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Abstract

The development of support for the immobilization of enzymes and yeasts is an important step in
hydrolysis and fermentative processes, aiming to recover and reuse biocatalysts, thereby making the
process of bioethanol production economically viable. In this study, we propose a core/shell support
made of nanomagnets armed with Saccharomyces cerevisiae cells as a nanobiocatalyst for fermentative
processes. We use orange biomass, a common waste in Brazil, for bioethanol production. The
produced nanomagnets had a zeta potential of +28.0 + 0.5 mV, were efficiently covered by silica and
armed with -NH: groups, and were duly characterized by infrared spectroscopy. The biomass after
acid hydrolysis presented 10 + 0.6 g L' of reducing sugars, which were quantified using the
colorimetric method. An evaluation of fermentation conditions was carried out by varying
temperature and pH. In the first condition, the achieved ethanol yield was 35-46% after 48 h of
fermentation, while in the second condition, we obtained 48-90% ethanol, and in the third condition,
50-69.2%. The produced bioethanol was quantified through a chemical oxidation reaction. The
immobilization process proved to be satisfactory with a reaction yield of around 25-30%.

Keywords: yeast immobilization; magnetic nanoparticles; Saccharomyces cerevisiae; bioethanol

1. Introduction

The reduction in the use of fossil fuels faces global regulatory barriers, despite the proven
viability of biofuels. The transition to renewable energy sources can reduce costs and mitigate
greenhouse gas emissions [1-5]. Faced with these challenges, it is imperative to seek new, low-carbon,
alternative energy sources in order to sustain a high standard of sustainable development. In this
context, it is crucial to develop innovative methods for efficient energy use [6-9]. These methods, in
turn, must provide energy from renewable and clean sources, while reducing environmental
pollution and not compromising food security [10,11]. Biofuels, which are fuels generated from
renewable raw materials [12], are generally classified into different types, such as first (1G), second
(2G), third (3G), and fourth (4G) generation biofuels [13]. First-generation biofuels use edible biomass
such as starch and sugar [8,10]. While those of the second generation (2G) are based on the use of the
most efficient renewable alternatives, using non-edible lignocellulosic biomass for human
consumption, Third-generation (3G) biofuels are derived from marine biomass, particularly algae. In
contrast, fourth-generation (4G) biofuels employ genetically engineered microorganisms capable of
fixing high concentrations of CO: [9,10]. Ethanol is an example of a biofuel produced on a large scale
in Brazil, which is produced mainly from sugar cane [14]. Ethanol is the main representative source
of bioenergy [15]. Over the past 10 years, global ethanol production has seen consistent growth, with
an average annual increase of 3.8%. In 2023, this growth reached a notable peak, reaching the
impressive mark of 115 billion liters of this biofuel [16]. Despite the high yield of first-generation
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ethanol, there is a strong dependence on food crops such as corn and sugarcane, where production
technologies are more consolidated. However, this type of ethanol faces competition challenges with
food supply and land use [10,17]. 2G ethanol was developed to solve the limitations presented by 1G
bioethanol, using mainly inedible cellulosic biomass [8,18]. Among the plant sources used for the
production of second-generation ethanol (2G ethanol), a variety of agricultural residues stand out
[19-21]. These include corn straw and other cereals, husks, and bagasse from various crops, such as
sugar cane, orange, eucalyptus, soybeans, and corn, which are also used in the production of 2G
ethanol [21,22]. Lignocellulosic biomass has significant potential to become a highly competitive raw
material in the generation of renewable energy or in the production of value-added biomolecules
[23]. The use of biomass as an energy source has several advantages, such as the reduction of CO:
emissions, and it contributes to mitigating the effects of climate change [24]. Regarding its
constitution, lignocellulosic biomass is mainly composed of two types of carbohydrate polymers,
cellulose and hemicellulose, and a non-carbohydrate phenolic compound called lignin [25,26].
Biomass generated from the processing of citrus fruits is a viable alternative to lignocellulosic
biomass for the production of 2G ethanol, since Brazil is the largest exporter of orange juice, which
means that a large part of the fruits produced are industrially processed for juice production. Orange
biomass differs from others, since the main polysaccharide present is pectin (between 30-35% on a
dry basis), while cellulose and hemicelluloses are present in smaller quantities, and lignin is a minor
component. Currently, 80% of the oranges produced in Brazil are destined for the production of juice
and juice concentrate, which means that the amount of waste generated by orange processing is huge.
In fact, the forecast for processed oranges in Brazil was around 69% of total production in 2020, which
impacts the environment [27,28]. The residue that is generated from juice processing is normally
called orange peel waste (OPW), and it consists of peels, seeds, and pulp. OPW is generally
transformed into “pellets”, which can be used for animal feed [29,30]. Another possibility for OPW,
in addition to being used as animal feed, consists of its use to produce 2G ethanol [22]. Once
hydrolyzed, polysaccharides present in OPW biomass are easily fermented by yeast, producing this
biofuel. This innovative use of orange peel not only takes advantage of a common waste product
from the orange juice industry but also contributes to the production of renewable biofuels, reducing
dependence on fossil energy sources and promoting a more sustainable economy [31]. The processing
of OPW to obtain alcohol has been increasingly adopted as a lignocellulose raw material subjected to
simultaneous saccharification and fermentation (SSF) for the production of bioethanol [32-34]. The S.
cerevisiae is the yeast widely used in several areas such as the ethanol industry, baking, beer making,
and winemaking [35,36], due to its inherent ability to produce high amounts of ethanol, tolerance to
low pH, high concentrations of sugar and ethanol, and resistance to some inhibitors released from
lignocellulosic hydrolysates [22,37,38]. During the alcoholic fermentation process, some factors such
as increased temperature, change in pH, osmotic stress, and ethanol concentration can cause stress in
S. cerevisiae, which, in turn, will affect ethanol production [39]. A range between 20-35 °C is acceptable
for S. cerevisine with an optimal growth temperature of 30 °C, while an increase to approximately 40
°C induces the biosynthesis of stress response factors such as heat shock proteins, this is why it is
essential to maintain temperature control [40]. One of the most significant challenges in fermentation
is the inhibition of yeast cell growth due to ethanol accumulation. The development of an
immobilization technology to separate and reuse yeast cells from the fermentation medium can be
considered a promising method to mitigate toxicity and cell mortality [41]. A viable alternative to
control the morphological structure of these microorganisms is cell immobilization (CI). This
technique aims to maintain the necessary catalytic activity, being applicable in both laboratory and
industrial environments [42]. The use of immobilization techniques is an effective strategy to solve
problems associated with enzymes and free yeast in terms of improving the efficiency, stability, and
yield of the process [37,41,43]. An alternative used in fermentation processes is the immobilization of
yeast in materials such as DEAE-cellulose, calcium alginate, calcium pectate, or sintered glass.
Immobilization increases the biomass per unit of reactor volume in a shorter time [44]; however, the
selection of a suitable matrix for cell immobilization is crucial to obtain the desired product, being a
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specific decision for each microorganism and metabolite under study [45,46]. The main limitation of
this method is the possibility of cell separation due to the low intensity of stabilization forces [47,48].
A promising alternative to this problem consists of the use of magnetic nanoparticles coated with
silica, as they facilitate the separation of the reaction medium through the use of magnets, when it is
necessary to regenerate the bioreactor substrate, while silanes have ordered pore diameters, whose
size can be targeted to adequately protect target yeasts and enzymes [41,49,50]. The immobilization
of microbial cells on solid supports depends on molecular forces such as electrostatic, ionic, van der
Waals, hydrogen bonding, hydrophilic, and hydrophobic interactions. However, due to the
reversible nature of these interactions, cell detachment is a significant disadvantage of this method.
To avoid desorption of microorganisms from the matrix, it is crucial to promote strong adsorption
between cells and support. This can be achieved by tuning the support characteristics (such as particle
size, porosity, specific area, charge), chemically modifying the support surface to increase favorable
interactions (e.g., introducing reactive groups such as -NHz,—OH, -COOH, -SH), or by the use of
combined materials [51,52].

Magnetic iron nanoparticles are widely used in the area of biotechnology, mainly as a support
for the immobilization of enzymes and yeast, offering the opportunity to reduce working time,
process cost, and the possibility of reuse, and can be used in continuous systems [41,53]. In the M-
IONPs family of magnetic nanoparticles, the three most common types are magnetite (FesOs),
maghemite (y-Fe20s). and hematite (a-a-Fe20s). Hematite (a-Fe20Os) is known for its high chemical
stability when exposed to air for prolonged periods [54].

The focus of this article is the optimization of fermentation bioprocess, where hydrolyzed sugars
from OPW are converted into ethanol through the action of the yeast S. cerevisiae, It is proposed to
evaluate the potential of FesOs magnetic iron nanoparticles, coated with inert material, and
functionalized for the immobilization of S. cerevisiae yeast cells during the ethanol production process
using orange pomace as a source of sugars and, as an alternative acid hydrolysis. Figure 1 illustrates
the complete process from the synthesis of the magnetic nanoparticles (MNP), cellular
immobilization, and application in fermentation processes.

p
NANOPARTICLE SYNTHESIS YEAST IMMOBILIZATION ON SUPPORT
~ ; da? .
0’%0 Synthesis &
+Q ) =) O;o I LA
=@ o S *\ Attachment ‘
Core (Fes0s) Functsiggﬁlized Magnetic Nanoparticles Yeast Cell A“fi?‘fl'(’:fm ’g‘[{“ﬁ;’a‘(‘)ﬁﬂ;g?

BIOMASS TREATMENT:
SUGARS FROM ORANGE BAGASSE

Cellulose & Fermemahle
Hemicellulose Matrix / ugars
s 0

APPLICATION: PRODUCTION & REUSE

Continuous ==
Stirred
Bioreactor

Orange Bagasse
(Lignocellulosic) g

Separation
Magnetic

Re-charging
with1,2,3...

LG
<%

p on :> q Separation

Q Glicose Spent Yeast

. e ::_>H Z RS> co, & Supports

X=——\=> Enzymatic "*
L2, Hydrolysis ﬁ ‘y} ‘
0, cu OH
OH Fermemauon ngh Productivity ~ Magnetic Easy Recovery Reutilization
(=] Frutose High P ion Easy Recovery Reusability
OrangeBagasse Cellulose & Fermentable R Re-charging
Hemicellulose Matrix Sugars with NewSugars )
8

Figure 1. lllustration of steps of MNP synthesis, cellular immobilization, and application in fermentation. Figure

generated in AI Gemini.

2. Materials and Methods
2.1. Synthesis of FesO+ Nanoparticles

The procedure for MNP synthesis was adapted from the methodology described by Oberacker
et al. [55] and carried out in our research laboratory with some adaptations. The coprecipitation
method was used. To this end, an aqueous solution of Fe**/Fe* was prepared in a 1:2 molar ratio. The
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salts used were FeSOs - 7H20O and FeCls - 6H20. Then, they were slowly dripped into the flask
containing 100 mL of an alkaline sodium hydroxide solution (NaOH 2 mol L) heated between 70
and 80 °C, under stirring (400 to 500 rpm). The nanoparticles were magnetically separated after
cooling to room temperature, then repeatedly purified with ethanol (2x) and water (2x) and stored at
room temperature under vacuum. The synthesis was carried out in triplicate, until the MNP were
obtained under the same working conditions after synthesis, the pH of the nanoparticles was around
11, washing allowed the pH to be 7. Then, gravimetry was carried out to determine the quantity
obtained. The MNPs were stored in an evacuated desiccator until the next stage.

2.2. Surface Modification with TEOS and APTES

FesO4 MNP coating was adapted from Oberacker et al., 2019 [55]. 2.5 g of FesO« MNP was mixed
with 200 mL of ethanol. The suspension was dispersed in an ultrasonic bath for 30 min. A solution
containing 2 g tetraethyl orthosilicate (TEOS), 50 mL ethanol, and 6 mL ammonia (NHs, 25% v/v) was
added. Vigorous stirring was maintained in a 25 °C water bath for 4 h. The Fe30s@SiO2 were washed
with water (3—4 times), twice with ethanol, and dried under vacuum at room temperature. For the
amino functionalization, 150 mg of Fes0s@SiO2 were suspended in 30 mL of water, and 0.6 mL of 3-
aminopropyltriethoxysilane (APTES) was added. The suspension was maintained at 70 °C for 16 h
under vigorous stirring. The Fes0:@SiO: -NH: was washed with water (3—4 times), twice with
ethanol, and dried under vacuum.

2.3. Nanoparticles Characterisation

The zeta potential ({) and hydrodynamic radius were measured using 0.01 mg mL-! water
suspensions in a DST1070 folded cuvette in a Zetasizer Nano-ZS (Malvern). Size and shape were
determined by Transmission Electron Microscopy in a Carl Zeiss CEM-902 with 80 keV using copper
grids and parlodium film. The microscope was equipped with a Castaing-Henry-Ottensmeyer filter
spectrometer used for the electron energy loss spectrometry (EELS). The crystal structure was
determined by X-ray Diffraction (XRD) using a D2-Phaser Bruker from IFGW—DEQ-1 108
(UNICAMP), operating with 30 kV, current: 10 mA, radiation: Cu 1.54184 angs., continuous scanning
mode, time per step: 0.4 s, range (2 theta) : 5°-80°, increment of 0.02°; linear detector (LYNXEYETM);
usage time: 1.5 h. Surface functionalization was investigated by Infrared Spectroscopy equipped with
Attenuated Total Reflectance (ATR-FT-IR) using an Agilent Cary 630. X-Ray Photoelectron spectra
were obtained using a SPECS system (SPECS GmbH) equipped with X-ray XR-50 with radiation Al
Ka (hv = 1486.6 eV) and Phoibos 100 analyser with MCD-9 detector at the CCS Nano laboratory
(Centro de Componentes Semicondutores, UNICAMP).

2.4. Chemical Composition of Orange Peel Waste (OPW)

Moisture of the dry OPW samples was determined based on the US National Renewable Energy
Laboratory (NREL)'s standard procedure [56]. The ash content was determined using AOAC
methods (AOAC, 2016) [57]. Pectin was extracted and analyzed according to the literature [7]. Acid
detergent fiber (ADF), neutral detergent fiber (NDF), and acid detergent lignin (ADL) were
determined with ANKOM Technology Methods [58]. All analyses were performed in triplicate.

2.5. Acid Hydrolysis of Orange Pomace and Sugar Quantification

250 mL Erlenmeyer flasks containing 17.0 g of orange pomace residue were prepared, then
distilled water and sulfuric acid (98%) were added, reaching a concentration of 0.5% (m/v) at a final
volume of 100 mL. Then, the samples were heated in an autoclave at 120 °C (15 or 30 min). The
hydrolysates were analyzed for reducing sugars using 3,5-dinitrosalicylic acid (DNS). The treatment
allowed us to obtain hydrolysates with a higher sugar content, which were then stored and used in
the fermentation experiment. All experiments were performed in triplicate. The sugars were
quantified using a calibration curve, as shown in the attachment in Supplementary Table S1.
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2.6. Microorganism and Culture Media

Commercial yeast (S. cerevisine brand Fleischmann), purchased from the local market, was
prepared in sterilized Erlenmeyer flasks (250 mL) in a medium containing Yeast Extract-Peptone-
Dextrose 2% (YPD), 10.8 g L1 of yeast extract, 15 g L of peptone, and 20 g L* of dextrose (D-Glucose),
and chloramphenicol (30 ug mL') was added. The vials were incubated at 30 °C for 24 h in a shaker
shaking at 120 rpm. The inoculum was transferred to sterile Erlenmeyer flasks (250 mL) containing
100 mL of YPD medium with 30 ug mL" of chloramphenicol.

2.7. Yeast Immobilization on Magnetic Nanoparticles

For the immobilization process, the magnetic nanoparticles were dispersed in a sodium
phosphate solution (pH 4.5) and stored for 12 h at room temperature. Then, fresh yeast cells were
washed three times with 0.9% NaCl saline to remove the culture medium. The cells were then mixed
with an equal volume of MNP and shaken in a shaker incubator for 24 h at 35 °C to allow the
nanoparticles to adhere to the surface of the cells. The immobilized cells were then transferred to the
fermentation medium. The immobilization efficiency was examined by exposing the immobilized
cells to a magnetic field. After 5, 10, 15, 20, and 25 min, the supernatants were collected and inoculated
onto the LB agar plates. The resulting colonies were counted after 24 h of incubation at 30 °C, and the
immobilization efficiency was calculated based on Equation (1).

. CFUt0 — CFUt1
El = *
CFUt0

100 (1)

where Ei is the immobilization efficiency and CFUw and CFUu are the number of colonies obtained
before and after exposure to the magnetic field, respectively

2.8. Fermentation Process

The fermentation process illustration is shown in Figure 2.

Stage Description
1 / % The pH of the hydrolysates was adjusted with NaOH
e “’J"““” according to the chosen fermentation condition.
o

plele 100 mL of broth was placed in an Erlenmeyer flask
= with chloramphenicol (30 pg mL™").

Flasks were incubated in a shaker (120 rpm) at

3 controlled temperature for 0, 24, 48, and 72 h

4 Samples were collected at 0, 24, 48, and 72 h for
qualitative and quantitative analyses.

5 After 72 h, fermented hydrolysates were distilled
twice to extract ethanol.

6 The ethanol yield was calculated as a function of

yeast fermentation reaction

Figure 2. Summary of the protocol of the fermentation process of S. cerevisiae.

2.9. Quantification of Ethanol Using the Colorimetric Method

Ethanol quantification was performed using a standard curve with ethyl alcohol (PA, Dinamica).
Standard ethanol solutions were prepared in the range of 1.6-12.8 mg mL'. 5 mL of sodium
dichromate solution (40 mg mL) was added, and 15 mL of standard solution was added. Then, 25
mL of H2SOs solution. The pH of the solution was maintained by 0.2 mol L of acetate buffer with a
pH value of 4.3. Then, the mixture was stirred for 1 min and incubated for 2 h. After this, a green
product was observed, the absorbance of the solutions was taken at 578 nm, and based on the

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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readings, the standard curve was constructed. The experimental samples were treated in the same
way, followed by absorbance measurement, and the ethanol concentration was determined from the
standard curve according to Supplementary Table S2.

3. Results

3.1. Synthesis and Characterization of Nanoparticles

The synthesis of MNPs—magnetic nanoparticles (FesOs) was performed using the co-
precipitation method, which can be described by Equation (2).

Fe? + 2Fe™ + 80OH" — FesOs + 4H:0 (2)

The synthesized nanoparticles exhibited strong magnetic responsiveness in the presence of a
permanent magnet (Figure 3).

Figure 3. Magnetic nanoparticles in the presence of a permanent magnet.

Elemental analysis (CHN) revealed a progressive increase in carbon, hydrogen, and nitrogen
content after each modification step, confirming the successful coating and functionalization of the
nanoparticles (Table 1).

Table 1. Elemental analysis of magnetic nanoparticles (MNPs).

Samples % Carbon % Hydrogen % Nitrogen
FesOs 0.17 0.37 0.00
Fe3s0s@5i0O2 0.26 0.37 0.17
Fe304@Si02@NH: 6.31 2.12 1.44

The average hydrodynamic diameter increased from 244.4 + 1.0 nm for FesOu to 368.0 + 0.4 nm
for Fes04@SiO:z and 399.0 + 0.5 nm for Fe:04@SiO@NH: (Table 2). Correspondingly, zeta potential
values changed from +22.0 + 0.8 mV to —28.0 £ 0.5 mV after silica coating and to +35.0 + 0.2 mV after
APTES functionalization.

Table 2. Size of magnetic nanoparticles (MNPs) and zeta potential.

Samples Average Zeta Potential
Diameter (nm) (mV)
FesOu 2444 +1.0 +22.0+0.8
Fe304@SiO: 368.0+0.4 -28.0+0.5
Fe304@5i0@NH2 399.0+0.5 +35.0£0.2

Transmission electron microscopy (TEM) images (Figure 4) showed average particle diameters
of 27.00 £ 0.01 nm for FesO4, 35.00 + 3.21 nm for Fes04@SiOz, and 115.00 +7.52 nm for Fes04@SiO@NHo.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. TEM images illustrating the structural and morphological evolution of nanoparticles during the
synthesis process: (A) FesOs, (B) Fes04@SiO2, and (C) FesOs@SiO2-NHoz. The particle size distribution histograms
(bottom) confirm mean diameters of 27 + 0.01 nm, 35 + 3.21 nm, and 115 + 7.52 nm, respectively.

FT-IR spectra (Figure 5) confirmed the formation of FesO4 by characteristic bands at 440 and 568
cm!. Additional bands at 1058 and 960 cm™ verified the presence of silica, while bands at 1490 and
690 cm™! confirmed the successful incorporation of amine groups after APTES functionalization.

N-H bendin‘g C-H stretching
~1630 cm™ i -1
Fe,0,@Si0,-NH, \ —
:\; O-H stretching
° ~3400 cm”!
(%]
[
£ | Fejo,@sio,
£
] 8i-0-Si stretchin
c 9
© ~1050cm™
.—
/
Fe-0 vibration
~580 cm™
' L L ' L 1 L
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Figure 5. FT-IR spectra of solid samples of magnetic nanoparticles of: FesOu (in black), Fes0s@SiO: (in red),
Fe304@SiO2-NH2 (in blue).

3.2. Composition of Orange Peel Waste (OPW)

OPW presented a moisture content of 80.48 + 2.30% and an ash content of 5.74 + 0.06%. The
lignocellulosic fraction consisted of 15.88 + 1.68% hemicellulose, 19.73 + 0.70% cellulose, and 5.96 +
0.68% lignin. Additionally, the material contained 19.52 + 2.30% total solids, 13.94 + 0.78% ADF, and
29.24 +2.24% NDF.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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3.3. Efficiency of Cell Immobilization

Figure 6 shows the interaction between FesO.@SiO@NH: nanoparticles and Saccharomyces

cerevisiae cells, resulting in a visible darkening of the yeast suspension, indicating nanoparticle
attachment.

100

80

60

40 4

20

Immobilization efficiency (%)

5 10 15 20 25
Time (min)

Figure 6. Time-dependent profile of yeast immobilization efficiency (%) onto magnetic nanoparticles, showing

a gradual increase in immobilization yield from 5 to 25 min. Data are expressed as mean * standard deviation.

3.4. Hydrolysis and Fermentation with Free Yeast

The hydrolysis of orange bagasse generated fermentable sugars that were subsequently
converted to ethanol by free S. cerevisine. At pH 4.0 and 28 °C, ethanol production increased up to 48
h, reaching a maximum yield of 56%. At pH 4.5 and 30 °C, the highest fermentation performance was
observed, with a maximum ethanol yield of 90% after 48 h. At pH 5.0 and 35 °C, despite substantial
glucose consumption, ethanol production was lower and decreased after 72 h (Figure 7)

(a) pH 4.0, 28°C (b) pH 4.5, 30°C (c) pH 5.0, 35°C
12,000 80 12,000 80 12,000 80
~B- Glucose —B- Glucose ~B- Glucose
| 8- Ethanol | i 8- Ethanol [ i -8 Ethanol |
10,000 A Yield %) 60 10,000 —A- Yield (%) 60 10,000 A Yield (%) 60
= 8,000 F40 S 8,000 40 3 8,000 40
3 £ EE =
~ 6,000 - F20 <~ 6,000 4 F20 = = 6,000 1 r20 %
v [ —iitr— =
w wn [l >
o o c C i
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Q Q wow &
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0 24 24 48 72 0 24 24 48 72 0 24 24 48 72
Time (h) Time (h) Time (h)

Figure 7. Comparative fermentation kinetics showing glucose consumption (mg L), ethanol production (mg

L), and yield (%) over time using free S. cerevisiae at (a) pH 4.0 (28 °C), (b) pH 4.5 (30 °C), and (c) pH 5.0 (35 °C),
monitored over 72 h.

3.5. Hydrolysis and Fermentation with Yeast Immobilized on Magnetic Iron Nanoparticles

Immobilized yeast on magnetic nanoparticles maintained stable performance over six
consecutive fermentation cycles (Figure 8). After 24 h, ethanol yields were approximately 9.2-9.8%.
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At 48 h, yields increased to 29-31.4%. After 72 h, yields decreased to 22-24%. These results
demonstrate the operational stability and reusability of the Yeast@MNP system.
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Figure 8. Ethanol production performance of immobilized S. cerevisiae on magnetic nanoparticles over six (6)
consecutive fermentation cycles. (A) Ethanol yields (%) after 24, 48, and 72 h of fermentation. (B) Glucose

concentration (mg L, solid lines) and ethanol concentration (mg L, dashed lines) during the reuse cycles.

4. Discussion

The co-precipitation method was selected due to its operational simplicity, high efficiency, good
reproducibility, and economic viability. Furthermore, it is a fast and direct approach for obtaining
nanoparticles, which can be conducted under relatively mild temperature conditions (generally
around 70 °C), which favors the control of particle size and properties [55,59]. Figure 2 illustrates the
nanoparticles in the presence of a permanent magnet.

The progressive increase in CHN content confirms the successful incorporation of silica and
aminosilane layers, consistent with previous findings reported by our research group (2021) [60].

The increase in hydrodynamic diameter after each modification step, together with the inversion
of zeta potential, provides strong evidence of effective surface engineering. The negative surface
charge after silica coating is attributed to deprotonated silanol groups, whereas the positive charge
observed after APTES functionalization reflects protonated amino groups [49,60-62].

The high cellulose and hemicellulose contents demonstrate the suitability of OPW as a
renewable feedstock for second-generation bioethanol production. The relatively low lignin content
is advantageous because it reduces biomass recalcitrance and facilitates hydrolysis and fermentation.

The rapid immobilization kinetics, with 98% attachment within 25 min, indicate a strong
interaction between positively charged amino-functionalized nanoparticles and negatively charged
yeast cell surfaces.

This result is superior to that reported by Firoozi et al. (2022) [41], who obtained 91%
immobilization after 20 min.

The results confirm the critical influence of pH and temperature on ethanol production. The best
performance at pH 4.5 and 30 °C agrees with the optimal growth conditions commonly reported for
S. cerevisiae [12,63-65]. Reduced ethanol production at 35 °C likely reflects thermal stress and
enhanced formation of byproducts.

The gradual increase in ethanol yield from 24 to 48 h suggests adaptation of immobilized cells
and improved metabolic activity.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202605.1727.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 May 2026 d0i:10.20944/preprints202605.1727.v1

10 of 14

The decrease observed after 72 h may be attributed to substrate depletion, ethanol accumulation,
and diffusional limitations. Compared with traditional supports such as calcium alginate [66], MNP
offers several advantages, including easier recovery, lower mass-transfer resistance, and improved
process control.

The stability observed over six fermentation cycles confirms the potential of magnetic
immobilization for industrial-scale bioethanol production.

5. Conclusions

Fe3Os magnetic nanoparticles were successfully synthesized by co-precipitation, subsequently
coated with SiO2 and functionalized with amine groups, enabling the immobilization of S. cerevisiae.
Characterization confirmed the formation and functionalization of the material, evidenced by the
positive zeta potential and characteristic spectral bands of FesOs, SiO2, and -NH2 groups. Orange
bagasse proved to be a promising biomass for obtaining fermentable sugars, achieving conversions
of up to 90% in 48 h under conditions of pH 4.5 and 30 °C. The application of magnetic nanoparticles
as a support allowed the reuse of the yeast for up to six fermentation cycles, with consistent
performance, especially at 72 h. Although the ethanol yield with immobilized yeast was lower than
that obtained with free yeast, it is important to highlight that studies exploring the use of
functionalized magnetic nanoparticles as a support for cell immobilization in fermentation processes
are still scarce. In this context, this approach represents an innovative strategy with high
technological potential, offering advantages such as easy recovery and reuse of the biocatalyst. Thus,
the main objective of this study was to demonstrate the viability of using this technology, which was
successfully achieved, evidenced by the ability of the MNP@yeast system to perform fermentation
and produce ethanol. The results indicate that this technology constitutes a promising alternative,
which can be further explored and optimized, especially through adjustments in operating
conditions, such as pH and temperature, aiming to maximize process yield.
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CFU Colony-forming units
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FT-IR Fourier transform infrared spectroscopy
MNPs Magnetic nanoparticles

NDF Neutral detergent fiber

OoPrw Orange peel waste

TEOS Tetraethyl orthosilicate

YPD Yeast Extract-Peptone-Dextrose
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