aromatic ring and the carbonyl group can
further influence its reactivity. This effect was also evident in
hybrid esters. For instance, at a molar ratio of 6, DS for HxBz
reached 0.9 for hexanoate and only 0.3 for benzoate, demonstrat-
ing the preferential incorporation of hexanoyl groups. However,
at a lower molar ratio (3), the DS values for hexanoate and
benzoate were nearly equal, likely due to reduced competition
between the esterifying groups at lower reagent concentrations.
As the molar ratio increases, the steric and electronic constraints
of the benzoyl group become more pronounced, further limiting
its incorporation compared to the more adaptable hexanoyl
group. Overall, the results suggest that hexanoate esterification is
more effective in achieving a higher degree of substitution (DS)
compared to benzoate, likely due to the less bulky and more
flexible aliphatic structure of hexanoate, which faces fewer spatial
constraints during substitution.

3.2 Electrospinning andMat Characterization

The subsequent phase after synthesis involved the electrospin-
ning of solutions containing the synthesized esters, as outlined in
the following section. The estersHx1.0,Hx2.0, Bz1.6,HxBz1/1,
andHxBz0.9/0.3 have been selected for this study phase. Table 2
summarizes the electrospinning conditions that resulted in mats
made from cellulose esters. THF was chosen as a primary solvent
due to its favorable properties: low surface tension (26.4mNm−1),
low boiling point (66◦C), and low dielectric constant (7.6).
Its combination with DMAc, a polar solvent, enhanced the
dissolution of more polar and hydrophilic polymers, such as
cellulose derivatives, ensuring better polymer solubility and fiber
formation [62, 63].

While the THF/DMAc system was adequate for cellulose hex-
anoates, it proved inadequate for electrospinning Bz and hybrid
esters. For these derivatives, TFA was used as an alterna-
tive solvent due to its properties, including effective polymer
dissolution, high volatility (boiling point 72.4◦C), low sur-
face tension (17.6 mN m−1), and low dielectric constant (8.5)
[64–66].

Figure 3 displays SEM images of the electrospun mats, along
with the electrospinning parameters that enabled their formation,
accompanied by the corresponding histograms of fiber diameter
distributions.

The electrospun mats obtained from Hx1.0 (9 wt.%, Table 1)
presented ultrafine fibers with diameters ranging from 137–
168 nm and many beads scattered along their length (Figure 3a,
entries 1–4, Table 2). This bead formation is often associated
with lowpolymer concentrations,where insufficient viscosity can
destabilize the fiber jet during electrospinning [65]. Other factors,
such as surface tension andnet charge density, can also contribute
to that phenomenon [67]. The low amount of fibers from Hx1.0
observed likely resulted from the polymer concentration being
below the entanglement concentration, which limits the chain
entanglement required to form continuous fibers.

Depending on the voltage, the electric field applied during elec-
trospinningmay interact with the polar groups in cellulose esters,
i.e., the hydroxyl and carbonyl groups. This interaction may lead

to the alignment of polymer chains. Additionally, dipole-dipole
interactions with solvent molecules can facilitate the formation
of a conductive pathway. It can be proposed that the pendant
ester groups interact more significantly than the hydroxyl groups.
Consequently, a higher DS may result in stronger interactions.
Furthermore, a higher DS indicates a more uniform distribution
of ester groups within the rings of the same chain and among
different chains. This uniformity may favor the alignment of
segments from neighboring chains and facilitate the formation of
fibers. Along with the aforementioned factors, the flow rate also
influences the properties of the electrospunmaterial. Electrospun
fibers ofHx2.0 (11 wt.%) obtained varying the flow rate from 5.5 to
45.5 µL min−1 at 15 and 20 kV (entries 7–9, Table 2) showed that
a higher flow rate promoted the formation of smaller-diameter
fibers with fewer beads. Specifically, at the highest flow rate
(45.5 µL min−1), the fibers averaged 117 nm in diameter, ranging
from 55 to 230 nm, while the lower flow rate produced fibers with
an average diameter of 158 nm, ranging from85 to 330nm (entries
5–6, Table 2). A higher flow rate enhances the shear forces acting
on the polymer solution as it is ejected, helping to stretch the
solution jet and produce thinner fibers. It also decreases the
time the polymer solution jet remains in the air, minimizing the
likelihood of solidification before it is fully stretched and reducing
the chances of bead formation. Additionally, higher flow rates can
increase the charge density on the surface of the fibers, promoting
better elongation and alignment of the polymer chains (Ahmadi
[68, 69]). Other studies, such as those on cellulose hexanoate in
TFA, observed a similar dependence of fiber diameter on flow rate
[45].

The applied voltage directly influences the charge carried by the
electrospinning jet, affecting themagnitude of electrostatic repul-
sion between charges and the strength of interactions between the
jet and the external electric field [70]. A higher voltage onHx2.0
solutions favored the formation of thinner fibers (entries 5, 8, 11,
Table 2), as indicated by the decrease in the average fiber diameter
from 158 nm at 15 kV to 117 nm at 25 kV. This change also resulted
in a narrower fiber diameter range, shifting from 85–330 nm at
15 kV to 40–250 nm at 25 kV, which is consistent with the findings
of other studies [45]. However, higher applied voltages lead to
more fluid ejection, resulting in thicker fibers (entries 6, 9, 12,
Table 2). For example, as the voltage increased from 15 to 20 kV
and then to 25 kV, the corresponding average fiber diameters
were measured at 117, 112, and 130 nm, respectively. This suggests
that although higher voltages generally produce finer fibers, there
may be exceptions based on the concentration and fluid dynamics
during electrospinning [71].

The THF/DMAc solvent produced fibers with a bead-on-string
morphology, while TFA yielded smooth, defect-free fibers. Beads
in electrospun fibers form due to the rapid evaporation of the
solvent, which is more pronounced in THF, given its lower
boiling point (66◦C) compared to TFA (72.4◦C). Although DMAc
(165◦C) has a significantly higher boiling point, the dominant
contribution of THF in the 65/35 THF/DMAc mixture leads to
rapid solvent loss during the electrospinning process. This rapid
evaporation induces phase separation within the polymer jet,
resulting in regions rich in polymer and others that are poor,
ultimately leading to instability in the jet [72]. As the jet stretches
and cools, water vapor can condense on its surface, forming
droplets that hinder its solidification [73]. These factors result
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FIGURE 3 SEM images of the electrospun mats formed at a flow rate of 15.5 µL min−1 and their respective fiber diameter distributions. (a) Hx1.0
(9 wt% in THF/DMAc) at 20 kV. (b) Hx2.0 (11 wt.% in THF/DMAc) at 20 kV. (c) Hx2.0 (11 wt.% in THF/DMAc) at 25 kV. (d) Bz1.6 (9 wt.% in TFA) at
25 kV. (e) HxBz1/1 (9 wt.% in TFA) at 20 kV. (f) HxBz0.9/0.3 (9 wt.% in TFA) at 25 kV. Histograms do not take into consideration bead size.

in a beaded structure, where the beads represent regions of
higher viscosity that do not stretch as much as the intervening
polymer-rich areas [74].

The Hx ester exhibits higher water contact angles (97◦–142◦),
indicating greater hydrophobicity, while the Bz ester shows sig-
nificantly lower angles (50◦–94◦), suggesting that Bz-based fibers
are more hydrophilic. An increase in voltage generally results in
lower contact angles for Hx1.0 fibers (entries 1–4, Table 2). For
instance, at 20 kV, the WCA decreases significantly compared
to 15 kV, likely due to changes in fiber morphology. The nature
of the ester side groups plays a key role in this behavior. With
its long, non-polar alkyl chain, the hexanoate side group repels
water, increasing hydrophobicity and resulting in higher contact
angles. This suggests that the hexanoate chains are oriented on
the fiber’s outer surface, while the more hydrophilic cellulose
backbone faces inward, amplifying the surface’s water-repellent
properties. Similar studies have reported WCA of 103◦–114◦ for
cellulose ester films with long alkyl side chains, which also
serve as effective barriers to water vapor transport [75, 76]. In
contrast, the planarity of the benzoate groupmayhave favored the
orientation of the polar carbonyl groups toward the surface of the
fiber. Additionally, the contribution from the aromatic π electron
density may have further reduced the contact angle compared to
the hexanoates, thereby imparting a degree of hydrophilicity to
the material.

In addition to the side-group chemical structure, the DS can
influence surface wettability. At DS 1, cellulose hexanoate exhib-
ited WCA ranging from 97◦ to 132◦, showing notable variability.
This suggests that while esterification increases hydrophobicity,
some hydroxyl groups remain available for hydrogen bonding
with water, leading to heterogeneous wetting behavior. However,
at DS 2, contact angles were consistently higher (127◦–142◦)
with significantly reduced variability, indicating a more uniform

hydrophobic surface. This trend confirms that increasing DS
enhances hydrophobicity by replacing hydroxyl groups with
hydrophobic ester moieties. However, it is important to note that
the observed differences in contact angle are not statistically
significant (p > 0.05).

3.3 Sphere Characterization

In light of the results discussed later regarding the application
of electrospun mats, spherical structures were also produced
from cellulose ester solutions (Figure 4). The primary reason
for choosing spheres was that their formation process does not
require the application of voltage.

SEM images of Hx2.0 and Hx2.8 spheres (Figure 4b,e) revealed
notable differences in size and surface morphology. The Hx2.8
spheres were smaller (Ø 2.4 ± 0.2 mm) with a rougher surface,
while the Hx2.0 spheres were larger (Ø 3.1 ± 0.3 mm) with
a smoother surface. These differences are primarily attributed
to the different DS. A higher DS, as in Hx2.8, introduces
more hydrophobic acyl groups along the cellulose backbone,
which can affect the solution properties—such as viscosity, chain
interactions, and surface tension—during sphere formation.
These factors, in turn, influence the droplet breakup dynamics,
shrinkage behavior, and final morphology. Thus, the DS is a key
parameter that influences the physicochemical properties of the
spheres, governing both their size and surface morphology.

3.4 Enzyme Immobilization and Racemic
Resolution

In this phase of the study, the focus was on evaluating the
potential of electrospun mats (Hx2.0) and spheres (Hx2.0 and
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FIGURE 4 Spheres of Hx2.0 (Ø 3.1 ± 0.3 mm) dried: photo (a) and SEM images (b, c) at different magnifications (100× and 1000×). Spheres of
Hx2.8 (Ø 2.4 ± 0.2 mm) dried: photo (d) and SEM images (e, f) at different magnifications (100× and 1000×).

Hx 2.8, Table 1) as renewable platforms for biocatalysis, with
Pseudomonas fluorescens lipase (PFL) immobilized on these
structures. Benzoates and hybrid esters were excluded from
this study phase because their dissolution involves TFA, which
degrades the enzyme and compromises its activity.

Hx2.0was selected for electrospun mat preparation as it enabled
the formation of nano/ultrafine fibers incorporating the enzyme.
However, direct PFL incorporation into electrospun fibers posed
challenges related to uniformity, stability, and possible enzyme
denaturation under high-voltage conditions. To address these
issues, an alternativemat-layered structurewas prepared, consist-
ing of an electrospun ester layer, an airbrushed PFL layer, and a
second electrospun ester layer, allowing enzyme deposition while
reducing its exposure to electrospinning conditions.

Furthermore, spheres prepared from Hx2.0 and Hx2.8 were
also used as substrates for enzyme immobilization to compare
with mats, since sphere formation does not require voltage
application. This allowed the evaluation of enzyme performance
under different processing conditions.

Figure 5 shows photos and SEM images illustrating the morphol-
ogy and structure of the immobilization platforms. Electrospun
mats of Hx2.0 with immobilized enzyme (Figure 5a) appeared
as a white, homogeneous film. However, SEM images (Figure 5b)
revealed a heterogeneous structure comprising amixture of fibers
and enzyme aggregates, with enzyme morphology clearly visible
(Figure 5c). The mat-layered structures (Figure 5d,f) displayed
fibers with bead-like features, and the airbrushed PFL layer
formed a cast-like film over the fibers, as depicted in Figure 5e.

The efficiency of enzyme immobilization was assessed via
enzymatic kinetic resolution of (R,S)-2-chloro-1-phenylethanol.

Distinct retention times for enantiomeric pairs were observed for
both racemic 2-chloro-1-phenylethanol and its racemic acetylated
derivative, allowing these chromatograms to serve as references
for preliminary enzymatic kinetic resolution studies (Figure S2,
Supporting Information). The effects of different immobilization
platforms were analyzed, as shown in Table 3.

Using non-immobilized PFL, the reaction yielded a moderate
conversion (c = 35%) and an excellent excess enantiomeric excess
(eep = 98%) for (S)-2-chloro-1-phenylethanol acetate after 48 h,
with an excellent enantiomeric ratio (E = 168) (entry 1, Table 3).
The E-value, which reflects enzymatic selectivity, is crucial for
assessing enantiomeric excess and yield. Values below 10 render
the process unfeasible, values above 10 allow efficient resolutions,
and values above 30 are considered excellent [77, 78].

The use of immobilized lipase in Hx2.0 mats, however, resulted
in low conversion rates (43%, 24%, and 1%) and poor enantios-
electivity (E < 10), indicating an unfeasible reaction (entry 2,
Table 3). The free enzyme was more efficient when changing
the substrate into the product than the enzyme in Hx2.0 mats.
These mats were produced via electrospinning under specific
conditions: 10 cm distance, 25 kV voltage, and a 15.5 µm min−1

injection flow rate. High voltage during electrospinning can
significantly impair enzyme activity, potentially leading to partial
or complete inactivation [79]. This phenomenon occurs because
the high electric field can induce structural changes or poten-
tial denaturation of the enzyme, similar to what is observed
in pulsed electric field (PEF) applications. PEF is commonly
used as a non-thermal food preservation method to inactivate
enzymes and eliminate microorganisms by applying high-voltage
electric pulses formicroseconds tomilliseconds [80]. This process
induces electroporation, which disrupts cell membranes and can
degrade enzyme activity [3].
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FIGURE 5 Electrospunmat ofHx2.0withPseudomonas fluorescensLipase (PFL): photo (a) and SEM image (b). SEM image of PFL (c).Mat-layered
structure ofHx2.0: SEM images of first layer electrospunHx2.0 (d), second layer airbrushed PFL (e), and third layer electrospunHx2.0 (f).

For instance, research has shown that lipase activity can be
reduced by up to 90% under PEF conditions, specifically at
88 kV cm−1 voltage, 2 µs pulse width, 2 s treatment duration,
0.5 Hz frequency, and a maximum temperature of 20◦C [81].
Another study reported varying levels of lipase inactivation, with
62% inactivation in batch processing and 13% in continuous
flow processing of ultrafiltered milk under PEF conditions (27.4–
37.3 kV cm−1 voltage, 4 µs pulse width, 314.5 µs treatment dura-
tion, 80–100 pulses, and a maximum temperature of 34◦C) [82].

Electrospinning has been studied to produce enzyme-
immobilized mats with varying effects on enzyme activity. For
example, co-electrospinning of α-amylase with Alq3 in carbotane
polymer at 19.5 kV voltage, 15 cm distance, and 0.9 mL h−1 flow
rate resulted in the enzyme retaining 30% of its initial activity
after 10 cycles [83]. In another study, Candida rugosa lipase
immobilized in polyvinyl alcohol (PVA) via electrospinning at
10 kV and 17.78 cm distance showed no loss in catalytic activity
compared to the free enzyme, indicating that certain conditions
can preserve enzyme function [3]. These findings suggest that
while electrospinning can effectively immobilize enzymes,
high-voltage settings may lead to enzyme inactivation unless
carefully optimized.

To confirm whether the applied voltage would be responsible
for the enzyme inactivity, numerous tests were performed to
create mats using voltages lower than those specified in Table 2;
however,mats did not form at the reduced voltage levels thatwere
tested, which made it impossible to investigate whether the high
voltage was leading to the negative results. Another option was
then explored: a PFL-incorporated electrospun layered mat.

An intermediate layer was added to an ester mat already
formed on the collector using an airbrush filled with PFL

and tetrahydrofuran—without exposure to voltage—followed by
electrospinning another mat layer on top. Despite this, the use
of the sandwich-like structure as a platform resulted in reactions
with low selectivity (E < 5), achieving only 18% conversion after
168 h (entries 3–4, Table 3). The mat-layered structure improved
eep and E but remained inferior to the free enzyme. In this case,
the access of the racemic mixture to the enzymes may have been
hindered by the type of structure used to immobilize the enzyme,
as the layer on top needed to be traversed to reach the enzymes.

In addition to the issues mentioned, the solvent system used
to dissolve the lipase and cellulose esters—DMAc/THF—could
have adversely affected the enzymatic activity. Polar aprotic
solvents such as DMAc can disrupt the network of intramolecular
forces—such as hydrogen bonding, electrostatic interactions, and
hydrophobic effects—that stabilize the enzyme’s native tertiary
structure. This disruption can lead to partial unfolding of the
enzyme, compromising its conformation and catalytic function.
Recent findings further support this, showing that tertiary amides
such as DMAc, NMP, and DMF can diminish lipase activity [84].
Moreover, hydrophobic solvents like 1,4-dioxan, THF, and higher
alcohols are denaturants, causing inactivation at concentrations
as low as 10%–30% volume as compared to hydrophilic solvents
like glycerol, ethylene glycol, which can be used at concentrations
of 50%–60% volume [85].

The results of this study on enzyme immobilization on elec-
trospun mats, along with the cited literature, indicated that
enzymatic activity is highly dependent on process parameters and
the surrounding environment. In this context, other immobiliza-
tionmethodswere tested, including using a different solvent (e.g.,
acetone) and preparing spheres of Hx2.0 and Hx2.8. Free-form
lipase showed higher conversion rates compared to immobilized
lipase, except for the first cycle of the Hx2.8 spheres, which
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TABLE 3 Kinetic resolution of (R,S)-2-chloro-1-phenylethanol by a lipase from Pseudomonas fluorescens immobilized on mats, mat-layered
structure, and spheres.

Entry Sample Time [h] ees [%]a eep [%]b c [%]c Ed

1 Lipase (PFL) [87] 24 36 98 28 >100
48 53 98 35 >100

2 MatHx2.0 24 0 0 43 —
48 1 2 24

3 Mat-layered structureHx2.0 24 0 3 13 —
48 1 3 23

4 Mat-layered structureHx2.0 (550 mg) 24 2 16 9 —
48 1 15 7

5 SpheresHx2.0 24 18 98 16 >100
48 34 96 26 72
96 38 93 29 42
120 36 92 28 35

6 SpheresHx2.8 24 15 98 13 >100
48 33 96 26 66
96 60 95 39 68
120 64 92 40 66

7 SpheresHx2.8
Recycle

24 4 50 7 <30
48 8 70 7 <30
96 12 81 13 <30
120 16 85 16 <30

*PFL-free and immobilized.
asubstrate enantiomeric excess.
bproduct enantiomeric excess.
cconversion.
dSelectivity (Enantiomeric ratio).

showed a higher conversion after 120 h (c = 40%) and a good
enantiomeric ratio (E = 66) (entry 6, Table 3). Both free and
immobilized lipase showed high enantiomeric purity, with 98%
eep and 94% eep, respectively. Similarly, research using spheres
made from silk fibroin and alginate to immobilize Amano AK
lipase showed a significant improvement in enantioselectivity,
increasing from E > 100 to E > 200 compared to the free enzyme
[86].

After the kinetic racemic resolution, Hx2.8 spheres were recov-
ered by filtration, washed with hexane, and reused in a second
reaction cycle. Considering the significantly high enantiomeric
conversion rate of the Hx2.8 spheres combined with the possi-

bility of recovering the material by filtration, these factors justify
the reason why only this material was considered in testing the
recycling procedure. The recycling of enzymes is important in
biocatalytic processes. Therefore, the reutilization of the immobi-
lized PFL on spheres was tested. In the second cycle, conversion
decreased from 40% to 16%, product enantiomeric purity dropped
from 94% eep to 85% eep, and substrate enantiomeric excess
decreased from 64% ees to 16% ees (entry 7, Table 3). Despite the
lower conversion, the process remained viable since 10 < E <

30, allowing for the reuse of the immobilized enzyme. Spheres
(Hx2.0 and Hx2.8) outperformed mats (Hx2.0 and mat-layered
structure Hx2.0), showing high eep, and reasonable E, likely
due to their shape facilitating a more efficient interaction with
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the substrate. The recycled Hx2.8 spheres showed improved ees
and eep over time, indicating that immobilized enzymes may
regain efficiency. However, their E values were lower, reflecting
decreased product enantiomeric purity.

Overall, enzymatic activity and product formation vary sig-
nificantly depending on the different enzyme immobilization
methods. The free PFL provided the highest efficiency, while
among the immobilized samples, the spherical forms (Hx2.0
and Hx2.8) performed better. Time plays a critical role in
enzyme effectiveness, and while recycling immobilized enzymes
is promising, it comes at the cost of reduced enantiomeric purity
in subsequent cycles. Cellulose esters hold promise as sustainable
platforms for enzyme immobilization; however, further research
is necessary to optimize the process and enhance performance.

4 Conclusions

This study successfully demonstrated the esterification of cotton
linter cellulose using a LiCl/DMAc solvent system with hexanoic
anhydride and benzoyl chloride as esterifying agents. Cellulose
esters were synthesized with degrees of substitution of 1, 2, and
3, and their structural integrity was confirmed via FTIR and
1H NMR. These derivatives were used to prepare electrospun
mats, spheres, and mat-layered structures. Electrospinning was
conducted under optimized conditions, including flow rates of
5.5–45.5 µL min−1, needle-collector distance of 10 cm, voltages of
15–25 kV, and solution concentrations of 9–11 wt.%. These param-
eters enabled the formation of ultrafine fibers with diameters
as small as 150 nm. However, a significant presence of beads
was observed in the fiber mats, as revealed by SEM analysis,
highlighting the challenges in achieving uniform morphology.

Evaluating these cellulose esters in different forms as enzyme
immobilization platforms revealed variable performance. While
immobilization on electrospun mats showed negligible catalytic
activity, likely due to enzyme inactivation or impaired access,
themat-layered structures significantly improved catalytic perfor-
mance, doubling the conversion rate compared to theHx2.0mat.
Spheres of Hx2.8 prepared with 15% Pseudomonas fluorescens
lipase exhibited superior performance, achieving 40% conversion
after 120 h and 94% enantiomeric purity. Recycling experiments
demonstrated a 24% reduction in conversion efficiency.

These findings highlight the potential of cellulose-derived mate-
rials, particularly Hx2.8 spheres, for biocatalytic applications.
This study underscores the promise of cellulose esters in devel-
oping sustainable and high-performance enzyme immobilization
platforms. Future research should optimize material properties
and immobilization strategies to expand their applications in
materials science and biotechnology.

This research is believed to be the first to explore the poten-
tial of cellulose esters in creating platforms for the enzymatic
immobilization of PFL to resolve a racemic mixture. The findings
may lead to using PFL-incorporated mat-layered or spherical
structures in biocatalysis for purposes beyond those outlined in
this study. Additionally, the materials developed may be tested
to support the immobilization of various enzymes. All potential

applications are unequivocally directed toward sustainable and
environmentally sound solutions.
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