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Editorial
Advanced Cellulose-Based Materials: From Nanoparticles to
Complex Structures and Composites

Selestina Gorgieva

Faculty of Mechanical Engineering, University of Maribor, Smetanova Ulica 17, 2000 Maribor, Slovenia;
selestina.gorgieva@um.si

Cellulose has long been recognised as the fundamental structural component of
plant cell walls and is currently established as a highly adaptable molecular scaffold for
next-generation sustainable materials. Its abundance, renewability, and intrinsic physico-
chemical properties position cellulose at the centre of the emerging bio-based and circular
materials economy. With parallel advances in nanotechnology, biotechnology, and materi-
als processing, cellulose can now be transformed into nanoscale building blocks, namely
cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs), that exhibit high tensile
strength, low density, large specific surface areas, and high aspect ratios, being exceptionally
attractive for applications in high-performance composites, biomedical engineering, energy-
storage and energy-conversion devices, optical materials, and sustainable alternatives to
conventional plastics and leather.

Despite this rapid progress, several scientific and technological challenges continue
to limit broader industrial deployment of cellulose-derived materials. One of the most
significant obstacles is the scalable and energy-efficient top-down disintegration of biomass
into nanoscale form. Established isolation methods, such as high-pressure homogenisation,
micro grinding, and chemical pretreatments remain energy-intensive or rely on environmen-
tally demanding reagents. Conversely, bottom-up biosynthetic routes, particularly bacterial
cellulose production, offer advantages in structural purity, crystallinity, and nanoscale uni-
formity but require further optimisation to achieve economically viable large-scale output.
Interfacial incompatibility between hydrophilic nanocellulose and hydrophobic polymer
matrices presents another major challenge, limiting dispersion, reinforcing efficiency, and
mechanical performance in composite systems. Addressing this issue requires advanced
surface-functionalisation strategies that enhance interfacial adhesion while preserving
nanocellulose integrity. A further challenge is translating nanoscale material properties into
predictable macroscopic performance, which demands precise control over hierarchical
assembly from the nanometre to the bulk scale. To address these challenges and to highlight
emerging strategies in this rapidly evolving field, this Special Issue entitled “Advanced
Cellulose-Based Materials: From Nanoparticles to Complex Structures and Composites”
was organised. The collected contributions demonstrate the breadth of ongoing research,
ranging from nanocellulose processing and functionalisation to the development of porous
materials, bio-based composites, and engineered nano-macro, 3D and 4D architectures.

A relevant research direction highlighted in this Special Issue concerns cellulose-based
porous materials for acoustic insulation applications. Seciureanu et al. (contribution 1)
investigated foam-formed porous materials derived from cellulose fibers, demonstrating
their potential as sustainable alternatives to conventional synthetic acoustic insulation
materials. Their results revealed that the internal pore structure and distribution signif-
icantly influence sound absorption and transmission loss, emphasising the importance
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of controlling the porous architecture in the design of cellulose-based acoustic materials.
Building upon this concept, Nastac et al. (contribution 2) explored the modification of
cellulose foams using hemicellulose-derived xylan derivatives to enhance structural in-
tegrity and surface properties. Their study demonstrated that introducing xylan-based
surface modifiers significantly reduces the wettability of cellulose foams while improving
mechanical stability, without compromising acoustic performance. This work highlights the
potential of integrating various plant-derived polysaccharides to develop multifunctional,
fully bio-based material systems. Another prominent theme concerns the development of
nanocellulose-reinforced composite materials. Hwang et al. (contribution 3) investigated
the enzymatic pretreatment of cellulose nanofibrils followed by spray drying to produce
nanofibril powders suitable for composite processing. Their findings demonstrate that
enzyme-assisted processing can significantly reduce energy consumption during nanofibril
production while maintaining the reinforcing capabilities of the resulting nanocellulose
in polypropylene composites. Such approaches represent an important step toward more
sustainable and scalable nanocellulose manufacturing technologies. Advances in cellulose-
based materials for energy-related applications are represented in work of Hren et al.
(contribution 4) reporting the development of fully polysaccharide-based anion exchange
membranes composed of chitosan reinforced with neat or quaternized cellulose nanofibrils.
These membranes exhibited significantly improved mechanical properties, ionic conductiv-
ity, and power density when tested in direct ethanol fuel cells, demonstrating the potential
of cellulose nanomaterials as structural and functional components in electrochemical
energy systems. In addition to nanocomposites and membranes, several contributions
explore the engineering of hierarchical cellulose architectures. Wang et al. (contribution 5)
reported the fabrication of compressible and elastic cellulose wood structures using deep
eutectic solvents combined with alkaline treatment. Selective removal of lignin and hemicel-
lulose produced a honeycomb-like cellular architecture capable of reversible compression
and high elasticity. Such structures may enable new applications in sensing technologies,
filtration systems, and biomedical scaffolds.

The application of nanotechnology to traditional cellulose-based industries is ad-
dressed in work of Maslana et al. (contribution 6). In this paper, the strategies to enhance
the retention of inorganic fillers during papermaking by using nanoparticle additives,
including silica nanospheres, titanium dioxide nanoparticles, and boron nitride nanoflakes
were investigated. Their study demonstrated that silica nanoparticles significantly enhance
calcium carbonate retention, offering new opportunities to improve paper performance and
production efficiency. The versatility of cellulose-based materials is further illustrated by
the work of Bautista-Morenilla et al. (contribution 7), who investigated microblasting with
powdered cellulose as a dry-cleaning technique for paper-based artworks. This approach
proved effective for removing contaminants from printed materials without causing mor-
phological damage to the paper substrate, providing a sustainable and compatible method
for cultural heritage conservation. In a comprehensive review Poto¢nik et al. (contribution
8) summarise recent progress in the biosynthesis and modification of bacterial cellulose
using synthetic biology approaches. The authors highlight advances in the genetic and
metabolic engineering of cellulose-producing bacteria and discuss the potential to design
microbial systems capable of producing cellulose with tailored structural and functional
properties. Beyond the studies presented in here, the bacterial cellulose has emerged as a
particularly promising platform for the development of advanced materials, from applica-
tions in wound dressings, drug delivery systems, and tissue engineering scaffolds [1-4].
Furthermore, the incorporation of conductive polymers or nanoparticles into bacterial
cellulose matrices has enabled the development of flexible electronic devices, biosensors,
and energy storage systems [5-7].

2 https://doi.org/10.3390/polym18060701
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Collectively, the research contributions in this Special Issue demonstrate substantial
progress in the development of cellulose-based materials. Nevertheless, several chal-
lenges and emerging opportunities will shape the field’s future trajectory. Sustainable and
scalable nanocellulose production remains central, with greener processing routes inte-
grating enzymatic pretreatment, mechanical fibrillation, and solvent-based fractionation
gaining attention for reducing energy consumption and chemical waste. Advanced surface-
functionalisation strategies, including click chemistry, bioinspired coatings, and enzymatic
grafting, will broaden the functional spectrum and improve compatibility with diverse
material systems. At the structural level, mastering supramolecular interactions and hierar-
chical organisation remains crucial for connecting nanoscale attributes with macroscopic
properties. Emerging fabrication methods such as directed self-assembly, templating, and
additive manufacturing are expected to provide new levels of structural control.

Future cellulose-based systems will increasingly integrate multifunctionality, combin-
ing mechanical strength with electrical conductivity, catalytic activity, or environmental
responsiveness. Finally, although cellulose is inherently renewable and biodegradable, the
environmental impacts of specific processing routes must be carefully evaluated. Integrat-
ing life-cycle assessment, green-chemistry principles, and recyclable process design will be
essential to ensure that cellulose-based materials meaningfully contribute to global sustain-
ability goals. With rapid progress in nanocellulose engineering, hierarchical structuring,
and synthetic-biology-driven biofabrication, cellulose is poised to remain a foundation for
advanced sustainable materials.
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S

Abstract: In this work, fully polysaccharide based membranes were presented as self-standing, solid
polyelectrolytes for application in anion exchange membrane fuel cells (AEMFCs). For this purpose,
cellulose nanofibrils (CNFs) were modified successfully with an organosilane reagent, resulting in
quaternized CNFs (CNF (D)), as shown by Fourier Transform Infrared Spectroscopy (FTIR), Carbon-
13 (C13) nuclear magnetic resonance (13C NMR), Thermogravimetric Analysis (TGA)/Differential
Scanning Calorimetry (DSC), and (-potential measurements. Both the neat (CNF) and CNF(D)
particles were incorporated in situ into the chitosan (CS) membrane during the solvent casting
process, resulting in composite membranes that were studied extensively for morphology, potassium
hydroxide (KOH) uptake and swelling ratio, ethanol (EtOH) permeability, mechanical properties,
ionic conductivity, and cell performance. The results showed higher Young’s modulus (119%),
tensile strength (91%), ion exchange capacity (177%), and ionic conductivity (33%) of the CS-based
membranes compared to the commercial Fumatech membrane. The addition of CNF filler improved
the thermal stability of the CS membranes and reduced the overall mass loss. The CNF (D) filler
provided the lowest (4.23 x 10~ ecm? s~1) EtOH permeability of the respective membrane, which is
in the same range as that of the commercial membrane (3.47 x 1072 ecm? s~ 1). The most significant
improvement (~78%) in power density at 80 °C was observed for the CS membrane with neat CNF
compared to the commercial Fumatech membrane (62.4 mW em~2 vs. 35.1 mW cm~2). Fuel cell tests
showed that all CS-based anion exchange membranes (AEMs) exhibited higher maximum power
densities than the commercial AEMs at 25 °C and 60 °C with humidified or non-humidified oxygen,
demonstrating their potential for low-temperature direct ethanol fuel cell (DEFC) applications.

Keywords: chitosan; cellulose nanofibrils; anion exchange membrane; direct alkaline alcohol fuel cell

1. Introduction

Fuel cells are an advantageous, clean, and efficient technology for power generation.
The alkaline medium of anion exchange membrane fuel cells (AEMFCs) offers advantages
in cost, stability, and durability, due primarily to the use of non-precious metal catalysts, as
well as ease of handling, storage, and transportation of liquid fuels, which can facilitate
mature commercialization compared to gaseous hydrogen. One of the device-level chal-
lenges in alkaline fuel cells is membrane selection. Membranes in the form of solid polymer
electrolytes are a crucial segment of AEMFCs. They consist of a hydrophobic polymer
backbone with positive hydrophilic groups that function according to the Donnan exclu-
sion principle [1] and serve as a barrier between the anode and cathode while conducting

Polymers 2023, 15, 1146. https:/ /doi.org/10.3390/polym15051146 5 https://www.mdpi.com/journal /polymers
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ions and suppressing the passage of electrons [2,3]. The first anion exchange membrane
(AEM), developed by the Tokuyama Corporation (Japan) consists of polychloroprene as a
polymer backbone crosslinked with divinylbenzene and containing quaternary ammonium
functional groups such as tri-ethylamine [4]. Since then, various types of AEMs have been
developed, such as poly(vinyl alcohol) (PVA) [5], poly(ether ketone) [6], poly(ether ether
ketone) (PEEK) [7], poly(ether sulfone) (PES) [8], poly(vinylidene fluoride) (PVDF) [9],
and polyetherimide (PEI) [10]. As can be seen, the field of AEMs is covered commercially
entirely by the fully synthetic membrane types. In contrast, biopolymer-based materials
intended for such use have yet to be developed to meet the stringent requirements for
commercial use.

Chitosan (CS) has been introduced into fuel cell research as an environmentally
friendly, abundant biopolymer. This amino polysaccharide, which consists of randomly
arranged units of glucosamine and N-acetylglucosamine linked by a 3-1,4 bond, is derived
from the biopolymer chitin by a deacetylation process. As a polysaccharide, it provides an
abundance of hydroxyl (OH) groups with excellent ability to H-bond during the drying
process, allowing the formation of microspheres, fibers, films, and membranes. CS is
weakly alkaline due to the glucosamine monomer containing a primary NH; group with a
pKa of about 6.5 [11], which is protonated at low pH values, promoting solubility and film
formation of CS in acidic solutions and stability at neutral to high pH values. The latter
makes it highly resistant in alkali-rich media, such as those found in AEMFCs. However,
its brittleness requires blending with another polymer or doping with fillers to reduce
cracking and improve handling. The ionic conductivity, fuel permeability, and ion exchange
capacity, as well as the mechanical and thermal properties of AEMs, can be improved by
modifying biopolymers, or by introducing fillers and forming composites [12]. To improve
the properties of biopolymer membranes, various fillers have been incorporated into the
chitosan matrix, including multi-walled carbon nanotubes [13], functionalized MXene [14],
N-doped graphene oxide [14,15], and a composite of quaternized cellulose nanocrystals
and quaternized PPO [16].

In our previous work [15,17,18], we demonstrated the ability of CS membranes with
modified graphene oxide (GO) as inorganic fillers to improve the cell performance of
AEMEFCs. In this article, we use the organosilane reagent to modify cellulose nanofibrils
(CNFs), and use them as quaternary ammonium-bearing fillers, which is the novelty of this
work. We hypothesize that the combination of CS with (modified) CNF fillers will bring
numerous advantages to CS membranes in terms of mechanical and thermal enhancement,
ionic conduction, and, ultimately, an increase in power density while preventing EtOH
crossover. With extensive physicochemical and morphological characterization, we seek to
elucidate the effects of the CNF filler and its modified counterpart on composite properties
and overall performance in a laboratory-scale fuel cell assembly.

2. Materials and Methods
2.1. Materials

Chitosan (CS, degree of deacetylation: 90%, molecular weight: 50-100 kDa, particle
size < 200 um) was purchased from Biolog Heppe GmbH, Landsberg, Germany. Nanofib-
rillated cellulose (CNF, ~3 wt.% water dispersion) was purchased from the University of
Maine, Orono, ME, USA. Dimethyloctadecyl[3-(trimethoxysilyl)propylJammonium chlo-
ride (DMAOQP, 42 wt.% solution in methanol), magnesium hydroxide Mg(OH), nanopow-
der (<100 nm particle size (laser PSA), 99.8% trace metals basis), sodium hydroxide (NaOH),
hydrochloric acid (HCl), ethanol (EtOH), and potassium hydroxide (KOH) were purchased
from and manufactured by Sigma Aldrich, Darmstadt, Germany, and used without further
purification. All the reagents and solvents were analytical grade and used as received.
The Fumasep Fumatech FAA-3-50 membrane was obtained from Fumatech BWT GmbH,
Bietigheim-Bissingen, Germany.
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2.2. CNF Quaternization

Modification of CNF by the DMAOP reagent was performed according to the following
procedure: component A (10 g 3 wt.% CNF in 40 mL methanol, 30 min mixing, room
temperature) was mixed with component B (25 mL DMAOP reagent was added to 100 mL
Milli-Q water, 2 h mixing, room temperature, pH adjusted to 2, 4, 6, 8, or 10). The resulting
mixtures were stirred additionally for 24 h, and the final dispersion was centrifuged
(9000 min~!, 10 min), and the precipitate was washed thoroughly with Milli-Q water by
centrifugation at 9000 min~!, freeze dried, and, finally, heated in an oven at 110, 130, or
150 °C for 1, 2, or 3 h. The resulting modified CNF was used as the final product and
designated CNF(D).

2.3. Characterization of CNF

The attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)
spectra were recorded using a Perkin-Elmer Spectrum One FTIR spectrometer (Waltham,
MA, USA) with a Golden Gate ATR attachment and a diamond crystal. The transmission
spectra were recorded in the range 4000 to 650 cm~!. Each spectrum obtained is the av-
erage of 16 spectra recorded at a resolution of 4 cm~!. The Nuclear Magnetic Resonance
(NMR) spectra were recorded using the NMR recording technique on solid samples on a
Bruker AVANCE NEO 400 MHz NMR spectrometer (Bruker, Billerica, MA, USA) with a
4 mm CP-MAS probe and TopSpin 4.0.9 software. The Larmor frequencies of the 13C and
29Si nuclei were 100.63 and 79.49 MHz, respectively. The chemical shifts of the 13C and
295i NMR nuclei are given relative to the TMS Standard (5 0.0 ppm). The samples were
rotated at 15,000 Hz for all measurements. The zeta potential () was determined by the
dynamic light scattering (DLS) method at 25 °C at a 90° angle with a Zetasizer Nano ZS90
(Malvern Panalytical Ltd., Worcestershire, United Kingdom) system using capillary cells.
The combined TGA-DSC analysis was performed using a Mettler Toledo Thermogravimet-
ric Analyser/Differential Scanning Calorimeter (TGA /DSC1) (Mettler-Toledo International
Inc., Greifensee, Switzerland) thermal analyzer. The test temperature range was between
30 and 700 °C with a heating step of 10 K/min under an N, atmosphere. The morphology
of the CNF was imaged by Field Emission Scanning Electron Microscopy (FE-SEM) on
a Carl Zeiss FE-SEM SUPRA 35 VP electron microscope (Carl Zeiss, Yena, Germany) at
a 1 kV accelerating voltage and a working distance of about 4.5 mm. The samples were
mounted on an aluminum support and sputtered with a 10 nm thick palladium layer.

2.4. Membrane Preparation

The neat CS membranes were prepared as described previously [17,19]. Briefly, the
CS was dissolved in Milli-Q water, while the pH was adjusted to 2 (with 1 M HCl), and
a 1% wt.% aqueous Mg(OH), dispersion was added until a pH of 6 was reached. The
obtained dispersion was diluted to the final amount of 1 wt.% CS and 12.6 mM Mg(OH),,
and 25 mL was poured into a Petri dish with a diameter of 8.5 cm. After drying in an oven
at 60 °C for 24 h, the membrane was neutralized in 1 M NaOH with shaking for 30 min at
room temperature, then washed with Milli-Q water and air dried. For the preparation of
the CS-CNF composite membranes, the selected amounts of CNF or CNF(D) fillers were
added to a CS-Mg (OH), dispersion. The names of the membranes prepared with the
corresponding ingredients are listed below in Table 1.

Table 1. Membrane sample names and corresponding filler content.

Sample mcnr (8) mcnE) (8)
CS 0 0
CS-CNF 0.375 0
CS-CNF(D) 0 0.125
CS-CNF-CNF(D) 0.375 0.125
CS-CNFE-CNE(D) 0.375 0.375
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2.5. Membrane Characterization

The ATR-FTIR spectra were recorded in the same manner as for the CNF fillers.
The XRD spectra of the membranes were recorded using a Bruker Siemens D5005 X-ray
diffractometer (Bruker, Billerica, MA, USA). The reflections at 20 were observed in the
range of 2° to 70°, with an increment of 0.04° when using Cu-K« radiation at a voltage of
40 kV and a current of 40 mA. The relative degree of crystallinity of the polymer phase
was determined from the ratio between the integrated area of the crystal peaks and the
total integrated area of the diffraction spectrum [20]. SEM imaging was performed using
an FEI Sirion 400 NC (Sirion 400 NC, FEI, Hillsboro, OR, USA) with an INCA 350 EDS
electron microscope with 9 kV accelerating voltage from a working distance of about
5-6.9 mm. Prior to analysis, the samples were sputtered with a 10 nm thick gold layer. The
thermal stability of the membranes was determined by TGA analysis using a Perkin-Elmer
TGA 8000 thermogravimetric analyzer (Waltham, MA, USA). The temperature range of the
test was between 30 °C and 700 °C, with a heating step of 10 K/min in a N, atmosphere.
The mechanical properties of the membranes were determined by tensile testing using
the Shimadzu Europa GmbH AG-X plus 10 kN instrument (Diisseldorf, Germany). The
membrane samples were cut into a rectangular shape of 1 x 2 cm, the distance between
the clamps was 20 mm, and the tension speed was set to 1 mm/min. The passage of EtOH
through the CS membranes was measured in temperature-controlled diffusion cells at
25 £ 1 °C[17,18]. The diffusion cells consisted of two glass chambers (a chamber with a
solution source—chamber A and a receiving chamber—chamber B). Each of the chambers
holds 25 mL of solution, and between the chambers is a membrane in a plastic holder
separating the chambers. Before each experiment, the membrane was soaked in distilled
water for 24 h to avoid the influence of base release from the membrane to the solution.
Compartment A was filled with 25 mL of 2 M EtOH in a 6 M KOH solution. Compartment
B was filled with 25 mL of 6 M KOH solution. The membrane sample had an effective
surface area of 7.03 cm?. The concentration of EtOH flowing through was determined by
conductivity measurements taken with a conductometer in chamber B at different time
intervals. The EtOH transfer, P (cm? s~1), was calculated according to Equation (1):

P cm®\ _ (Cp—Cpo) Vgl
S o (f—to) A-Cxo

M

where Cy is the initial concentration of EtOH in the solution source compartment (com-
partment A), and Vp is the KOH volume in the receiving compartment (compartment B), A
is the area of the membrane sample, and / is the thickness of the membrane sample. The
KOH uptake and swelling ratio tests of the CS membranes were performed in 6 M KOH at
60 °C. The dry membranes were cut to a size of 1 cm x 1 cm and weighed, and their mass
(Wary), surface area (Adry), and thickness (T},) were recorded. The membranes were then
immersed in an alkaline medium, 6 M KOH, at 60 °C. After immersion, the excess alkali
solution on the surface of the membranes was removed with a paper towel and weighed
(Wwet), and their dimension-based surface area (Ayet) and thickness (Ty,¢) were measured
at room temperature. The alkali uptake (AU) and through-plane (SRt,) and in-plane (SRy,)
swelling ratios were determined after 24 h using the following equations:

Wuwet — W,
AU = w 100 % ?)
dry
Twet — Ty
SRThrough*plane = % .100 % 3)
ry
Awet - Adry
SRinplane = ——— 100 % @)
In—plane Adry
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The ion exchange capacity (IEC) values were determined by potentiometric titration.
The anion exchange membranes in OH™ form (pre-dipped in 1 M NaOH) were then im-
mersed in 40 mL of 0.01 M HCl for 24 h. These solutions were then titrated with a standard
solution of 0.1 M KOH. Before immersing the membrane and performing the titration, we
first cut and weighed about 0.02 g of membrane sample and noted its exact mass. After
titration, the IEC parameter was calculated, and expressed as the milliequivalent (meq) of
OH™ ions per gram of dry membrane using the following Equation (5):

[EC (meq> (Vblank - Vmembmne)'CHCl (5)

Mdry membrane

where Vi and Vyemprane represent the volumes (mL) of 0.1 M KOH solution consumed
for the blank and sample membranes, respectively. cyc; represents the molar concentration
(mol/L) of the HCl solution and 74,y membrane T€presents the mass of the dry membrane
samples (g). The ionic conductivity of the membranes was measured in Milli-Q water in the
frequency range from 125 Hz to 10° Hz using two-electrode AC impedance spectroscopy,
which was used to analyze the impedance response of the membrane sample and to
determine the resistance. Prior to the measurement, the membrane sample was cut to a size
of 1 x 3 cm? and soaked in Milli-Q water for 24 h. The ionic conductivity of the membranes

was calculated using Equation (6):
mS
"(cm) “RsS ©)

where L (cm) is the distance between the two electrodes, and S (cm?) is the area (28.28 mm?)
of the sample subjected to measurements. The resistance of the membrane is expressed by
R (O).

2.6. Cell Performance Test

The cell performance test for the obtained membranes and the reference membrane Fu-
matech FAA-3-50 was performed in an optimized test setup [21] as follows. The membranes
were first immersed in 1 M KOH for 24 h and then washed thoroughly with ultrapure
water to remove the excess KOH. The electrodes were prepared by depositing the ink
from the anode/cathode catalysts in 2-propanol (99.9%) and ultrapure water (7:3) and a
commercial ionomer onto the GDL using a Sono-Tek ultrasonic spray coater. The cathode
was prepared by spraying a commercial PtRu/C catalyst (platinum 40%, ruthenium 20%
on carbon black, HiSPEC® 10000) on carbon paper (Sigracet 29 BC, fuel cell store, 0.235 mm
thick), and the PdNiBi/C catalyst ink [22] was applied on carbon cloth (ELAT-hydrophobic
plain cloth, fuel cell store, 0.406 mm thick), which constituted the anode. Electrodes with a
cathode metal loading of 0.5 mg cm~2 and an anode metal loading of 0.75 mg cm 2 were
obtained with this preparation. The MEA consisted of the mentioned electrodes and the
membrane, a sample of CS and (un)modified CNF or the commercial membrane, and was
used in a self-designed alkaline direct ethanol fuel cell [21]. The operating temperature
and concentration of the supplied fuel were varied. Pure oxygen was fed to the fuel cell
at a constant flow of 25 mL min ! at the cathode, and a mixture of 1 M ethanol and 1 M
KOH or a mixture of 3 M EtOH and 5 M KOH with a constant flow of 5 mL min~! at the
anode. The measurements were performed at room temperature, 60 °C and 80 °C. The
polarization curves (I-V diagram) were obtained using a Zahner IM6ex potentiostat. The
results were plotted as an I-V diagram with additional representation of the power density.

3. Results and Discussion
3.1. CNF Quaternization
The first step of the reaction between CNF and the silane reagent DMAQOP in the

presence of water consists of the hydrolysis of the alkoxy groups of the latter to form silanols
(Figure 1a). The acid-catalyzed hydrolysis of silanes allows the formation of silanol groups,
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reduces self-condensation reactions between the silanol groups, and keeps the hydrolyzed
intermediates stable. In contrast, under basic conditions, the condensation reaction begins
as soon as the hydrolysis reaction of silanes starts, leading to rapid consumption of silanol
groups by the self-condensation reaction, and the formation of three-dimensional structures

with high M,, [23].
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Figure 1. (a) Tentative representation of the reaction between cellulose nanofibrils (CNF) and the
Dimethyloctadecyl[3-(trimethoxysilyl)propylJammonium chloride (DMAOP) reagent and (b) At-
tenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) spectral lines for the
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reference (CNF) and modified quaternized CNFs (CNF(D)) at the pH 2-10.
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To demonstrate the pH dependence of the modification process, the ATR-FTIR spectral
lines (Figure 1b) for neat and modified CNF were examined at different pH values. The
spectral line for the reference CNF shows a broad band at 3600-3000 cm~! (O-H stretching)
and ~2900 cm ™! (symmetric and asymmetric C-H stretching), 1000-1070 cm~! is the
region of primary (~1030 cm~!) and secondary (~1055 cm~!) alcohols, and the small
band ~900 cm~! was assigned to ether (C-O-C stretching) [24]. The pronounced band at
~2850 cm~! appeared in the samples after the reaction with DMAOP and is associated with
the presence of a long nonpolar alkyl chain on the reagent. The weak peak at 1639 cm ™!
illustrates the vibrations of the remaining absorbed water [25]. The increased intensity
of this peak, especially at high pH, is consistent with the Si-OH form of the DMAOP
reagent, and suggests its interaction with the OH groups on cellulose via H-bonds [26]. The
peak at a wavelength of about 1467 cm ™! is associated with the quaternary ammonium
group in the DMAOP molecule, and can also be assigned to the C-H bond, illustrating
the bending of the alkyl groups attached to the quaternary ammonium [25,27-29]. The
characteristic peaks for Si-O alkoxysilanes can be observed at about 1090 cm ™! [30], and
the peaks at about 1100 and 820 cm~! show the vibrations of symmetric and asymmetric
Si-O-Si stretching [31]. The band at 1820 cm ™! is observed in the products at reactions pH =
6 and pH = §, indicating that the DMAQOP reagent has self-polymerized and formed Si-O-Si
bonds. The peaks in the 950-700 cm ! range consisted of Si-C, C-O, and Si-O bonds, and,
in combination, these peaks represent the Si-O-C bond [32]. The peak at about 920 cm ™! is
most prominent in the samples obtained at pH = 6 and pH = 8, indicating the formation of
5i-O-C bonds between the CNF and DMAOP.

The '*C NMR data of reference CNF (Figure 2) show a resonance signal between 62
and 104 ppm, which can be attributed to the different forms of C atoms in the cellulose
monomer unit (C1-C6).
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Figure 2. Carbon-13 (C13) nuclear magnetic resonance (13C NMR) spectra of reference CNF and
CNE(D) at different pH reaction conditions (2, 4, 6, 8 and 10).

The spectra of the modified (CNF(D)) samples obtained at different pH conditions
show additional resonance signals in the range of 12 to 33 ppm, which can be attributed
to C atoms in the DMAOP reagent (C7-C16). It should be emphasized that the analysis
was performed after intensive repeated washing of the reaction products with water by
centrifugation, which presumably prevents the presence of the DMAOP reagent in free
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form. Moreover, the peaks characteristic of the C atoms in the DMAQOP reagent are more
pronounced for the product at reactions pH = 6, pH = 8, and pH = 10, while the peaks for the
product obtained under acidic conditions are less pronounced, especially at pH = 4, where
only a fleeting signal is observed for the three carbon atoms present in the DMAQOP. Based
on the NMR results, we could not determine the type of binding (electrostatic/covalent) of
DMAOQOP to CNF. Next, we performed additional washing with ethanol, and again recorded
the 1C NMR spectra of the samples prepared at pH = 4 and pH = 8 (Figure 3), as they
differed the most. Therefore, we were interested in whether the CNF(D) sample was stable
after washing with ethanol, which is present in ethanol fuel cells, thus providing a modified
CNF that is stable under fuel cell operating conditions. The detected carbon signals in the
DMAQOP reagent between 12 ppm and 52 ppm on the CNF product (reaction pH = 8) [33]
indicated persistent binding between the CNF and DMAOP at this pH.
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Figure 3. 13C NMR and ?’Si NMR spectra of CNF(D) samples at pH = 4 and pH = 8 reaction conditions.

Examination of the '*C NMR spectra for the sample after the reaction between the
CNF and DMAOP at reaction conditions of pH = 4 and pH = 8 after extensive washing of
the product with ethanol and water revealed that the reagent DMAQOP was absent in the
product obtained in the reaction of pH = 4, while it was readily detectable in the product
obtained at the reaction of pH = 8. The 2°Si NMR spectrum (Figure 3) for the sample
CNEF(D) pH = 8 gives us information about the bonding of the Si atoms in the product,
and we observed three different resonance signals between —50 ppm and —68 ppm due to
different Si units formed during the condensation of the reagent.

The presence of a positive charge on the modified CNF was investigated further based
on the (-potential measured in the pH range of 2-12 (Figure 4). CNF itself has an isoelectric
point at a low pH (~4), with negative (-potential values at a pH of >4 due to deprotonation
of the carboxyl group of the remaining hemicellulose residue from CNF processing [34,35].
The positive charge of the CNF(D) samples was caused by the quaternary ammonium
group of the DMAOQOP reagent, as this group carries a permanent positive charge. Thus,
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the results confirmed the presence of a permanent positive charge in the reaction product
obtained at pH = 6 to pH = 10, as evidenced by the ATR-FTIR and NMR data.
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Figure 4. ( potential values (mV) for CNF and CNF(D) at different pH reaction conditions (2, 4, 6, 8,
and 10).

The temperature stability of the CNF(D) products was evaluated by TGA and DSC
analysis (Figure 5, Table 2). For all the samples tested, the observed mass loss in the
temperature range from 30 to 180 °C was due to evaporation of the absorbed water. The
degradation of CNF typically occurred in a single step in the range of 245-380 °C with a
mass loss of about 75% [36], while the degradation of the DMAOP reagent occurred in
two steps, namely, in the range of 205-265 °C with a mass loss of 14% associated with the
decomposition of the quaternary ammonium groups, and in the range of 370-525 °C with
a mass loss of 37% when pyrolysis occurred of the long, nonpolar alkyl chain [37]. For the
CNEF(D) pH = 4 sample, one-step degradation was observed in the range of 255-370 °C with
a mass loss of 71%, which is consistent with the CNF sample, and indicates unsuccessful
modification. The CNF(D) pH = 8 sample showed three mass loss zones, representing a
one-step degradation of the CNF component in the 330420 °C range, with 37% mass loss
and a two-step degradation of the DMAOP component in the 205-245 °C range with 11%
mass loss, and in the 430-510 °C range with 12% mass loss. Moreover, the CNF(D) sample
obtained at pH = 8 degraded at a higher temperature than the pure CNF reference sample,
which is a clear indication of improved stability after modification. In the DSC thermogram
of the neat CNF sample, an endothermic peak can be seen at about 350 °C, which can be
attributed to the degradation of CNF due to the breaking of glycosidic bonds, leading to
the depolymerization of the cellulose. In comparison, the CNF(D) pH = 8 sample showed
an additional endothermic peak at about 230 °C, which was also observed for the DMAOP
pH =4 and DMAOP pH = 8 samples and belongs to the DMAOP reagent, representing
the decomposition of the silane [38] and disintegration of the DMAOP polymer network
(breaking of the Si-O-Si and S-O-C bonds). The indicated transition was not observed
in the CNF(D) pH = 4 and CNF reference samples, confirming the previous findings for
unsuccessful modification.
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Figure 5. (a) Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) curves,
(b) derivation of the TGA curve with approximate areas (c—e), for samples of the reference CNF, the
hydrolyzed reagent DMAOP at pH = 4 and pH = 8, and the product CNF(D) at pH = 4 and pH = 8.
Table 2. Temperature areas and percentages of mass loss obtained by TGA analysis for samples of
the reference CNEF, the hydrolyzed reagent DMAOP at pH = 4 and pH = 8, and the product CNF(D)
atpH =4and pH =8.
T1(°C) T2 (°C) T3 (°O) Ayl Ay2 Ay3 Ay
Sample (%) (%) (%) (%)
T, T1, Tle T2 T2, T2 T3 T3, T3e ° ° ° °
CNF 30 80 145 245 350 380 / / / 5.2 74.7 / 87.2

DMAOP pH =4 30 105 175 205 235 265 370 440 525 3.0 14.4 36.6 80.3

DMAOP pH =8 30 110 175 205 235 265 370 440 525 29 14.2 37.0 79.3

CNF(D) pH =4 30 80 145 255 345 370 / / / 4.6 71.2 / 86.2

205 230 245 10.9

CNF([D)pH =8 30 80 180 339 375 420 430 470 510 3.1 370

12.0 80.8

The effect of DMAOP modification on CNF morphology was examined using FE-SEM
imaging (Figure 6). A large heterogeneity of the CNF sample was observed, as well as the
presence of aggregates formed by intense hydrogen bonding during the drying process,
grouping CNF fibrils with a fiber diameter of ~50 nm and a length of 100 um into larger
clusters. In the image of the CNF(D) pH = 8 product, particles of about 10 pm can be seen
that are absent in the CNF(D) pH = 4 product, and we assumed that these are aggregates of
the DMAQOP reagent. As mentioned earlier, the hydrolysis of the DMAOP reagent is slower
under acidic conditions than under alkaline conditions. This is why, at pH = 8, the DMAOP
reagent not only reacts with cellulose but also polymerizes with itself to form aggregates of
the polymerized DMAOP reagent, which explains their detection on the SEM images. Since
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the manufacturing process of the CNF(D) product involves a drying step, redispersion is
required when this product is incorporated into membranes. Redispersion is somewhat
limited, due to the H-bonds formed between the CNF(D) product. In the SEM images of
redispersed CNF(D) pH = 8, particles can still be seen that are presumably polymerized
clumps of the DMAQOP reagent.

30 —w»w = ®T v — O 0O =

Figure 6. Field Emission Scanning Electron Microscopy (FE-SEM) images of CNF and CNF(D) at
pH =4 and pH = 8 reaction conditions before and after redispersion in Milli-Q water.

Based on the results, the efficient modification of CNF by the DMAOP reagent was
confirmed for the pH = 8 reaction condition, so we selected the CNF(D) pH = 8 sample as
the optimal product and included it in further CS membranes.

3.2. Characterization of CS Membranes: Effect of Fillers on Membrane Properties

Figure 7a shows the collected ATR-FTIR spectra of CS membranes with CNF and
CNF(D) fillers. In addition to the peaks attributed to CNF and CNF(D) fillers, as described
in Section 3.1 CNF Quaternization, observed peaks were attributed to the CS polymer:
a broad peak from 3650-3250 cm ™! attributed to O-H stretching vibrations, with three
well-defined peaks attributed to free OH groups (3450 cm~!), N-H stretching (3370 cm 1),
and H-bonded O-H stretching (3300 cm™!); the peak at ~2900 cm ! was attributed to C-H
stretching, that at 1647 cm ™! to C=0O vibrations in the amide group, that at 1590 cm~! to
N-H vibrations, that at 1144 cm ™! to asymmetric stretching of the C-O-C bridge, and that
at 1150 cm ! to the skeletal vibration involving C-O stretching [19].

In the case of the neat CS, as well as the CS-CNF membrane, the peak at 2900 cm™!
is single, and attributed to the C-H stretching of the atoms in the polysaccharide matrix,
and in the case of the presence of CNF(D) in the CS composite membrane, a double sharp
peak occurred, which was attributed to the long nonpolar tail of the DMAOP molecule,
confirming the presence of modified CNF in the CS membranes.
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Figure 7. (a) ATR-FTIR spectral lines of CS membranes, including CNF(D) and corresponding
reference membranes, and (b) X-ray diffractograms (XRD) of CS membranes containing CNF and
CNE(D) fillers.

Figure 7b shows the XRD diffractograms of the neat CS and the membranes with
(modified) CNF as a filler. Since all the membranes contained CS, sharp peaks were ob-
served in all the samples at about 26 = 10° (020) and 26 = 19° (110), which are characteristic
of the crystal structure of the hydrated crystal of CS I and the anhydrous CS II, respectively.
The broad peak between 26 = 13° and 19° was due to the amorphous structure of the
CS membrane. The calculated crystallinity index of the neat CS membrane was 25.7%.
By adding fillers, we were able to increase the crystallinity index of the CS membranes.
Zhang et al. [39] reported an increase in the crystallinity of CS membranes with increas-
ing the filler content of the modified TEMPO-CNF from 22% for CS membranes to 87%.
We observed an approximately twofold increase in the crystallinity of CS membranes
when CNF fillers were added, and an additional increase (up to 60.9%) when a mixture
of CNF and CNF(D) fillers was added, indicating a compatibilization of the fillers with
the CS matrix, due mainly to H-bonds between the two polysaccharide components. For
all CS membranes containing CNF, the XRD pattern of crystalline cellulose polymorph
I is observed with diffraction peaks at 20 at about 15°, 17°, and 23.5°, belonging to the
(110), (110), and (200) planes, respectively (Gong et al. 2017). For the CS-CNF (D) sample,
which contained only the modified CNF(D) in addition to CS, we did not observe the
diffraction peaks characteristic of cellulose I, but a broad amorphous peak between 15° and
25°, assuming that the DMAOP treatment affects the crystallinity of the CNF itself.

Figure 8 shows an SEM image of the homogeneous and smooth CS membrane with
no visible pores, whereas the CS-CNF membrane contains both agglomerates of CNF fibers
and individual intertwined fibers, and also has desiccation cracks on the top surface that
allow a view into the depth and reveal a network of intertwined CNF fibers. The membrane
CS-CNF (D) shows a strong agglomeration and non-uniform distribution of the CNF(D)
filler in the CS matrix of the membrane, as well as clusters (< um in size) on the fibers,
which are presumably the polymerized reagent DMAQOP, as also observed by SEM analysis
of the CNEF(D) fillers themselves (Figure 6).
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Figure 8. FE-SEM images of CS membranes with CNF and CNF(D) fillers.

3.3. Thermal Stability of the Membranes

Examining the thermographs (Figure 9, Table 3) of CS membranes with CNF and
CNF(D) fillers, we can see three ranges of mass loss, namely, 30-135 °C (T1) due to water
evaporation; 180—-400 °C (T2) due to the degradation of the polymer network in CS, CNE,
and modified CNF(D) components, including the degradation of glycosidic bonds and
glucopyranose units [40]; and 360-520 °C (T3), due to the degradation of the CNF(D) filler.
The addition of fillers to the CS membrane leads to a change in the initial temperature
of degradation (Ts) and the peak temperature of degradation (T}), as well as a change in
mass loss. The addition of neat CNF into the CS membrane resulted in a 15% lower mass
loss over the entire temperature range from 30 to 700 °C (Ay) compared to the reference
CS membrane. The addition of the CNF filler improved the thermal stability of the CS
membranes, as we found that the membranes with this filler reached the peak of thermal
decomposition at a higher temperature (300-305 °C) than the reference CS membrane
(283 °C). Compared to the CS membrane, the total mass loss of the membranes with this
filler also decreased (from 85.7% in CS to 72.6% in CS-CNF). The addition of the CNF(D)
filler led to a 4% increase in mass loss, which can be attributed to the instability of the
quaternary ammonium groups of the modified filler. As with the CNF(D) filler itself
(Figure 5), we also observed an additional range of mass loss at T3}, around 430 °C for
CS membranes with CNF(D) filler, which represents the degradation of the CNF(D) filler.
The thermal stability of polymers is related to their degree of crystallinity, and usually a
higher degree of crystallinity leads to better thermal stability. The CS-CNF and CS-CNF-
CNF (D) membranes were found to have higher crystallinity compared to the reference CS
membrane, which explains the higher degradation temperature peaks for these membranes.
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Figure 9. (a) TGA curves, (b) the first derivative of TGA curve, (c) display of the first mass loss area,
(d) display of the second mass loss area, and (e) display of the third mass loss area for CS membranes
with CNF and CNF(D) fillers.
Table 3. Temperature areas of mass loss and percentage of mass loss for CS membranes with CNF
and CNEF(D) fillers determined by TGA analysis.
S . T1(°C) T2 (°C) T3 (°O) Ayl Ay2 Ay3 Ay
ample 0, o, o 0,
P T, T, Tl T2 T2, T2 T3, T3, T3 (B () ) (%)
CS 30 49 110 235 283 345 / / / 9.1 359 / 85.7
CS-CNF 30 40 105 250 361 400 / / / 3.1 53.1 / 72.6
CS-CNE(D) 30 49 135 180 262 340 360 430 520 8.7 36.4 28.8 89.2

CS-CNF-CNE(D) 30 90 120 220 305 367 385 440 500 4.7 50.9 13.0 93.7

3.4. Mechanical Properties, Swelling Ratio, Alkaline Uptake, Ethanol Permeability, IEC and Ion
Conductivity of the CS Composite Membranes

Figure 10a shows that the mechanical properties of the CS-based AEMs are comparable
to, or even better than, those of the commercial Fumatech FAA-3-50 membrane. We
observed excellent mechanical properties of the CS-CNF (D) membrane with a Young’s
modulus of 2.26 GPa and a tensile strength of 61.9 MPa. Compared to the reference CS
membrane, a strong improvement in Young’s modulus was observed for all membranes
with functionalized CNF filler (359% for CS-CNF (D), 520% for CS-CNEF-CNF (D), 431% for
CS-CNF-CNF (D)H), indicating the increased degree of crystallinity of these membranes
compared to the reference CS membrane. Compared to the reference CS membrane, there
was a 12% improvement in tensile strength for the CS-CNF (D) membrane.
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Figure 10. Comparison of the membrane’s (a) mechanical properties, (b) swelling ratio and alkaline
uptake, (c) ethanol (EtOH) permeability, (d) ion exchange capacity and ionic conductivity for the
CS-based AEMs and the commercial Fumatech FAA-3-50 AEM.

Membrane swelling and alkali uptake are shown in Figure 10b. A significant increase
in through-plane swelling and alkali uptake was observed for the CS-based membranes
with CNF fillers compared to the Fumatech FAA-3-50. There was a correlation between the
higher alkali uptake and higher ionic conductivity [16], and we also observed an increase
in the alkali uptake of the CS-based membranes compared to the Fumatech FAA-3-50, as
well as increased ionic conductivity for some of the CS-based membranes compared to
the Fumatech FAA-3-50. Through-plane swelling can strengthen the contact between the
current collectors and the membrane electrode assembly in the AAEMFC, which has a
positive effect on the operation of the fuel cell. Conversely, in-plane swelling can loosen the
contact between the AEM and the catalysts, and increase the resistance of the membrane
electrode assembly. [41] For this reason, it is desirable that in-plane swelling be as low as
possible, as this is the only way to ensure that the dimensional stability of the membrane
is constant during fuel cell operation. Following these findings, we observed the highest
power density for the membrane (CS-CNF) that also had the largest through-plane and
low in-plane swelling. Accordingly, the CS-CNF-CNF (D) membrane with the highest
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through-plane swelling ratio and the lowest in-plane swelling provided the highest power
density of the CS-based membranes with CNF(D) fillers.

For AEMFC applications, the fuel permeability of the membrane should be kept as low
as possible, because high fuel transfer leads to reduced fuel cell efficiency. Figure 10c shows
that the CNF(D)-containing membrane had the lowest ethanol permeability
(4.23 x 107° cm? s~ 1) of the CS-based AEMs compared to all the manufactured CS-based
membranes, while the value for the commercial Fumatech FAA-3-50 membrane was in the
same range (3.47 X 1075 em? s71).

Figure 10d shows the IEC and ionic conductivity properties of the AEMs. For all CS-
based membranes with fillers, except CS-CNF (D), an improvement in ionic conductivity
was observed compared to the commercial membrane, while the reference CS membrane
had a lower ionic conductivity than the commercial membrane. The reason for the improve-
ment in the ionic conductivity of the membranes with fillers, but not in that of the reference
CS membrane, is that the presence of functionalized CNF fillers introduces a positive
charge into the membrane. In addition, the presence of CNF-based fillers allows for a
more diverse three-dimensional structure of the membranes, and can lead to the formation
of a network of intertwined fibers with gaps present, which contributes to the transfer
of OH-ions through the membrane, since ionic conduction by the diffusion mechanism
occurs only when free volume is available within the polymer chains. The reference CS
membrane exhibited the highest IEC (0.41 meq/g), followed by the CS-CNF (D) membrane
(0.28 meq/g), which had a higher IEC compared to the CS-CNF membrane with unmodified
filler (0.15 meq/g), due to the presence of quaternary ammonium groups on CNF(D).

3.5. Direct Ethanol Alkaline Fuel Cell (DEAFCs) Performance

The prepared CS membranes with CNF and CNF(D) fillers were tested in an ethanol
fuel cell under different operating conditions, and compared with the commercial Fumatech
FAA-3-50 membrane (Figure 11a—e). The presence of humidified oxygen instead of non-
humidified oxygen had almost no effect on the commercial Fumatech FAA-3-50 membrane;
on the contrary, for all CS membranes, the presence of humidified oxygen at the same
temperature (60 °C) resulted in a decrease in P, compared to the fuel cell in which
non-humidified oxygen was fed at the cathode. We attributed this to the highly hydrophilic
nature of the CS-based membranes, which resulted in higher water uptake, which, if too
high, leads to reduced fuel cell efficiency. For fuel cells operating at room temperature
with non-humidified oxygen, we found that, compared to the reference CS membrane
(22.2 mW cm~2), the CS-CNF (D) membrane had a lower power density at all operating
conditions of the fuel cell (15-70% reduction compared to the CS membrane). This was
consistent with the ionic conductivity results, which showed that the introduction of
CNE(D) filler does not significantly affect the ionic conductivity of the CS membranes
(Figure 10d). The increased temperature of 80 °C with humidified oxygen compared to
60 °C with humidified oxygen resulted in an increase in power density for all CS-based and
commercial AEMs embedded in the fuel cells, which was expected, since we associated
the moderately higher AAEMFC operating temperature with increased Ppax. We found
that the fuel cells achieved the maximum Pp,.x values with each of the membranes at 80 °C,
humidified oxygen, and a fuel mixture of 5 M KOH and 3 M EtOH, as both the increased
temperature and higher fuel concentration have a positive effect on fuel cell operation. A
significant improvement in power density at 80 °C was observed for the CS membrane with
unmodified CNF filler compared to the commercial membrane (62.4 vs. 35.1 mW cm2),
which was not detectable for the CS membrane with CNF(D) at these operating conditions.
This behavior can be explained by the morphological features observed by the SEM analysis
(Figure 8) of the CS-CNF (D) membrane, which showed a strong agglomeration and non-
uniform distribution of the CNF(D) filler on the CS base of the membrane, with a poor
interweaving of the fibers over the whole surface. At the same conditions of 80 °C and
humidified oxygen, as expected, a significant decrease in Pmax was observed for the less
concentrated fuel mixture of 1 M KOH and 1 M EtOH compared to the more concentrated

20



Polymers 2023, 15, 1146

mixture of 3 M KOH and 3 M EtOH for all CS membranes (67-84% lower Pp,x) and for the
commercial membrane (57% lower Prax). Based on the membrane tests in a single fuel cell,
we found that the most promising CS membrane was the CS membrane with CNF filler.
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Figure 11. The results of membrane testing in the alkaline anion exchange membrane fuel cells
(AAEMFC) under different operating conditions. Cell voltage and power density versus current
density plots using CS membranes with or without CNF and CNF(D) fillers and a commercial
Fumatech FAA-3-50 under different operating conditions: (a) 80 °C, humidified oxygen, and a fuel
mixture of 5 M KOH and 3 M EtOH, (b) 80 °C, humidified oxygen, and a fuel mixture of 1 M
KOH and 1 M EtOH, (c) 60 °C, humidified oxygen, and a fuel mixture of 5 M KOH and 3 M EtOH,
(d) 60 °C, without oxygen humidification, and a fuel mixture of 5 M KOH and 3 M EtOH, (e) RT,
without oxygen humidification, and a fuel mixture of 5 M KOH and 3 M EtOH.
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The fuel cell tests showed that all CS-based AEMs had higher maximum power densi-
ties than the commercial Fumatech AEM at 25 °C and 60 °C with humidified oxygen and
without oxygen humidification, indicating that all newly prepared CS-based membranes
are suitable for DEFC applications at low temperatures. At 80 °C with humidified oxygen
and without oxygen humidification, the CS membranes with CNF(D) filler underperformed
in comparison to the commercial Fumatech AEM, implying that the CS-based membranes
with CNF(D) fillers are not suitable for DEFCs operating at higher temperatures. At the
highest temperature, 80 °C, and under both fuel concentrations, the CS-CNF membrane
was the best performing membrane, with a Ppax of 62.4 mW cm~2 at 80 °C, humidified
oxygen, and a fuel mixture of 5 M KOH and 3 M EtOH, and a Pnax of 20.6 mW cm 2
at 80 °C, humidified oxygen, and a fuel mixture of 1 M KOH and 1 M EtOH. Under all
other conditions, the reference CS membrane proved to be the best performing and the
CS-CNF membrane the second best. At the higher operating temperature, the CS-CNF
membrane achieved the highest maximum power density in this study. The CS and CS-
CNF membranes outperformed all the CS-based membranes with CNF(D) fillers. However,
the CS-based AEMs with CNF(D) fillers exhibited better mechanical properties, with higher
Young’s modulus and tensile strength, except for the CS-CNF-CNF (D)H membrane. The
CS-CNF (D) membrane also had significantly lower ethanol permeability than the CS and
CS-CNF membranes, which was also comparable to the fuel permeability of the commercial
membrane. Although the CS-CNF (D) had the highest IEC among all the CS-based mem-
branes with fillers, it did not produce a higher Pmax than the CS or CS-CNF membranes
when embedded in a fuel cell. For all CS-based membranes with fillers, except CS-CNF
(D), we observed an improvement in ionic conductivity compared to the commercial Fu-
matech AEM, while the reference CS membrane had a lower ionic conductivity than the
commercial membrane.

4. Conclusions

The trade-off between sustainability, durability, performance, and cost is necessary
for the development of new materials that are expected to have far-reaching effects in the
long term. In this direction, a series of CS-based composite membranes with (modified)
CNF as filler were prepared, and characterized with respect to their potential application
in alkaline fuel cells. The CNF was modified efficiently with a DMAOP reagent, which
allowed enrichment with quaternary amino groups as hydroxide conductors. The resulting
tully bio-based composites were superior to the commercial Fumatech membranes in terms
of Young’s modulus, tensile strength, ion exchange capacity, and ionic conductivity, while
the CS membrane with modified CNF filler achieved up to the same values in terms of
EtOH crossover limitation. In terms of performance in a laboratory fuel cell assembly, an
improvement of up to 78% in power density at 80 °C was observed for the CS membrane
with neat CNF compared to the commercial Fumatech membrane (62.4 vs. 35.1 mW cm~2),
as well as a higher maximum power density, even in the experiment at RT. These results
demonstrate their potential as sustainable membrane materials for DEFC applications at
low temperatures.
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Abstract: This study evaluates the practical feasibility of using powdered cellulose microblasting for
dry cleaning paper-based printed artworks in a real setting of conservation treatment. The control
parameters used for this purpose are the potential morphological changes in the surface, the level
of cleanliness achieved, and the amount of residue remaining in the artwork after the treatment. In
this study, cleaning of a lithography was conducted entirely with powdered cellulose microblasting.
The outcomes were evaluated before and after treatment using optical microscopy, scanning electron
microscopy, energy-dispersive X-ray spectroscopy, and spectrophotometry. The results indicate that
powdered cellulose microblasting is a feasible and efficient technique for conducting the dry cleaning
of printed works on paper without causing morphological changes to their surface. Additionally, it
offers significant benefits by enabling precise treatment control, reducing cleaning time, and using
materials stable in the long term and compatible with the substrate. Moreover, it mitigates the long-
term negative effects caused by synthetic polymer residues from the cleaning materials commonly
used in the dry cleaning of paper.

Keywords: cellulose powder; cultural heritage; cleaning methods; microblasting; paper artwork

1. Introduction

Dry cleaning is a conservation treatment often conducted on cultural assets for the
removal of unwanted materials such as surface soil, dust, dirt, insect droppings, build-up,
or other surface deposits [1]. Depending on the characteristics of the work and the specific
circumstances of each case, this treatment may be considered necessary for preventive
reasons, due to the conservation risks associated with certain deposits on the surface of the
object, or for aesthetic purposes, in order to improve the legibility of the artefact. However,
dry cleaning of paper-based works can be a disruptive process that may cause abrasion of
the paper surface, forcing foreign materials such as dust or eraser powder into the paper
matrix and damaging the media [2]. Indeed, cleaning remains a complex conservation
challenge that requires enhanced research and practical efforts to develop and evaluate a
range of new or modified options [3,4]. Methods typically used to conduct this treatment on
paper-based artworks and documents have been shown to have significant disadvantages
for the artefact’s characteristics and its long-term stability [5,6].

Vacuum cleaning is commonly used as the initial phase of a dry cleaning procedure
and is considered one of the least intrusive methods. Often, it is complemented by the use
of a soft brush to optimize results. However, its effectiveness is limited or insignificant
when dirt has solidified due to biological, physical, and chemical processes [7-9].

Erasers and sponges are widely used for dry cleaning documents, offering a significant
benefit in terms of ease of control. The cleaning process can be halted as needed, enabling
the exclusion of fragile areas or regions that do not require cleaning. Both erasers and
sponges demonstrate effective removal of visible dirt between fibers. Additionally, these
techniques are cost-effective and do not necessitate the use of specialized equipment [10].
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However, the literature highlights their main drawbacks [11-15] related to the stability of
the media, changes in brightness and/or surface texture [16,17], as well as residues that, to
a greater or lesser extent depending on the type of the treated paper, infiltrate the interstices
of the paper fibers [18], affecting the absorption properties of the artwork [19,20] and posing
a risk to the future conservation of the work due to containing abrasive materials, sulfur,
hydrochloric acid, plasticizers, drying oils, etc. [21-24].

Microblasting is another alternative to dry cleaning. Its efficiency, effectiveness, and
fundamental processes in the cleaning of historic surfaces have been reported in the litera-
ture [6,25]. Microblasting involves projecting abrasive particles propelled by pressurized
air to disrupt the adhesion between surface deposits and the substrate, a phenomenon
based on the kinetic energy formula (Ey = m x v?), where m is mass or abrasive, and v
is velocity [26]. The scientific literature details various application parameters, with the
most influential factors including pressure, distance, angle, time, nozzle, particle flow,
and specific abrasive properties. Properly selecting the abrasive and adjusting these key
parameters can thereby alter the effects on the surface, where the least aggressive angle for
different substrates is close to 75° [25-28].

Although microblasting has been mainly used in architectural preservation [29], previ-
ous scientific studies have obtained positive experimental results in paper works [30-32]
and canvas paintings [10,33] by replacing hard abrasives traditionally used in inorganic sup-
ports with high-purity powdered cellulose microfibers, a VOC/SVOC-free sulfite bleached
pulp from nonconiferous wood [33]. A fiber length below 40 pm has been found to pro-
duce successful results in previous experimental dry cleaning studies [10,30-32]. Indeed,
microblasting of powdered cellulose emerged as an advantageous system due to its higher
cleaning efficiency without affecting the morphology of the surfaces, and the low amount
of cleaning material residue remaining in the treated samples. These included porous
papers, even those in poor condition with low mechanical properties, open fiber structure,
and rough surface texture.

However, so far, microblasting with powdered cellulose has been only conducted in
selected spots in limited extent. Its applicability to the conservation treatment of an artefact
remains uncertain and may present unforeseen challenges inherent to the transfer of an
experimental method to the real-world context.

On this basis, the authors hypothesized that microblasting of powdered cellulose could
be an alternative to conventional dry cleaning methods, avoiding their proven negative
effects and enhancing treatment development. The authors of this study and other authors
in the literature [6] consider powdered cellulose to be suitable for cleaning paper-based
works due to its compatibility with the support and long-term stability. Compatibility
ensures that the cleaning material does not cause any adverse reactions with the original
work, including the paper, inks, or other constituent elements. Long-term stability makes
it appropriate for use in conservation projects, complying with one of the mandatory
principles in the field.

In the view of the above, this research aimed at evaluating the practical feasibility
and the effectiveness of powdered cellulose microblasting for dry cleaning paper within
the real context of a conservation treatment. The control parameters used for this purpose
were the potential morphological changes in the surface, the level of cleanliness achieved,
and the amount of residue remaining in the artwork after the treatment. The treatment’s
performance was evaluated based on factors commonly considered in conservation projects.
These include the device’s ease of use in cleaning large surfaces, the time required to
complete the treatment, the ability to adjust the cleaning intensity in real time based on the
treatment needs and specificities, the capacity to stop the cleaning promptly in unexpected
circumstances, and the technique’s spatial resolution, which enables the treatment of
specific areas without affecting their surroundings.
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2. Materials and Methods

The methodology involved applying the cleaning system to a paper artwork with
surface dirt. Various parameters were measured at different locations before and after
treatment using optical microscopy, electron microscopy, and spectrophotometry.

The selected artwork was a sacrificial work, an artist’s proof lithograph created ap-
proximately 20 years ago on a 220 g/m?; intaglio paper with a relatively smooth texture,
although the surface was quite porous due to low sizing (Figure 1).

Figure 1. Selected lithograph for the study. (A) Margin detail: The paper appears to have a porous
and loosely packed fiber structure. The large amount of surface dirt is visible to the naked eye.
(B) Central area detail: The contrast between the surface of inked areas and the support is visible.
In the red ink, less penetration of dirt is especially clear due to the smoother texture of the inked
areas. The gloss effect created by overlapping of the inks, red and black in this case, is also apparent.
(C) Optical microscopy fiber analysis with Lofton-Merrit staining test: results indicate that paper
is made of sulfite-based bleached chemical pulp with some unbleached fibers. The fibers are in
an acceptable condition. The small amount of sizing is apparent from the minimal visible residue
between fibers and the ease of separation without prewashing.

The support was a bleached sulfite-based chemical pulp paper with some unbleached
fibers. The mechanical strength of the artwork was good, and its fibers were in good
condition. However, due to the low degree of sizing, it was mechanically sensitive to
abrasion or friction and was rather porous.

Prior to treatment, the primary concern with the paper was the substantial accumula-
tion of dust and surface dirt that had infiltrated the interstices of the surface fibers. The ink
exhibited a comparable level of dust, but due to the smoother and more continuous surface
of lithographic ink, particles remained more superficial.

The cleaning was carried out using Arbocel® BE600-30PU (Barcelona, Spain) cellulose
with a particle size of 30 pm from J. Rettenmaier and Sohne (Figure 2). According to the
literature, this fiber size is the least damaging to paper surfaces [6] and acrylic inks [32].
Cellulose fibers were projected using a CTS5/B (CTS Europe, Barcelona, Spain) footswitch-
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operated microblaster through a straight tungsten carbide nozzle with a diameter of 0.7 mm.
A silenced 1.5 HP compressor and a dehumidifier filter (CTS Europe, Barcelona, Spain) were
also employed to reduce the compressed air’s humidity, preventing cellulose clumping.

Full scale counts: 4757 ARBOCEL-4(1)_pt2 Cursor: 4,500 keV B

Integral Counts: 54820 20 Counts
K¢
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1K

im

Figure 2. At the top, SEM image of powdered cellulose Arbocel® at 500 x magnification (A) and the
EDX related spectra (B). At the bottom, the equipment used for cleaning is observed: picture C shows
a straight tungsten carbide nozzle with a diameter of 0.7 mm, and picture (D) shows a footswitch-
operated microblaster, a CTS5/B, and a Box CTS4 cabinet with an environmental dust collector.

The treatment was developed in a Box CTS4 cabinet (CTS Europe, Barcelona, Spain)
with an environmental dust collector. The cleaning process was carried out by drawing
circles across the entire surface of the work to ensure homogeneity and prevent unwanted
marks, as recommended in the literature [6]. Cleaning parameters were selected based
on previous studies and were tested before conducting the cleaning trials to identify any
necessary adjustments. The pressure (20 kPa) and angle (70°) were not modified. Distance
and time were adjusted and reduced when it was determined that cleaning was complete
for each area of the artwork.

In previous research [26,30], 20 kPa has been demonstrated to produced the highest
cleaning efficiency with paper substrates without causing mechanical damage to the treated
surfaces. Additionally, a working angle of 70° has been shown to minimize the cleaning
mechanism via impact, which is inherent to right angles, while enhancing friction or cutting
mechanisms. This typically results in milder effects on the surface [26].

Optical microscopy, scanning electron microscopy, and spectrophotometry analyses
were conducted before and after the cleaning treatment to verify its feasibility without
causing morphological surface changes and to detect any residues of cleaning material on
the artefact.

The artwork underwent examination in six representative areas using optical mi-
croscopy. Six samples were extracted for analysis through scanning electron microscopy,
and six spectrophotometry readings were taken—three in the paper area to assess the level
of cleanliness and three in the black ink area to evaluate residues (Figure 3).
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Figure 3. Location of the spots examined with each analytical technique: optical microscopy (marked
in blue), scanning electron microscopy (market in red), and spectrophotometry (marked in green).

Optical microscopy was performed using a AM4113-FVW Dino-Lite® (AnMo Elec-
tronics Corporation, Getafe, Spain) surface microscope at magnifications ranging from 60 x
to 200 x with direct LED. All the images were processed with 2.0 Dino-Capture® software.
Analysis of surface morphology allowed the detection of possible texture changes or fiber
alterations, accurately determining the effects and effectiveness of the cleaning tests.

Scanning electron microscopy was carried out using an FEI ESEM QUANTA 200
(FEI Company, Barcelona, Spain) instrument in low-vacuum mode. The analyses were
conducted in a vacuum chamber at 130 Pa with an acceleration voltage of 20 kV and a
working distance between 9.4 and 10.4 mm. Images were captured in backscattered electron
mode, and the morphology of the samples was studied at magnifications between 100 x
and 2000x. Determining the surface morphology before and after cleaning enabled the
identification of possible texture changes, any residues remaining on the surface, and a
more precise assessment of the effectiveness of the tested cleaning system.

A Konica Minolta CM 2600d spectrophotometer (Konica Minolta, Valencia, Spain)
with a range of 400 to 700 nm and a measurement interval of 10 nm was used to assess
potential color changes resulting from the cleaning process. Analyses were conducted
with a 10° reflection optical geometry and a measurement area of &J 5 mm. The results are
expressed in the CIELAB 1976 system (Konica Minolta, Valencia, Spain) with reference to
illuminant D65.

The chromatic values were obtained using CM-5100w 3.20.0002 Spectra Magic soft-
ware (Konica Minolta, Valencia, Spain) and processed in a spreadsheet to obtain the
differences in each of the three coordinates (AL*, Aa*, and Ab*) before and after cleaning.

3. Results and Discussion

Surface optical microscopy at 120 x magnification indicates that the results meet the
feasibility control parameters established at the beginning of the study. The evidence shows
that the level of cleanliness achieved was remarkable, even in the spaces between fibers.
Additionally, no morphological changes or residues were detected in the artwork after
the treatment.
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Figure 4 displays six areas that were studied before (left) and after (right) cleaning.
The selected spots included both media and noninked paper to test the cleaning results
on the support and ink. The results show that the paper became whiter after cleaning,
while the intensity of the inks remained unchanged. Additionally, no surface changes were
detected in any of the treated areas, and no residues were observed at 120x magnification.

Before cleaning After cleaning

Area 1

Area 4 Area 3 Area 2
Detail Area 3 After cleaning  Detail Area 3 Before cleaning

Area 5

Area 6
Detail Area 6 After cleaning Detail Area 6 Before cleaning

Figure 4. Photographs from optical microscopy taken at 120x magnification before treatment (left
column) and after cleaning (right column). The numbers in each photograph correspond to the area
that was examined, as located in Figure 3. Also, areas 3 and 6 are shown in detail on the right.
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Prior to treatment, the surfaces showed dirt particles of two different sizes, circular
in shape and brown to black in color, especially visible in noninked areas (refer specially
to images of areas 1 and 5 in Figure 4). There was also dirt of smaller granulometry that
had penetrated the interfiber spaces, visually resulting in a continuous medium grey tone
in some areas. After cleaning, nearly all circular particles was removed, and interfiber
dirt was reduced. As a result, the paper had a much lighter appearance. In the detailed
view of area 6 (Figure 4), it is clear that, after cleaning, the circular particles remaining
on the surface were negligible. The grey tone of the interfiber soiling was reduced, and
no residues of the powdered cellulose used in the treatment were visible. Additionally, it
was evident that the fibers of the paper maintained their position, even those that were
free, without ink to consolidate them to the more compacted base of the support. This is
consistent with the results previously reported in the literature [6,30], where this technique
was found to be effective in removing dirt from paper without damaging the surface.

As previously mentioned, the visual intensity of the inked areas remained the same,
indicating that no visual loss of color materials was detected. This is in accordance with
what has been reported in the literature, both for etching inks [31] and acrylics [32]. Yellow-
and red-colored areas became more vivid after cleaning (refer to areas 3 and 4, Figure 4),
and grey ink was perceived lighter (see areas 2 and 3 in Figure 4). Black ink appeared
deeper and stronger, creating a greater contrast with the colors and the background. The
inks also exhibited the same level of brightness, maintaining the nuances of transparency
and changes in reflectance when overlapping (refer to the detail of area 3 in Figure 4).

As for residues, the black ink areas also show no traces of cellulose powder residue,
which would appear as visible lumps due to their white color, as reported in previous
studies [31].

The electron microscopy confirmed the same observations regarding morphology,
cleaning efficiency, and absence of residues. Similar results were obtained, with unnotice-
able changes in surface morphology, remarkable removal of soiling, and no residues of the
cleaning material detected at 2000 x magnification.

Figure 5 shows the studied area before and after cleaning. The upper images display
twisted and contoured document fibers, along with numerous white or light grey dirt
particles. In contrast, the lower images show the paper after cleaning, with fewer dirt
particles and the same fiber morphology as before cleaning. No residues of powdered
cellulose were observed, which would be clearly visible at this magnification, as previously
reported [10].

The cleaning efficacy previously detected using optical microscopy was confirmed via
spectrophotometry, which revealed the effects of cleaning on the color of the artwork. In
Figures 6 and 7, we can observe the difference in L* (blue), a* (orange), and b* (grey) at
different measured spots before and after cleaning.

Spots 1, 2, and 3 were readings performed on the paper without ink on it (refer to
Figure 3 to locate the measured areas). The difference in a* and b* (Figure 6) and the
difference in L* (Figure 7) indicate that after cleaning, the paper became less reddish-yellow
and whiter, as the removed dust had a warm grey tone. Therefore, its removal resulted in a
whiter and cooler color, characteristic of the paper in this artwork. This was also reported
in the literature [30].

Spots 4, 5, and 6 represented measurements taken on the black ink. Spots 4 and 6 were
locations of completely opaque ink. In contrast, spot 5 was a reading in an area of lower
ink intensity, with a more greyish tone.

On the black ink, changes in hue were minimal and negligible (see Figure 6). The
major change was observed in luminosity, the L* variable. Areas with a high concentration
of black ink appeared darker after cleaning because the grey of the dust was removed,
revealing the deep black of the ink. The difference in L* plotted in Figure 8 displays this
change for spots 4 and 6, which showed a darkening after cleaning due to the appearance
of the black inner ink, which, before cleaning, was under a layer with a brownish-greyish
tone. In areas with a lower amount of black ink and, therefore, a more greyish tone in the

31



Polymers 2024, 16, 176

engraving (area 5), the behavior was more similar to that obtained on paper, as the dust
was darker than the ink. As observed during the microscopy analysis, areas with grey ink
and a lower concentration of black ink became lighter. Thus, spot 5 located in Figure 3
shows a positive difference in the L* measurements (refer to Figure 8).

T — de W I mag O]

det H wo | m e —
BSED | 20.00 KV | 9.6 mm | 2 000x CCITUB BSED  20.00kV_9.5mm | 2000x

Figure 5. Photographs from electron microscopy taken at 500x (A) and at 2000x magnification
(B-D), before treatment (upper image (A,B)) and after cleaning (lower image (C,D)). These images
show samples taken from the upper left corner of the stamp (spot (C), marked in red in Figure 3).
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Figure 6. Difference in a* (orange) and b* (grey) at each measured point, before and after cleaning.

In terms of the technique’s performance and its practical application in treatment
development, there are several factors that should be considered to ensure optimal results.
During a cleaning intervention, it is necessary to adjust the cleaning intensity dynamically
based on the conservator’s decisions during the treatment. This adjustment should consider
various factors, such as the composition, structure, and condition of the area being cleaned,
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as well as the nature and characteristics of the surface dirt, its interaction with the artefact,
and the risk it poses in the short and long term.

A priori, the cleaning intensity can be adjusted by modifying several parameters,
including pressure, distance, time, and working angle. However, the effects of cleaning
vary depending on these variables.
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1 2 3

Figure 7. Spots 1, 2, and 3: difference in L* in measurements on the support of the artwork without
the presence of supporting elements, before and after cleaning.
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Figure 8. Spots 4, 5, and 6: difference in L* in measurements on black ink, before and after cleaning.

Changing the pressure is difficult to carry out dynamically, especially because the
conservator would have to look away from the cleaning zone to the instrument’s command,
which would enable changes in the pressure but involves the loss of visual control during
the operation. On the other hand, adjusting the instrument’s regulator to change the
pressure can result in significant and sometimes abrupt changes. This can lead to overly
aggressive cleaning in certain areas.

As previously stated, altering the working angle affects the cleaning mechanism of
the particles upon collision with the surface. Controlling the intensity of the cleaning
and the area affected is dependent on the angle of modification. A change in the angle
results in an unpredictable variation in cleaning intensity. When the angle of impact is
closer to the vertical, the cleaning becomes more aggressive. On the one hand, a sharper
working angle results in a more elliptical collision zone for the particles, making it more
challenging to control the area being cleaned. On the other hand, a pressure of 20 kPa
allows for comfortable cleaning. The energy with which the particles reach the surface
is usually sufficient to remove common dirt from paper works, while keeping the hand
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comfortably resting on the work surface. Adjustments are made by slightly moving the
hand backwards from the work. This movement is almost intuitive and does not distract
from the view of the work or the concentration needed during the operation.

To adjust the cleaning intensity, time is another variable that needs to be controlled.
Checking the cleaning targets helps with deciding when to stop cleaning each area.

4. Conclusions

The results of this study indicate that powdered cellulose microblasting is a dry-
cleaning technique that, when applied with the appropriate parameters, may be highly
effective in cleaning printed works on paper.

In this study, the selected artwork was cleaned efficiently according to the control
parameters used to make this assessment. On the one hand, it did not cause morphological
changes of the surface, as observed from the optical and scanning electron microscope
results. Additionally, both microscopic techniques confirmed that powdered cellulose
could be easily vacuumed from paper, even when porous and with an open structure, as
well as from lithographic inks, as no residues were detected on the artefact after cleaning.

Through optical and electronic microscopy, it was determined that the level of clean-
liness achieved was good, as there has been remarkable remove of soiling, both of free
particles and soil imbedded within the fibre’s spaces. This has had a visual effect, both
detectable with optical microscopy and spectrophotometry. Dark and cold colours became
darker and cooler after cleaning recovering their own nature. In spectrophotometry this
is expressed in a decrease of the L*, a* and b*. Other colours or tones appear more vivid
when observed with optical microscopy. For example, spectrophotometry revealed an
increase in the L* variable in visually grey tones, even when these were low concentration
of black ink. In non-inked areas the paper becomes whiter and less reddish-yellow, as the
removed soil has a warm grey tone. This is confirmed by spectrophotometry analyses that
reveal an increase in brightness of the non-inked paper, confirming the effectiveness of the
cleaning method.

The cleanliness control was easy and effective, significantly reducing the treatment
time and using materials with a composition compatible with the substrate. After conduct-
ing this study, it was concluded that varying the distance and time during the intervention
while keeping the pressure constant at 20 kPa and the working angle at 70° is advisable.
Additionally, it was found that the working position for cleaning using this technique
and these parameters is comfortable, allowing for a full day of work. Furthermore, the
technique reduces treatment time compared to commonly used dry cleaning methods for
works on paper.

The high long-term stability of cellulose suggests that there will be no harmful effects
over time. This has been the case in previous natural ageing studies. Additionally, the
compatibility of cellulose with the treated work and the absence of morphological changes
and cleaning material residues on the surface suggest that this method will not result in
physical, chemical, or mechanical changes. However, further research could explore this
topic in more detail.

On the basis of the above, it was confirmed that the microblasting of cellulose powder
can be considered a feasible and efficient technique for the dry cleaning of printed works on
paper. However, the conservator is the only one who can decide and assess the suitability
of any tool, material, or procedure for any specific situation. Therefore, it is plausible that
this method, like any other, may not be appropriate for all graphic document works and in
all contexts.

This research suggests that microblasting of powdered cellulose is an advantageous
technique in comparison to the methods commonly used in dry cleaning paper-based
works. The studied technique mitigates the proven negative effects and foreseeable ones
that may be caused by the poor stability of the used cleaning materials and their low
compatibility with the original artefacts.
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Abstract: Achieving the desired properties of paper such as strength, durability, and printability
remains challenging. Paper mills employ calcium carbonate (CaCO3) as a filler to boost paper’s
brightness, opacity, and printability. However, weak interaction between cellulose fibers and CaCO3
particles creates different issues in the papermaking industry. Therefore, this study explores the
influence of various inorganic additives as crosslinkers such as mesoporous SiO, nanospheres, TiO,
nanoparticles, h-BN nanoflakes, and hydroxylated h-BN nanoflakes (h-BN-OH) on inorganic fillers
content in the paper. They were introduced to the paper pulp in the form of a polyethylene glycol
(PEG) suspension to enable bonding between the inorganic particles and the paper pulp. Our findings
have been revealed based on detailed microscopic and structural analyses, e.g., transmission and
scanning electron microscopy, X-ray diffraction, Raman spectroscopy, and N, adsorption/desorption
isotherms. Finally, the inorganic fillers (CaCO3 and respective inorganic additives) content was
evaluated following ISO 1762:2001 guidelines. Conducted evaluations allowed us to identify the
most efficient crosslinker (SiO, nanoparticles) in terms of inorganic filler retention. Paper sheets
modified with SiO, enhance the retention of the fillers by ~12.1%. Therefore, we believe these findings
offer valuable insights for enhancing the papermaking process toward boosting the quality of the
resulting paper.

Keywords: cellulose; crosslinker; fillers; polymer

1. Introduction

The process of papermaking involves converting raw materials, like wood fibers or
recycled paper, into a product that meets quality standards and market demands. One of the
main challenges in this process is achieving the desired properties in the final product, such
as strength, durability, brightness, opacity, and printability, which enhance the strength and
stiffness of the paper, avoiding poor folding, tearing, and cracking resistance. To achieve
this, paper mills often use fillers such as CaCO; [1]. However, the weak interaction between

cellulose fibers and CaCOjs particles can lead to a range of problems in papermaking [2,3].

This problem is related to the cellulose fibers’ structural properties, which have a highly
crystalline structure with a low surface-area-to-volume ratio. As a consequence, a limited
availability of active sites for hydrogen bonds, both between fibers and with CaCOs
particles, is observed [4,5]. The interaction between cellulose fibers and CaCOj3 particles
affects paper mass drainage and retention. The presence of fillers can interfere with water
flow through the paper machine, leading to longer drying times and increased energy
consumption [6].

2

4

Polymers 2024, 16, 110. https:/ /doi.org/10.3390/polym16010110 37

https://www.mdpi.com/journal /polymers



Polymers 2024, 16, 110

Various strategies have been developed to overcome these obstacles to enhance the
affinity of the paper mass to CaCOs. One of the strategies is the addition of crosslink-
ers, which can improve the interaction between the cellulose fibers and CaCOj particles.
Crosslinkers are chemical compounds that can form bonds between the cellulose fibers,
creating a more stable network that can better resist the disruptive effects of fillers [7,8]. The
addition of fillers such as SiO, [9], TiO, [10], h-BN [11], and h-BN-OH [12] has been shown
to be effective in improving the affinity of the paper mass to CaCOj3. These compounds
can form bonds with both the cellulose fibers and CaCOs particles, creating a stronger
network that improves the strength, stiffness, and printability of the paper. Therefore,
using crosslinkers in papermaking is an important strategy for improving the quality and
performance of paper products.

Silicon dioxide (SiO,) can form covalent bonds with both the cellulose fibers and
CaCQOgs particles. The SiO, particles can also serve as a connector between the cellulose
fibers and CaCOj3 particles, helping to strengthen the inter-fiber bonding and improve the
stiffness and strength of the paper. In addition to its role as a crosslinker, S5iO; can also
improve the drainage and retention of the paper mass. The SiO, particles are hydrophilic,
which means that they can help absorb water and improve the flow of the paper mass
through the paper machine. This can lead to faster drying times and increased productivity.
SiO; can be added to the paper mass in various forms, including colloidal silica, precipitated
silica, and silica fume [9,13].

Titanium dioxide (TiOy) as a crosslinker can also improve the optical properties of
paper products. TiO, is a white pigment that can reflect and scatter light, leading to a
brighter and more opaque paper. This can be particularly beneficial in applications where
high brightness and opacity are expected. In addition, TiO, can also improve the drainage
and retention of the paper mass—similar to SiO,. This can lead to faster drying times and
increased productivity. TiO, can be added to the paper mass in various forms, including
rutile, anatase, and nano-sized TiO, particles. Rutile and anatase are two crystalline forms
of TiO,, with rutile being the most commonly used form in papermaking due to its higher
refractive index and opacity. Nano-sized TiO, particles have a smaller particle size and can
provide additional benefits such as improved printability and ink adhesion [10,14].

Hexagonal boron nitride (h-BN) is a layered material that consists of hexagonally
arranged boron and nitrogen atoms. It has a high surface area and unique surface chemistry
that make it attractive for various applications. When added to the paper mass, h-BN
can form covalent bonds with both the cellulose fibers and CaCOj3 particles, improving
the interaction between them and creating a more stable network. The h-BN particles
can also serve as a connector between the fibers and fillers, enhancing the stiffness and
strength of the paper. h-BN-OH is a derivative of h-BN that has been functionalized with
hydroxyl groups. The hydroxyl groups increase the surface energy and wettability of the
h-BN particles, allowing them to interact with the cellulose fibers and CaCOs particles
more effectively. The hydroxyl groups can also provide additional chemical functionality,
allowing for further modifications and improvements in the paper properties [12,15].

In this work, the impact of different inorganic fillers on calcium carbonate content in
the paper was investigated. For this reason, mesoporous SiO; nanoparticles, TiO, nanopar-
ticles, h-BN nanoflakes, and hydroxylated h-BN nanoflakes (h-BN-OH) have been explored
as additives. They have been introduced to the paper pulp in the form of a polyethylene
glycol (PEG) mixture to induce bonding between the inorganic structures and paper pulp
components. Various characterization methods were employed to determine the chemical
structure and morphology of prepared samples, including TEM, SEM, XRD, Raman spec-
troscopy, and TGA. The ash content (residual solid particles after the combustion process)
was evaluated according to ISO 1762:2001. It allowed us to select mesoporous silica as the
most efficient filler, enhancing the retention of the fillers by 12.1% in respect to unmodified
paper sheets.
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2. Experimental Part
2.1. Chemicals

Eucalyptus-derived cellulose fibers, wood-derived cellulose fibers, chemical thermo-
mechanical pulp cellulose (CTMP), cationic starch, calcium carbonate, and potassium amyl
xanthate (PAX) were derived by Arctic Paper Kostrzyn SA. Polyethylene glycol 2000 (PEG,
M = 1800-2200 g/mol) was purchased from Carl Roth, Karlsruhe, Germany. Titanium
dioxide was kindly supplied by Grupa Azoty Police (Police, Poland). Tetraethyl orthosil-
icate (TEOS) and boron nitride (BN, ~1 pm, 98%) were purchased from Sigma Aldrich
(Poznan, Poland). Ammonia solution (NH4-OH, 25%), sulfuric acid (H,SOy, 95%), nitric
acid (HNOg3, 65%), and potassium permanganate (KMnOy) were delivered from Chempur
(Piekary Slaskie, Poland).

2.2. Synthesis of Silicon Dioxide (Si0;)

SiO, nanoparticles were prepared according to a modified Stober method [16]; 5.8 mL
of TEOS and 150 mL of ethanol were initially mixed in a round bottom flask and stirred for
10 min at room temperature (RT). Next, 7.8 mL of ammonia solution was added, and the
mixture was further stirred for 12 h. After that, the product was separated by centrifugation,
washed a few times with ethanol, and dried.

2.3. Synthesis of Hexagonal Boron Nitride (h-BN)

A total of 0.2 g of bulk boron nitride was placed in a flask, and then, 200 mL of
ethanol was added. Afterward, the obtained mixture was sonicated using an ultrasonic

homogenizer for 12 h. The final product was washed with distilled water and dried at
80 °C.

2.4. Synthesis of Oxidized Hexagonal Boron Nitride (h-BN-OH)

To prepare h-BN-OH, a modified Hummers method was applied [12]. Briefly, 0.2 g
of h-BN powder was placed in a round-bottomed flask, and then, 13.5 mL of H,SO4 and
4.4 mL of HNOj3; were added. The mixture was stirred to obtain a homogenous dispersion.
After that, 1.2 g of KMnO, was partially introduced, and finally, the mixture was heated to
90 °C and kept at this temperature for 12 h. Next, the mixture was cooled to RT, filtrated,
and washed a few times with distilled water until the pH value approached 7. Finally, the
product was dried at 80 °C overnight.

2.5. Preparation of PEG Solution

In the experiments, the different polyethylene glycol (PEG) variants (PEG 2000, PEG
4000, PEG 10000, and PEG 20000) were tested to choose the optimal one. During the
preparation of paper sheets using the Rapid-Kothen machine (Lodz, Poland) different
performance characteristics of the paper with the tested PEG variants were evaluated. The
final selection of PEG 2000 was based on its superior performance during the paper sheet
preparation process. PEG 2000 exhibited the best solubility in the chosen solvent and
its integration with paper pulp. An appropriate PEG 2000 amount was added to 1 L of
distilled water, and with the use of a magnetic stirrer, it was completely dissolved. The
amount of PEG 2000 was calculated in 1 ton of dry pulp to obtain a concentration of 1 kg of
PEG/ton of dry cellulose (typical commercial procedure).

2.6. Preparation of Paper Sheets

As a reference sample, a sheet of paper without the addition of inorganic fillers was
prepared. The reference paper sample contained only standard commercial components
used for the production of paper sheets. Paper with a grammage of 80 g/m? was created
by combining three types of cellulose fibers: short-fiber cellulose pulp (eucalyptus derived),
long-fiber cellulose pulp (birch-derived), and chemical thermomechanical pulp cellulose
(CTMP) with a mass ratio of 70/20/10, respectively. The cellulosic mass was mixed in a
plastic container using a mechanical stirrer for 15 min. Subsequently, PAX and a cationic
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starch solution (3.8%) were added to the mixture with 2 and 5 kg per ton of dry cellulose
fibers, respectively. Finally, CaCO3 and appropriate crosslinkers (5iO,, TiO,, h-BN, and
h-BN-OH) dispersed in PEG solution were introduced to the system. To do so, 1 kg of
crosslinkers per 1 ton of dry cellulose fibers was first dispersed in 100 mL of PEG solution
and sonicated to obtain a homogeneous mixture. The prepared mixture was mechanically
stirred with cellulosic mass for 15 min. Paper sheets were formed using a Rapid-Kéthen
Automatic Sheet-Forming Machine (Lodz, Poland), following the guidelines of PN-ISO
5262-2. This method of producing modified paper sheets using the mentioned equipment
replicates the conditions found in large-scale production, facilitating easy scalability of
the entire process. The prepared paper sheets were denoted as reference for the sample
without any crosslinker, and PEG/SiO,, PEG/TiO,, PEG/h-BN, and PEG/h-BN-OH for
samples where additional PEG suspension containing SiO,, TiO,, h-BN, and h-BN-OH
were added, respectively. The reference was prepared by the same procedure but without
the addition of PEG/inorganic filler mixture.

2.7. Characterization

High-resolution transmission electron microscopy (HR-TEM) (Washington, DC, USA)
imaging was performed with the FEI Tecnai F20 microscope at an accelerating voltage of
200 kV. The images were taken directly on sample-drop-cast Cu grids with carbon film.
A scanning electron microscope (SEM) (VEGA3, TESCAN) (Brno, Czech Republic) was
used to determine the morphology of the prepared sheets. The chemical bonding of the
structures in the paper sheets was examined using Raman spectroscopy (InVia Renishaw,
Wotton-under-Edge, UK) equipped with an excitation wavelength of 785 nm. It is an ideal
method to study the structural properties of the nanomaterials. The phase composition was
determined by X-ray diffraction (XRD) patterns by using an Aeris (Malvern Panalytical,
Malvern, UK) diffractometer using Cu K radiation. The content of CaCO3; was determined
in accordance with the International Organization of Standardization (ISO 1762:2001). The
thermogravimetric analysis was conducted using an SDT Q600 Thermogravimeter (TA
Instruments, New Castle, DE, USA) under air flow of 100 mL/min. In each case, the
samples were heated from room temperature to 600 °C at a linear heating rate of 10 °C/min.
The samples were measured in an alumina crucible with a mass of about 5.0 mg. N2
adsorption/desorption isotherms were acquired at liquid nitrogen temperature (77 K)
using a Micromeritics ASAP 2460 (Norcross, GA, USA). The Brunauer-Emmett—Teller
(BET) and density functional theory (DFT) methods were adopted to calculate the specific
surface area and pore size distribution.

3. Results

TEM images of SiO;, TiO,, h-BN, and h-BN-OH are presented in Figure 1. SiO,
and TiO; reveal distinct morphologies. SiO, (Figure 1A) exhibits particles with spherical
morphology, showcasing visible porosity within the silica structure. High porosity directly
leads to the high surface area of SiO,. Similarly, TiO, (Figure 1B) nanoparticles display a
spherical or quasi-spherical morphology, relative to SiO;, and exhibit observable porosity
with evident pores. For h-BN, the TEM image illustrates a flat and two-dimensional (2D)
sheet-like structure. It is a layered material with a hexagonal lattice resembling graphene,
showcasing a thin and planar 2D nature. Hydroxylated h-BN (h-BN-OH, Figure 1D) also
portrays this 2D planar structure, with the presence of hydroxyl (OH) groups altering
surface characteristics but not the fundamental structural morphology.
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Figure 1. TEM images of crosslinkers: (A) SiO,, (B) TiO,, (C) h-BN, and (D) h-BN-OH.

XRD patterns of all crosslinkers (SiO;,, TiO,, h-BN, and h-BN-OH) are shown in
Figure 2. Both h-BN and h-BN-OH show reflections corresponding to boron nitride
(26 = ~26.7°, 41.6°, 43.7°,54.9°, 75.6°; ICDD PDF no. 00-034-0421). For h-BN-OH, a clear
shift of peaks toward the higher angles is observed in comparison to h-BN. For example, the
signal at ~26.39°, corresponding to the (002) plane of h-BN, is shifted to 26.83°. This is due
to the expansion of crystallographic structure by the incorporation of the -OH functional
groups into the lattice. SiO, exhibits one broad peak centered at around 23°, which can be
assigned to the amorphous structure of silica oxide [17,18]. TiO, is composed of two crystal
phases: anatase (ICDD PDF no. 04-014-8515) and rutile (ICDD PDF no. 00-021-1276). There
are ~83.9% of anatase and ~16.1% of rutile in the sample [19].

N, adsorption/desorption isotherms acquired at liquid nitrogen temperature are
presented in Figure 3. The isotherms for TiO;, SiO,, h-BN, and h-BN-OH are type II
isotherms, where there is a wide range of pore sizes [20]. From TEM, it is clear that
pores are present. The highest content is in SiO;, which can result in a high surface area.
The highest surface area was determined for the SiO,, which is 275.4 m?/g. h-BN-OH
exhibits a larger specific surface area compared to h-BN, which is 38.7 m?/g and 19.8 m?/g,
respectively. This is due to the expansion of individual h-BN layers by hydroxyl groups
and the creation of a larger surface area that is accessible for N adsorption. The lowest
specific surface area from all crosslinkers was measured for the TiO, (10.8 m?/g). A similar
dependence can be observed for the total pore volume (Figure 3b). The measured total pore
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volumes were 0.248, 0.035, 0.011, and 0.008 cm?/ g for SiO,, h-BN-OH, h-BN, and TiO;,
respectively. Data collected from the N, adsorption/desorption test are collected in Table 1.
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Figure 2. XRD patterns of crosslinkers: TiO,, SiO,, h-BN-OH, and h-BN.
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Figure 3. (a) N; adsorption/desorption isotherms of crosslinkers, TiO,, SiO;, h-BN, and h-BN-OH,
and (b) pore size distribution.

Table 1. BET surface area, micropore volume, and median pore width of samples.

BET Surface Area Total Pore Volume Median Pore Width

(m?/g) (em3/g) (nm)

TiO, 10.8 0.00772 0.9509
SiO, 275.4 0.24762 1.0085
h-BN-OH 38.7 0.03475 1.1414
h-BN 19.8 0.01100 1.2515
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Next, the impact of different crosslinkers on the morphology of the prepared paper
samples was evaluated via SEM (Figure 4). The reference sample exhibits the presence
of CaCOj3 between the cellulose fibers with uneven distribution. The PEG/SiO, and
PEG/TiO; paper samples (Figure 4B,C) show a more even distribution of CaCOj particles
along cellulose fibers compared to the reference sample. In the material with PEG/SiO;,
the amount of CaCOs3 between the fibers is much higher compared to the reference sample.
Paper samples with h-BN and h-BN-OH exhibit agglomerated CaCOj particles. This may
lead to increased permeability of CaCOj through cellulose fibers, which will result in a
reduced content of calcium carbonate in the sample.

reference

Figure 4. SEM images of (A) reference paper and paper containing different crosslinkers:
(B) PEG/SiO,, (C) PEG/TiO,, (D) PEG/h-BN, and (E) PEG/h-BN-OH.

Figure 5 presents the Raman spectra of paper samples (reference, PEG/SiO,, PEG/TiO,,
PEG/h-BN, and PEG/h-BN-OH). Cellulose is a linear polymer made up of repeating glu-
cose units linked by (3-1,4-glycosidic bonds. It exhibits a high degree of crystallinity, with
both crystalline and amorphous regions in its structure. Raman spectroscopy is sensi-
tive to various vibrational modes present in cellulose. The main Raman-active modes
for cellulose fibers include C-C and C-O bonds. These vibrations are observed around
1095 cm !, offering valuable information about the molecular bonds within the cellulose
structure [21,22]. Next, out-of-plane ring bending (C-C-C and C-O-C), observed in the range
of 400 to 600 cm~!, provides insights into the spatial arrangement and flexibility of the cel-
lulose rings. Additionally, Raman peaks associated with deformations in the CH; and CHj3
groups are prominent in the range of 1300 to 1470 cm~! [23] (orange zones). Furthermore,
Raman spectroscopy studies revealed the distinctive peaks of CaCO3 corresponding to
two different forms: calcite (green zones) and vaterite (blue zones). The peak at 1085 cm ™!
signifies calcite, while the peaks at 1080 and 1090 cm~! represent vaterite, specifically
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corresponding to the Ag internal mode derived from the v; symmetric stretching mode of
the carbonate ion in each material. The v4 in-plane bending mode of carbonate is observed
at712 cm~! for calcite and 739-749 cm ! for vaterite. It is noteworthy that the characteristic

peak for vaterite was not detected in the case of PEG/h-BN and PEG/hBN-OH. However,
the reason of the lack of this peak is not clear.
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—— PEGITIiO,

—— PEG/h-BN
—— PEG/h-BN-OH I
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Figure 5. Raman spectra of reference paper and paper with different crosslinkers (PEG/SiO;,
PEG/TiO,, PEG/h-BN, and PEG/h-BN-OH).

Figure 6 shows the X-ray diffraction patterns of the reference, PEG/SiO,, PEG/TiO,,
PEG/h-BN, and PEG/h-BN-OH paper samples. In the patterns of all samples, two char-
acteristic phases were identified, i.e., cellulose and calcium carbonate (CaCO3). The three
observed peaks (broad peaks) at 26 = 16°, 22°, and 35° correspond to cellulose. However, a
series of reflections at 20 equal to ~23°,29.4°, 36°, 39.4°, 43.2°, 47.5°, and 48.5° are charac-
teristic for CaCO3; (ICDD no. 00-005-2586). The XRD diffractograms also show two peaks
(low intensity) at ~30.9° and 31.6°, which can be attributed to other calcium carbonate
polymorphs (e.g., aragonite and vaterite) (ICDD no. 01-075-9984, 00-024-0030). The reflec-
tions, which correspond to the calcium carbonate, are narrow and intense (compared to
the cellulose peaks, the peaks are wider and of lower intensity), which indicates the high
crystallinity of the used CaCOs. A lack of a significant effect of the fillers on the intensity
and location of individual reflections was found, which may be attributed to the small
amount of the additives.

To define the thermal behavior of the paper samples, thermogravimetric analysis
(TGA) was applied. The TGA results for the reference and the PEG/SiO,, PEG/TiO,,
PEG/h-BN, and PEG/h-BN-OH papers are presented in Figure 7. For all samples, three
significant weight decreases are noticeable. First, weight loss is observed at 90 °C and is
attributed to the evaporation of the adsorbed water or moisture present in the samples.
Furthermore, two stages of cellulose degradation are observed. The first decomposition
stage starts at 250 °C. Cellulose consists of glucose molecules linked together by 3-1,4-
glycosidic bonds [24]. During this stage, glycosidic bonds break, resulting in the release
of volatile products and various volatile organic compounds, such as acetic acid and
levoglucosan [25,26]. Next, a second decomposition stage starting at 350 °C is observed.
During this stage, additional volatile products are formed as cellulose decomposes. Carbon
dioxide (CO,) and carbon monoxide (CO) are released at this stage as a result of the
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breakdown of more complex cellulose structures. Starting with the reference, a gradual
mass loss with increasing temperature leads to a residue of approximately 26%, indicating
the ash content in the reference sample. In the cases of PEG/SiO,, PEG/TiO,, PEG/h-BN,
and PEG/h-BN-OH, the thermal profiles display analogous mass loss curves, resulting in
residual masses of about 27.0%, 25.7%, 25.5%, and 24.8%, respectively.

Mcellulose @CacCo,
O

reference
——PEG/SiO,

——PEGITiO,

——PEG/h-BN
—— PEG/h-BN-OH

Intensity (a.u.)

1 & 1 L 1 i 1

10 20 30 40 ' 50
20 (degree)

Figure 6. X-ray diffraction patterns of reference paper and paper with different crosslinkers:
PEG/Si0,, PEG/TiO,, PEG/h-BN, and PEG/h-BN-OH.
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Figure 7. TGA plots of reference paper and paper with crosslinkers: PEG/SiO,, PEG TiO,, PEG/h-BN,
and PEG/h-BN-OH.
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To determine the ash content in the paper, the guidelines set by the International
Organization of Standardization (ISO 1762:2001) were applied. The procedure was through
sample ignition at 525 °C. The ash content in the reference and modified papers (PEG/SiO,,
PEG/TiO,, PEG/h-BN, and PEG/h-BN-OH) are presented in Table 2.

Table 2. Data obtained from the International Organization of Standardization (ISO) standard (ISO
1762:2001) ash content for all samples.

Ash Content (%)
Reference 28.1
PEG/SiO; 31.5
PEG/TiO, 25.7
PEG/h-BN 25.1
PEG/h-BN-OH 23.2

Based on the results presented in Table 2, the addition of SiO, nanoparticles increased
the ash content in the paper significantly. This means that this facile strategy boosts CaCO3
retention on cellulose fibers by 12.1% in the presence of PEG/SiO; as a nanofiller, which
can be related to the abundance of active sites available for CaCOj3 bonding. The opposite
trend can be observed for PEG/TiO,, PEG/h-BN, and PEG/h-BN-OH, where ash content
is 8.1, 11.1, and 17.5% lower compared to the reference paper, respectively.

In summary, based on the above results, it can be inferred that the addition of porous
Si0; in the form of a PEG suspension is the most promising crosslinker increasing the
affinity of CaCOs to cellulose fibers. This conclusion is supported by numerous analyses,
such as TGA, and ISO 1762:2001 tests, which showed that the inorganic fillers content
after the introduction of PEG/SiO; increased by 12.1%, which proves the potential of
this facile strategy in practical application in the paper industry. This may be because
SiO, possesses the largest specific surface area among other crosslinkers (TEM and N
adsorption/desorption), increasing affinity to cellulose fibers, resulting in higher inorganic
filler content retention.

4. Conclusions

In summary, this study investigated the influence of various crosslinkers (TiO,, SiOy,
h-BN, and h-BN-OH) on the inorganic filler content in paper samples. Raman spectroscopy
and XRD confirmed that the chemical structure of the samples remained insignificantly
changed upon the addition of these compounds. This study further delved into the
molecular dynamics of cellulose through various Raman peaks associated with specific
vibrational modes. Additionally, Raman spectroscopy identified characteristic peaks for
CaCOs, distinguishing between calcite and vaterite forms. Moreover, the introduction of
h-BN and h-BN-OH led to the formation of agglomerates and uneven distribution of CaCO3
particles on cellulose fibers, resulting in decreased ash content after testing. Among the
crosslinkers, SiO, suspended in a PEG solution emerged as a promising candidate due to its
excellent affinity to cellulose and high surface area, enhancing inorganic filler content in the
paper. These findings contribute to a deeper understanding of how different crosslinkers
impact the composition and structure of paper samples and allow the boosting of the
content of inorganic compounds in the paper sheet, reducing the contribution of cellulose.
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Abstract: Cellulose-based foams present a high potential for noise insulation applications. These
materials are bio-degradable, eco-friendly by both embedded components and manufacturing process,
have low density and high porosity, and are able to provide good noise insulation characteristics
compared with available petroleum-based foams currently used on a large scale. This paper presents
the results of some investigations performed by the authors in order to improve the functional
characteristics in terms of free surface wettability and structural integrity. Native xylan and xylan-
based derivatives (in terms of acetylated and hydrophobized xylan) were taken into account for
surface treatment of cellulose foams, suggesting that hemicelluloses represent by-products of pulp
and paper industry, and xylan polysaccharides are the most abundant hemicelluloses type. The
investigations were mainly conducted in order to evaluate the level to which surface treatments have
affected the noise insulation properties of basic cellulose foams. The results indicate that surface
treatments with xylan derivatives have slowly affected the soundproofing characteristics of foams,
but these clearly have to be taken into account because of their high decrease in wettability level and
improving structural integrity.

Keywords: cellulose fiber; foam-forming; xylan derivatives; noise insulation; wettability; sound
absorption; sound transmission loss

1. Introduction

Foam-formed cellulose biomaterials represent a promising technology for developing
lightweight and sustainable materials, which are in high demand for packaging, cushioning,
and insulation applications [1-4]. Cellulosic foams, derived from cellulose fibers, exhibit
intriguing properties, including extremely low density [5-7], high fluid permeability [8-10],
and effective sound and heat insulation [11-15]. In line with this trend, Cucharero et al.
investigated sound-absorbing materials produced using foam-forming methods based on
hardwood and softwood pulps as raw materials [16]. The foams exhibited sound absorption
characteristics comparable to those of typical porous materials, commonly employed in
contemporary soundproofing applications on a large scale. The findings from this study
offer valuable insights into the optimization of wood-based noise insulation materials.
Jahangiri et al. also proposed a novel biodegradable, low-density porous material based
on wood fibers and produced in foam-laid media [17-19]. An experimental setup based
on a three-microphone impedance tube was employed to investigate acoustical properties
concerning the potential effects of various parameters (e.g., foam air content, thickness,
porosity, and consistency of the foam—fiber solution).

In recent years, the authors of this article have developed cellulose fiber-based porous
lightweight materials using foam-forming techniques and various types of cellulose fibers
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as raw components [20]. These materials have primarily been applied for noise insula-
tion [21-24], thermal insulation [25], and cushioning/packaging purposes [26,27]. Ex-
perimental investigations have generally shown that cellulose foams are able to provide
insulation characteristics similar to or better than petroleum-based materials/composites,
commonly used as a protective solution in most cases.

Despite the fact that wet-laying is a mature technology widely applied in specific
industries, it typically involves the use of large volumes of water and is energy intensive [28].
In this regard, the foam-laying method offers a substantial reduction in water consumption
during the fibrous network formation process and helps decrease the water content of the
non-wovens produced before drying, thereby achieving a reduced energy demand [29-33].
An interesting and useful overview of the foam-forming technique was presented by Hjelt
et al. in their paper [34], where they addressed both fundamental foam properties and
practical forming methods. They also demonstrated how the material characteristics can
be affected by foam—fiber interactions. Furthermore, the potential material characteristics
were compared against key requirements in typical product applications. Another useful
survey regarding applications of foam-formed cellulose-based materials for cushioning
packaging was provided in [35], where the authors presented a comprehensive state-of-
the-art overview of the materials involved, available methods, and the main properties of
these foams.

Scientists have also focused on non-wood fibers as a viable alternative for the pulp
and paper industry. In their article [36], Abd El-Sayed et al. showed that actual high-tech
innovation has made non-wood more reasonable than wood as a raw material for the
papermaking industry, even in countries with acceptable wood sources, due to environ-
mental concerns. The foam-forming method also presents high interest in the exploitation
of proven design concepts for advanced material solutions [37,38]. The authors of [39]
proposed a foam structure that presents high-yield stress in the primary direction and
excellent thermal insulation. In addition, cellulose-based foams offer an unlimited creative
space for the design of green functional materials with a wide range of energy-related
applications. Thus, the work [40] demonstrates that cellulose-based foams can exhibit
solid-liquid phase change functionality and shows the versatility of the foam-forming
process of cellulose-based materials in order to accommodate physical functionalities in
materials with complex architectures. The authors developed foams that are recyclable,
industrially scalable, and can be exploited as heat storage materials.

Regarding the subtle fiber-bubble interactions, the research [41] demonstrates that
these interactions provide a suitable tool that can be used to alter both structural and
mechanical material properties of foam-formed cellulose-based materials. A large ensemble
of studies was developed within the area of soundproofing, being mainly focused on
materials or composites suitable for applications in noise insulation practice [42-46].

Different types of fiber raw sources are used worldwide, related to available wood
resources for a certain geographical area. For example, Malekzadeh et al. [47] demonstrated
the potential of bamboo fiber-based porous materials as low-cost, lightweight structural
materials. The authors of paper [5] present a new method to produce cellulose fiber-
based lightweight materials, using eucalyptus pulp as raw material and fibers partially
hydrolyzed with sulfuric acid. The advantage of this method is justified by a drying step
easily performed at mild temperatures in a convection oven, thus eliminating the need for
more sophisticated drying techniques. Moreover, the proposed method does not require
surfactants or special foam-forming equipment.

Using pineapple leaf fibers with paper waste, a research group developed composites
with good performances related to sound absorption and impact strength [48]. Ultra-
lightweight cellulose foams with good mechanical properties were proposed in article [49].
The authors have observed that micro-pores (bubbles) inside the wet foams weakened the
mechanical properties but increased these properties in the dried foams. Their investiga-
tions revealed good compressive strength of dried foams, which exhibited great potential
for further development and comprehensive utilization of cellulose. Other groups of raw
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sources for composites with very interesting characteristics and potential applications in
sound insulation practice are cork sheets [50-53] and corn stalk fibers [54].

The required strength of cellulose-based foams can be achieved by optimally com-
bining fibers and fines of different length scales [55]. In addition, the elasticity can be
improved by adding polymers, which accumulate at fiber joints and help the network
structure recover after compression. Within their study [55], the authors showed that
structure and elastic properties were sensitive not only to the raw materials but also to the
elastomer stiffness and foam properties. Additionally, an improved strain recovery makes
the developed cellulose-based materials suitable for various applications, such as padding
for insulation purposes.

By incorporating different additives (e.g., chitosan, cationic polyacrylamide), Meiyan
et al. improved some functional properties of pulp foam (in terms of physical strength,
fire-retardance, thermal insulation, antibiosis, and sound absorption) [56]. Interesting
biodegradable chitosan-based foams were also proposed in study [57]. New bio-based
packaging materials present high interest in replacing conventional fossil-based products
for a more sustainable society [58]. The cellulose fiber-based foams containing chitosan
provide both good water stability and good antibacterial and antifungal properties, demon-
strating the feasibility of bio-based foam material with desired characteristics. Hereby,
these foams can enable an interesting low-density packaging composite with protective
mechanical and microbial properties without using any toxic compounds [56-58]. In ad-
dition, Seppédnen et al. evaluated the wet strength properties of foam-formed fiber-based
materials [59]. Novel lightweight cellulose fiber-based composites, embedding various
strength-enhancing polymeric and fibrillar components, were developed by Pohler and
collaborators using the foam-forming technology [60]. During their research, increasing
both inter-fiber bond strength and local material density was attempted.

As they are the second class after cellulose, hemicelluloses are heterogeneous polysac-
charides that exist in almost all cell walls of lignocellulosic biomass. Xylan polysaccharides
are the most abundant hemicellulose type, representing about 20-35%, mainly in hardwood
and annual plants (wheat straw, corn stalks, and cobs) and also as a by-product of the pulp
and paper industry [61,62].

Although it exists in large quantities, the industrial application of xylan hemicellulose
is still limited. It is used to obtain the xylitol and bio-fuels by biological conversion
of sugar, starch, and vegetable oils. In the packaging industry, xylan hemicellulose is
used to improve the strength and biodegradability properties of plastic materials [63].
Generally, the limitation of industrial applications for xylan hemicellulose is due to its high
hydrophilicity as a result of a larger number of OH groups in the structural unit. To enhance
its hydrophobicity and processability by reducing the H-bonds, the hydrophobic groups
are attached to the hemicellulose chains by different methods of chemical modification.
Therefore, chemical modification with hydrophobic moieties was applied in order to
improve the function of hemicelluloses for packaging and coating applications [64]. In
addition, cationic xylan derivatives have a wide range of applications in the papermaking
industry, such as cellulose fiber strength additives, flocculation aids, and antimicrobial
agents [63].

Considering the good compatibility of xylan with cellulose fibers, this paper aims
to utilize xylan derivatives to enhance the free surface wetting and structural integrity of
cellulose fiber-based foams. This improvement enables the materials to be incorporated into
sound insulation applications. To achieve this goal, native hardwood xylan hemicellulose,
along with its acetylated and hydrophobized derivatives, was applied as coatings in a
thin layer to treat the free surface of cellulose foams. The coated samples underwent
analysis to assess noise insulation characteristics and performance, aiming to evaluate the
impact of xylan-based coatings on soundproofing capabilities. This evaluation involved a
comparison with untreated cellulose-based samples and a few samples of commercially
available petroleum-based materials commonly used in sound insulation.
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The originality of this study arises from several aspects: (i) the novel use of cellulose
fiber foams in soundproofing applications; (ii) the imperative need to ensure appropri-
ate wetting and surface structure integrity properties for these materials, enabling their
practical utilization as noise insulation panels; and (iii) the utilization of hemicelluloses,
by-products of the pulp and paper industry, with xylan polysaccharides being the most
abundant hemicellulose type.

Essentially, based on available scientific reports, this type of surface coating (utilizing
xylan derivatives) has not been thoroughly analyzed. The effects of this treatment must
be rigorously evaluated concerning changes in noise insulation characteristics to validate
its functional capability in practical applications. In addition, it has to be underlined
that some other research groups, which have analyzed the necessity of foam-free surface
coating, generally used synthetic petroleum-based solutions or with very complicated
production technology (also environmental pollutants). Therefore, given the previously
mentioned advantages, xylan-based derivatives offer a viable solution for enhancing the
hydrophobicity and surface structure integrity of cellulosic foams.

2. Materials and Methods
2.1. Materials

The proposed porous lightweight materials were developed in a foam medium using vir-
gin softwood cellulose fibers. Bleached softwood cellulose (typically providing 400-800 um
average fiber length and 15-35 um diameter) was used as a raw fiber source [21,22,27]. Cellu-
lose fibers, with 60 and 43 °SR beating degrees (according to the Schopper-Riegler evaluation
method), and slurry pulp with 1.98% consistency were adopted within this research. The
anionic surfactant used for foam forming was sodium dodecyl sulfate (SDS), commonly
utilized in commercial regular cosmetics production. Based on these components (slurry
pulp and surfactant), two types of foam-formed cellulose-based lightweight foams were
obtained (please see details within Sections 2.2 and 3.1) [21-24,27,35].

Xylan hemicellulose with a molecular mass of (132)n from beechwood was purchased
from Carl Roth Company, Karlsruhe, Germany, and used as received.

Acetylated xylan was obtained in laboratory conditions according to the procedure
described by the authors in previous papers [26,65]. The procedure involved the esterifi-
cation process of native xylan with acetic anhydride in two stages, at 50 °C for 1 hand a
molar ratio of acetic anhydride to functional hydroxyl groups in the structural unit of xylan
about 8:1. The degree of substitution was about 0.48 [26,65].

Hydrophobized xylan was obtained by reaction of native xylan with long chain anhy-
drides as alkyl ketene dimers at 20 °C and 24 h of magnetic stirrer at 1500 rpm. Alkyl Ketene
Dimer of milky white liquid, odorless, total solids of 16.2% and viscosity of 4 cPs/t =25 °C
(as a commercial product, AquapelTM 210D—Solenis, Wilmington, DE, USA), was used for
xylan hydrophobization [26,65]. All the other chemical reagents for esterification reaction
(acetic anhydride, acetic acid, and sulfuric acid) have had analytical purity.

Both native xylan and xylan derivatives were used as water dispersion of 2.5% for
coating by pulverization in a thin layer (about 5 g/m?) on the surface of different samples
of cellulose foams.

A schematic diagram of sample preparation is provided in Figure 1. The upper section of
this scheme presents the basic procedure to obtain cellulose fiber-based foams [21-24,27,35].
At the same time, the lower section presents relevant aspects regarding the xylan-based
coatings of foam-free surfaces in terms of magnetic stirrers used for homogenization of
native xylan and xylan derivatives water dispersion, preparation of dispersion for sample
surface treatment, and an example of xylan treatment laid on sample surface using the
spraying method.

Four different commercially available petroleum-based materials currently used in
sound insulation were also considered in order to provide a suitable reference for analyz-
ing the performances of cellulose-based materials (with and without xylan-free surface
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Figure 1. Schematic diagram of sample preparation, based on cellulose fiber foam-forming technique
and xylan and xylan derivatives for free surface treatments.

2.2. Methods within Sample Forming Procedure

The cellulose fibers (resinous virgin cellulose fibers with 1.98% consistency) were
soaked overnight (approx. 24 h) using distillate water with 1% sodium hydroxide (1 N
concentration). Next, the slurry pulp was mixed using high shear velocity up to 2200 rpm
for 20 min in order to facilitate air entraining. During the agitation process, a controlled
percentage of surfactant (relative to the pulp weight) was added to obtain a suitable foam
medium.

The authors have aimed to obtain and analyze two types of foam materials based
on two different beating degrees of raw pulp with constant air content. Thereby, 4% of
surfactant was adopted relative to the fiber weight (this is the mid value of the surfactant
percentage range used in previous investigations [21]).

The suspension of fibers and foam was filtered and dewatered using a Buchner funnel
and a sample holder with an inner diameter correlated to that required by equipment used
in acoustical investigations (e.g., 100, 72, and 28.5 mm). A filter paper was used at a sample
bottom, in addition to the filtering system of the Buchner funnel, aiming to obtain a sample
surface as flat as possible. The filtering was developed at a low vacuum level for approx.
20 min, following both a suitable dewatering and the sample structural integrity. After
dewatering, the samples were carefully transferred to the drying table, aiming to avoid
structural integrity loss. Samples were dried at room temperature (around 22 °C) and
50-60% relative humidity for 24 to 48 h (please see details within Section 3.1) [21-24,27,35].

2.3. Methods within Contact Angle Evaluation

In order to evaluate the hydrophobicity of cellulose foams in terms of free surface
wettability, the static water contact angle was measured according to the T-458 cm-04
Standard by static sessile drop method [66]. This procedure used the Ossila® contact angle
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goniometer (Ossila BV, Leiden, The Netherlands), which is equipped with a high-resolution
digital camera and suitable software for recording and processing the results.

The samples were placed on the test table, and water drops (approx. 5 pL) were
deposited onto its surface with a micro-syringe. The value of the contact angle was
recorded after 5 s of water—substrate contact time on each sample. The measurements were
repeated at five different locations on the cellulose foam surface, and the average contact
angle values were reported (please see details within Section 3.2).

2.4. Methods within FTI-IR Investigations

The structural characteristics, which highlight the presence of specific chemical groups
in the modified xylan samples, were analyzed using a Nicolet iS50 FT-IR spectrometer
(Thermo Scientific, Waltham, MA, USA) equipped with an attenuated total reflection (ATR)
accessory and a diamond crystal plate, in transmission mode. The spectrometer was placed
in a temperature-controlled room (21 + 2 °C). Infrared spectra were measured within the
spectral range 4000-400 cm ! at 2 cm ! spectral resolution and 32 background /sample
scans using OMNIC™ software (Thermo Fisher Scientific Inc., Waltham, MA, USA). The
background spectrum was collected by taking air as a reference before each measurement,
and the diamond crystal plate was cleaned with alcohol.

2.5. Methods within Noise Insulation Investigations

The foam samples, both untreated and xylan-based surface treated, were analyzed in
order to estimate the acoustic insulation capabilities in terms of absorption and reflection
coefficients and acoustic impedance, with all these parameters being evaluated at a normal
incidence angle. Experimental investigations were conducted using an Impedance Tube Kit
Type 4206® (Briiel&Kjeer Sound and Vibration Measurement A /S, Neerum, Denmark), with
a 29 mm diameter sample holder and a two-microphones setup configuration (Figure 2).
The frequency range enabled by this tube is 500-6400 Hz (according to the technical
specifications). A sound source (that generates broadband, stationary random sound
waves) is mounted at one end of the impedance tube, and the sample of material is
placed at the other end. The propagation, contact, and reflection result in a standing-wave
interference pattern due to the superposition of forward- and backward-traveling waves
inside the tube. Measuring the sound pressure at two fixed locations and evaluating
the complex transfer function using a two-channel frequency analyzer result the sound
absorption, complex reflection coefficients, and the normal acoustic impedance of the
tested material within the sample holder. The measurements were developed based on
the transfer function method and testing method described in ISO 10534-2 [67] and ASTM
E1050-12 International Standards [68].

Figure 2. The Impedance Tube Kit Type 4206® (Briiel&Kjeer) used for acoustical investigations.

Acoustic measurements were made with two 1/4" Pressure-field Condenser Mi-
crophones Type 4187® (Briiel&Kjeer Sound and Vibration Measurement A /S, Neerum,
Denmark), which are supplied with a tube kit and are specially designed to reduce errors
due to pressure leakage at high frequencies.
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Data acquisition and primary processing were managed with the software platform
PULSE Acoustic Material Testing Type 7758® (Briiel&Kjeer Sound and Vibration Measure-
ment A/S, Neerum, Denmark). Advanced computational developments were performed
using a set of Matlab®R2018b (MathWorks, Natick, MA, USA) based applications.

3. Results
3.1. Cellulose-Based Foam Formed Samples with Xylan-Based Treatments

According to the methods presented in Section 2.2 and using the raw materials pre-
sented in Section 2.1, two types of resinous fibers cellulose-based foams were made: one
type with a 43 °SR beating degree and another with a 60 °SR beating degree. Micropho-
tographs within Figure 3 depict the micro-fibrous structure of external surfaces for each
sample type. These images were acquired using optical microscopy technique, with
transmitted dead white light, based on DELTA Optical Three-Ocular Microscope model
SZ-450T® (Delta Optical, Minsk Mazowiecki, Poland), and Bresser MikrOkular Full HD
Digital Camera® (Bresser GmbH, Rhede, Germany). Each image provides a dimensional
grid, suitably marked on the picture and gained by a standard calibration grid lamella.

Figure 3. Optical micro-photographs of cellulose-based foam-formed samples surface: (a) foam based
on long fibers with 43 °SR beating degree; (b) foam based on long fibers with 60 °SR beating degree.

The samples with applied xylan-based surface treatments were depicted in Figure 4,
where the sample codes have the following meanings: (43, 60)/(1, 2, 3)—base foam with
43 or 60 °SR beating degree and treatment with native xylan (1), AKD hydrophobized
xylan (2), and acetylated xylan (3). The pictures in Figure 4 were acquired just after the
xylan spraying procedure.

Figure 4. Photo of wet-state samples just after the xylan-based treatments (see text for sample
coding details).
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Surface-treated samples were dried on filter paper (in order to take over the possible
xylan leakages through samples) at room temperature (approx. 22 °C) for 48 h. Dry-state
samples (ready-to-use foams) were presented in Figure 5, where sample codes have the
following meanings: FL(43, 60) PS10—Long Fiber with 43 or 60 °SR beating degree, and
4% surfactant (SDS); Xylan (1, 2, 3)—native xylan (1), AKD hydrophobized xylan (2),
and acetylated xylan (3). The image within Figure 5 also contains the reference foams
(denoted as “Basic”), enabling a comparative analysis between samples with and without
surface treatments.

Figure 5. Photo of dry-state samples 48 h after the xylan-based treatments (see text for sample
coding details).

In order to enable the analyses of xylan—foam interactions and the effects of treatment
on the foam structure, a longitudinal section on samples was considered. Thus, a thin slice
of 4 mm thickness was cut from each sample. These sectional samples were analyzed with
both reflected and transmitted dead white light (without optical magnification) and with
optical transmitted light microscopy.

The results are depicted in Figure 6 for 43 °SR beating degree basic material and
Figure 7 for 60 °SR beating degree basic material. For each microphotograph, an etalon
scale (enabled by a standard calibration grid lamella) was suitably marked on the picture.

3.2. Static Water Contact Angle

A set of snapshots within the contact angle evaluation procedure is presented in
Figure 8, where the droplet on the sample surface can be observed, with marked left/right
estimated angles through the image processing with data interpolation correlated proce-
dure) and the angle distribution chart. The significance of each image is mentioned in the
figure caption. According to the samples within Figure 8, Table 1 systematically presents
values of each angle, average angle, and RMS errors of the estimation procedure (sample
codes in Table 1 have the same meaning as those in Figure 5 (see Section 3.1)).
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(ad) (b4) (c4)

Figure 6. Images of longitudinal sections into samples based on 43 °SR beating degree: (a) photo on
reflected light; (b) photo on transmitted light; (c) optical microphotograph of xylan—material interface
(transmitted light, etalon scale marked on picture); (1) basic samples without xylan surface treatment;

(2) samples with native xylan surface treatment; (3) samples with AKD hydrophobized xylan surface
treatment; (4) samples with acetylated xylan surface treatment.
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(c1)

(b2)

(a) (bd) (c4)

Figure 7. Images of longitudinal sections into samples based on 60 °SR beating degree: (a) photo on
reflected light; (b) photo on transmitted light; (c) optical microphotograph of xylan—material interface
(transmitted light, etalon scale marked on picture); (1) basic samples without xylan surface treatment;
(2) samples with native xylan surface treatment; (3) samples with AKD hydrophobized xylan surface
treatment; (4) samples with acetylated xylan surface treatment.
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Figure 8. Snapshots within contact angle procedure for samples: (a) FL43PS10 with native xy-
lan; (b) FL60PS10 with native xylan; (c) FL43PS10 with hydrophobized xylan; (d) FL60PS10 with
hydrophobized xylan; (e) FL43PS10 with acetylated xylan; (f) FL60PS10 with acetylated xylan.

Table 1. Values of contact angle for all samples xylan-based treated.

0.4

Sample * Left Angle (°) Right Angle (°) Average Angle (°) Left RMSE ** Right RMSE **
FL43PS10/xylan 1 47.46 43.34 454 0.89234076 0.968734416
FL60PS10/xylan 1 45.98 48.67 47.32 0.45422208 0.476735329
FL43PS10/xylan 2 49.47 53.17 51.32 0.81973641 0.772447342
FL60PS10/xylan 2 56.17 55.06 55.61 0.58340201 0.430664096
FL43PS10/xylan 3 59.61 57.3 58.45 0.52365381 0.441699407
FL60PS10/xylan 3 59.02 62.16 60.59 0.69721882 0.628683974

* See text for samples coding details; ** RMSE: Root Mean Square Error.
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3.3. FT-IR Analysis

The FT-IR spectral transmittance diagrams of xylan and xylan derivatives are pre-
sented in Figure 9. Compared with native xylan, the structural spectra of xylan derivatives
indicated the presence of absorption peaks at 1746 cm~!, which are associated with C=0O
vibration stretching from acetyl and —COOH groups, and the vibration stretching charac-
teristic absorption peaks of 3-ketone ester bond formed between xylan hemicelluloses and
AKD within 1602 cm ™! and 1733 cm~! (please see details in Figure 9b,c).
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Figure 9. FT-IR spectra of softwood native xylan, acetylated xylan, and hydrophobized xylan:
transmittance spectra of whole samples (a); detailed views with marked peaks (b,c).

3.4. Noise Insulation Characteristics

The investigations related to the noise insulation capability of xylan-based surface-
treated foams were performed following the acoustic absorption coefficient, the acoustic
reflection coefficient, and the surface acoustic impedance, with all of these supposing the
normal sound incidence (according to the international standards and the experimental
setup (see Section 2.5)). The raw data gained by experimental investigations were post-
processed and managed using a Matlab®-based application in order to enable and facilitate
comparative analyses between different categories of data.

Graphs in Figure 10 present the results related to the acoustic absorption coefficient
with respect to the frequency range enabled by the impedance tube. Diagrams were
grouped by the basic material, such as 43 and 60 °SR beating degree, and reference
petroleum-based materials. In the same manner, the results related to the acoustic re-
flection coefficient are presented in Figure 11.
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Figure 10. Acoustical absorption coefficient: (a) FL43PS10 basic material; (b) FL60PS10 basic material;
(c) reference materials.

Taking into account the previous grouping rule (FL43PS10, FL60PS10, and reference
materials), the surface acoustic impedance is presented in Figure 12 in terms of the magni-
tude (using a vertical semi-logarithmic scale representation) and angle.
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Figure 11. Acoustical reflection coefficient: (a) FL43PS10 basic material; (b) FL60PS10 basic material;
(c) reference materials.
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Figure 12. Surface acoustic impedance at normal sound incidence in terms of magnitude and
angle: (a) FL43PS10 basic material—impedance magnitude; (b) FL60PS10 basic material—impedance
magnitude; (c) reference materials—impedance magnitude; (d) FL43PS10 basic material —impedance
angle; (e) FL60PS10 basic material—impedance angle; (f) reference materials—impedance angle.

A comparative analysis of the effect induced by xylan-based treatments on the sound-
proofing ability of cellulose foams can be performed using the peak distribution of the
acoustic absorption coefficient. Hereby, the maximum value and its corresponding fre-
quency for each graph within Figure 10a,b is provided in Table 2.
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Table 2. Peak values of acoustic absorption coefficient («) with respect to the frequency.

CF Material * Parameter

Surface Treatment

No Xylan Xylan1* Xylan 2 * Xylan 3 *
Freq. (Hz) 3528 840 704 808
FL43PS10 o« 0.8131 0.7902 0.5384 0.5856
Freq. (Hz) 792 5368 1248 1040
FL60PS10 o 0.7887 0.4325 0.6277 0.7029

* CF: Cellulose-based foam; Xylan 1: native xylan; Xylan 2: hydrophobized xylan; Xylan 3: acetylated xylan.

4. Discussion

By analyzing dried samples photos in Figure 5, it can be observed that xylan treatments
penetrate the foam based on cellulose fibers much more, with a low beating degree (between
40% for native xylan and 60% for acetylated xylan, of sample high), comparative with the
foams from high beating degree cellulosic fiber (between 60% and 70%).

These aspects are also present on the sample kernel and become visible on the longitu-
dinal section slices (please see photos in Figures 6 and 7). Micrographs in Figures 6 and 7
show the way that xylan penetrates the porous structure of the foam and fills the pore
between cellulose fibers, as well as the depth of this penetration. It was observed that an
increase in the depth at the same time as native xylan, hydrophobized xylan, and acetylated
xylan were applied. Thus, the xylan derivatives intensively fill in the pores, and this fact
can affect the noise insulation ability of treated foam, especially for high frequencies, but
it is able to increase this ability for low—-medium frequencies. On the other hand, they
increase the surface structure integrity and decrease the wettability of the surface. The
slice photos qualitatively indicate that acetylated xylan treatment is able to provide better
functional properties than the hydrophobized xylan, both exceeding the capability of native
xylan-based treatment.

An additional indicator of changing wettability can be provided by the static water
contact angle. Values within Table 1 enable a quantitative view of the ability of xylan-based
surface treatments to decrease foam wettability. The hierarchy (native, hydrophobized,
acetylated) of xylan, in order to improve the hydrophobicity of samples, can also be
observed in snapshots in Figure 8. But, the average angle values (see Table 1) clearly supply
this order and reveal that foams based on 60 °SR beating degree fibers overrun those with
lower beating degree. This aspect can be justified by the relative length of cellulose fiber
and different fine percentages between the two raw fiber components.

Taking into account the main goal of this research, it has to evaluate the new sound-
proofing abilities of surface-treated samples in order to identify and characterize changes
produced by the xylan fill-in effect. The main aspect is provided by the acoustic absorption
coefficient (see diagrams in Figure 10). Let us talk distinctively about the two groups of
foams.

Thus, the group based on FL43PS10 basic material presents the following charac-
teristics: (a) all treatments shift the frequency peak to the lower values (under 1000 Hz)
compared with the basic foam sample; (b) all treatments decrease the absorption ability
for medium-high frequencies (beyond 2000 Hz), but provide an approximately constant
value (x = 0.4-0.6, depending to the treatment type); (c) native xylan presents smallest
changings; (d) hydrophobized xylan presents the worst solution because of its major de-
creasing of absorption ability; (e) acetylated xylan presents a relative constant characteristic
(x =2 0.45-0.50) for the whole frequency range, and, by demonstrating the better perfor-
mances related to the wettability, this treatment represents the better solution for this
foam type.

On the other hand, the group based on FL60PS10 basic material presents different
characteristics as follows: (a) all treatments reject the frequency peak around 2000 Hz;
(b) native xylan substantially decreases the absorption ability for the entire frequency range
and, thus, represents the worst solution; (c) hydrophobized xylan slowly decrease the
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absorption, especially for high frequencies (greater than 3000 Hz); (d) acetylated xylan
practically maintain the same characteristic trend than the surface untreated foam sample,
thereby representing the better solution for this type of foam. By combining the acoustic
absorption specificities of the two groups and supposing the previously presented wetta-
bility characteristics of each treatment type, it is shown that (a) native xylan can be used
for low-level beating degree cellulose fibers but does not enable enough hydrophobicity
contribution; (b) hydrophobized xylan represents a good choice for high-level beating
degree cellulose fibers, especially for medium frequencies between 1000 and 5000 Hz;
(c) acetylated xylan provide better treatment alternative at the same time with the increase
in beating degree.

Compared with petroleum-based materials, good acoustic absorption performances
of cellulose fiber-based foams (with or without surface treatments) are evident (please see
diagrams within Figure 10). This fact and the previously presented specificities clearly
result from the overlapped charts in Figure 13.
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Figure 13. Comparative analysis of acoustic absorption coefficient (see text for coding details).

The relative decrease in absorption ability for treated samples, with respect to the
basic foam structural characteristic and xylan derivatives, can be explained by a decrease
in near-surface void number (through the xylan fill-in effect) and an increase in acoustic
reflection coefficient. Thus, diagrams within Figure 11 clearly show this aspect. Addi-
tionally, the overlapped charts in Figure 14 reveal that commercially petroleum-based
materials present maximum reflection abilities compared with cellulosic foams, but surface
treatments increase, more or less, this foam’s ability (to the absorption detriment). A good
choice of acetylated xylan-based treatment also results from the comparative diagram of
the acoustic reflection coefficient (see Figure 14).
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Figure 14. Comparative analysis of acoustic reflection coefficient (see text for coding details).
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The diagrams of surface acoustic impedance at normal sound incidence (Figure 12)
highlight previously presented aspects, especially in terms of impedance magnitude
(impedance angle diagrams reveal the changes within magnitude evolutions). Greater val-
ues of petroleum-based materials’ impedance sustain the concluding remark that cellulose
foams (with or without surface hydrophobicity treatments) enable good acoustic absorption
properties compared with these large-scale used materials in soundproofing applications.

5. Conclusions

The authors developed three types of surface-treated cellulosic foam-formed materials
based on native xylan and xylan derivatives in order to acquire a potential consistent
enhancement of foam hydrophobicity property. This improvement enables the materials to
be incorporated into practical applications within the area of noise insulation.

The results reveal that acetylated xylan provides optimal performances in terms of
both maintaining the noise insulation capability at a suitable level and decreasing the
wettability of the basic foam to a serviceable acceptable level, according to the practice
requirements. Hydrophobized xylan presents a selective application range with respect to
the raw cellulosic fibers’ characteristics and the incident noise frequency domain. On the
other hand, native xylan does not strictly present a practical relevance due to its lowest
capacity regarding the wettability protection of the external foam surface.

Future investigations will be performed in order to identify and evaluate other practi-
cal, suitable, and environmentally friendly solutions for surface treatments of cellulosic
foam-formed materials with the highest performances in both soundproofing and addi-
tional required functional properties.
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Abstract: Enzyme-treated cellulose nanofibrils (CNFs) were produced via a lab-scale mass colloider
using bleached kraft pulp (BKP) to evaluate their processability and power requirements during
refining and spray-drying operations. To evaluate the energy efficiency in the CNF refining process,
the net energy consumption, degree of polymerization (DP), and viscosity were determined. Less
energy was consumed to attain a given fines level by using the endoglucanase enzymes. The
DP and viscosity were also decreased using the enzymes. The morphological properties of the
enzyme-pretreated spray-dried CNF powders (SDCNFs) were measured. Subsequently, the enzyme-
pretreated SDCNFs were added to a PP matrix with MAPP as a coupling agent. The mixture was then
compounded through a co-rotating twin-screw extruder to determine whether the enzyme treatment
of the CNFs affects the mechanical properties of the composites. Compared to earlier studies on
enhancing PMCs with SDCNF powders, this research investigates the use of enzyme-pretreated
SDCNF powders. It was confirmed that the strength properties of PP increased by adding SDCNFs,
and the strength properties were maintained after adding enzyme-pretreated SDCNFs.

Keywords: enzyme treatment; cellulose nanofibrils; spray-drying; polypropylene

1. Introduction

The major chemical components of natural fibers are cellulose, lignin, and hemicel-
lulose. Cellulose, the most abundant polymer on earth, is organized into microfibrils of
amorphous and strongly hydrogen-bonded crystalline regions (x-cellulose) [1]. Cellulose
contains {3 (1, 4)-linked glucopyranoside monomer units, predominantly located in the
secondary cell wall [2]. The three hydroxyl groups on the glucose monomer are attributable
to hydrogen bonding among the fibers [3]. The micrometer-sized cellulose can be manufac-
tured into nanometer-sized cellulose by mechanical, chemical, and biological treatments [4].
The generated higher specific surface area with an increased number of hydroxyl groups
on each nanofiber leads to an increase in hydrogen bonding, resulting in creating a strong
network within the fibers [5].

Cellulose nanofibrils (CNFs) manufactured through mechanical treatment via grind-
ing, refining, and/or homogenization are the most cost-effective production methods
and have a very high production rate compared to other methods [6]. Therefore, CNFs
are widely used as reinforcing fillers in thermoplastic matrix composites to increase the
mechanical properties [7]. However, CNFs have a relatively bigger width and longer
fibrils which result in a broad fiber size distribution compared with cellulose nanocrystals
(CNCs). Therefore, high energy consumption is required to defibrillate pulp fibers to
smaller sizes [8]. Many researchers are actively conducting research to produce CNFs more
economically [9].

Conventionally, the bleaching chemicals used in pulping before the refining process
eliminate lignin and hemicellulose that act as binding agents between cellulose fibrils, lead-
ing to the reduction of refining efficiency [10]. Moreover, TEMPO-oxidation, carboxylation,
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and sulfonation are widely used to reduce the energy consumption in the refining process;
however, those chemical methods are harmful to the environment [11-13]. Enzyme pre-
treatment includes using endoglucanases, cellobiohydrolases (CBHs), and 3-glucosidases
(BGs), which are well-known environmentally friendly methods for the reduction of re-
fining costs as biodegradable cellulases are neutral and produce no emissions of harmful
chemicals [14]. Endoglucanases are the primary enzymatic pretreatment for CNFs among
other enzyme treatments. Endoglucanases specifically cleave the cellulose (3-1, 4 linkages in
the amorphous regions without affecting the crystalline regions. This leads to a reduction in
fiber length and an increase in crystallinity, while preserving the mechanical properties of
polymer matrix composites (PMCs). Because of their features, many researchers have used
endoglucanases as an aid in fiber defibrillation for high efficiency during the production of
cellulose nanofibrils [15-18].

Polymer matrix composites (PMCs) are composed of plastic matrices and reinforce-
ment additives [19]. Polypropylene (PP) is a very common commodity thermoplastic, and
it has been widely applied in the automotive and packaging industries because of its ad-
vantageous properties such as low price, good processability, resistance to weathering, and
recyclability, which make PP accepted worldwide with a demand of over 21 million pounds
per year [20,21]. Inorganic reinforcing materials including glass, carbon, and aramid fibers
are commonly used in the PP matrix to increase its mechanical properties [22,23]. However,
compared to conventional inorganic fillers, natural fibers have many significant advantages
including biodegradability and relatively high tensile strength. Particularly, a significant
enhancement of thermal and mechanical properties occurs with the addition of a small
amount of CNFs into the polymer matrix [24]. However, the aqueous slurry CNFs are chal-
lenging to use in the manufacturing PMCs industry using the current melt compounding
processes [25].

Spray drying is a fast, simple, cost-effective, and scalable method, so it is used in
various industries including pharmaceutical, food, and chemical manufacturing [26,27].
Furthermore, SDCNFs have been reported to have higher thermal stability and superior
crystallinity index than fibers dried by other drying methods including air-drying, oven-
drying, freeze-drying, and supercritical-drying [28-32]. Spray-dried cellulose nanofibrils
(SDCNFs) have the property of excellent dispersion and distribution in the plastic matrix
attributable to their micrometer size with the spherical shape of individual particles [33].
There are typically three different atomizing techniques: a rotary disk atomizer, two-fluid
nozzle, and ultrasonic atomizer [34]. Among the three different spray-drying techniques,
the pilot-scale rotary disk atomizer offers a larger capacity and improved drying efficiency
compared to the other two techniques scaled for laboratory use, attributable to its centrifu-
gal technology that minimizes feed blockage [35]. In a pilot-scale rotary disk atomizer, the
feedstock in liquid suspension is transported into the atomizer by a feed pump. The hot
air and the centrifugal energy generated by the rotating disk atomizer are delivered to the
suspensions. The disintegration of the liquid film results in the formation of droplets by the
centrifugal force, and the water in droplets is evaporated, creating dry particles. After the
disintegration of liquid film into the formation of droplets, the droplets evaporate, creating
dry particles. The resulting particles collide with the surface of the cyclone, leading to a
loss of kinetic energy and causing the particles to fall into the collector [36-38].

A serious problem of natural fiber use with non-polar polymers is the polar hydroxyl
groups on the surface of the fibrils that are incompatible with most plastic matrices [39].
Furthermore, it is believed that the agglomeration of cellulose occurs because of the in-
compatibility between filler (hydrophilic) and matrices (hydrophobic) as the hydrophilic
cellulose fibers can be agglomerated together by the hydrogen bonding among fibrils.
Chemical modification on the fibril surfaces can make them hydrophobic, resulting in
improved interfacial bonding between PMCs and reinforcing fillers materials [40]. The use
of maleic anhydride-grafted polypropylene (MAPP) leads to an increase in the interfacial
bonding between fibers and the PP matrix. MAPP can be bonded with the hydroxyl group
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of cellulose by esterification or hydrogen bonding. At the same time, the PP tail on the
MAPP becomes entangled with the melted polypropylene matrix [41,42].

In this research, the net energy consumption, the degree of polymerization (DP), and
the low shear viscosity of enzyme- and non-treated CNFs were compared, and they were
also compared based on enzyme dosage. The morphological and size analyses of SDCNFs
dried from enzyme- and non-treated CNFs were compared. To determine the effect of the
enzyme-pretreated SDCNFs on the PP matrix, the enzyme- and non-pretreated SDCNF
powders were used as a reinforcing filler in a PP matrix, and the MAPP was used as a
coupling agent between two materials, followed by comparing the mechanical properties
of two composites. Compared to previous studies that explored the enhancement of PMCs
with the incorporation of SDCNF powders, this research evaluates the effects of using
SDCNF powders derived from enzyme-treated CNFs instead of non-treated CNFs. It
also examines the relationship between the degree of polymerization (DP) and particle
production. By reducing the manufacturing cost of CNFs and the subsequent production
cost of SDCNFs, we believe this material is viable for use in commodity products and the
interior components of the automotive industry.

2. Materials and Methods
2.1. Enzyme-Pretreated CNFs Production

The enzyme pretreatments and CNFs production were conducted by the Process
Development Center (PDC) at the University of Maine, Orono, ME, USA. CNFs were made
using bleached softwood kraft pulp (BSK) (US Patent, US 20170073893A1), after enzyme
pretreatment. The enzyme used in this work was pure endoglucanase purchased from
FiberCare (Novozymes, Kalundborg, Denmark), and the enzyme activity is 4500 ECU/g.
The pretreatments were conducted at two enzyme levels—Low: 0.05% or High: 0.5%—as a
percentage of the oven-dried pulp weight. Before addition to the pulp, the enzyme was
diluted at a 3:40 ratio with DI water, and the pulp was diluted with the enzyme solution and
water to the final treatment consistency of ~4%. The temperature was maintained at 50 °C
throughout the treatment by placing the treatment container in a circulatory water bath,
and the pulp was constantly mixed with a standing mixer at 1000 rpm. pH was adjusted to
5.5-6.5 by adding 10% H,SO4 solution as needed. The pulp was held at temperature for a
1 h treatment period. After treatment, the enzyme was denatured by heating the slurry at
90 °C for 25 min. In a representative experiment, 85 g of oven-dried bleached softwood
kraft pulp (2219 g slurry at 3.83% consistency) was placed in a container in the water bath.
The slurry was stirred until its temperature reached 50 °C. Prior to enzyme addition, the
pH of the slurry was adjusted to 6.2. Then, 6.07 g of diluted enzyme solution was added
(0.5% enzyme dose) and stirred continuously for one hour. After the treatment time, the
mixture was denatured. The enzyme- and non-treated pulps were processed into CNF
suspensions by using a mass colloider (Masuku Super, Model MKCA®6-2, Tokyo, Japan) at
1800 rpm using ‘fine” plates (MK-E6-46-DD). The pulps were diluted to 1.5% consistency by
adding tap water. The pulp was then processed through the mass colloider in a single-pass
fashion, repeating until the pulp was fibrillated to low (~50%), medium (~80%), and high
(~95%) fines content.

2.2. Determination of Fines Level and Energy Consumption

In this study, the fines content (level) of CNF suspensions was reported based on
the percentage of under 200 um length fibers in the total amount of fibers [43]. The fines
content was measured via the MorFi Fiber Analyzer (TechPap, Gieres, France), and the
measurement was made using two cameras that measured the fibers in a 50-micrometer-
wide chamber and then delivered the data to the software. The net energy consumption
was measured by monitoring the consumption of electricity during the grinding process.
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2.3. Characterization of Enzyme-Pretreated CNFs

The low shear viscosity of enzyme- and non-treated CNF suspensions were measured
via a Brookfield viscometer with spindle #64 at 100 RPM. The degree of polymerization (DP)
was estimated based on the intrinsic viscosity according to TAPPI Test Method T237cm-98.
DP was calculated by the Mark-Houwink-Sakurada equation [44]:

) = K-DP"
*1 is the intrinsic viscosity; *K and a are the Mark Houwink parameters: K = 2.28, a = 0.76.

2.4. Spray Drying
Cellulose nanofibrils (CNFs) in dry powder form were produced by utilizing a pilot-

scale spray dryer. The drying conditions are listed in Table 1. The solids content of all
samples was set to 1.5 wt.% before they were spray-dried.

Table 1. Conditions of spray drying.

Spinning Feeding

Conditions T f:leto C T?::tle: C I,;Fgm Ho:,lée Disk, Rate, SAlr Eal(:/
P emp emp, RPM kg/h peed, %
248 123 117 30,000 17 85

2.5. Composite Manufacturing

The following two polymers were used as a matrix and coupling agent for the
formulation: polypropylene (PP) (Pro-fax 6525, LyondellBasell, Rotterdam, The Nether-
lands); maleic anhydride modified homopolymer polypropylene (MAPP) (Polybond 3200,
Lawrenceville, GA, USA). SDCNFs-reinforced PP composite was melt-compounded using
a co-rotating twin-screw extruder (C. W. Brabender Instruments, South Hackensack, NJ,
USA). The extruder process parameters were 180 °C across the heating sections with an
extrusion speed of 50 rpm. The composite extrudate passed through a two-nozzle die with
a nozzle diameter of 2.7 mm. Cooled extrudates were ground using a granulator (Hellweg
MDS 120/150, Hackensack, NJ, USA). A masterbatch compounding process was used in
this research to improve the dispersion and distribution of filler within the PP matrix. Ta-
ble 2 shows the compounding conditions of treated and non-treated SDCNFs-reinforced PP
composites. The MAPP ratio was fixed to 5 wt.%, and the PP ratio was changed according
to the SDCNEF ratios of 5 wt.% and 10 wt.%. For the masterbatching process, the input
contents of SDCNFs, MAPP, and PP were 50%, 25%, and 25%, respectively, in the first
compounding, followed by adding the neat PP to dilute the masterbatch in the second
compounding. The input contents of neat PP and produced masterbatch were 60% and 40%,
respectively, as listed in Table 3. The PP composites with 5 wt.% of SDCNFs added were
not affected by the masterbatch, so the masterbatch was applied only in the PP composites
filled with 10 wt.% of filler content. An injection molder Model #50 “Minijector” with a
ram pressure of 2500 psi at 200 °C was used to produce specimens according to ASTM D
638, D 790, and D 256 for tensile, flexural, and IZOD impact tests, respectively.

2.6. Morphological Properties of SDCNFs Powders

The SEM images of SDCNFs were obtained via the Hitachi Tabletop Microscope SEM
TM 3000 (Hitachi High-Technologies Corporation, Tokyo, Japan). SDCNF powders were
placed on the SEM stub covered with carbon tape using a lab scoop. Air flow was then
used to secure minor particles to the carbon tape. The set accelerating voltage was 15 kV
and various magnifications were adjusted automatically. The particle size distribution
was measured via a laser diffractometer Mastersizer 2000 (Malvern, Worcestershire, UK).
One gram of SDCNF powders was placed on the tray in the Scirocco 2000 attachment
(Malvern, Worcestershire, UK), and the powders were analyzed with a particle refractive
index of 1.53 [45]. The aspect ratio and circularity of SDCNFs particles were measured
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via a Morphologi-G3-ID morphologically directed optical microscope system (Malvern,
Worcestershire, UK). The following two equations are Circularity and Aspect Ratio:

2x+/71 X Area

ircularity =
Cireularity Perimeter
Width
Aspect Ratio =
spect Ratio Length

Perimeter (um): Actual perimeter of particle; Area (um?): Actual area of a particle in square
microns [46].

Table 2. Polymers and SDCNFs powder formulation (wt.%).

No. Composite PP SDCNFs MAPP

1 Neat PP 100 0 0

2 (non—eCr?zn;fr?elzilfzated) %0 > >

3 (noni?lrzl;l;(r)lle%?ré;ted) 8 10 5

4 (enli;fr}:erf}ci;:{oed) %0 > >

° (enzymeested 55 10 5

Table 3. Masterbatch formulation (wt.%).

1st Compounding Formulation 2nd Compounding Formulation SDCNFs MAPP
SDCNFs50%:MAPP50%:PP25% Masterbatch40%:PP60% 10 5

2.7. Mechanical Properties of SDCNFs-Reinforced PP Composite

Tensile strength and MOE were performed according to the ASTM D 638-10 stan-
dard [47] and under a displacement control loading with a speed of loading of 5 mm /min.
An extensometer was employed to determine the elongation of the specimens. Flexural
strength and MOE were performed according to ASTM D790-10 [48] and under a displace-
ment control loading with a speed of 1.27 mm /min. Izod impact strength was measured
according to ASTM D256-10 [49] using a Ceast pendulum impact tester (Model Resil 50B).
Notching was produced on the impact specimens using a Ceast notch cutting machine.

3. Results and Discussion
3.1. Effect Enzyme Pretreatment on Energy Consumption

Figure 1 shows the net energy vs. fines curves for the enzyme- and non-treated CNF
suspensions. The enzyme-treated pulps required much less energy by up to 64% to reach
a 90% fines level than non-treated pulp, and the difference in net energy consumption
between the two enzyme dosages was insignificant. The net energy consumption after
enzyme treatment was lowered to 70% and 77% compared to the non-treated pulp at the
80% fines level after adding 0.05% and 0.5% enzyme doses, respectively. The reduction rate
of energy consumption was the same as 63% at the 90% fines level for two enzyme doses.
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Figure 1. Energy vs. fines for CNFs made from enzyme-pretreated (EZ1) bleached softwood kraft
pulp at two doses of the enzyme, 0.5% and 0.05%.

Figures 2 and 3 represent the low shear viscosity and the degree of polymerization (DP),
respectively. As fines levels increased for both enzyme- and non-treated CNF suspensions,
the viscosity increased and the degree of polymerization (DP) decreased, which is consistent
with previous research [50,51]. After the grinding process, the increased surface area and
aspect ratio of fibers can generate more hydrogen bonding and entanglement between
fibers, resulting in strong interfibril interactions. This can restrict suspension flow, leading
to increased viscosity [52,53]. DP might be decreased, attributable to the shortened fiber
length by the grinding process [54]. In addition, the change rate in viscosity increased,
while DP was consistent, as the fine levels increased. In general, longer grinding can
further increase the aspect ratio of the fiber because the reduction rate of the fiber width is
higher than that of the fiber length. The decreased fiber width with unchanged fiber length
increases the aspect ratio, increasing the viscosity change rate and decreasing the change
rate of DP [55].
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Figure 2. Low shear viscosity vs. fines for CNFs made from enzyme-pretreated (EZ1) bleached
softwood kraft pulp at two doses of the enzyme, 0.5% and 0.05%.
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Figure 3. Degree of polymerization vs. fines for CNFs made from enzyme-pretreated (EZ1) bleached
softwood kraft pulp at two doses of the enzyme, 0.5% and 0.05%.

Enzyme-treated 90% fines CNF suspensions had lower DP and viscosity than untreated
CNFs by up to 69% and 88%, respectively. DP might be decreased, attributable to the
shorter fibers resulting from the cleavage of amorphous regions in cellulose chains by the
endoglucanases [56]. In addition, the shorter fiber length by endoglucanases might lead to
decreased fiber-fiber interactions, forming a less tight network between fibers resulting in
lowered viscosity. Furthermore, the swelling effect resulting from the endoglucanase might
make fibers more flexible, leading to separate fiber bundles and reducing fiber-fiber contact
sites, resulting in a decrease in the viscosity. A 0.5% dose of endoglucanase had lower
viscosity than a 0.05% dose at entire fines levels, attributable to increased binding sites
between the fiber surface and the endoglucanase. DP of the 0.5% dose CNFs was higher by
20% compared to a 0.05% dose of endoglucanase at the lower fines levels. However, DP of
the 0.5% dose was somewhat lower than that of the 0.05% dose after 80% fines levels, and
this is likely attributable to a 0.05% dose of endoglucanase readily removing the exposed
cellulose surface chains. In contrast, the rapid removal of cellulose chains might have
occurred from the 0.5% dose [57].

It can be concluded that the net energy consumption during a grinding process to
reach the targeted fines level decreased with the reduction of viscosity and DP of CNF
suspensions attributable to the shortened fiber length and separated fiber bundles by
the endoglucanase. In addition, based on the measurement of viscosity and DP, using
0.05% of endoglucanase had enough effect to reduce the net energy consumption during
grinding. In this study, only a 0.05% dose of endoglucanase was selected for spray drying
and composite manufacture.

3.2. Production of SDCNFs Powder

Generally, fine powder spray-dried without a fibrous material might be considered
to mean high drying efficiency. In our previous research, good-quality powders without
fibrous materials were produced using a 1.5 wt.% CNFs suspension fibrillated by a pilot
scale thermo-mechanical refiner. In this research, 1.5 wt.% CNF suspensions were fibrillated
through a laboratory-scale mass colloider with a lower fibrillation performance than a pilot-
scale thermos-mechanical refiner. All produced SDCNF powders using CNF suspensions
fibrillated by the mass colloider included fine powders and fibrous materials after spray
drying. This is likely attributable to the fact that CNF suspensions manufactured through a
Masuku Super mass colloider are less defibrillated and contain many long fibers, resulting
in reduced drying efficiency. The long fibers can be entangled with each other during the
drying process, leading to a heavy accumulation of materials on the drying chamber wall
and plugging of the spinning disk atomizer holes [58].

As shown in Figure 4, the No. 20 mesh sifting screen (the medium-size U.S. Standard
mesh size with an 833 pm nominal sieve opening) was used to sift the SDCNF powders
spray-dried from enzyme- and non-treated CNF suspensions and then collect only the fine
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powders except for the fluffy, fibrous material. Figure 5 represents the SEM images of sifted
fine particles and fibrous materials. The spherical-shaped small particles were observed in
the collected fine particles. The collected fine powders from enzyme- and non-treated CNF
suspensions were used to measure the morphological properties of SDCNF powders and
their utilization as the reinforcing material in the polymer matrix.

Figure 5. SEM micrographs of sifted fibrous materials (a,b) and fine powders (c,d).

3.3. Effect of Enzyme Pretreatment on Spray Drying

A 90% fines level of CNFs suspension was used for both enzyme- and non-pretreated
SDCNFs, and the enzyme-pretreated SDCNFs included 0.05% of endoglucanase. The
collected contents of sifted fine powders in enzyme- and non-pretreated SDCNFs were
94% and 84%, respectively. It can be concluded that the spray-drying production efficiency
is improved by the enzyme treatment, producing less fibrous material. Figure 6 shows
the morphological properties and the particle size distribution of the enzyme- and non-
pretreated SDCNFs. For scanning electron microscopy (SEM), particle size distribution
(PSD), and Morphologi-G3, the subjected samples were only fine powders separated from
fibrous materials; it must be noted that the morphology and size analysis may not perfectly
represent the whole samples collected from the spray drying. The CEDs given in the chart
are the arithmetical mean values of the particle samples based on the surface area [D3.2] of
the samples, and the [D3.2] values were considered as the mean particle size of SDCNF
powders in this study [59]. The mean particle sizes of treated and non-treated SDCNFs
were 13 um and 19 um, respectively. The mean particle size of the 0.05% enzyme-pretreated
SDCNFs is slightly smaller than that of the non-pretreated SDCNFs, and this is likely
attributable to the endoglucanase reducing the DP of pulp fibers during grinding, leading
to more fine particles forming with smaller particle sizes after spray drying. In addition,
the fiber bundles might be further separated into individual fibers by a swelling effect
resulting from the endoglucanase [60]. The particle size distributions of all samples are
well matched with the scanning electron microscopy (SEM) images.

The aspect ratio and circularity of enzyme- and non-enzyme-pretreated SDCNFs were
measured via G3-Morphologi (Figure 7). The aspect ratio and circularity values lying
between 0 to 1 indicate the particles” shapes in Morphologi-G3. For example, the closer
their value to 1, the closer the shape of the circle, while the closer it is to 0 indicates a
more prolonged rod shape [46]. For the aspect ratio in Morphologi-G3, the result value
is presented reciprocal to the general result of the aspect ratio. A result value of 1 in
Morphologi-G3 means that the length and width of the fibers are the same. Overall, the
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circularity values were over 85% between 0.8 to 1, and the aspect ratio values were also
over 85% in the 0.6 to 1 range, which means that the enzyme- and non-pretreated SDCNFs

include spherical-shaped fine particle forms. However, the difference between the two
samples was insignificant.

27 81 243
Particle size, um

Volume, %

Particle size, um

Figure 6. SEM micrographs of non-enzyme-treated (a) and enzyme-treated (b) cellulose nanofibrils
with size distributions and mean CED.
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Figure 7. Morphological properties of non-enzyme-treated and enzyme-treated cellulose nanofibrils
with circularity (a) and aspect ratio (b).
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3.4. Enzyme-Pretreated SDCNFs Reinforced PP Composites

The enzyme-pretreated SDCNFs were utilized for composite sample manufacturing
to evaluate the reinforcing functionality of the CNFs in polymeric matrices. Non-enzyme-
pretreated SDCNFs denoted as control SDCNFs in this research were used as a control
group to understand the effect of enzyme treatment on the mechanical properties of PP
composites. Figure 8 shows the SEM images of 5 wt.% enzyme-treated and non-treated
SDCNFs-reinforced PP composites using fractured specimens after the impact test. It can
be confirmed that all SDCNFs were embedded in the PP matrix with good dispersion and
distribution by the masterbatch system applied using a double compounding process. The
tensile strength and tensile MOE of composites increased by adding 5 wt.% and 10 wt.%
of enzyme-pretreated and non-pretreated SDCNFs into the PP matrix compared to neat
PP; however, there was no significant difference in the increased feeding rate between
5 wt.% and 10 wt.% of fillers added. As shown in Figure 9, the maximum increased rate
of tensile strength and tensile MOE were 20% and 45%, respectively. It can be concluded
that SDCNFs were well distributed in the PP matrix, and the SDCNFs played the role of
reinforcing material properly to the plastic matrix. In addition, the interfacial bonding
between hydrophilic SDCNFs and hydrophobic PP matrix is increased by the MAPP
coupling agent. Furthermore, it was confirmed that there was no difference in tensile
properties even if enzyme-pretreated SDCNFs were added to the PP matrix. The flexural
properties showed a similar tendency to tensile properties, and the maximum increase
rate of flexural strength and flexural MOE were 7% and 45%, respectively (Figure 10). The
impact strength of 5 wt.% SDCNFs-reinforced PP composite increased, and the maximum
increase rate of impact strength was approximately 15% (Figure 11). It can be concluded
that adding the SDCNFs as a reinforcing material in polymer matrices overcomes the
reduction in impact strength attributable to the decreased fiber size with spherical-shaped
powders, which reduced the contact site between fibrils and matrices. On the contrary, the
impact strength decreased with the addition of 10 wt.% SDCNFs in the PP matrix, and
it might be attributed to the result of an excessive amount of filler embedded in the PP
matrix. Generally, it is difficult to improve the impact strength using cellulosic materials
because of intrinsic long fibrils” properties resulting in stress concentration that leads to
crack initiation in polymer matrices. The further reduction in impact strength occurred
when the coupling agent was applied because the strong interfacial adhesion between
the fibrils and matrix reduces polymer mobility, and it can prevent fiber pull-outs from
the matrix, resulting in a decrease in impact strength [61-63]. There was no decrease in
mechanical properties, including tensile and flexural properties, and impact strength, even
though enzyme treatment was applied to CNFs, which is likely attributable to the result of
endoglucanase breaking the amorphous region except the crystalline region of cellulose.

It has been observed that the addition of a small amount of SDCNFs to the polymer
matrix in this research significantly enhances mechanical properties, a finding consistent with
previous research [33]. According to Peng et al. [33], after adding 6 wt.% of SDCNFs and 2
wt.% of MAPP into the PP matrix, the tensile strength, tensile MOE, flexural strength, and
flexural MOE increased by up to 11%, 36%, 7%, and 21%, respectively, compared to the neat
PP. In Peng et al., the increase in tensile and flexural properties was lower, and the impact
strength was higher than that of this research. The main reason for the different values of
mechanical properties might be the different spray-drying techniques used to dry the CNFs
suspension. Peng et al. used a lab-scale spray dryer, which utilized a pneumatic two fluid
nozzle (TEN) to atomize the droplets of the fluid feed [64], while a pilot-scale rotary atomizer
was used in this research. The 4 um particle size produced by the lab-scale spray dryer was
smaller than our powders containing an average of about 13 um. CNFs dried from a rotary
disk atomizer contained bigger particle sizes and more fibrous material with a higher aspect
ratio, resulting in better stress transfer between the matrix and the fibers, leading to higher
tensile and flexural properties compared to the SDCNFs dried by the lab-scale dryer [65]. In
terms of the impact strength, it is believed that the small-sized particles dried by a lab-scale
spray dryer prevented more crack initiation, resulting in a higher impact strength [33,66].
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Overall, individual SDCNF particles exceeding 10 um with a higher aspect ratio might be
more advantageous for tensile and flexural properties, whereas these larger particles are not
as beneficial for impact strength as the finer 4 pm particles.
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Figure 8. SEM images of fractured neat PP and 5 wt.% reinforced enzyme-treated and non-treated
SDCNFs-PP composites.
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Figure 9. Tensile properties of enzyme-treated and non-treated SDCNFs-reinforced PP composites.
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Figure 11. Impact strength of enzyme-treated and non-treated SDCNFs-reinforced PP composites.

4. Conclusions

In this study, an attempt to reduce the energy consumption used in the CNF grinding
process was made through an enzymatic treatment using endoglucanase. It was confirmed
that the DP and viscosity of CNFs were reduced by up to 66% and 88%, respectively, and
the net energy consumption was lowered by up to 64% at a 90% fines level, attributable to
the effect of the enzyme treatment. The enzyme-treated CNF suspensions were successfully
dried using a conventional spray dryer, and their sizes are smaller than the control CNFs
powder; even the morphologies are similar to each other. The size and morphological
differences of the CNFs between the fibrillation methods (super mass collider and disk
grinder) need to be studied in the future. The thermoplastic composite samples filled with
enzyme-treated SDCNFs showed significant increases in mechanical performance, but no
differences from that of composite samples filled with regular SDCNFs. The increase in
composite samples was up to 20% and 45% in strength and modulus, respectively. SDCNFs
are already known as effective reinforcing materials in PMCs; however, the study of enzyme-
treated SDCNFs is limited. Utilizing enzyme treatment on CNF suspensions could reduce
SDCNFs manufacturing costs, making them more viable for wider industry applications.
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Abstract: This paper examines effective and environmentally friendly materials intended for noise
insulation and soundproofing applications, starting with materials that have gained significant
attention within last years. Foam-formed materials based on cellulose fibers have emerged as a
promising solution. The aim of this study was to obtain a set of foam-formed, porous, lightweight
materials based on cellulose fibers from a resinous slurry pulp source, and to investigate the impact
of surfactant percentage of the foam mixtures on their noise insulation characterisitcs. The basic
foam-forming technique was used for sample assembly, with three percentages of sodium dodecyl
sulphate (as anionic surfactant) related to fiber weight, and a standardised sound transmission
loss tube procedure was used to evaluate noise insulation performance. Results were obtained as
observations of internal structural configurations and material characteristics, and as measurements of
sound absorption/reflection, sound transmission loss, and surface acoustic impedance. Based on the
findings within this study, the conclusions highlight the strong potential of these cellulosic foams to
replace widely used synthetic materials, at least into the area of practical noise insulation applications.

Keywords: cellulose fiber; foam-forming; surfactant; noise insulation; sound absorption; sound

transmission loss

1. Introduction

In the past 10 years, the potential of foam-formed materials based on cellulose fibers
(CF) has been harnessed in the pursuit of sustainable and environmentally friendly materi-
als and has gained significant attention [1-6]. Indeed, foam-formed materials based on CF
have emerged as a promising solution. By combining the inherent properties of CF with the
unique characteristics of foam-forming, these materials offer a wide range of applications
and demonstrate great potential in various industries [7-11].

The use of CF in noise insulation and soundproofing (NISp) applications combines
their natural properties, sustainability, and cost-effectiveness, providing an attractive solu-
tion for creating quieter and more comfortable environments [1,2,5-7,10,12-17]. Below is a
brief description of the advantages of using foams, particularly those based on CF, for NISp
applications. (i) Foams with excellent sound absorption, including CF-based foams, possess
a porous structure that effectively absorbs sound waves, reducing noise transmission; the
interconnected void spaces in foams allow for the dissipation of sound energy through
friction and air resistance [15,16]. (ii) Lightweight foams, including CF-based foams, are
easy to handle and install; this characteristic is particularly beneficial for NISp applications
as it minimizes additional weight on structures and systems [2,3]. (iii) Sustainable and en-
vironmentally friendly, CF-based foams are derived from renewable sources such as wood,
making them a sustainable choice; these foams are biodegradable and can be produced
from recycled materials, reducing environmental impact [1,4]. (iv) CF-based foams are
typically non-toxic and safe for human health; they do not release harmful chemicals or
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volatile organic compounds (VOCs) into the environment, making them suitable for use in
residential and commercial settings [6]. (v) CF-based foams have versatility and adaptabil-
ity; i.e., they can be easily shaped, molded, or cut to fit various spaces and applications;
this versatility allows customized solutions for NISp needs [5]. (vi) In addition to sound
insulation, foams have thermal insulation properties, helping to regulate temperature and
improve energy efficiency by reducing heat transfer [17]. (vii) CF-based foams can offer
cost advantages compared to some synthetic alternatives; their production cost is often
lower, making them a cost-effective option for NISp applications [10].

Ultra-light porous materials find significant applications in sound and energy ab-
sorption, thermal insulation, radiation shielding, and filtration [18-22]. Another class of
materials, namely cellulose-containing materials, has gained attention in foam forming
technology. In recent studies [7,8], a lightweight, highly porous, and three-dimensional,
shaped, cellulose-based material called foam-paper was introduced. The production pro-
cess of foam-paper shares similarities with papermaking, but offers several advantages
over traditional papermaking techniques: prevention of fiber flocculation, the presence of a
three-dimensional porous structure, and reduced water and energy consumption during
manufacturing. Foam-paper exhibits versatility and can be applied in various fields such
as insulation, packaging, filtration, and acoustics [7,9].

1.1. State of the Art in Materials Based on Cellulose Fibers and Foam Forming

The concept of incorporating foam into the papermaking process was initially pro-
posed by Radvan and Gatward [23] in 1972 and later by Smith and Punton [24] in 1974,
with an aim to enhance paper uniformity. Radvan and Gatward [23] utilized foam to
prevent fiber flocculation caused by long fibers and high pulp suspension consistency. They
introduced the Radfoam process, a foam forming technique employing a discontinuous
foam forming unit connected to a small paper machine. Another study on the Radfoam
process [25] demonstrated that Radfoam-made sheets exhibit a 20 to 30% higher specific
volume (bulk) compared to standard handsheets. In a study by Smith et al. [26] focusing on
the structure and characteristics of Radfoam-made materials, it was found that surface ten-
sion and bubble spacing within the foam significantly influence the properties of the final
product, while chemical effects were deemed insignificant. Tringham [25] and Smith [26]
further confirmed that Radfoam-produced material possesses improved uniformity, poros-
ity, and strength. More recently, Al-Qararah et al. [27] from the VTIT Technical Research
Centre of Finland investigated the impact of various parameters on bubble size distribution
in foam-formed cellulose fibers. The study revealed that increasing the rotational speed of
mixing led to a decrease in average bubble size and a reduction in air content, resulting in
an increased average bubble radius.

In response to the growing demand for sustainable and eco-friendly products, there
has been a notable rise in interest in the reintroduction of the foaming process for the
development of innovative cellulose-based materials [20,28-31]. Numerous studies have
explored the creation of lightweight porous materials using nanofibrillated cellulose (NFC)
through various methods [28-31].

In latest years, some recent studies also assessed practical aspects of foam-formed com-
posites based on CF for insulation applications. Thus, the main purpose of the study [32]
was the identification of physical, chemical, and mechanical properties of soundproofing
materials. The review [33] investigated the potential of CF-based polymeric composites
for automotive applications, and it concluded that cellulosic (natural) fiber-based poly-
meric composites offer an efficient alternative to man-made synthetic fibers within the
automotive sector. Within their research, Tauhiduzzaman et al. [34] focused on the produc-
tion of lignocellulosic foams using wood flour or thermo-mechanical pulp (TMP) fibers
bound with cellulose nanofibrils (CNFs). Multiscale modelling was proposed to predict
the mechanical properties. Hasan et al. [35] have explored various chemical modifications
of lignocellulosic fiber to make it more compatible for use as reinforcement in composite
materials. In addition, the applications of natural fiber composite were broadly discussed.
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The study [36] summarized the recent progress within the fields of preparation methods
and high-performance cellulose structural material properties. The concluding remarks
within the work of Xu et al. [37] suggests that thin layers of sustainable natural materials
such as CF can be used to significantly improve the capability of traditional porous media to
absorb noise. CF-based materials suitable for filtering, insulation, protective, and hygiene
applications can be formed/obtained using aqueous foam as a carrier phase [38-42]. The
subtle fiber—bubble interaction provides a very useful tool that can be utilized to alter
both structural and mechanical material properties. Indeed, the results within the study
by Ketola et al. [38] revealed that there was a clear variation in structure and strength
properties between the samples made using different fibers and surfactants. Following the
previous idea, the work [43] presents and discusses mechanisms that underlie the formation
process, and thus, influence physical properties of formed fiber networks. Another useful
conclusion of this work was that the foam rheology is affected by added fibers, which is
highly important to the development of foam-forming processes.

Miranda-Valdez et al. [44] concluded that foam-formed cellulose bio-composites are
a promising technology for developing lightweight and sustainable packaging materi-
als. Their results showed that organosolv lignin enhances many properties of cellulose
bio-composite foams, which are mainly required in practical applications of insulation,
packaging, and cushioning. More practically, the paper [45] systematically presents and
discusses the technical parameters that can be controlled in practice during foam-forming
processes with cellulosic materials, in order to obtain the required properties. The focus of
this analysis was on the identification of feasible solutions to compensate for decreased
strength, caused by the reduced density and poor water resistance of foam-formed cellu-
lose composites. An innovative foam/natural fiber composite was successfully developed
within the work [46]. The authors demonstrated an alternative way to produce composites
with promising enhanced mechanical properties. Moreover, the results presented into the
study [47] can serve as a basic reference for preparation of highly stable, cellulose-based
solid foams, with very good adsorption properties.

Taiwo et al. [48] have proposed an evaluation of the potential of natural fibers for
building acoustics absorbers. They have concluded two main ideas: many studies have
shown that sound absorbing composites based on natural fibers present good acoustic
properties in a high frequency range, similar to synthetic fibers, and natural fibers have
been proven as a feasible alternative to synthetic fibers for building acoustic absorbers,
thereby alleviating some sustainability issues associated with synthetics.

Cellulose fibers are a natural, environmentally friendly material often used in sound
insulation products. However, they do have some negative aspects when compared to other
commonly used polymeric materials. Here are some of the drawbacks of using cellulose
fibers in NISp applications [36,48-59]. (i) Moisture sensitivity, (ii) poor fire resistance,
(iii) pest attraction, (iv) settling and decomposition, (v) dust and allergen release and
(vi) limited applications mean that CFs may not be ideal for situations where moisture or
fire resistance is a critical concern. (vii) While CFs are a natural and renewable resource,
their production process may involve the use of chemicals and energy; thus, they have a
negative environmental impact. Additionally, the need for fire-retardant treatments can
add to the environmental impact. It is important to note that the choice between CFs
and synthetic polymeric materials for NISp depends on specific project requirements and
priorities, including cost, environmental concerns, and performance criteria.

Within the past 10 years, researchers have focused on CF-based foams, develop-
ing and analysing different types, based on various properties of CFs and additives,
and optimizing the forming process [45,58-67], in order to obtain the highest perfor-
mance for practical applications of noise insulation [58-60,64—67], shock absorption [62],
cushioning [45], packaging [45,63], and thermal isolation [61]. The investigations were
mainly conducted on experimental tests [45,58,60-67], but computational simulations were
also considered [45,59,62,64], modeling potential insulation characteristics compared to
widely-used synthetic materials.
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1.2. Aim of This Study

The goal of this study examined surfactant charges influence the fibrous structural
configuration (fibrous network) of foam-formed cellulosic materials, as they influence
sound insulation performance. In this paper, the authors have presented the experimental
results for a set of foam-formed materials based on virgin, long cellulosic fibers (resinous
fibers), using low-level beating, variable surfactant percentages, and a basic laboratory
foam-forming technique. The results were presented and discussed in terms of noise
insulation characteristics, related to fibrous network structure and specific mass. The
novelty of this study is justified by: (i) a comparative analysis of noise insulation ability, in
relation to the percentage of surfactant, (ii) a comparative analysis of results against those
of two of the most-commonly used synthetic materials, and (iii) development of a simple
and environmentally friendly formation process.

2. Materials and Methods
2.1. About Materials
2.1.1. Cellulose-Based Foam-Formed Materials

The authors had developed the porous lightweight materials in a foam medium, based
on virgin cellulose long fibers (resinous type fibers). The bleached softwood cellulose
(typically supplying 400-800 um average fiber length, with 15-35 pm diameter) has been
used as fiber source for the foam material. Cellulose fibers with 20 °SR beating degree
(according to the Shopper-Riegler method) and slurry pulp with 1.98% consistency.

The anionic surfactant used for foam forming was sodium dodecyl sulphate (SDS),
commonly utilized in commercial cosmetics production. With these basic materials (slurry
pulp and surfactant), three types of cellulose-based lightweight foams were obtained
(please see details within Section 2.2).

2.1.2. Commercial Sound Absorbers

Two different commercially available petroleum-based materials, currently used in
sound insulation, were also tested, in order to provide a reference basis for analysing
the performance of the CF-based foams. These materials include samples of expanded
polystyrene (EPS) and extruded polystyrene (XEPS) (ISOVER, Saint-Gobain Construction
Products SA (Pty) Ltd.), with specific masses presented in Section 3.1.

2.2. Methods Used for Forming Samples
2.2.1. Foam-Forming Method

Foam-formed materials based on cellulose fibers consist of a matrix of cellulose fibers
embedded within a foam structure. Cellulose fibers, derived from plant sources such
as wood, cotton, or hemp, serve as the reinforcing material. The manufacturing process
involves several stages, starting with the disintegration of the cellulose fibers into a water
suspension. This suspension is then mixed with foaming agents and additives to create
a foam-like structure. Subsequently, the foam is consolidated and dried to form a solid
material. Diagrams and pictures in Figure 1 present the main difference between water-
and foam-forming techniques, highlighting clearly the advantages of the last procedure.

The foam-forming technique is briefly described. The cellulose fibers (resinous virgin
cellulose fibers) with a pre-determined weight to obtain a slurry pulp with 1.98% con-
sistency were soaked overnight (approx. 24 h) using distillate water with 1% sodium
hydroxide (1 N concentration).

Next, the slurry pulp was mixed at high shear velocity (up to 2200 rpm) for 20 min, in
order to increase the porosity of final foam structure by air entraining (Figure 2a). During
the agitation process, a controlled percentage of surfactant (relative to the pulp weight) was
added, to produce foam. The authors proposed to analyse three types of materials with
various air contents. Hence, three different quantities of surfactant were used as follows:
2%, 4%, and 6%, relative to the fiber weight.
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Figure 1. Differences between water- and foam-forming techniques, in terms of schematic dia-
grams [45] (a) and an example of final products (b).

(b)

Figure 2. Equipment used in foam-forming procedure: (a) Mixer for homogenization of slurry pulp

and SDS; (b) Buchner funnel with vacuum pump for dewatering.

The mixture of foam and fibers in suspension were filtered and dewatered, using a
Buchner funnel (Figure 2b), with sample holder diameter correlated to the requirements of
equipment used in experimental investigations (e.g., 100, 72 and 28.5 mm). A filter paper
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was used at a sample bottom, in addition to the filtering system of the Buchner funnel, in
order to obtain a sample surface as flat as possible. The filtering was developed at a low
level of vacuum, for approx. 20 min, to insure a suitable dewatering, while maintaining the
sample structural integrity.

2.2.2. Drying Methods

After dewatering, the samples of foam material were carefully transferred, to avoid
destroying of their integrity, from the Buchner funnel to the drying table in a mould
with a specific diameter appropriate for the equipment used in acoustical investigations.
The samples were dried at room temperature (approximately 22 °C) and 50-60% relative
humidity, for 24 to 48 h.

2.3. Methods for Investigation of Noise Insulation Ability

The foam samples, obtained according to the previously described procedure, were
analysed in order to estimate the acoustic insulation capabilities, in terms of absorp-
tion/reflection coefficients, sound transmission loss, and acoustic impedance. All parame-
ters were evaluated at normal incidence.

Experimental investigations were conducted using a transmission-loss tube setup,
containing two types of conventional acoustic tubes (Kundt tubes), for samples with 100
and 28.5 mm diameters (Figure 3). The frequency ranges for each tube are (10-2000) Hz
for the large diameter tube (denoted K1 within this paper), and (100-7000) Hz for the
small diameter tube (denoted K2 within this paper). Both devices enable floating anechoic
termination and four-microphone setup configuration.

Figure 3. Transmission loss tubes used for evaluation of noise insulation ability of foams.

Based on the transfer matrix method, the “two-load” technique was adopted for all
experimental investigations, which uses two different tube loads, such as “nearly—anechoic”
and “free” terminations. Both acoustic tubes enable this requirement.

The tubes include suitable holders for the PCB-130E20 ICP® Electret Array Micro-
phone (PCB Piezotronics Inc., Depew, NY, USA) acoustic transducers. Digital acquisition
of acoustic signals was practically assured with the NI-USB-9233/ 9162%® (NI, Austin, TX,
USA) pair devices, and managed using a specific NI-LabVIEW® (NI, USA) application. A
high sampling rate (25 kHz) was used, in order to provide highest accuracy of acquired sig-
nals, and enabling a consistent/conformal computational post-processing procedure. The
computational developments were performed using a set of Matlab® R2014b (MathWorks,
USA) applications.

The measurements were developed based on the transfer function method according
to ISO 10534-2 and ASTM E1050-12 international standards for absorption coefficient and
ASTM E2611-17 for transmission loss [58,64,66].
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3. Results
3.1. Cellulose Fiber-Based Porous Lightweight Materials

The authors obtained three types of foam materials using cellulose fibers from resinous
slurry pulps with 20 °SR. Optical micrographs in Figure 4 present the internal fibrous
structure of slurry pulp before starting the foam-forming process, with few marked mea-
surements related to fiber length and diameter respectively. Photos were obtained using an
optical microscopy technique, with transmitted dead white light, based on a DELTA Optical
Three-Ocular Microscope model SZ-450T® (Delta Optical, Minsk Mazowiecki, Poland), and
Bresser MikrOkular Full HD Digital Camera® (Bresser GmbH, Rhede, Germany). Each
photo provides a dimensional grid gained by a standard calibration grid lamella.

Figure 4. Micropgraphs of slurry pulp used for foam-forming materials: (a) general view; (b) detail
view with length and diameter measurement.

Foam density is strongly related to the structure and strength of fibrous network,
which is quantified as the numbers of contacts between fibers. Foam bubbles limit the
possible localization of fibers, thus, resulting in more open pores, and also in more fiber
contacts at areas in-between the bubbles.

Micrographs in Figure 5 reveal these facts, for the three different types of samples. It
was observed that higher SDS percentage leads to larger foam-bubbles, increasing the void
between fibers, and, thereby, increasing the possibility to obtain high porosity of foam.

(@) (b) (c)

Figure 5. Micrographs of cellulose fibers in foam (wet samples, at the end of mixing process), for
different SDS percentage: (a) S1 sample with 2% SDS; (b) S2 sample with 4% SDS; (c) S3 sample with
6% SDS.

This latter remark will be validated through mass and density measurements. How-
ever, the micrographs presented in Figure 6, for a certain foam sample, reveal a porous,
fibrous internal structure in its final material (after dewatering and drying processes) com-
pared to the initial structure of slurry pulp (see Figure 4a). Photos in Figures 5 and 6a were
obtained using the same technique and equipment presented in the previous paragraph,
and photo in Figure 6b was obtained through SEM technique (using available equipment
at “Dunarea de Jos” University of Galati, RO).
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Figure 6. Internal fibrous structure of S1 sample at the end of drying process: (a) Optical micrograph;
(b) SEM micrograph.

For acoustical investigations using the normal incidence hypothesis, the quality of the
external surface is an important aspect. Thus, in Figure 7, are depicted three micrographs
related to each category of samples. It was easily observed that an improvement of surface
airy porous structure is obtained with an increasing SDS percentage.

Figure 7. Optical micrographs of the samples external surface (dry and ready-to-use samples) for:
(a) S1 sample; (b) S2 sample; (c) S3 sample.

A set of samples from each category are presented in Figure 8, where 5(1,2,3) sam-
ples denote (2,4,6)% of SDS (relative to the fibres content of slurry pulp) into the initial
foam-forming mixture, and SO is the reference sample, simply obtained by water-forming
procedure (without SDS addition).

The air content was computed for each sample, based on the initial volume of slurry
pulp and SDS and the final volume of foamed mixture (directly evaluated after stopping
of mixing process). The average values of air content, for each type of foam samples are
provided in Table 1 (where STD means standard deviation).

Table 1. Average values of air content.

Sample Inital Volume (mL)  Final Volume ! (mL)  Air Content (%) STD
S1 500 710 42 0.122
52 500 760 52 0.141
S3 500 800 60 0.135

1 Average values (20 items for each sample).
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Figure 8. A set of samples used for noise insulation investigations.

The density and mass of the foam samples were evaluated, and the values were

presented in Table 2 (table contains average values for samples S0, S1, S2, and S3). A
stochastical analysis was performed for each parameter, and the comparative results were
provided in graphical form. The stochastic parameters for sample density are depicted in
the boxplots in Figure 9, and the surface/bar plots in Figure 10 illustrate the behaviour
of statistical parameters in relation to the acquired values of density. Similarly, diagrams

within Figures 11 and 12 show the statistical parameters in relation to the mass.

Table 2. Average values of samples density and mass.

Sample EPS XEPS so’! s1! s21 s31
Density (kg/ m?) 25.000 32.000 47.9095 28.4846 27.8818 27.1249
Mass (x1073 kg) 9.969 12.760 10.183 10.265 10.322 10.366
! Average values (20 items for each sample).
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Figure 9. The stochastic diagram related to the samples density (general view for all samples, and
details of water- and foam-formed foams respectively).
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Figure 10. Statistical parameters of density in respect to material type: (a) Correlation coefficient;
(b) Covariance matrix; (c) Mean and median values; (d) Standard deviation and variance.
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Figure 12. Statistical parameters of mass in respect to material type: (a) Correlation coefficient;
(b) Covariance matrix; (c) Mean and median values; (d) Standard deviation and variance.

3.2. Noise Insulation Characteristics

The noise insulation ability of proposed materials were evaluated in terms of fol-
lowing parameters: normal incidence absorption («)/reflection (R) coefficients, normal
incidence sound transmission loss (STL), and impedance at normal incidence (Z). Whole
parameters were evaluated based on both transmission loss tubes (K1 and K2). Complex
domain parameter R has been adopted only the magnitude for this study, because this is
commonly presented in the technical literature related to comparative analyses regarding
noise insulation capabilities of different materials. However, the Z parameter, also complex,
was presented in terms of both magnitude and phase, in order to reveal the conformity
of sound spectrum evaluations. All parameters were presented with respect to frequency
(suitable for each tube’s capability). Thus, the diagrams were grouped as follows: absorp-
tion and reflection coefficients in Figure 13, STL in Figure 14, and impedance components

in Figure 15.

94



Polymers 2023, 15, 3796

Transmission Loss (dB)

35

0.35

0.3

0.25

0.2

Absorption

0.15

01

0.05

0.98

0.96

0.94

0.92

IRI

09

0.88

0.86

0.84

0.82

Normal Incidence Absorption Coefficient

— — —TK180
— TK1 51
TK1 82
— TK1 53
—— TK1 EPS
TK1 XEPS

600

800 1000 1200
Frequency (Hz)

(a)

Normal Incidence Reflection Coefficient

1400 1600 1BOO 2000

— — —TK1580
— TK1 51
TK1 52
TK1S3
TK1 EPS 1
TK1 XEPS

200 400 600 800 1000 1200 1400 1600
Frequency (Hz)

(0)

1800 2000

0.6

Normal Incidence Absorption Coefficient

Absorption
o I
o S

o
]

01

— — —TK280
— TK2 §1

TK2 52
TK2 §3
TK2 EPS
TK2 XEPS

1000

2000 3000 4000

Frequency (Hz)

(b)

Normal Incidence Reflection Coefficient

5000 6000 7000

09

~
- \\
—

0.85
4
0.8
075} | — — —TK2S0
— T2 S1
TK2 52
07 TK2 83
TK2 EPS
TK2 XEPS
0.65 I 1 ! ] ] |
1000 2000 3000 4000 5000 6000 7000
Frequency (Hz)

(d)

Figure 13. Sound absorption and reflection ability of samples at normal incidence, in terms of:
Absorption coefficient recorded in tube K1 (a) and tube K2 (b) respectively; Reflection coefficient

recorded in tube K1 (c) and tube K2 (d) respectively.
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Figure 14. Sound transmission loss characteristic at normal incidence, recorded in tube K1 (a) and
tube K2 (b) respectively.
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Figure 15. The impedance at normal incidence of sound, in terms of: impedance magnitude for
signals recorded in tube K1 (a) and tube K2 (b); and impedance phase (angle) for siganls recorded in
tube K1 (c) and tube K2 (d).

In addition to previously presented parameters, in the acoustics technical literature
another indicator is typically used, which is related to noise insulation capability, par-
ticularly for middle-range frequencies. This is known as the Noise reduction coefficient
(abbreviated NRC; introduced by W. R. Farrell in the early 1950s [68]), and this is repre-
sented by a single number, ranging from 0.0 to 1.0, which describes the average sound
absorption performance of a material. NRC is the arithmetic average, rounded to the
nearest multiple of 0.05, of the sound absorption coefficients for a specific material and
mounting condition, evaluated at the octave band centre frequencies of 250, 500, 1000, and
2000 Hz. Within this study, NRC is given as raw values (unrounded) because this research
was based on impedance tube for the noise absorption investigation, and authors have
proposed to comparatively characterize the raw materials, not within practical dimensional
and mounting conditions. The raw values of NRC, for each tube and sample type, were
presented in Table 3. A graphical representation was presented in Figure 16 in order to
facilitate comparative analysis.

Table 3. Noise reduction coefficients (NRCs) as raw, unrounded values.

Sample EPS XEPS so! s1!t s21 s31!
NRC—tube K1 0.0566 0.0432 0.1037 0.1489 0.1696 0.2231
NRC—tube K2 0.0594 0.0454 0.1099 0.1586 0.1832 0.2376

1 Average values (20 items for each sample).
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4. Discussion

The results have clearly shown a suitable foam structure for noise insulation appli-
cations; the microphotographs in Figure 5 present the initial bubble structure (wet state
during the mixing process of foam-forming process) of the proposed material, with in-
creasing percentage of SDS, inducing larger bubbles in fiber-based foam. The positive
effect of the airy wet structure can be observed in the final state of samples (see optical and
SEM micrographs in Figure 6) as they compare to the initial state of the slurry pulp (see
Figure 4a). Moreover, the surface microphotographs presented in Figure 7 clearly reveal
a porous structure for each type of material, with air content improving with increasing
SDS. In addition to the wet state air content (see values in Table 1), the density values (see
Table 2) support this concluding remark, with final air content percentages of 70, 74, and
80 for S1, S2, and S3, respectively. Statistical analyses (see Figures 9-12) highlight good
correlation coefficient matrices for the results, with very close mean and median values,
small variances and standard deviations, and a very small covariance matrix.

Based on the results within Section 3.1, it can be stated that the initial aim of obtaining
a highly porous internal structure was reached. The maximum SDS percentage was
limited by sample structural stability (based on visual investigations). Systematically,
through repeated tests with various SDS percentages, we have shown that the high level
of air-bubbles within the pulp structure had a role in the structural stability loss of the
out-of-mould sample (final stage sample, ready-to-use). The minimum SDS percentage was
based on relevant air-bubbles volumes in foam mixtures (microscope-based investigations).

Previously mentioned findings were validated through noise insulation characteristics.
The results within Section 3.2 validate the structural morphology-based remarks. In terms
of acoustical parameters, we found that the normal incidence absorption/reflection coeffi-
cients (see diagrams in Figure 13) indicated improved absorption, but poorer reflection,
with increasing SDS percentage. Even the reference sample (water-formed sample, S0)
had better absorption/reflection properties than synthetic materials (EPS, XEPS). This
aspect has been supported by the very open pore structures of the fiber-based materials,
compared to the closed structures of EPS/XEPS. A distinct increase in absorption capacity
was observed in the S3 sample (with a higher percentage of air-content), as evidenced
by its very high porosity (and tortuosity) parameter. The poor reflection coefficient of
the highly porous S3 sample (also the others fiber-based samples) can be explained by
the surface’s rugged profile (please see micrographs in Figure 7), which induces sparse
reflections, compared to the smooth surface of reference synthetic materials which enable
directional reflection. It should be noted there was a good correlation between the results
obtained from the two acoustic tubes (K1 and K2).
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Sound transmission loss (STL) at normal incidence represents another important pa-
rameter used in sound insulation characterization. Diagrams within Figure 14 show the
evolution at this parameter in respect to frequency (according to each tube’s capability).
The conclusions from these results are listed here. (i) The large tube (K1) provides relevant
information for low- and mid-range frequencies, while the small tube (K2) provides infor-
mation for a whole significant range in noise insulation practice. (ii) Overall, the S3 sample
performed better than the other foam-formed materials (52, S1; performance level decreas-
ing in this order). (iii) S1-S3 foam-formed materials, in comparison to synthetic references
(EPS, XEPS), for low-middle range frequencies, have clearly better STL performance in the
whole range. (iv) The reference, water-formed fiber-based material (S0) provided better
STL performance compared to the S3 sample, but only for low-middle range frequencies;
its other characteristics were poorer than those of synthetic reference materials (EPS, XEPS).

The proposed foam-formed cellulose fiber-based materials are able to provide compa-
rable STL performances to those of widely used synthetics.

Diagrams within Figure 15 depict the impedance characteristic of sample’s surfaces, at
normal incidence, in terms of magnitude and phase. The graphs were relatively identical in
general shape; however, detailed views of the diagrams, particularly those of the resonance
domain (randomly adopted for each graph) reveal some observations. (i) The similitude of
shape for both magnitude and phase reveals a correlation of the sample geometry according
to the acoustic transmission loss tube used for investigation. (ii) Detailed views provide
very useful information regarding damping capability of each sample, which has a direct
implication on its capacity for noise insulation. For example, it can be easily observed
that the group of foam-formed samples (51-53) enable higher damping ratios than did the
other reference samples. Within this group of samples, S1 provides better damping and
S3 has the poorest dampling. This aspect can be explained by the fiber density, which is
greater for S1 than S3, as the damping is supplied by fiber deformations. In contrast, the
S0 sample enabled a high damping ratio compared to synthetic materials, because of its
open-pore structure, which had internal mechanisms of wave propagation and pore wall
(fiber-based) deformations.

Finally, the values used for NRC computing were acquired from sound absorption
coefficient diagrams (see Figure 13a,b). Analyses of the numerical results in Table 3 and the
graphical representation in Figure 16 show a good correlation between the two acoustic
tube investigations. NRC increases with sample porosity; thus, a better NRC was provided
by the foam-formed materials compared to the reference samples, especially the synthetics.
The small differences between values computed for the two tubes are due to the different
functional characteristics of each tube, and by the homogeneity of samples. The latter also
impacts the absorption/reflection coefficients, and acoustic impedance diagrams.

5. Conclusions

The objectives of this research were met: Cellulose fiber-based, porous, lightweight
materials were obtained using the basic foam-forming technique, and preliminary re-
sults (through material and structural characterization) have shown a suitable ability for
noise insulation applications, as verified in specific acoustic investigations. The authors’
assumption that the SDS percentage influences noise insulation performances was also
experimentally tested and validated. Indeed, increasing SDS charge results in an improved
noise insulation capability thorough its porous internal configuration (with greater voids
structure and spatial distribution). Additional results obtained during the experimental
tests (e.g., dimensional and structural stability) were not directly presented into this paper
(such as discussed diagrams or tables), but were obviously included within the adopted
hypotheses for this study.

Foam-formed materials based on cellulose fibers present a sustainable and promising
alternative to conventional materials. Leveraging the mechanical properties of cellulose
fibers and the advantages of foam forming, these materials offer enhanced strength, low
density, and environmental benefits. In the future, advancements in processing techniques
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and the development of hybrid materials using cellulose fibers with other reinforcing mate-
rials, such as natural or synthetic polymers, could further expand the range of applications
and enhance the overall performance of foam-formed materials.
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Abstract: Elastic materials have a wide range of applications in many industries, but their widespread
use is often limited by small-scale production methods and the use of highly polluting chemical
reagents. In this study, we drew inspiration from research on wood softening to develop an environ-
mentally friendly and scalable approach for producing a new type of compressible wood material
called CW from natural wood. To achieve this, we employed a top-down approach using a novel
type of “ionic liquid” eutectic solvent (DES) that is cost-effective, environmentally friendly, and
recyclable. After treatment with DES, the resulting CW demonstrated good elasticity and durable
compressibility, which was achieved by removing some lignin and hemicellulose from the wood and
thinning the cell walls, thereby creating a honeycomb structure that allows for sustained compression
and rebound. However, we found that the wood treated with a single eutectic solvent showed some
softening (CW-1), although there was still room for further improvement of its elasticity. To address
this, we used a secondary treatment with sodium hydroxide alkali solution to produce a softer
and more elastic wood (CW-2). We conducted a series of comparative analyses and performance
tests on natural wood (NW) and CW, including microscopic imaging; determination of chemical
composition, mechanical properties, and compressive stress effects; and laser confocal testing. The
results show that the DES and sodium hydroxide alkali solution treatments effectively removed some
lignin, hemicellulose, and cellulose from the wood, resulting in the thinning of the cell walls and
creating a more elastic material with a sustainable compression rebound rate of over 90%. The various
properties of CW, including its elasticity, durability, and sustainability, provide great potential for its
application in a range of fields, such as sensors, water purification, and directional tissue engineering.

Keywords: wood chemistry; deep eutectic solvents; cellulose nanofiber; mechanical compressibility;
elastic porous structure

1. Introduction

Cellular materials, especially those that are hydrated, have garnered significant
research interest due to their unique characteristics. These materials have the ability to
contain water, are biocompatible and environmentally friendly, and have a wide range of
applications in various fields such as biomedicine [1,2], pharmaceutics [3], energy storage
and batteries [4,5], water purification [6], agriculture [7], and other industries. Bottom-
up approaches, such as using cellulose nanofibers [8], graphene oxide [9], and bamboo
nanofibers [10], have been popular methods for fabricating cellular hydrated materials.
However, these approaches often involve complex manufacturing processes, high energy
consumption, and the use of toxic chemicals, which can lead to unsatisfactory mechanical
properties. Despite the advantages of blending with additional components, a new
manufacturing method that is fast, clean, and efficient is needed to produce cellular
materials.

To reduce costs and improve efficiency, a top-down approach has been implemented to
manufacture cellular materials [11]. Song et al. proposed a method whereby entire blocks
of wood are used, chemicals are removed from wood cells through chemical treatment,
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and freeze drying is employed to shape them into cellular materials. However, tradi-
tional chemical treatments that utilize methods such as NaOH-Na,SO3; and NaClO,-H,O,
treatments tend to destroy the cellulose crystal structure [12]. As a result, the mechanical
properties of wood are compromised [13], leading to poor mechanical properties in the
final cellular material. Additionally, these methods can produce a lot of pollution, which is
not environmentally friendly.

Deep eutectic solvents (DESs) a new class of ionic liquid analogues, which are low-
temperature eutectic mixtures composed of hydrogen bond donors (HBD) and hydrogen
bond acceptors (HBA), such as quaternary ammonium salts and metal salts, in a certain
mole ratio. DESs are green solvents exhibiting low vapor pressure, high thermal stability,
low toxicity, and biodegradability [14]. The combined diversity of eutectic solvents allows
for adjustment of their physical and chemical properties, providing tremendous potential
for industrial applications such as electrochemistry [15], gas absorption [16], extraction [17],
and biopharmaceuticals [18]. DESs composed of choline chloride and lactic acid or oxalic
acid have been reported to be effective in removing lignin and hemicellulose from wood [16].
Lignin is dissolved in the DES system and subsequently separated, while the ability of
C-C chemical bonds in lignin remains unaffected, allowing most of the characteristics and
activities of natural lignin to be maintained [19]. Compared to traditional methods, DES
delignification treatment does not damage the cellulose structure, and the stiff cell wall
becomes more flexible [20]. DES treatment is a safe and efficient process, as it is a physical
dissolution process rather than a chemical decomposition process [21], and DESs can be
recycled after the termination of reactions. Economically and environmentally, using DES
for the delignification of wood enables the production of cellulose-based wood scaffolds,
making it a vital process.

In this study, a simple, clean, and scalable top-down approach was employed to
fabricate elastic and compressible cellulose wood (also known as elastic material) from
natural wood. The process involved treating natural wood with a DES solution to remove a
portion of lignin and hemicellulose and soften the cell walls of the wood. An alkali solution
was then used to further remove hemicellulose in the wood cell wall. In addition, chemical
treatment and freeze drying of the ice templates led to thinner cell walls of the wood that
adhered to each other, forming a honeycomb structure. compressible woodis highly porous
and can be compressed under high strain (e.g., 70%). However, natural wood is prone
to fracture and cannot fully recover to its original state after deformation. In contrast, as
shown in Figure 1, compressible wood exhibits a high degree of recoverability, almost fully
recovering to its original state even when compressed under high strain (e.g., 70%). To
analyze the treatment effect of the reagents, two different methods were employed. The first
method involved treating natural wood with DES alone, while the second method involved
treating natural wood with both DES and an alkali solution. To distinguish between the
two types of wood, the pretreated wood is referred to as NW, and the post-treated wood is
called CW. The CW-1 samples were treated with DES alone, while the CW-2 samples were
treated with both DES and alkali solution.
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Figure 1. Comparison between natural wood and compressible wood.

2. Materials and Methods
2.1. Materials

The experiment utilized ash wood (Populus tomentosa Carr.) samples with dimen-
sions of 15 x 15 x 15 mm, which were provided by Yihua Life Technology Co., Ltd. located
in Shantou, China. Anhydrous ethanol was sourced from Guangdong Guanghua Sci-Tech
Co., Ltd., Guangdong, China, while acetone was provided by Sinopharm Chemical Reagent
Co., Ltd., Beijing, China. Choline chloride (AR, 98%) was supplied by Shanghai Canspec
Scientific Instruments Co., Ltd., Shanghai, China, and lactic acid (AR, Content 85%~92%)
was obtained from Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China. Sodium hydrox-
ide (AR, 98%) was procured from Shanghai Aladdin Biochemical Technology Co., Ltd.,
Shanghai, China. All chemicals used were of analytical grade.

2.2. Experimental Procedure for Compressible Wood
2.2.1. Preprocessing

To prepare the ash wood blocks for the subsequent experiments, a preprocessing step
was conducted. First, the wood blocks were immersed in a solution of anhydrous ethanol
and acetone at a 1:1 volume ratio for 10 h to remove gums and resins in the wood. Next,
the blocks were air-dried in an oven at 102 °C for 6 h to completely remove the solvents
and any residual moisture. This preprocessing step ensured that the ash wood blocks were
clean and free of impurities that could interfere with the subsequent treatments.

2.2.2. DES Solution Treatment

To make deep eutectic solvents, chloride choline and lactic acid were mixed in a 1:5 molar
ratio, added to a beaker, and stirred with a magnetic stirrer at 60 °C until a colorless and
transparent liquid was formed. Detailed reaction equations are shown in Figure 2. Then, the
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Ash wood samples were fully immersed in the DES solution (at a mass ratio of 1:10) and
heated in a 120 °C oil bath for 5 h, resulting in DES-treated wood. Studies have shown that as
the treatment time increases and the temperature rises, more lignin is removed from wood
materials . It was discovered that DESs can be synthesized at various molar ratios of HBA
to HBD (HBA:HBD). The acid containing a hydroxyl group (such as lactic acid) is capable
of forming DESs with an HBA ratio of 1:1, while other HBAs may require a ratio of 1:2 or
more [22]. In this study, we used lactic acid as HBDs at a molar ratio 1:5; additional HBDs
may lead to the dissolution of more lignin. In this experiment, a molar ratio of 1:5 and a
high-temperature, short-duration treatment method was adopted to remove lignin while
preserving a certain level of mechanical properties of the wood blocks.

(@]
I!.I"/ Heating
+ /\/ —— > Deep Eutectic Solvent
OH OH ™~ 60°C
Cr
OH
lactic acid choline chloride
Carboxylic acid Hydrogen bond acceptor

Figure 2. Choline chloride reacted with hydrogen bond acceptor to produce deep eutectic solvents.

2.2.3. Alkaline Solution Treatment

To further modify the properties of the DES-treated wood, the compressible cellulose
wood samples were washed with deionized water and subsequently treated with a 5 wt%
sodium hydroxide solution for a 3 h reaction at 80 °C (The mass ratio of solid to liquid was
1:10), resulting in alkaline-treated wood. During this process, more lignin and hemicellulose
were removed, further enhancing the flexibility and elasticity of the wood.

2.2.4. Freeze Drying

All the samples, were prefrozen at —15 °C for 6 h, then evacuated at —56 °C for 36 h. It
is worth noting that dry compressible cellulose wood can be converted back to compressible
wood by absorbing approximately 60% of its weight in water. This was achieved by
immersing the dry compressible wood into water. The water not only penetrated the
porous cell wall but also filled in empty spaces within the compressible wood.

2.3. Characterization
2.3.1. Scanning Electron Microscopy

To observe the morphological characteristics of the sample, an FEI Quanta 200 scanning
electron microscope (SEM) was utilized with an acceleration voltage of 30 kV. First, the
natural wood and compressible wood samples were cut into small pieces using a glass
knife while maintaining the integrity of the sample structure. Next, the pieces were fixed
onto conductive carbon glue with tweezers and sprayed with gold films for 30 s using a
vacuum coating instrument. Finally, the vessels, cell walls, and cell cavities of the sample
were observed with SEM.

2.3.2. X-ray Diffraction and Fourier Infrared Spectroscopy

To characterize the molecular structure of the samples, an X-ray diffractometer (Ultima
IV, from Rigaku Co., Ltd., Tokyo, Japan) was utilized. First, all samples were crushed into
small, uniform powders, and an appropriate amount was flattened in the sample tank.
The X-ray diffractometer was then used to scan the sample with a scanning voltage of
40 kV, a scanning range of 260 = 5-60°, and a scanning speed of 10° /min. The crystallinity
index (I.) was determined using Formula (1) based on the height of the 200 peak (I2go,
26 = 22.5°) and the minimum between the 200 and 110 peaks (I, 26 = 18°). It is worth
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noting that Iygg represents both crystalline and amorphous materials, while lam only
represents amorphous material [23].

o= (200 = Tom | 5009 1)
oo

To characterize the infrared spectra of functional groups of samples, a Fourier trans-
form infrared spectrometer (VERTEX 80V, from Bruker Co., Ltd., Bremen, Germany) was
used. The method involved grinding samples into wood powder of 80 to 100 mesh, mixing
and tableting the powder with KBr, then placing it into a sample pool. The sample was
then scanned to obtain the infrared spectrum, allowing for the identification of functional
groups present in the samples.

2.3.3. Chemical Composition Content Test

To determine the cellulose, hemicellulose, and lignin contents of the samples, the labo-
ratory analytical procedure (LAP) described by the National Renewable Energy Laboratory
was employed. First, the wood powders were hydrolyzed with 72% concentrated sulfuric
acid, and the resulting solution was diluted to 4% and filtered using a G3 glass sand funnel.
The acid-insoluble lignin content was calculated by weighing the filtered residue, while
the acid-soluble lignin content was determined by measuring the ultraviolet absorbance of
the filtered filtrate. The sugar content was then analyzed by high-performance liquid chro-
matography (HPLC) after diluting the filtrate by a certain multiple. Finally, the contents of
cellulose, hemicellulose, and lignin were calculated according to Formula (2).

Mg
tent = —= x 100% 2
conten My X 2)

In the formula, Mg refers to the mass of each chemical component in the sample, and
My refers to the total mass of the samples.

2.3.4. Mechanical Performance Test

A compression test was conducted using a computer-controlled electronic universal
testing machine (AG-IC/100KN, Shimadzu Co., Ltd., Kyoto, Japan). The samples were
loaded at a speed of 2 mm/min until the compressive strain reached 70%, and the resulting
stress—strain curves were recorded by a computer. Loading—unloading cyclic compression
experiments were also performed using the same machine at 30% compression strain and
a loading speed of 4 mm/min. The data obtained from these experiments were used to
analyze the mechanical properties of the samples.

2.3.5. Laser Confocal Test

The fluorescence emission spectra of lignin were acquired using a confocal laser micro-
scope (LSM710, Carl Zeiss AG Co., Ltd., Kupferzell, Germany) by exciting the lignin with a
laser at a wavelength of 488 nm. The samples were cut into slices that were 0.5 mm thick and
placed on a slide. A cover slide was then applied, and the sample was observed under the
confocal laser microscope to obtain the fluorescence emission spectra of the lignin.

3. Results and Discussion
3.1. Morphology Analysis

Ash wood is a widely available, fast-growing tree species in China with several
advantageous characteristics, including wide adaptability, a long annual growth period,
and fast production speed. Due to these features, it was selected as the experimental
material for this study. The morphology of samples can be visualized by SEM images.
Specifically, NW mainly consists of tough wood fibers, vessels, and ray cells; the tough
wood fiber cells have a small cell cavity and a thick cell wall and are randomly distributed
among the uniform single-row xylem rays (Figure 3a,b). After DES treatment, the cellular
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structure was maintained, but cracks appeared between cells, and the cell wall collapsed
(Figure 3c,d) [20]. It is worth noting that no significant thinning of cell walls was observed,
perhaps because DES selectively removes lignin between cells and does not affect the
structural components of cell walls significantly. Upon treatment with NaOH solution,
cell walls became thinner, and adjacent cell walls stuck together, forming a highly porous
network structure.

Figure 3. Morphological and structural characterizations of NW and CW. (a,b) SEM images of NW.
(c,d) SEM images of CW-1. (e,f) SEM images of CW-2.

3.2. Chemical Structure Analysis

As shown in Figure 4a, the characteristic absorption peaks of NW are the same as
those reported in previous studies, with absorption peaks at 3327 cm~! (O-H stretch-
ing vibration), 2915 cm ™! (C-H stretching vibration), 1032 cm ™! (ether bond vibration),
1735 cm™~! (C=0 stretching vibration), 1242 cm~! (C-O stretching vibration), 1505, and
1592 cm~! (aromatic nucleus skeleton vibration). The infrared spectra presented in
Figure 4a show that a significant intensity reduction appears in peaks of CW-2 at 1735 cm ™!,
which represents hemicellulose acetyl groups, and at 1238 cm ™!, which represents the C-O
stretching vibration in lignin and hemicellulose, indicating the partial removal of hemicel-
lulose. The characteristic absorption peak strengths of lignin at 1590 and 1505 cm ™! were
also reduced, indicating the partial removal of lignin. In addition, compared with NW, the
absorption peak intensities of CW-1 at 1238 cm ! and 1735 cm ™! increased, which may be
due to the residual lactic acid in the wood.

The crystal structure of cellulose shows the characteristic diffraction peaks of cellulose
in the Figure 4b.Tthe positions of the main diffraction peaks of samples are almost the
same at 20 = 15.6° (101 plane), 22.5° (002 plane), and 34.4° (040 crystal plane), indicating
that both CW-1 and CW-2 retain the crystal structure of cellulose I [24]. As shown in
Figure 4b, CW-2 has the highest crystallinity (about 80%), followed by CW-1 (about 78%),
and NW has the lowest crystallinity of about 62%. The diffraction peak intensity of CW
increases at 20 = 15.6 and 22.5°, which may be due to the fact that after partial lignin
removal by DES and alkali solution, the cellulose chain tightly wrapped by lignin remains
basically parallel, making it easier to crystallize into cellulose type I, and under high-
temperature and acidic environment, the hydroxyl group in DES and the primary hydroxyl
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Intensity(a.u.)

group in cellulose participate in the alkylation of cellulose selectively. Additionally, the
removal of substances such as lignin, hemicellulose, and amorphous cellulose dominated
the pretreatment process, resulting in thinning of the cell wall, which is consistent with the
results presented in Figure 3 [25].

W:;lvenambt:r(cm'l ) 20(deg)

Figure 4. (a) FT-IR spectra of NW and CW. (b) XRD patterns of NW and CW.

3.3. Mechanical Performance

The compressive stress—strain curves of samples were obtained as shown in Figure 5.
The curves exhibited typical three-state behavior, with a low-strain linear elastic deforma-
tion region of less than 4%, followed by a steady-state region in which the stress between
4 and 60% strain remained relatively constant, and finally, a region where the stresses
increased sharply with strain. NW showed a significant inflection point at a strain of about
4%, indicating the onset of nonlinear elastic deformation. However, after the stress was
released, the strain could not be fully recovered, and partial plastic deformation occurred.
In contrast, CW required less stress to achieve the same strain and benefited from its honey-
comb structure and hydration network, showing rapid recovery properties when releasing
the applied pressure [26]. In contrast, it was almost impossible for NW to regain its shape
when released from the same compressive strain. To assess their fatigue resistance, the
samples were subjected to 50 load—unload cyclic compression tests at a constant strain of
30% (Figure 5). The results show that after 50 compression cycles, the height retention
rate of CW-1 and CW-2 was about 90% and 96%, respectively, indicating good mechanical
compressibility and fatigue resistance. Moreover, the plastic deformation produced by CW
was much smaller than that of NW (10% and 4%, respectively), demonstrating that CW has
superior mechanical properties over NW.

3.4. Chemical Composition Content Analysis

Wood cell walls are composed of linear polysaccharide cellulose, heterohemicellulose,
and structurally variable lignin, which are interconnected through hydrogen and covalent
bonding [27]. The cellular interlocking structure of wood is critical, and chemical treatment
and freeze drying can impact this structure. Figure 6 shows that the content of cellulose
decreased from 45.4% (NW) to 40.2% (CW-1) to 39.7% (CW-2), while the content of hemicel-
lulose decreased from 13.9% (NW) to 9.3% (CW-1) to 3.1% (CW-2). The content of lignin
decreased from 29.6% (NW) to 25.6% (CW-1) to 18.7% (CW-2). The DES treatment dissolved
and removed part of the lignin and hemicellulose and a small amount of cellulose. The
subsequent alkaline solution treatment further removed part of the lignin and hemicellu-
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lose, particularly a large amount of hemicellulose in the cell wall, which led to thinning of
the cell wall, as shown in Figure 3.
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Figure 5. Mechanical properties of NW and CW. (a) Stress—strain curves of NW and CW during
compression. (b) Height retention of NW and CW under cyclic compression with a compression
strain of 30%. (c) Compression resilience picture of NW. (d) Compression resilience picture of CW-1.
(e) Compression resilience picture of CW-2.

3.5. Confocal Fluorescence Figure

The distribution of lignin in wood is not uniform, with a general trend of lower content
at collection sites closer to the top of the plant. Lignin is concentrated in the intercellular
layer, followed by the secondary wall inner layer, and the concentration of lignin in the cell
interior is the lowest. To determine the content and location of lignin in cells, confocal laser
testing is necessary. Confocal laser imaging allows for the estimation of lignin deposition
in plant samples and provides spatial quantitative information on the relative amount and
composition of lignin [28]. Qualitative observation of the microdistribution of lignin content
can be achieved using blue light with a wavelength of 488 nm. The brighter the fluorescence,
the higher the density and concentration of lignin. Figure 7a shows that NW has the highest
brightness, followed by CW-1 (Figure 7b), and CW-2 is the darkest (Figure 7c). These results
are consistent with the chemical composition content determination shown in Figure 6.
In NW, lignin is distributed heavily in the cell wall and cell cavity. In CW-1, the confocal
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(C)

fluorescence figure shows a general dimming in brightness, indicating that some lignin
was removed. In CW-2, fluorescence intensity is barely observed within the cells, with only

a faint glow seen between the cells, indicating that lignin was almost completely removed
from the cell wall.

60

Mass percentage (%)
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Figure 6. Cellulose, hemicellulose, and lignin contents of NW and CW.
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Figure 7. Confocal fluorescence figure of NW and CW under blue light with a wavelength of 488 nm.
(a) Confocal fluorescence figure of NW. (b) Confocal fluorescence figure of CW-1. (c) Confocal
fluorescence figure of CW-2. Circles indicate the regions of interest for the analysis of the fluorescence
intensity by confocal microscopy at corresponding positions of the cells.

3.6. Thermal Property

Figure 8 shows the typical TGA and DTG curves of natural wood and compressible
wood. All curves exhibit a minor weight loss below 100 °C, which can be attributed to
water evaporation. Above 200 °C, the weight loss rate gradually increased, and a distinct
weight loss was observed between 200 and 400 °C. The first weight loss stage was due to
water evaporation, while the first degradation event occurred between 200 and 300 °C and
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can be attributed to the decomposition of hemicelluloses and the slower decomposition of
lignin. The second degradation stage above 300 °C can be attributed to the degradation of
cellulose. These findings are consistent with previously reported results [29,30].
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Figure 8. Typical TGA curves (a) and DTG curves (b) of NW and CW.

The Table 1 shows the rmogravimetric data of NW and CW. The Tax, which refers
to the temperature at which the maximum weight loss occurs during decomposition, was
found to be lower for the compressible wood compared to the natural wood. In addition,
the charcoal residue of CW-2 increased by 42.7% compared to NW. This increase in char
residue can be attributed to the removal of low-molecular-weight polysaccharides and
some inorganic matter or extractives during the compressible wood treatment process,
resulting in a lower decomposition temperature and a higher amount of char formation [31].
These findings suggest that the flame retardancy of treated wood could be improved.

Table 1. The rmogravimetric data of NW and CW.

Sample T0 (°C) Tf (°C) Tmax (°C) Residue at 600 °C(%)
NW 249.51 377.38 368.54 21.95
CW-1 212.20 367.24 355.72 18.19
CW-2 207.13 332.01 297.15 31.33

4. Conclusions

In this study, we present a top-down approach for producing long-lasting compressible
cellulose materials by chemically treating natural wood with DES and alkaline solutions,
followed by freeze drying. The chemical treatment process removes some of the lignin
and hemicellulose, which not only softens the cell walls but also causes them to adhere
to each other and form a honeycomb structure. The resulting resilient wood can be
more easily compressed and exhibits a sustainable rebound. DES is an environmentally
friendly chemical that can be recycled after use, making this approach a sustainable option.
These compressible wood materials have potential applications in fields such as sensors,
directional tissue engineering, and water purification.
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Abstract: Bacterial cellulose (BC) is a macromolecule with versatile applications in medicine, phar-
macy, biotechnology, cosmetology, food and food packaging, ecology, and electronics. Although
many bacteria synthesize BC, the most efficient BC producers are certain species of the genera
Komagataeibacter and Novacetimonas. These are also food-grade bacteria, simplifying their uti-
lization at industrial facilities. The basic principles of BC synthesis are known from studies of
Komagataeibacter xylinus, which became a model species for studying BC at genetic and molecular
levels. Cellulose can also be of plant origin, but BC surpasses its purity. Moreover, the laboratory pro-
duction of BC enables in situ modification into functionalized material with incorporated molecules
during its synthesis. The possibility of growing Komagataeibacter and Novacetimonas species on various
organic substrates and agricultural and food waste compounds also follows the green and sustainable
economy principles. Further intervention into BC synthesis was enabled by genetic engineering
tools, subsequently directing it into the field of synthetic biology. This review paper presents the
development of the fascinating field of BC synthesis at the molecular level, seeking sustainable ways
for its production and its applications towards genetic modifications of bacterial strains for producing
novel types of living biomaterials using the flexible metabolic machinery of bacteria.

Keywords: acetic acid bacteria; Komagataeibacter; Novacetimonas; bacterial cellulose; sustainable
production; agricultural waste; food waste; genetic engineering; synthetic biology; biomaterial

1. Review Contents

The Scheme 1 gives an overview of the sections covered in this review.
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Scheme 1. An overview of the sections covered in this review.
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2. Bacterial Cellulose as Featured Nanomaterial
2.1. Introduction to Bacterial Cellulose

Although cellulose is widely known, even outside the scientific community, to be the
main structural component of many plant tissues, the biosynthesis of this homopolysaccha-
ride not only takes place in plant cells, but similar anabolic reactions also occur in the world
of microorganisms [1,2]. Prominent cellulose-producing microorganisms include certain al-
gae, the Gram-positive bacterium Sarcina ventriculi, and a variety of Gram-negative genera
such as Achromobacter, Azotobacter, Pseudomonas, Rhizobium, and Salmonella [3]. Some of the
best-known producers of bacterial cellulose (BC) undoubtedly belong to the genera of acetic
acid bacteria (AAB)—rod-shaped, Gram-negative obligate aerobes classified in the fam-
ily Acetobacteraceae [4,5]. These x-Proteobacteria, capable of oxidizing alcohols, aldehydes,
sugars, and sugar alcohols to acetic acid in the presence of oxygen, are of great economic
importance [6]. In the food industry, they enable the production of vinegar, kombucha
tea (Figure 1a), and nata de coco. Due to their high productivity and rapid biosynthe-
sis, they are considered primary commercial BC-producing bacteria [7]. Two genera,
Komagataeibacter and the recently described Novacetimonas, are characterized by their tol-
erance to low pH, efficient conversion of ethanol to acetic acid, and secretion of large
amounts of BC [8,9]. Both genera occur in nature mainly as colonizers of fruits. The AAB
species Komagataeibacter europaeus, Komagataeibacter medellinensis, Komagataeibacter rhaeticus,
Komagataeibacter xylinus, and Novacetimonas hansenii are considered the best cellulose pro-
ducers among bacteria and serve as model organisms for studying BC and its applica-
tions [10-12].

Figure 1. (a) Homemade kombucha tea with a visible mass of BC; (b,c) micrographs of Komagataeibac-
ter melomenusus embedded in a cellulose network, taken with the scanning electron microscope.

Microbial cells surrounded by cellulose fibers (Figure 1b,c) form a biofilm. This
defensive layer can protect organisms from lack of water and the associated desiccation,
damage caused by ultraviolet radiation, unfavorable pH conditions, and the accumulation
of toxic substances [1]. BC is not essential for survival, but it gives the microorganisms that
produce it a competitive advantage by supporting attachment, adherence, and following
colonization of substrates [3].

Although the molecular formula of bacterial and plant cellulose is identical—both are
biopolymers composed of D-glucose monomers linked by 3-1,4-glycosidic bonds—these
two types of cellulose differ in their microfibrillar structure [13]. The Komagataeibacter can
biosynthesize two allomorphic forms of cellulose (Figure 2a) with the dominant cellulose I
allomorph, which is less stable and more crystalline, and the cellulose II allomorph, which
is thermodynamically more stable and present in a smaller proportion [14].
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Figure 2. (a) Different allomorphs of cellulose: cellulose I (top), and cellulose II (bottom) (adapted
from Ferro et al. [15] (CC BY)); (b) schematic representation of the biosynthetic BC pathway
with steps from glucose to cellulose in green (GK—glucokinase, PGM—phosphoglucomutase,
UGP—UDP-glucose pyrophosphorylase, CS—cellulose synthase).

The biosynthetic BC pathway consists of four crucial enzymatic steps when glu-
cose molecules are a carbon source (Figure 2b). These include glucose phosphoryla-
tion to glucose-6-phosphate (Glc-6-P) by glucokinase, Glc-6-P isomerization to glucose-
1-phosphate (Glc-1-P) by phosphoglucomutase, and UDP-glucose (UDP-Glc) synthesis
by UDP-glucose pyrophosphorylase [13]. The resulting UDP-Glc is a monomer that poly-
meryzes into a series of 3-1,4-glucan chains. The cell immediately secretes these chains
into the external environment, where they first self-assemble into fibrils and then into
larger cellulose fibers. BC biosynthesis and export are primarily controlled by the besABCD
operon, which encodes four major proteins comprising the bulk of cellulose synthase.
The BesA protein catalyzes the polymerization of UDP-Glc units and enables allosteric
regulation of BC synthesis by cyclic di-GMP. Together with the BesB protein, it forms a pore
in the cytoplasmic membrane. The periplasmic protein BesC forms a B-barrel pore in the
outer membrane through which the growing glucan chain enters the external environment.
Another periplasmic protein called BesD controls the correct orientation of the cellulose
synthase complex. The molecular mechanisms described allow polymerization at up to
200,000 glucose molecules per second [16,17].

Cellulose nanofibers, typically 25-100 nm in diameter and several micrometers in
length, intertwine in large numbers to form a structure known as a cellulose lattice. As
new fibers accumulate, the cellulose network increases in volume and density, eventually
forming a mat visible to the human eye—a so-called pellicle [16]. BC-producing bacteria
can be grown in static or agitated cultures. In the first case, bacteria grow at the liquid—
air interface, where a higher oxygen concentration allows high-quality aerobic growth,
forming a pellicle (Figure 3a). In the second case, where oxygenated air is added directly to
the liquid growth medium, the cellulose fibers form millimeter-scale pellets, spheres, or a
fibrous suspension with irregular shape [18].
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Figure 3. (a) Pellicle formed by K. xylinus in static culture; (b) bacterial pellicle—elastic and con-
formable, yet very robust material; (c) typical cellulose pellicle has a high water-holding capacity and
possesses hydrogel-like properties.

Its unique physicochemical properties, which include a high degree of crystallinity,
high tensile strength, excellent permeability, high water content, hydrophilicity, high
porosity, large specific surface area, high elasticity, and conformability (Figure 3b), low
density, high degree of polymerization, high purity, biocompatibility, and biodegradability,
make BC an exciting platform for materials science [19].

The individual glucan chains are linked by van der Waals forces and intra- and
intermolecular hydrogen bonds that form between the hydroxyl groups of the glucose
monomers. This promotes the parallel stacking of cellulose molecules into crystalline
nanofibers, which further assemble into cellulose nanofibrils. The strong molecular bonds
contribute to a high degree of crystallinity and high tensile strength. A single BC nanofiber
has a tensile strength of at least 2 GPa and Young’s modulus of about 138 GPa. BC also
has a high water-holding capacity due to the specific arrangement and large number of
hydroxyl groups in the glucose molecules, enabling the cellulose fibers to bind many
water molecules. Hydrated BC has a very high water content (>98% w/v) and exhibits
hydrogel-like properties (Figure 3c) [2,14].

The main advantage of BC over plant-derived cellulose is its high purity, as BC-
producing bacteria do not co-produce other substances (e.g., hemicellulose, lignin, and
pectin) alongside cellulose. The absence of these heterologous polymers and other im-
purities makes BC biocompatible. Plant-derived cellulose requires pre-processing, an
energy-intensive and environmentally harmful purification process that involves numer-
ous mechanical and chemical separation steps. BC produced by fermentation usually
contains only traces of impurities (mainly microbial cells and their components, or the
culture medium components), which significantly simplifies the purification process. In
most cases, BC is purified using alkalis such as potassium hydroxide and sodium hydrox-
ide or organic acids such as acetic acid, or it is repeatedly washed in a reverse osmosis
process [13].

The market demand for BC is steadily increasing, and its commercialization is expo-
nentially growing due to the wide range of BC applications in various sectors. In 2023, the
global market for BC was estimated to be USD 480.1 million, and the expected market value
is projected to reach USD 608.71 million by 2025 and USD 771.76 million by 2027, with
a compound annual growth rate (CAGR) of 12.6% from 2019 through 2027 [20]. Despite
BC production being capital-intensive, the research focus is on new, optimized production
approaches aimed at cost reduction. These approaches include, but are not limited to, in-
vestigating new, low-cost media, discovering new bacterial strains, and utilizing synthetic
biology tools to enhance production yields or achieve new properties.
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2.2. Growth Media for Bacterial Cellulose Production

Human civilization has relied on various natural materials for thousands of years. In
recent times, known as the age of advanced materials, society has been striving toward
green technologies that significantly emphasize the circular economy—a new driver of
innovation. Due to the emerging trend of more sustainable production processes, cost-
effective yet efficient growth media are at the forefront.

BC is industrially exciting because it can be obtained quickly, inexpensively, and
sustainably. Although the glucose in the growth medium for bacteria cultivation is the
preferred carbon source for BC synthesis, other sugars, such as xylose, lactose, galactose,
mannose, arabinose, fructose, and sucrose present in different agricultural and food waste
materials, and industrial byproducts can also be used [21-24]. The efficiency of BC produc-
tion on carbon sources other than glucose is different, but also, in the case of being lower, it
is still attractive due to low or zero media prices and companies’ increasing awareness of
the circular economy importance.

The most widely used synthetic complex growth medium for BC production is the
Hestrin—Schramm (HS) medium, with glucose as a carbon source for bacterial growth and
BC synthesis [25]. The BC production yield in this medium and media prepared from
agricultural and industrial organic waste materials depends on the bacterial strain, the
vessel used for bacteria cultivation, oxygen supply, pH of the medium, and cultivation
time [2]. Depending on these parameters, the cellulose pellicle forms within a few (3-14)
days and in high yields, reaching up to 10 g of dry weight per liter [22,23,26,27].

During the last 10 years, many research studies have been performed using different
natural raw organic materials for BC production. The preferred natural organic material
for BC production varies among countries depending on the climate suitable for growing
fruits and grain types. Very appropriate raw organic waste materials are fruits since they
contain high sugar content, but also since the medium can be easily prepared in a blender
with the addition of some water followed by filtering and centrifugation. Jozala et al. [28]
achieved an extremely high 60 g/L dry BC yield after 4 days of Komagataeibacter xylinus
cultivation in a medium prepared from rotten fruits composed of plums, green grapes,
pineapples, and apples. From industrial residues of the cashew apple juice processing, the
BC was, after centrifugation, also directly produced at 3.1 g/L dry BC yield in 12 days of
static cultivation [29]. When using industrial beverage waste material, such as fruit peels
and pomace, more harsh conditions are necessary for preparing growth media, including
enzymatic treatment or acid hydrolysis. Fan et al. [26] reported producing a 5.7 g/L dry BC
yield after 9 days in medium from enzymatically treated citrus peel and pomace. Potato
peel waste acid hydrolysate was also successfully used for BC production at 4.7 g/L dry
yield after 6 days of cultivation [30]. Recently, Gorgieva et al. [23] prepared BC membranes
using a novel species, Komagataeibacter melomenusus, in grape pomace hydrolysate in only
4 days with a 1.2 g/L dry BC yield. Also, the liquid industrial waste byproducts can be
used directly, without any treatment, and as a sole medium without any supplements,
such as cheese whey [31], thin stillage, which is a liquid byproduct that remains after
microbial ethanol fermentation of carbohydrates by yeast and subsequent distillation of
the fermented mash [22], and olive oil mill wastewater [32]. Other liquid waste materials,
such as corn-steep liquor and laundry effluent for jeans processing, were also used directly
but just as a replacement for a part of the synthetic HS medium [33]. The BC can also be
produced in hot-water-extracted wood, a residual material originating from pulp mills
and lignocellulosic biorefineries, although at only 0.15 g/L dry BC yield after 10 days of
static cultivation [21], or glucose obtained from algae hydrolysate at 1.1 g/L dry BC yield
after 7 days of static cultivation [27]. Tobacco waste extract was, after nicotine removal,
also successfully used for BC production at 2.27 g/L dry BC yield after 7 days of static
cultivation [24].
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2.3. Application Niches of Bacterial Cellulose

BC possesses many applicable properties, making this nanomaterial attractive in
diverse areas, from the food and paper industry to the cosmetic industry and medical
engineering (Figure 4). In general, the commercial niche of BC is guided by the shape
and macro-appearance of the produced material, which depends on the fermentation
method. The agitated fermentation ends up with hydrocolloid-like material used in the
food industry as a thickener or suspending agent. In contrast, the pellicle-like material
obtained at static cultivation is useful in the medical, pharmaceutical, and cosmetic fields
and packaging [34].

—
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Figure 4. BC’s remarkably wide application niche, stemming from its unique and convenient
physicochemical properties, encompasses diverse areas, including the food industry, superabsorbent-
polymers market, production of sustainable microbial textiles, and biomedical engineering.

2.3.1. Application of Bacterial Cellulose in Food and Cosmetics

BC has immense potential in the food industry due to its ultra-pure, low-calorie nature
and ability to hold large amounts of water. As a naturally occurring food rich in dietary
fiber, it benefits the consumer’s health by reducing the risk of developing chronic diseases
such as diabetes, obesity, and cardiovascular diseases [35]. In recognition of its safety, The
United States Food and Drug Administration (FDA) granted BC the status of “generally
recognized as safe” (GRAS) in the year 1992, enabling numerous FDA-approved products
to use its convenient material properties [36].

Unprocessed BC is tasteless and has a rigid structure, but it can be softened by
treatment with alginate, calcium chloride, or sugar alcohols. Due to having excellent
water-holding properties and not compromising structural integrity, BC is often added to
processed foods to help maintain their original properties for extended periods. With its
gelling, thickening, stabilizing, suspending, and emulsifying ability, cellulose is a suitable
candidate for various food products such as pastries, salads, and yogurts. A significant
area of the food industry is diet-food production, where BC is frequently included as a
quality, low-calorie substitute for fats (Figure 5a) [35]. Recent toxicological experiments
in mice related to acute, subacute, and subchronic oral toxicity assays after consumption
of BC demonstrated the absence of reproductive toxicity, embryotoxicity, teratogenicity,
and genotoxicity effects [37]. Another comprehensive review on the toxicology and dietetic
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role of BC when tested on animals and in vitro [38] also showed that BC is not toxic
after ingestion, it is not carcinogenic, tumor-promoting, pyrogenic, or a developmental or
reproductive toxicant and thus it is not expected to pose any adverse side effects when
used in human foods.

Figure 5. (a) Because of its low-calorie properties, BC is often a fat substitute in meat or bulking agent
in jam; (b) coconut fruits and gelatinous cubs of nata de coco—a sweet Asian dessert based on BC
(adapted from Rachtanapun et al. [39] (CC BY)).

The beginning of BC utilization in food industry dates back to the 1960-1970s in the
Philippines, for producing healthy coconut gel, known as nata de coco (Figure 5b), where
the BC is formed in the sugar syrup. This sweet dessert is commercially produced in several
Asian countries, including Malaysia, Thailand, and Vietnam, as well as the Philippines.
The production process of this cube-shaped delicacy involves the acetic acid bacterium
K. xylinus metabolizing various carbohydrates, coconut water, and amino acids. Nata de
coco is exploited in drinks, yogurts, pies, salads, and sausages, bringing a new flavour or
texture to the formulations [40,41].

The use of various probiotics capable of enhancing gut microbiota and improving
digestion has recently been rising. However, their usefulness is significantly limited by a
short shelf life and instability. One possible solution to this problem is the encapsulation
of probiotics with biocompatible and antibacterial materials, capable of enhancing the
stability of probiotics over a long period, improving their resistance to adverse manufac-
turing conditions, and protecting them from the acidic conditions of the human digestive
system. Due to its unique physicochemical properties, especially high crystallinity, bio-
compatibility, and non-toxicity, BC is highly suitable for encapsulating probiotics [35]. For
instance, Fijatkowski et al. [42] showed that BC is a good carrier for immobilizing probiotic
Lactobacillus spp., as it provides high-level protection of the microorganisms against the
influence of gastric acid juice and bile salts, while Oliveira-Alcantara et al. [43] prepared
BC/cashew gum films with probiotic Bacillus coagulans and /or prebiotic fructooligosaccha-
rides and observed very good storage stability of probiotics. Aside from application in the
gut, a recent study demonstrated the effectiveness of BC containing Lactobacillus fermentum
and Lactobacillus gasseri against pathogens on skin [44]. Here, it strongly reduces the viabil-
ity of Staphylococcus aureus and Pseudomonas aeruginosa, the most active pathogens in severe
skin infections and chronic wounds and inhibits the proliferation of methicillin-resistant
S. aureus.

BC also has significant potential in the cosmetic industry due to its valuable properties
such as biocompatibility, water-holding capacity, adhesiveness, absorption, and release of
substances. As a sustainable material, it could replace many non-biodegradable cosmetic
ingredients. Among the commercially available cosmetic BC products, skin masks are
particularly well-represented. Membranes made from BC nanofibers can incorporate a
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wide range of cosmetic actives (for example, moisturizers and astringents), allowing these
skin masks to not only hydrate and moisturize the skin but also serve as carriers for various
active ingredients [45]. In addition to skin masks, cellulose makeup pads and BC-derived
cosmetic additives are also available [2].

2.3.2. Application of Bacterial Cellulose as Advanced Material

Deforestation is a pressing issue in the conventional paper industry and has led
to the intensive search for alternative methods of paper production using sustainable
sources. Recyclable paper and paper pulp based on herbaceous (non-woody) plant fibers
are becoming increasingly popular. The current challenge lies in the superior quality
of traditionally produced paper compared to recycled paper, as the latter often fails to
maintain the original physical and mechanical properties. One of the alternatives includes
utilization of BC, which can enhance the mechanical properties of the materials it is merged
with [46]. Therefore, it represents a suitable candidate for the sustainable production
of high-quality paper pulp and paper [47]. Basta and El-Saied [48] demonstrated that
adding modified BC, produced in the culture medium in the presence of glucose phosphate,
to the wood pulp significantly improves kaolin retention, strength, and fire-resistance
properties of the resulting functional paper. A recent mini review [49] provides a summary
of specialized types of papers, containg BC as a modifier, such as conductive, fluorescent,
and fire-resistant papers.

The inevitable consequence of the exponential growth of the human population is the
persistent increase in consumption, followed by greater demand for products and services,
as evidenced by the widespread use of plastic packaging. Petrochemically produced
synthetic plastic has numerous adverse effects, particularly concerning its accumulation
and incineration, leading to a growing focus on reducing and potentially eliminating such
packaging in favor of biodegradable packaging materials. Plant-derived cellulose currently
dominates in green packaging, which often relies at least partially on cellulose fibers.
However, BC fibers offer a more reasonable alternative, as they are inherently ultra-pure
and do not require pre-processing, resulting in lower production costs [50,51].

In their dry state, superabsorbent polymers can spontaneously absorb a volume of
liquid twenty times their weight (a 2000% change in volume) while retaining their original
identity. Currently, the majority of superabsorbents are produced from non-renewable and
non-biodegradable polymers. This creates a significant market potential for biodegradable
and natural polymers with high water-holding capacity, such as BC. Commercial super-
absorbent polymers are found in baby diapers, adult incontinence products, and female
hygiene products and are used in agriculture for the controlled release of fertilizers [35,52].

Due to new environmental policies, sustainable post-petroleum synthetic textiles
originating from bacteria and fungi are gaining importance. The textile and leather indus-
tries are among major environmental polluters—agricultural production and industrial
processing contribute to greenhouse gas emissions, and tanning and dyeing contaminate
water. At the same time, synthetic fibers gradually break down into microplastic particles.
Natural biomaterials, such as hair and skin, use their cells to produce pigments, thus sus-
tainably coloring the material. In contrast, the analogous process of industrial textile dyeing
(Figure 6a,b) requires a series of chemical reactions and has a significant environmental
impact. Alternative dyeing methods must be explored to achieve fully sustainable green
textiles, including BC-derived ones. For instance, self-dyeing BC produced by a strain of
genetically engineered acetic acid bacteria that synthesize melanin due to recombinant
tyrosinase expression holds excellent potential [53].
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Figure 6. (a) As dried BC membranes are inherently beige, the dyeing process is an essential yet
often ecologically damaging step in BC textile production; (b) a BC composite dyed with Procion Red
H-E3N reactive dye (adapted from Fernandes et al. [54] (CC BY)).

There is a growing demand for sustainable construction materials with multifunctional
properties. Nanoparticles have been popular for several decades for enhancing cement
hydration, serving as reinforcement, and densifying microstructures, leading to reduced
porosity and increased mechanical strength [55,56]. Green, non-toxic, and multifunctional
nanocellulose materials hold a special place within the class of nanoparticles. Among
them, plant-based cellulose nanofibers are widely known. Additionally, bacteria-derived
cellulose, produced through uncomplicated fermentation and with a more cost-effective
production process, represents a favorable alternative for obtaining bioconcrete [57].

Bioremediation, specifically microbial remediation, involves using various microor-
ganisms to transform pollutants into simpler molecules such as carbon dioxide and water.
It is a practical approach for containing and detoxifying different forms of contamination.
There are several bioremediation applications of BC: modified BC adsorbs specific con-
taminants [58], cellulose-based ultrafiltration membranes filter polluted liquids [59], and
composites of BC and other materials degrade pollutants [60].

In consumer electronics, many prominent developers and manufacturers follow a
marketing strategy focusing on developing sustainable and flexible devices. BC is being
used to achieve sustainability and recyclability, as it is a quality natural biopolymer with
outstanding biodegradability, mechanical performance, piezoelectricity, and dielectric-
ity [35,61]. One of the notable processing techniques is the carbonization of BC, where the
entire cellulose structure is transformed into a highly conductive carbon network, resulting
in carbonized BC (CBC) [62]. Fully or at least partially BC-based devices and their compo-
nents include electronic paper, transistors, flexible electrodes, organic light-emitting diodes
(OLED:s), digital displays, battery separators, and acoustic diaphragms for headphones
and speakers [63]. BC-made commercial products also include biodegradable deformation
sensors, essential sensor devices in virtual and augmented reality recreational markets,
and gaming. Several major electronics companies, including Acer, Audioquest, Creative,
Klipsch, Panasonic, and Sony, sell headphones equipped with BC-based diaphragms in the
consumer electronics market [35].

An emerging field concerning BC production, engineered living materials (ELMs), has
recently evolved. Natural biomaterials possess various unique and valuable properties
that interest materials science, and organisms that produce such materials can transform
simple raw materials to form large and complex natural biomaterials. However, their
properties are restricted to the evolved set of genetic information. The emerging field of
ELMs addresses these limitations, dedicated to constructing BC-based engineered living
materials as well [64]. ELMs, which lie at the intersection of microbiology, materials science,
and synthetic biology, utilize molecular biology tools to reprogram living cells at the DNA
molecule level [53]. Broadly, ELMs can be defined as dynamic and responsive materials
with programmable properties, where genetically engineered cells comprise an integral
part [36]. The living biological entities that shape ELMs are responsible for their fabrication,
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assembly, and functionalization [14]. The foremost goal is to create new or enhanced
biomaterials tailored for specific applications in textile, fashion, and later also in other
industries.

2.3.3. Application of Bacterial Cellulose in Medicine

Due to their useful physicochemical properties such as exceptional safety, high per-
meability, high water-holding capacity, excellent flexibility, pronounced biocompatibility,
and biodegradability, BC-made dressings and bandages have great potential in wound
and burn treatment [65] (Figure 7a,b). High-quality materials used for wound recovery
are known to be non-toxic, non-allergenic, maintain a moist wound environment, absorb
exudates, enhance re-epithelization, exhibit high porosity and gas permeability, and are
suitable for functionalization with antibiotics, as well as convenient for drug delivery [13].
Since wound recovery involves complex interactions among various cell types, soluble
compounds and extracellular matrix components, the candidate material should be an
appropriate interface to facilitate this process [66] (Figure 7c).

Figure 7. (a,b) Chitosan/BC composite films with diamond nanoparticles are among numerous
BC-derived platforms for wound dressings (reproduced from Ostadhossein et al. [67] (CC BY));
(c) comparison of wound recovery on a rat model without (left side) or with (right side) BC bio-
scaffold covering (reproduced from Cherng et al. [68] (CC BY)).

The still predominant clinical approach, in which wounds are dressed with antibiotic-
containing dressings, can be expensive, ineffective, and may contribute to the development
of bacterial resistance to antibiotics [65]. Alternatively, BC, which does not possess intrin-
sic antimicrobial properties in its natural state, can be functionalized with antimicrobial
substances [69]. Some examples are therapeutic metals and antibacterial nanomaterials
(e.g., copper, silver, zing, zinc oxide, titanium dioxide, and montmorillonite), natural poly-
mers (e.g., chitosan), synthetic polymers (e.g., polyethyleneimine), and different antibiotics
(e.g., amoxicillin).

In combination with other materials, BC is suitable for controlled drug delivery.
Graphene nanoparticles are appropriate drug carriers capable of preventing the premature
release of active substances. Since they tend to aggregate in aqueous solutions, embedding
them in a BC network may offer a proper solution [70]. As a material enabling prolonged
drug release, BC is a convenient carrier for therapeutic agents in cancer treatment. BC
allows for controlled and localized chemotherapy, resulting in a higher drug concentration
at the tumor site while minimizing exposure to surrounding tissues and reducing unwanted
side effects [71,72]. Modified BC can trap cancer cells by implanting cellulose membranes
functionalized with chemoattractants at the site of tumor removal [73].

Using various BC composites as scaffolds in tissue engineering is becoming increas-
ingly common. Some pioneering ideas include 3D porous microspheres made from BC and
collagen [74], BC with plant-derived cellulose nanocrystals and hydroxyapatite added in
situ [75], and BC incorporated with the bone phosphoprotein osteopontin [76]. Gorgieva
and Hribernik [77] proposed a combination of BC with microstructured gelatin to develop
scaffolding membrane for guided tissue regeneration. The biocompatibility, fine archi-
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tecture of cellulose fibers, and excellent tensile strength of BC enable the production of
artificial blood vessels. Furthermore, due to its ability to promote neovascularization, BC is
suitable for stimulating the growth of new native blood vessels [78].

3. Strategies for Improvement of Bacterial Cellulose Production and Modification
3.1. Conventional Methods for Improvements of Bacterial Cellulose Production and Modification

Applications and commercialization of BC were initially significantly limited by low
yields in laboratory fermenters and inefficient scale-up of the production process to an
industrial scale, as economically justified yields were not achievable in industrial biore-
actors [14]. Consequently, researchers dedicated several years of studies to optimizing
bioprocess factors by modifying culturing strategies and conditions. They investigated the
influence of essential medium components, carbon sources, various additives, tempera-
ture, pH, dissolved oxygen concentration, dimensions of laboratory vessels, and different
fermentation techniques, focusing on static and agitated cultures (Figure 8) and bioreac-
tors [79-84].

Culture Appearance

C—_—

Static culture

— )

Membrane
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g

Agitated culture

Pellets
Figure 8. BC’s final appearance depends on the fermentation technique, with static culture (top)
resulting in BC membranes (pellicles) that form at the liquid—air interface and assume the shape of

the laboratory vessel, and agitated culture (bottom) leading to the submerged formation of irregular
BC pellets (adapted from de Amorim et al. [85] (CC BY)).

Static culture—the most popular strategy for producing BC, in which microorganisms
form a cellulose pellicle at the liquid—air interface—is limited by long cultivation times.
This drawback can be overcome by the agitation fermentation technique, where bacteria
are incubated on a shaker, resulting in BC with a similar chemical structure. Although
bacterial growth in agitated culture is higher than in static culture, shaking can lead to
the occurrence of mutants in cellulose operons, which do not contribute to the final BC
yield [14].

Researchers have attempted to improve the original medium to optimize cellulose
production by adding a cheaper nitrogen source, such as corn steep liquor, incorporating
various sulfates and phosphates, and removing organic acids [86,87]. The carbon source
is one the most extensively studied components of the growth medium, as it significantly
affects the BC yield. BC-producing bacteria vary in their ability to assimilate and utilize
different carbon sources [14]. To enhance the BC yield, a wide range of primary metabolites
have been tested, including various types of carbohydrates such as monosaccharides
(e.g., D-xylose, D-xylulose, fructose, galactose, glucose), disaccharides (e.g., lactose, maltose,
sucrose), oligosaccharides, organic acids, and sugar alcohols (e.g., ethanol, mannitol) [88-95].
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Before the introduction of genetic engineering techniques in BC production, the arti-
ficial selection of strains was considered a relatively simple genetic intervention capable
of influencing the production process. Various species of bacteria used in industrial BC
production exhibit different yields depending on the growth medium and culturing condi-
tions. They also differ in the properties of the final product, particularly in its purity and
crystallinity. Artificial selection, combined with naturally occurring mutations, allowed
researchers to identify the most successful strains with the highest product yield and
quality for each species [7,96,97]. While such a non-targeted approach can be successful, it
cannot gain the speed and precision of genetic engineering. Furthermore, it is unsuitable
for introducing new functionalities into microorganisms since the necessary genes are
commonly missing [12].

Like any natural or synthetic material, BC has limited usability, which can be ex-
panded through various conventional functionalization methods. Based on the approach of
modifying the material, three types of cellulose are distinguished: bacterial nanocellulose
(BNC), cellulose nanocrystals (CNCs), and cellulose nanofibrils (CNFs). BNC is produced
through a bottom-up approach by bacteria metabolizing low molecular weight carbohy-
drates [98]. Applying the top-down approach to BNC enables the production of CNCs
and CNFs. CNCs are formed through treatment with chemicals, such as ionic liquids,
lithium hydroxide, N,N dimethylacetamide/lithium chloride, N-methylmorpholine-N-
oxides, and NaOH-urea/thiourea [99-103]. CNFs are obtained through mechanical pro-
cesses, such as high-pressure homogenization and grinding combined with enzymatic
pretreatments [104,105]. Particular challenges accompany the production of cellulose nano-
materials. The limited selection of suitable solvents leads to the use of toxic and hazardous
chemicals, which pollute the environment and limit the recyclability and disposal of prod-
ucts. Meanwhile, mechanical processing methods may compromise the physical properties
of the biopolymer.

Conventionally, without using genetic engineering methods, numerous composites
can be produced where BC is combined with other materials. In principle, we can distin-
guish two different strategies. In the first strategy, the in situ strategy, various reinforcement
materials are added directly into the growth medium and incorporated by microorganisms
during the biosynthesis of BC. Commonly added substances capable of improving the
functional properties of BC include agar [82], aloe vera [106], carboxymethyl cellulose [107],
conductive polymers (polyaniline, PEDOT:PSS, polypyrrole) [108], graphene oxide [109],
metal nanoparticles [110], multiwalled carbon nanotubes [111], poly-3-butyrate [112], and
sodium alginate [113]. Some issues associated with this kind of strategy include the precip-
itation of added substances and the unsuccessful incorporation of reinforcement materials
into the pellicle. In the second strategy, the ex situ strategy, physical absorption or hydrogen
bond formation is employed to establish connections between additives and the cellulose
matrix. Such nanocomposites are often developed by combining BC with carbon nanotubes,
chitosan [114], collagen [115], conductive polymers [116], hyaluronic acid [117], hydroxya-
patite [118], metal nanoparticles [119], metal oxides [120], and montmorillonite [121]. The
use of these reinforcement materials enhances the mechanical, electrical, and antimicrobial
properties of BC. The utility of this strategy is mainly restricted by the non-uniform size
of additives and cellulose pores, as well as the hydrophilic nature of BC, which hinders
interactions with hydrophobic reinforcement materials [14].

Gao et al. [122] showed the production of functional BC by K. sucrofermentans where
instead of genetically engineering the microorganisms, they modified glucose into synthetic
6-carboxyfluorescein glucose (6-CF-Glc). The bacteria grown in the modified glucose
medium synthesized a cellulose pellicle with unnatural green fluorescing capabilities
(Figure 9). The fluorescence intensity was controlled by varying the concentration of
6-CF-Glc in the growth medium.
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Figure 9. The fluorescence intensity of functional BC grown in the presence of 6-carboxyfluorescein
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glucose (6-CF-Glc) depends on the substrate concentration; a high concentration of 6-CF-Glc (top)
and low concentration of 6-CF-Glc (bottom) with average fluorescence intensities of 1492 a.u. and
612 a.u., respectively (adapted from Gao et al. [122] (CC BY)).

3.2. Co-Culturing Bacteria for Improvements of Bacterial Cellulose Production and Functionality

Several examples exist of using the co-culture approach for BC production (Figure 10).
In one of the early studies, K. xylinus and Lactobacillus mali were co-cultured in corn- steep
liquor supplemented with sucrose [123]. The authors noted a 3-fold improvement in BC
production compared to the monoculture of K. xylinus, due to cell-cell interactions and
the exopolysaccharide produced by L. mali. BC made in N. hansenii and E. coli ATCC
700728 co-culture displayed superior mechanical properties [124]. In the co-culture of
N. hansenii ATCC 23769 and Lactococcus lactis AP]3, a copolymer of BC and hyaluronic acid
was successfully produced, showing improved water-holding capacity compared to regular
cellulose pellicles [125]. Similarly, in the co-culture of K. xylinus and Ralstonia eutropha, a
mechanically superior nanocomposite of BC and polyhydroxybutyrate was developed [126].
Gunduz et al. [127] expanded this approach by co-culturing N. hansenii ATCC 23769 with a
consortium of microorganisms (e.g., Lactobacillus casei, L. lactis, Rhodopseudomonas palustris,
and S. cerevisiae) that assists the display of multiple functionalities. They achieved a 40-fold
increase in water-holding abilities compared to the monoculture of K. xylinus.

Acetic acid bacteria

Co-culture

BC-HA composite

Lactic acid bacteria

Figure 10. Schematic representation of co-culture approach for obtaining BC and hyaluronic acid
(HA) composite (adapted from Brugnoli et al. [128] (CC BY)).

Taking a slightly different approach inspired by the symbiotic culture of bacteria and
yeast (SCOBY) used for fermenting kombucha tea, Gilbert et al. [63] produced BC in a
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co-culture of genetically modified yeast and a wild-type strain of K. rhaeticus. They focused
on genetically modifying the yeast S. cerevisiae, a well-known model organism that can
be genetically manipulated in ways not possible with the Komagataeibacter genus. The
authors initially aimed to genetically engineer the yeast, known for its excellent protein
secretion capabilities, to secrete proteins that would functionalize the developing cellulose
pellicle. They tested this concept using 3-lactam hydrolyzing enzyme TEM1 (3-lactamase,
and apparent enzymatic activity was detected in the pellicles produced in the co-culture
containing both BC-producing bacteria and genetically modified yeast. This activity was
preserved even after the functionalized BC was dried and rehydrated. Furthermore, they
designed a yeast strain that modifies pellicles” physical properties. The microorganisms
simultaneously secreted different cellulose-degrading enzymes, including 3-glucosidase,
cellobiohydrolases, endoglucanase, and lytic polysaccharide monooxygenases. They found
that the BC production was not significantly reduced, but some of the pellicle’s physical
properties, especially its tensile strength and Young’s modulus, were weakened. Co-
culturing acetic acid bacteria and yeast was also used to investigate whether the living
BC-based hybrid materials can sense and react. They designed a yeast biosensor system
based on the synthetic transcription factor Z3EV and the reporter gene encoding the
green fluorescent protein (GFP), whose transcription could be induced by the estrogen
steroid hormone (-estradiol (BED). Since the cellulose pellicle grown in such co-culture
displayed intense green fluorescence when exposed to externally applied BED, the authors
concluded that the living BC-based hybrid materials can sense environmental stimuli and
react correspondingly.

3.3. Genetic Engineering of Bacterial Cellulose Producing Strains

Although genetic engineering has been one of the critical tools in biotechnological
research and industrial biotechnology since the 1980s, until recently, it was not extensively
used for improving the production or modification of BC. This may be attributed to numer-
ous non-genetic interventions that researchers and manufacturers employed effectively to
enhance production, increase yield, modify the properties of the biopolymer, and introduce
new functionalities to the resulting material. However, in the last two decades (Table 1),
several examples proved that using genetic engineering of Komagataeibacter species can
render additional improvements to BC production.

Table 1. Timeline of key examples intending to improve BC production and modification.

Year Test Organism Short Description Reference
Acetobacter xylinum subsp. . .
1999 sucrofermentans BPR 2001 Intrqducmg the sucrose sypthase gene enables sucrose metabolism [129]
and improves BC production
(K. sucrofermentans)
2004 Acetobacter ITDI 2.1 (K. xylinus) Introducing the. ﬁ—galactpmdase—encodmg gene (lacZ) enables [130]
lactose metabolism and improves BC production
G. xylinus BPR 2001 (K. Knocking out the glucose dehydrogenase-encoding gene (gdh)
2005 . . [131]
sucrofermentans) improves BC production
. ) Expressing the Vitreoscilla hemoglobin gene (vhb) improves oxygen
2006 A. xylinum BCRC 12334 (K. xylinus) regulation, cell growth, and BC production [132]
2006 G. xylinus st-60-12 (K. xylinus), L. Co-culturing K. xylinus and [123]
mali JCM 1116 L. mali improves BC production
Introducing the UDP-N-acetylglucosamine-synthesizing operon
2010 G. xylinus ATCC 10245 (K. xylinus)  enables the production of BC/chitin copolymer with improved [133]
in vivo degradability
Co-expressing cellulose synthase genes for proteins BcsA, BesB,
2014 E. coli XL1-Blue and diguanylate cyclase (DGC) enables the production of [134]

amorphous BC in E. coli
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Table 1. Cont.

Year Test Organism Short Description Reference
. . Introducing the curdlan-synthesizing gene (crdS) enables the
2015 G. xylinus AY201 (K. xylinus) production of BC/curdlan composite [135]
e The first standardized genetic toolkit for K. rhaeticus, isolated
from kombucha tea pellicle, is developed
o e An N-acyl-homoserine lactone (AHL) enables spatial
2016 K. thaeticus iGEM patterning, as shown through red fluorescence (RFP) [136]
e An RNA-based silencing system repressing the
UGPase-encoding gene (galU) stops BC production
2018 E. coli GM HMS174 (DE3), E. coli ~ Introducing cellulose synthase-encoding operon (bcsABCD) enables [137]
GM C41 (DE3) recombinant biosynthesis of BC in E. coli
2019 K. xylinus DSM 2325 Qverexpressmg two CfiI‘bOI‘l metabolism genes (pgi and gnd) [138]
improves BC production
Introducing the phosphofructokinase-encoding gene (pfkA)
2019 K. xylinus DSM 2325 establishes a glycolytic pathway, increases the level of intracellular [139]
ATP, enhances cell growth, and improves BC production
Lo Co-culturing AHL-inducible and AHL-synthesizing cells enables
2019 K. rhacticus iGEM the developing BC to initiate its red fluorescence (140]
G. hansenii ATCC 53582 e  The standardized genetic toolkit is expanded and used in
(N. hansenii), G. xylinus ATCC several Komagataeibacter species
2019 700178 (K. xylinus), K. thaeticus ~ ®  Employing CRISPR-mediated inhibition of two BC [141]
iGEM biosynthesis genes (acsAB and acsD) reduces the BC yield
Adding 6-carboxyfluorescein glucose (6-CF-Glc) to the growth
2019 K. sucrofermentans medium enables the production of BC with unnatural green [122]
fluorescing capabilities
2019 K. hansenii ATCC 23769 (N. hansenii) Varying the expression of two motility genes (motA and motB) [142]
changes BC morphology
2019 Enterobacter sp. FY-07 ?nducmg the expression f)f the COlE}nlC acid-encoding operon (wca) [143]
improves BC water-holding capacity
2019 G. hansenii ATCC 23769 Co-culturing N. hansenii and E. coli enables the production of BC [124]
(N. hansenii), E. coli ATCC 700728  with improved mechanical properties
2019 G. hansenii ATCC 23769 Co-culturing N. hansenii and L. lactis enables the production of [125]
(N. hansenii), L. lactis APJ3 BC /hyaluronic acid copolymer
A xy llny.m ATCC. 23769 . Co-culturing N. hansenii and effective microorganism (EM)
2019 (N. hansenii), L. casei, L. lactis, . . . [127]
- . improves BC water-holding capacity
S. cerevisiae, R. palustris
. Varying the expression of the UGPase-encoding gene (galll)
2020 K. xylinus CGMCC 2955 changes the crystallinity and porosity of BC [144]
e  The genetically engineered yeast secretes proteins able to
functionalize BC
e  The genetically engineered yeast secretes cellulose-degrading
2021 K. rhaeticus iGEM, S. cerevisiae enzymes [63]
e  Ayeast-based biosensor system is designed, exhibiting green
fluorescence when exposed to 3-estradiol (BED)
2021 G. xylinus ATCC 700178 (K. xylinus), ~Co-culturing K. xylinus and R. eutropha enables the production of [126]

R. eutropha H16 (DSM-428)

mechanically superior BC/polyhydroxybutyrate nanocomposite

3.3.1. Conventional Gene Targeted Approaches for Modification of Bacterial Cellulose

Production

Initially, genetic modifications of Komagataeibacter spp. were confined to plasmid
vector backbones, such as pSA and pBBR122, and focused on adding or removing genes
to enhance BC production [13]. The first more significant demonstration of genetic engi-
neering in cellulose-producing bacteria was reported in a study from 1999, where a DNA
sequence encoding the sucrose synthase of mung bean (Vigna radiata) was introduced into
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K. sucrofermentans [129]. The genetically modified bacteria produced more BC than the
wild-type strain when sucrose was present in the growth medium. Among the positive
effects of the described genetic manipulation, which enabled acetic acid bacteria to metab-
olize sucrose, was increased BC yield and the possibility of using cheaper sucrose-based
growth media.

An alternative method to improve BC yield using an inexpensive growth medium
was developed by Battad-Bernardo et al. [130]. Their genetically modified bacteria could
metabolize a low-cost lactose-based medium derived from whey. By inserting the E. coli
[-galactosidase-encoding gene (lacZ) into K. xylinus, researchers achieved a 28-fold increase
in BC production.

On the other hand, Chien et al. [132] aimed to enhance BC production by improving
cells” oxygen utilization. They induced the expression of the vhb gene, which encodes
Vitreoscilla hemoglobin, in K. xylinus BCRC 12334. As a result, the genetically engineered
strain showed better oxygen regulation than the wild-type strain. The expression of the vhb
gene led to 50% higher cell growth and 20% higher BC production when the bacteria were
incubated on a shaker.

During BC production, the cell oxidizes glucose to gluconic acid, leading to acidifica-
tion of the growth medium, which in turn slows down BC production.
Shigematsu et al. [131] attempted to address this issue by knocking out the gdh gene,
which encodes glucose dehydrogenase, the enzyme responsible for converting glucose
to gluconic acid. The authors reported a 1.7-fold improvement in BC production in the
genetically modified strain compared to its wild-type counterpart.

As part of an extensive study to improve BC production, Jang et al. [138] used data
from the sequenced genome and metabolome analysis of K. xylinus to construct a genome-
scale metabolic model. Initially, they overexpressed two carbon metabolism-connected
genes, pgi (coding for glucose-6-phosphate isomerase), and gnd (coding for phosphoglu-
conate dehydrogenase), originating from E. coli or Corynebacterium glutamicum, resulting in
a 2-fold increase in BC yield. In their model, they discovered that the intracellular level of
adenosine triphosphate (ATP) plays a critical role in determining the BC yield. The enzyme
glucose-6-phosphate dehydrogenase, encoded by the zwf gene, acts as a branching point
where the cellular mechanism decides whether to metabolize glucose or use it for biosyn-
thetic reactions. Since the activity of this enzyme is significantly inhibited by high levels
of intracellular ATP, an increase in intracellular ATP concentration redirects more glucose
molecules toward cellulose synthesis reactions. To maximize the intracellular ATP level,
Gwon et al. [139] used a plasmid containing the pfkA gene, which encodes phosphofructok-
inase, an enzyme critical for glycolysis absent in the genus Komagataeibacter. Heterologous
expression of the E. coli pfkA gene established the glycolytic pathway in K. xylinus (where
glucose is usually metabolized via the alternative pentose phosphate pathway), resulting
in a four-fold increase in intracellular ATP concentration, higher growth, and improved BC
production.

In another significant study, Yadav et al. [133] introduced a bla promoter-controlled
operon consisting of three genes from Candida albicans into K. xylinus, thereby altering the
flow of cellular metabolites during the BC biosynthesis. This genetic intervention enabled
the incorporation of the chitin monomer, activated cytoplasmic UDP-N-acetylglucosamine
(UDP-GIcNAC), into the glucan chains alongside UDP-Glc. When both glucose and
N-acetylglucosamine were available in the growth medium, the cellulose synthase of
the genetically modified strain used UDP-Glc and UDP-GIcNAc to synthesize a copolymer
of cellulose and chitin (Figure 11). The resulting cellulose/chitin copolymer exhibited im-
proved in vivo degradability due to the susceptibility of chitin to degradation by enzymes
in animal lysosomes. The authors also found that partial or complete glucose replacement
with GleNAc significantly reduced the final cellulose production.
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Figure 11. Schematic representation of cellulose/chitin copolymer production in genetically modified

strain of K. xylinus expressing operon of three genes from C. albicans (GlceNAc—N-acetylglucosamine,
UDP-GIcNAc-UDP-N-acetylglucosamine) (adapted from Singh et al. [12] (CC BY)).

The properties of produced BC were also investigated by Jacek et al. [142], who studied
how the motility genes motA and motB influence the morphology of the cellulose pellicle in
N. hansenii. Overexpression of the two genes resulted in a loosening of the intramembrane
structure and fiber thickening. In contrast, disrupting the same genes, causing reduced
mobility, led to a denser and more compact BC with improved mechanical properties.

Liu et al. [143] focused on improving another fundamental physicochemical property
of BC, which is its water-holding capacity. Working on Enterobacter sp. FY-07, they induced
the expression of the wea operon, carrying the genetic code for colanic acid, a water-soluble
polysaccharide. By varying the concentration of the inducer, cellulose hydrogels differing
in crystallinity, rheological properties, and water-holding capacity were developed. Their
water-holding capacity was 1.7 times higher than that of the pellicle produced by the
wild-type strain.

3.3.2. Standardized Genetic Tools for Bacterial Cellulose Production with
Advanced Characteristics

Florea et al. [136] were the first to develop a standardized genetic toolkit (Figure 12)
for BC-producing bacteria, specifically for the K. rhaeticus iGEM strain isolated from a
kombucha tea pellicle. Their study selected five replicative plasmid backbones, including
PSEVA321, pSEVA331, pSEVA351, pBAV1K-T5-sfGFP, and pBla-Vhb-122. Their genetic
toolkit also included reporter genes encoding various fluorescent proteins, terminator se-
quences, synthetic promoters of different strengths, and two types of regulated promoters.
The inducible promoters were regulated by transcription factors, chemically inducible with
anhydrotetracycline, which is an antibiotic analog, or N-acyl-homoserine lactone (AHL), a
quorum sensing molecule involved in intercellular communication. They designed their
genetic toolkit to a standardized cloning format named BioBricks, which allows for quick
assembly of variously combined modular DNA parts in E. coli plasmids and subsequent in-
troduction into K. rhaeticus. To demonstrate the usefulness of the new standardized genetic
toolkit, the authors genetically engineered bacteria to respond to different concentrations
of AHL. Afterward, they induced the production of red fluorescence only on one side of
the developing pellicle or only in its newest layers, thus illustrating that spatial patterning
is achievable with their tools. Furthermore, they replaced the module for red fluorescence
with another one that expressed a synthetic RNA-based silencing system designed to
repress the chromosomal gene for the enzyme UDP-glucose pyrophosphorylase, which is
crucial for BC synthesis. As a result of this genetic intervention, they obtained a genetically
modified bacterium that stopped producing a BC pellicle when a sufficient concentration
of AHL was added to the growth medium.

In the following study [140], the same group of researchers successfully demonstrated,
through an innovative experiment, that the induction of gene expression in plasmids of the
aforementioned bacterial cells can be controlled by other genetically modified cells grown in
the same co-culture. The genetically engineered strain producing a red fluorescent protein
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(RFP) when induced with AHL, was combined with another recombinant strain capable
of constitutively expressing the gene for the AHL-synthesizing LuxI enzyme. The new
strain, consisting of the so-called sender cells, secreted AHL molecules into the medium
where co-culture was grown. When these molecules reached a sufficient concentration and
were near the so-called receiver cells, controlled by AHL, they initiated the production
of RFP (Figure 13). Through this experiment, the researchers illustrated that the two
genetically modified cells coexisted in co-culture while producing BC capable of creating
red fluorescence. Perhaps more significantly, this study revealed that it is possible to grow
materials that autonomously detect borders between different populations of genetically
modified cells and induce gene expression only at those specific locations.

a
Engineered Komagataeibacter
Genetic Toolkit Utilization
ZAELLY/
_/
Optogenetic Controlled
e | Patterning
- -
= | = (a5
= = ,
Easg of swapping parts in genetic BC Chemically induced
circuits to produce variants pe]licle p attern formation
/\ 8 Sender Receiver
o® 2o z
. p Sensor Materials
. . . Engineered
Transformation of host microorganism Komaga tacibacter

/ Yeast co-cultures

Figure 12. Overview of standard synthetic biology methods that are utilized for the development of
living and functional BC-based hybrid materials; (a) synthetic libraries comprise modular DNA parts
(including promoters, ribosome-binding sites (RBSs), coding sequences (CDSs), and terminators)
which can be joined together into gene constructs for transformation into a host microorganism,
such as yeast (circles) or Komagataeibacter (rods); (b) genetically modified cells secrete cellulose
nanofibers into their surroundings and gradually form a BC pellicle within which they are contained;
(c) BC pellicle encompasses living genetically modified cells that can sense and react as a response
to selected externally applied signals, such as light, chemicals, and diffusible signaling molecules
(adapted from Singh et al. [12] (CC BY)).

Sender +
Receiver Receiver

Figure 13. Comparison of red fluorescence response in the co-culture of sender and receiver cells
(left) and monoculture of receiver cells (right) (adapted from Walker et al. [140] (CC BY)).
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Teh et al. [141] extended the existing genetic toolkit by introducing several additional
modular parts, such as new constitutive promoters and terminator sequences. They incor-
porated an arabinose-inducible promoter (Ppap) that reacts to high sugar concentrations
(4%). Through different experiments, they demonstrated that the standardized genetic
toolkit was efficient not only for K. rhaeticus but also for various strains of K. xylinus and
N. hansenii. They also described programmable regulation of gene expression using the
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) approach. By em-
ploying CRISPR-mediated inhibition of two genes involved in BC synthesis, namely acsAB
and acsD, they successfully reduced the BC yield by 15% in the first case and 5% in the
second case.

In a similar experiment, another group used CRISPR-mediated inhibition to regulate
the UGPase-encoding galU gene expression in K. xylinus CGMCC 2955. They found that
changing the gene’s expression could influence the crystallinity and porosity of the BC
pellicle. When repressing this gene, the porosity of BC increased by 0.5-fold. In contrast,
the crystallinity of the cellulose network only increased to a certain extent with increasing
expression (when the gallU expression was 30 times higher than in the control group, the
crystallinity started to decrease) [144].

The promising opportunities of genetic toolkits extend to BC-composite production
where bacteria synthesize another polymer alongside cellulose. Fang et al. [135] demon-
strated the biosynthesis of such composites by inserting the curdlan-synthesizing gene
(crdS) from Agrobacterium into K. xylinus AY201. The genetically modified bacteria co-
produced cellulose and curdlan with minimal changes in the crystallinity of the resulting
composite. However, due to the variable pore size, the surface properties of the composite
were slightly altered.

To accelerate BC production and make it more cost-effective, researchers came up with
the idea of transferring the ability to biosynthesize the cellulose pellicle, which is charac-
teristic of the Komaguataeibacer genus, to better-studied model organisms with advanced
genetic toolkits [13]. Although successful reconstitution of cellulose synthase in E. coli
was achieved through the heterologous co-expression of genes for proteins BesA, BesB,
and diguanylate cyclase, the genetically modified bacteria produced amorphous cellulose,
highlighting the significance of genes responsible for export and crystallization, namely
genes for proteins BcsC and BesD [134]. Buldum et al. [137] took it further by introducing
the entire bcsABCD operon into E. coli, resulting in the recombinant biosynthesis of cellulose
with an exceptional fiber structure measuring from 10 to 20 pm in diameter.

4. Conclusions and Perspectives

This review highlights the remarkable potential of BC as an ultrafine nanomaterial
comprised of versatile macromolecules with wide-ranging applications. The promising
trajectory of BC research offers exciting perspectives for numerous industries and scientific
domains. BC’s versatile properties are poised to revolutionize medicine, with potential
applications in tissue engineering, wound dressings, and targeted drug-delivery systems.
Pharmaceutical advancements may harness BC’s encapsulation capabilities to improve
drug stability and bioavailability. Additionally, BC shows great potential in cosmetology,
offering opportunities for enhanced skincare products, hair treatments, and wound-healing
materials. In electronics and biotechnology, the integration of BC promises the development
of flexible and biocompatible materials, facilitating the creation of innovative electronic
devices, biosensors, and bioelectronics.

Using synthetic biology tools to genetically engineer BC-producing bacteria introduces
a new era of living biomaterials with tailored functionalities, unlocking further possibilities
for advanced bioproducts. While these prospects are promising, scaling up BC production
remains a challenge that requires continued research to optimize fermentation processes,
refine production techniques, and explore sustainable substrates.

By embracing sustainable approaches and employing synthetic biology, BC’s trans-
formative potential can be harnessed across various applications, paving the way for
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groundbreaking developments in biomaterials and biotechnology. Collaborative efforts
across disciplines will be crucial in fully realizing the applications of BC and shaping a
more sustainable and innovative future.
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