4 polysaccharides

Article

Exploring the Potential of Post-Consumer Agroindustrial
Subproducts for Nanocellulose-Biobased Adhesives

Consuelo Fritz 12*

W) Check for updates

Academic Editor: Tamilselvan Mohan

Received: 2 January 2026

Revised: 9 March 2026

Accepted: 11 March 2026

Published: 13 March 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

, Bastian Muifioz 13, Juan Francisco Olivera

3 4,5

and Paulo Diaz-Calderén

Department of Forest Products Development, Faculty of Forest Sciences and Nature Conservation,
Universidad de Chile, Santiago 8820808, Chile; bmunoz@ciaschile.com

2 National Center of Excellence for the Wood Industry (CENAMAD)—ANID BASAL FB210015,

Pontificia Universidad Catdlica de Chile, Santiago 7780366, Chile

Center of Innovation and Applied Science, Santiago 7500571, Chile; jfolivera@ciaschile.com

Biopolymer Research & Engineering Laboratory (BIOPREL), School of Nutrition and Dietetics, Faculty of
Medicine, Universidad de Los Andes, Santiago 7620001, Chile; pdiaz@uandes.cl

Center for Biomedical Research and Innovation (CIIB), Faculty of Medicine, Universidad de Los Andes,
Santiago 7620001, Chile

Correspondence: cfritz@uchile.cl

Abstract

The valorization of agro-industrial byproducts as sources of functional polysaccharides
is a promising strategy for developing sustainable materials. In this study, cellulose was
extracted and purified from rice husk and apple pomace through sequential alkaline and
bleaching treatments. Then it was chemically modified via TEMPO-mediated oxidation to
obtain cellulose nanofibers (TOCNFs) with cellulose yields ranging from 23.8 to 32.4% for
rice husk and 9.3-13.8% for apple pomace. Owing to its higher recovery and structural reg-
ularity, rice husk was selected for surface modification with 3-aminopropyltriethoxysilane
(APTES). The resulting TOCNFs exhibited an average width of 8 nm and a carboxyl content
of 0.48 mmol g~!. Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
and nitrogen determination (1.72 mg g~ !) confirmed the presence of aminosilane functional-
ities. APTES-modified TOCNFs were incorporated as active components to develop hybrid
poly(vinyl acetate) (PVA) adhesives synthesized via in situ heterogeneous water-based
polymerization. The influence of TOCNF surface chemistry and sodium dodecyl sulfate
(SDS) on latex particle size, rheological behavior, and adhesive performance was systemati-
cally investigated. Latex particle size increased from 193 nm (PVA-SDS) to 625 nm with
TOCNEF-APTES and decreased to 247 nm upon SDS addition. Rheological analysis revealed
pronounced shear-thinning behavior associated with the formation of percolated nanofib-
rillar networks, with low-shear viscosity increasing up to 477 Pa-s for TOCNF-APTES
and decreasing to 370 Pa-s with SDS. Lap-shear testing (ASTM D905) showed substantial
improvements in adhesive strength, reaching up to 250 kPa compared to PVA-SDS. These
results demonstrate that surface-modified CNFs act not only as mechanical reinforcements
but also as interfacially active components governing polymerization behavior, rheology,
and adhesive performance. This exploratory study provides a proof-of-concept for the
development of sustainable wood adhesives from agro-industrial byproducts.

Keywords: agro-industrial residues; APTES; bio-based wood adhesives; cellulose
nanofibers; heterogeneous polymerization; polyvinyl acetate; silane functionalization;
TEMPO-mediated oxidation
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1. Introduction

The increasing generation of agro-industrial residues poses major environmental and
economic challenges, particularly when inefficient processing and disposal practices lead
to waste accumulation and pollution. However, these residues are rich in cellulose and
represent an underutilized resource for producing high-value biobased materials. Cellulose
is attractive because it is abundant, renewable, biocompatible, exhibits high aspect ratios,
large surface areas, has high mechanical properties, and is easy to modify [1]. Furthermore,
cellulose can be further processed into nano-sized materials, namely cellulose nanocrystals
(CNCs) and cellulose nanofibers (CNFs), depending on the processing method.

A wide range of agro-industrial byproducts has been explored as feedstocks for the
isolation of nanocellulose, including apple pomace [2]; beer bagasse [3], the most abundant
by-product of the brewing process [4]; grape marc from red wine [5]; olive residues [6];
pear pomace [7]; pumpkin pomace [8]; rice husks [9]; and tomato pomace [10]. These
materials combine high cellulose content with low economic value, making them promising
substrates for developing high-performance biomaterials [11]. For instance, apple juice
processing generates substantial quantities of pomace as a byproduct, accounting for
30-35% of the fruit [12], which represents a significant environmental challenge due to
its high moisture content and rapid fermentability [13]. Similarly, global rice production
exceeded 800 million tonnes in 2023 [14], producing approximately 160 million tonnes of
rice husk annually, representing 20% of grain weight [15]. All these byproducts can be
examined to produce high-value bioproducts through various processes aimed at their
conversion into cellulose nanomaterials.

Several routes have been developed for producing cellulose nanofibers (CNFs), in-
cluding mechanical grinding, ultrasonication, homogenization, and TEMPO-mediated
oxidation [16]. Among these, TEMPO-mediated oxidation is recognized for its relative
simplicity, scalability, and ability to generate nanofibers with controlled dimensions and
high surface charge, which facilitates dispersion and further functionalization [17,18]. Re-
ported TOCNF diameters typically range from 6 to 20 nm, depending on the cellulose
source and processing conditions. Consequently, TEMPO-mediated oxidation stands out as
an effective approach for CNF synthesis, offering a blend of operational simplicity and the
introduction of anionic surface charges that enhance fiber dispersion and facilitate further
functionalization [19].

The major difficulty limiting the widespread use of CNFs is their hydrophilic na-
ture, which affects their compatibility with polymer matrices, particularly hydrophobic
or partially hydrophobic systems; hence, surface modification is used to reduce their
hydrophilicity [20]. Silylation is an important chemical modification process for cellu-
lose, enabling its surface modification by incorporating hydrophobic alkyl silanes. This
technique enhances cellulose’s compatibility with nonpolar matrices, distinguishing it
from other modification methods. Notably, silylation employs silanol coupling agents
that form covalent bonds with the hydroxyl groups present in the cellulose structure.
Additionally, the silylation process is recognized for its environmentally friendly quali-
ties, characterized by a low-waste approach that minimizes the generation of byproducts
and unreacted intermediates [21]. There are several types of silylation agents, includ-
ing 3-aminopropyltriethoxysilane (APTES), methacryloxypropyl-trimethoxysilane (MPS),
and diethylenetriaminopropyltrimethoxysilane (TAS). Among these, APTES stands out
as the most widely used option [22,23] due to its two reactive functional groups: amine
and silanol. Moreover, the silane treatment using APTES is considered a green treat-
ment [24] and has been shown to improve dispersion and mechanical performance when
incorporated at the beginning of the polymerization reaction [25]. Nanocellulose has been
investigated as a reinforcing additive in PVAc adhesives [26]. However, most studies rely
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on post-polymerization blending of CNFs into preformed latexes or polymer matrices,
where nanofibers primarily act as passive mechanical fillers. These approaches often suffer
from limited interfacial integration, aggregation issues, difficulties in scaling up to indus-
trial levels, prolonged polymerization times when nanocellulose concentrations are below
1% (w/w), the formation of inhomogeneous films due to uneven dispersion of nanoparticles
within the matrix, and the lack of covalent bonding between the nanocellulose and PVA [27].
More recently, dissolution-based strategies for cellulose nanomaterials have been proposed
to improve molecular-level dispersion and composite homogeneity, but these approaches
typically require aggressive solvents, compromise fibrillar morphology, and pose significant
challenges in scalability and industrial implementation [28]. In contrast, heterogeneous
water-based polymerization is a technology utilized to synthesize nanocellulose-based
adhesives, involving the combination of two or more immiscible liquids, with one serving
as the starting monomer for subsequent polymerization.

To the best of our knowledge, the systematic investigation of the combined use of
TEMPO-oxidized and silane-functionalized CNFs derived from agro-industrial residues as
active interfacial components during heterogeneous polymerization of PVAc adhesives,
and the explicit correlation between CNF surface chemistry, rheological network formation,
and adhesive performance, has not yet been comprehensively investigated.

Based on these considerations, this study is grounded on the hypothesis that CNFs
can simultaneously serve as mechanical reinforcements and active interfacial components
in wood adhesive systems. Specifically, we propose that incorporating APTES-modified
CNFs promote the formation of percolated nanofibrillar networks and enhance polymer-
fiber interactions during heterogeneous polymerization, thereby governing rheological
behavior and adhesive strength. Furthermore, the incorporation of sodium dodecyl sulfate
(SDS) is expected to primarily regulate colloidal stability and particle size distribution,
enabling controlled latex formation while modulating the extent of CNF-mediated network
structuring. To test these hypotheses, CNFs derived from an agro-industrial residue were
functionalized with APTES and incorporated into PVAc adhesive formulations via in situ
polymerization, and the resulting systems were evaluated in terms of particle morphology,
rheology, and wood adhesion performance.

2. Materials and Methods
2.1. Materials

Apple pomace, beer bagasse, grape marc from red wine, olive waste, pear po-
mace, pumpkin pomace, rice husks, and tomato pomace were collected from vari-
ous agro-industrial sources located in the Regién Del Maule, Chile. Sodium bro-
mide (NaBr, 99+%), sodium hydroxide (NaOH, 97+%), sodium chlorite (NaClO,, 80%),
2,2,6,6-Tetramethylpiperidine (TEMPO, >98%), (3-aminopropyl) triethoxysilane (APTES,
99%), vinyl acetate monomer (VAM, 99+%), sodium dodecyl sulfate (SDS), and potassium
persulfate (KPS) were purchased from Sigma Aldrich (St. Louis, MO, USA) and utilized
without any further purification. Prior to polymerization, VAM underwent treatment with
NaOH to remove the inhibitor. The resulting monomer was then washed and subsequently
stored in a flask with granular calcium chloride to remove residual moisture. This process
allowed for a 24 h drying period before use. Spectroquant® Nitrogen Cell Test kits were
purchased from Merck KGaA (Darmstadt, Germany) and used according to their specified
analytical protocols.

2.2. Subproducts Preparation and Determination of Chemical Composition

All subproducts were thoroughly cleaned and air-dried before use and then ground to
specific sizes in accordance with the prescribed methodology. To determine the chemical
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composition, we followed the protocols established by NREL (National Renewable Energy
Laboratory, Golden, CO, USA). For ash content, we employed “Determination of Ash in
Biomass” [29], for the determination of extractives, we used “Determination of Extractives
in Biomass” [30], for lignin content, we used “Determination of Structural Carbohydrates
and Lignin in Biomass” [31], and for alpha cellulose we used the ASTM D1103 [32] and
ASTM D1104 [33] standards.

2.3. Cellulose Isolation via Alkaline Treatment and Bleaching

The process of isolating cellulose focused on subproducts that contained the highest
concentrations of this valuable compound. Furthermore, this selection was made with
careful consideration of the annual availability of these materials sourced from the Regién
del Maule in Chile, ensuring a sustainable approach to utilizing local resources. Data
and information were collected systematically from national sources for review [34,35].
The alkaline treatment method was selected for cellulose isolation due to its widespread
application and strong endorsement in the field for processing agricultural waste and
extracting cellulose [36]. The experiment was designed to evaluate the effects of NaOH
concentration, reaction time, and temperature on cellulose yield, as outlined in Table 1.
Utilizing a 25~ experimental design, a total of four experiments were conducted to investi-
gate the principal effects. The treatments were coded using the notation Ax-ty-Tz, where
A denotes alkali concentration, t represents the reaction time, and T denotes the processing

temperature. Each experiment was performed in at least three replicates.

Table 1. Design of experiments for biomass alkaline treatment.

Treatment NaOH (% w/v) Time (min) Temperature (°C)
1: Ag-t60-T70 8 60 70
2: Aqp-tgg-Trg 12 90 70
3: Aa-tgo-Tso 12 60 80
4: Ag-tgo-Tgo 8 90 80

During the alkaline treatment, a solid-to-liquid ratio of 1:20 g/mL was utilized. Once
the reaction was complete, the biomass was thoroughly washed with water until the pH
neared neutral. The yield from this treatment was determined by calculating the ratio of
the final dry mass to the initial dry mass and expressing it as a percentage.

The purification process involved a bleach treatment to remove residual lignin. This was
accomplished through a two-step bleaching procedure that utilized a 2% (weight/volume)
sodium chlorite (NaClO;) solution. The treatment was carried out for 60 min at 75 °C
and pH 4.5, maintaining a solid-to-liquid ratio of 1:50 g/mL. Following the bleaching,
the biomass was thoroughly washed to achieve a near-neutral pH. The yield from this
bleached treatment was determined by calculating the ratio of the final dry mass to the
initial dry mass and expressing it as a percentage. The cellulose content was then measured
in accordance with the ASTM D 1103 and D1104 standards.

All data are presented as the mean =+ standard error of the mean, along with the
variation coefficient when applicable. An ANOVA was performed to compare the effect of
the independent variables on yields at the 5% alpha level.

2.4. Production and Characterization of TOCNFs

The bleached biomass with the highest yield from each selected subproduct was uti-
lized to produce cellulose nanofibers. This production involved an oxidation pretreatment
with a TEMPO radical, followed by sonication. The oxidation process followed the protocol
outlined by [37], with the following reaction conditions: a 1% w/v cellulose dispersion,
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0.016 g of TEMPO catalyst (Sigma Aldrich, St. Louis, MO, USA) per gram of cellulose,
and 0.1 g of NaBr per gram of cellulose. Sodium hypochlorite was used as the oxidizing
agent, at a concentration of 5 mmol NaClO (Sigma Aldrich, St. Louis, MO, USA) per gram
of cellulose. The reaction was conducted for 90 min with continuous agitation at 500 rpm
and 25 °C, while the pH was carefully maintained at 10 by adding 0.5 M NaOH dropwise.
Following the reaction, the resulting suspension was washed and centrifuged at 5000 rpm
for 10 min until the pH of the liquid fraction approached neutral. The TEMPO-oxidized
cellulose fiber suspensions were initially blended with an Ultraturrax T25 (IKA-Werke
GmbH & Co. KG, Staufen, Germany) at 10,000 rpm for 6 min. Subsequently, the TEMPO-
oxidized cellulose nanofibers (TOCNFs) were liberated through sonication using a Vibracell
VCX750 ultrasonic processor (Sonics & Materials Inc., Newtown, CT, USA) equipped with
a 13 mm stepped tip. Ultrasonication was conducted in an ice bath, employing a pulsed
mode of 20 s on and 10 s off, until a cumulative ultrasonic energy output of 240,000 joules,
as indicated by the instrument’s energy display, to minimize batch-to-batch variability.

The nanofibrillation yield was calculated in triplicate from the dry weights of TOCNFs
suspensions before and after centrifugation at 4000 rpm for 10 min.

The surface charges of the TOCNFs from the two subproducts were measured using
conductometric titration, as described previously [38]. To summarize, a 0.1% (w/v) sus-
pension of TOCNFs was prepared in 0.01 M NaCl. While stirring with a magnetic stirrer,
0.1 M HCl was gradually added until the pH stabilized between 2.5 and 3. Then, 100 pL
aliquots of 0.1 M NaOH were added every 60 s until the dispersion approached a pH value
of 11. The addition of NaOH aimed to decrease conductivity and neutralize the acid. Once
acid neutralization was achieved (recorded volume = V1, mL), the conductivity remained
constant until the endpoint (recorded volume = V2, mL), which marked the neutraliza-
tion of the carboxylic groups. After this point, further addition of NaOH increased the
conductivity. The anionic charge density was calculated using Equation (1).

[NaOH] x x(V, — V7)

C:

(1)

where C is the carboxyl group content (mmol/g sample), [NaOH] is the NaOH concen-
tration (mol-L~1), V; and V, are the volumes of NaOH (mL) at the equivalence point,
and w (g) is the solid weight of the TOCNF sample.

The fluidity of TOCNFS suspensions was assessed using a gravity-driven flow test at
25 °C. Briefly, 30 mL of each suspension (1 wt%) was loaded into a standard cup, and the
time required for drainage was recorded with a stopwatch. Measurements were performed
in triplicate following [39]. Fourier-transform infrared (FT-IR) spectroscopy was employed
to assess the purity of the TOCNFs utilizing a PerkinElmer Spectrum 100 spectrometer
(PerkinElmer Inc., Waltham, MA, USA) equipped with a horizontally mounted ATR device,
with 32 scans collected in the mid-infrared region (4000—400 cm ™). All measurements
were conducted under atmospheric pressure and at room temperature. The morphology,
length, and width of the different CNFs were observed and measured using a transmission
electron microscope (TEM, Libra 120 Plus, Carl Zeiss AG, Oberkochen, Germany) at 100 kV.
The TOCNF samples were characterized by X-ray diffraction (XRD) using a Bruker D2
Phaser X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) equipped with
a Co K« radiation source. Diffraction patterns were collected over a 26 range of 10-40°,
with a scanning speed of 0.025° /min. These measurements were conducted at atmospheric
pressure and room temperature.

After characterizing the produced TOCNFs, we selected a specific feedstock based
on key factors: enhanced process yield, superior structural regularity, and improved
processing characteristics.
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2.5. Preparation of TOCNF-Based Adhesives by In Situ Polymerization

The TOCNF surface was modified using (3-Aminopropyl)Triethoxysilane (APTES)
(Sigma Aldrich, St. Louis, MO, USA) following a method reported by [23] with slight
modifications. Briefly, the TOCNFs were dispersed in a 20% wt. ethanol (Sigma Aldrich,
St. Louis, MO, USA) solution. In parallel, APTES was also dispersed in a 20% wt. ethanol
solution, where it underwent pre-hydrolysis for 15 min at room temperature after adjusting
the pH to 4 with the addition of glacial acetic acid. The TOCNF dispersion was then added
to the APTES solution at a mass ratio of 1.8:1. The silylation reaction took place for 3 h
at 80 °C, with continuous agitation at 800 rpm under an inert atmosphere. To separate
unreacted APTES and solvent, three centrifugation washes (10,000 rpm, 20 min) were
performed. The silylated TOCNE, abbreviated as TOCNF-APTES, was stored in glass
containers prior to further use.

The performance of the APTES-modified TOCNF samples was evaluated qualitatively
via ATR-FTIR spectroscopy, following the methodology established for the unmodified
TOCNTFs. Additionally, a quantitative analysis was performed to determine the nitrogen
content in the modified samples using the Spectroquant® nitrogen cell tests from Merck
Laboratories. The silanization reactions and the nitrogen determination were performed
in triplicate.

The polymerization was performed via miniemulsion process using TOCNF-APTES
in an in situ configuration. The vinyl acetate monomer (VAM) underwent purification
with a 3% wt. NaOH solution to eliminate inhibitors. In a typical procedure, a 3% wt KPS
aqueous solution, relative to VAM, was delivered over a 20 min interval using a syringe
pump into a previously homogenized dispersion of VAM (15% w/v) and nanocellulose
(5% wt based on VAM) contained in a two-neck round-bottom flask once the temperature
reached 80 °C. Prior to the addition of KPS, SDS surfactant was added at a concentration of
3 mg/mL. A typical PVA adhesive was developed containing only SDS without the addition
of nanocellulose. Other control groups included the polymerization of PVA-TOCNF with
and without SDS. Throughout the polymerization phase, the reactor was continuously
purged with nitrogen to maintain an inert atmosphere. The monomer conversion was
assessed gravimetrically by oven-drying latex samples at 100 °C.

2.6. Characterizations of TOCNF-Based Adhesives

The recovery yield of latex dispersions was assessed using the gravimetric method.
Initially, a known weight of the sample was placed in a container and dried at 100 °C for
24 h in a hot air oven. Once the drying process was complete, the sample was allowed to
cool and then weighed again. Ultimately, the solid content of the latex was determined
as the ratio of the recovered mass to the total solid mass used in the reaction. The overall
monomer conversion was calculated as the ratio of the final dry mass to the initial total mass
of the formulation, after subtracting the contributions of CNF, surfactant, and initiator [40].

Viscosity of the latexes was measured using a controlled-stress rheometer (Discovery
HR-2, TA Instruments, New Castle, DE, USA) at 20 °C in a shear rate between 0.1 and
100 (1/s).

Particle size of the latexes was analyzed by dynamic light scattering using a Zetasizer
Z590 (Malvern Instruments Ltd., Malvern, UK). The latex particle sizes were measured
after diluting the high-solid latexes at least 10-fold with deionized water.

Fourier-transform infrared (FI-IR) spectroscopy of the synthesized polymers was
recorded using a PerkinElmer Spectrum 100 spectrometer (PerkinElmer Inc., Waltham,
MA, USA) equipped with a horizontally mounted ATR device by scanning 32 times in the
mid-infrared region (4000-400 cm™1).
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Adhesion strength on wooden surfaces was measured in shear strength by complying
with ASTM standard D905 [41]. For this evaluation, blocks measuring 50.8 mm in length,
44.4 mm in width, and 19 mm in thickness were cut from radiata pine (Pinus radiata) for
adhesion testing. The surfaces of the pine radiata wood were thoroughly cleaned prior to the
bonding process. To investigate the mechanical performance of the bonded wood specimens
using PVAc adhesives containing TOCNFs and TOCNEF-APTES, an Instron universal testing
machine (Model 4411, Instron, Norwood, MA, USA) equipped with a 500 N load cell,
was utilized. Compressive testing was conducted at a speed of 5 mm min~!, and the
adhesive was applied at a density of approximately 0.05 g cm~2 to the wood surface.
The bonded wood sample ensembles were maintained at ambient conditions (24 &1 °C
and 30 = 2% RH) for 24 h under a constant normal force of 40 N to ensure full curing. Shear
strength (kPa) was determined by calculating the ratio of the maximum force at failure
to the adhesive contact area. Each sample was replicated five times, and the mean values
were subsequently reported.

3. Results and Discussion
3.1. Chemical Profiles and Resource Potential of Agro-Industrial Waste

The analysis of the chemical composition of the eight agro-industrial subproducts is
presented in Table 2 and demonstrates significant variability across feedstocks, reflecting
their diverse botanical origins and processing histories. Apple, pear, and pumpkin pomaces
exhibited particularly high extractive contents, measuring 41.74%, 37.47%, and 49.80%,
respectively. This indicates their rich presence of soluble compounds, including sugars,
phenolics, and low-molecular-weight metabolites. In contrast, rice husks had the lowest
extractive fraction at 7.47%, yet they were notable for their high lignin content (37.64%)
and ash content (22.16%), which align with their well-documented recalcitrance and silica-
rich nature. Among the residues studied, pear pomace and rice husks displayed the
highest cellulose content at 33.81% and 30.88%, respectively. In comparison, grape marc
exhibited lower cellulose levels of 10.31%, accompanied by a high lignin proportion of
35.48%. The highest lignin content was determined for tomato pomace at 45.30%. Olive
waste featured high cellulose (22.78%) and lignin (25.87%) contents, along with a notably
elevated ash content of 8.34%. Overall, these results underscore the heterogeneity of
lignocellulosic residues and highlight the need to tailor valorization strategies to their
distinct chemical profiles.

Table 2. Chemical composition of byproducts expressed as a g/100 god.

Subproduct Extractives ? Cellulose Lignin ® Ashes

Apple pomace 41.74 +2.78 17.53 £2.31 17.36 £1.17 2.66 +0.2

Beer bagasse 3294 +4.75 19.95 + 3.00 12.26 £ 0.42 1.60 £0.1
Grape marc from red wine 36.22 4+ 2.35 10.31 £ 0.16 35.48 - 0.31 244 +0.2
Olive waste 31.68 +1.46 2278 £0.25 25.87 +1.33 8.34 +3.98

Pear pomace 37.47 +0.94 33.81 £0.91 15.80 £0.17 092 +0.1

Pumpkin pomace 49.80 & 11.56 16.59 £ 4.02 1020 £1.72 419+29
Rice husks 747 £2.15 30.88 + 1.50 37.64 +£1.05 22.16 £+ 3.08
Tomato pomace 14.39 £0.31 2423 +4.76 45.30 4 0.35 3.414+0.15

@ Extractives correspond to water-soluble components plus ethanol-soluble components, based on a dry-weight
basis.  Lignin includes acid-soluble and -insoluble lignin, based on a dry-weight basis.

3.2. Criteria-Based Selection of Biomass Subproducts

Following a comprehensive analysis of the chemical composition of these subproducts,
two were selected for further investigation based on the following criteria: (i) cellulose
content and (ii) seasonal availability within the Maule region. First, the subproducts were
ranked according to their cellulose content, resulting in the following order from highest to
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lowest: pear pomace, rice husks, tomato pomace, olive waste, barley waste, apple pomace,
pumpkin pomace, and grape marc from red wine. In terms of the second criterion, residue
availability in the study area, previous studies have provided the following annual produc-
tion volumes: approximately 22,000 tons of rice husk residues [34], 60,000 tons of apple
residues, 27,000 tons of tomato residues, 24,000 tons of olive waste, 23,500 tons of grape
marc from red wine, 36 tons of barley wastes, fewer than 5000 tons of pear residues [35],
and fewer than 3000 tons of pumpkin residues [42]. As a result, integrating both criteria led
to the selection of rice husk and apple pomace as subproducts for further methodological
exploration. Although tomato residues are available in quantities approximately 5000 tons
greater than those of rice husk, the latter was prioritized due to its higher cellulose content.
Conversely, while pear pomace had the highest cellulose content among the subproducts, it
was excluded due to its limited availability in the study area. As noted by [35], a significant
portion of regional pear production is allocated for export, approximately 70%, with only
about 10% processed by the agro-industrial sector. It is worth mentioning that the high
extractive content of apple pomace (41.8%) was attributed to the presence of pectin and
soluble sugars [43]. The cellulose content determined in this study was 17.5%, which has
been reported to range from as low as 8% [44] to as high as 34% [45]. The lignin content
was found within the range reported in the literature [43,45].

3.3. Effects of Alkaline Treatment and Purification Process

After the alkaline treatment, the yields were determined, and the results are presented
in Table 3. Yields resulting from the alkaline treatment varied with both the specific
byproduct and the treatment conditions. The responses of apple pomace and rice husks to
alkaline treatment differed significantly, reflecting their distinct chemical compositions. It
is noteworthy that the values obtained for rice husk are substantially higher than those for
apple pomace, showing approximately 20% greater yield across all applied treatments.

Table 3. Overall yields after the alkaline treatment and bleaching, expressed as a percentage.

Alkaline Treatment Bleaching Treatment

Treat t
reatmen Rice Husks Apple Pomace Rice Husks Apple Pomace
1: Ag-teo-T70 50.87 £1.76 18.90 +1.92 59.15 £ 0.76 7293 £ 1.05
2: Aqp-too-T7g 35.35 4+ 2.06 16.61 £ 2.74 67.14 £+ 6.43 71.03 £ 4.09
3: A1z-teo-Tgo 57.14 + 1.52 13.98 + 4.24 56.76 4 0.46 66.56 + 1.38
4: Ag-toy-Tso 47.26 +2.32 2731+ 1.21 57.65 + 2.19 46.06 + 0.55

Apple pomace, characterized by a high concentration of extractives and relatively
low levels of lignin, achieved the highest yield of 27.31% under milder conditions,
specifically, lower alkali concentration, extended reaction time, and elevated tempera-
ture (T4: 8% NaOH, 90 min, 80 °C). Conversely, more severe conditions (T3, involving
12% NaOH for 60 min at 80 °C) resulted in significant losses, reducing the yield to 13.98%.
This decline is likely attributable to the degradation of cellulose along with the removal of
hemicelluloses and soluble components. Variation in apple pomace yields can be attributed
to intrinsic characteristics of this byproduct, such as the presence of secondary compounds
that are easily removable under alkaline conditions. As presented in Table 2, the apple
pomace contained 41.74% total extractables and 17.36% lignin. Consequently, the expected
yields after alkaline treatment were anticipated to be below 30%. This expectation arises
from the high concentration of extractables, which led to the alkaline treatment effectively
removing most of these compounds. The statistical analysis, detailed in Appendix A, clearly
identified two variables with p-values below 0.05: time and NaOH concentration. This
finding confirms that both variables have a significant impact on performance outcomes.
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Rice husk, characterized by higher lignin and silica content, exhibited higher yields at
this stage, ranging from 35% for T2 to 57% for T3, with T3 yielding the highest yield. These
values are likely influenced by the low extractive content in rice husk, as shown in Table 2.
This subproduct contains only 7% total extractives and nearly 38% lignin, both of which
are affected during the alkaline treatment step. This suggests that greater concentrations
of NaOH and elevated temperatures are required to effectively dismantle the lignin-silica
matrix and enhance cellulose recovery. In contrast, prolonged exposure to similar alkali
concentrations at lower temperatures (T2) resulted in the lowest yield of 35.35%, likely due
to excessive solubilization of the cell wall polysaccharides. Furthermore, both time and
temperature have p-values < 0.05 (Appendix A), indicating that these factors significantly
influence the observed outcomes.

These varied responses underscore the need to tailor alkaline treatment parameters to
account for the unique structural and compositional traits of each residue type.

Following the alkaline treatment, the resulting pulps were subjected to a bleaching
process to further remove residual lignin and enhance cellulose purity. Clear distinctions
emerged between the two byproducts based on their prior alkaline treatments. For apple
pomace, bleaching yields varied significantly, ranging from 46.06% (T4) to 72.93% (T1).
The highest yield was achieved after the mildest alkaline conditions, indicating that a less
aggressive alkaline treatment promotes better cellulose recovery during subsequent bleach-
ing. In contrast, the lowest yield under T4 suggests that prolonged exposure to alkali
at elevated temperatures may have led to excessive degradation of the polysaccharide
fraction, thereby diminishing bleaching efficiency. In the case of rice husks, bleaching
yields were more consistent across the treatments, ranging from 56.76% (T3) to 67.14% (T2).
Interestingly, T2, which demonstrated the lowest yield after alkaline treatment, yielded
the highest after bleaching. This finding suggests that moderate alkaline degradation may
have facilitated delignification and enhanced cellulose retention in the subsequent step.

The overall yields, calculated as the mass fraction recovered after sequential alkaline
treatment and bleaching, revealed distinct trends for apple pomace and rice husks. For ap-
ple pomace, the global recovery remained relatively low across all conditions, ranging
from 9.33% (T3) to 13.79% (T1). This limitation reflects the considerable solubilization
of extractives and hemicelluloses, which is typical of this residue [46]. In contrast, rice
husks demonstrated notably higher overall yields, ranging from 23.80% (T12) to 32.44%
(T3). This can be attributed to their more lignified and silica-rich structure, which provides
enhanced resistance to degradation during processing. Interestingly, while T3 yielded the
lowest overall recovery for apple pomace, it resulted in the highest recovery for rice husks,
underscoring the significance of chemical composition in process optimization.

Additionally, the yield results were assessed based on the theoretical cellulose content
available in the subproducts. According to Table 2, rice husks comprise 31% cellulose,
which can potentially be isolated and transformed into nanomaterials. The processed
yield surpassed 75%, demonstrating that over 75% of the theoretically available cellulose
was recovered after all treatment stages, underscoring the effectiveness of the process in
recovering and utilizing cellulose from this by-product. The maximum cellulose recovery
was achieved by an alkaline treatment with 12% NaOH for 60 min at 80 °C, followed
by two bleaching cycles. Additionally, an analysis of variance indicated that the time
variable is the only factor that significantly influences performance, as its p-value is less
than 0.05. For apple pomace, yields based on the theoretical cellulose content of this by-
product were above 50%. Specifically, treatment 1 recovered nearly 76% of the theoretically
available cellulose through an alkaline treatment (8% NaOH, 60 min, 70 °C) followed by
two bleaching cycles. The analysis of variance revealed no significant differences. Other
researchers have reported cellulose recovery as high as 86% [46].
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Ultimately, two of the eight potential treatments were selected for the synthesis of
nanocellulose, one for each byproduct analyzed. Treatment 1 was designated for apple
pomace, while treatment 3 was chosen for rice husk. This combination of variables achieved
the highest final yields and facilitated the recovery of a substantial amount of the theo-
retically available cellulose. The pulps derived from the two selected treatments were
evaluated for their alpha-cellulose and lignin content. The partially bleached rice husk pulp
consisted of 61% cellulose and 7% lignin, while the partially bleached apple pomace pulp
consisted of 71% cellulose and 12% lignin. The FTIR analysis also revealed the chemical
changes that occurred during the processes (Figure 1). Both spectra exhibited typical absorp-
tion bands of lignocellulosic materials, with broad O-H stretching around 3400 em~ ! C-H
stretching near 2900 cm~!, and C-O-C vibrations of polysaccharides in the 1200-1000 cm ™!
region [47]. The apple pomace pulp shows more intense bands at ~1600-1700 cm~?, cor-
responding to the C=0 stretching vibrations in carbonyl and carboxyl groups and the
stretching vibrations in p-substituted aromatic ketones associated with lignin [47]. These
features indicate a higher residual lignin content than in rice husk pulp. The FTIR spectra of
both partially bleached pulps display characteristic cellulose absorption bands. The bands
at 1430 cm~! (CH, scissoring) and 1370 cm~! (C-H bending) are typical of crystalline
cellulose and are accompanied by strong C-O-C stretching vibrations at 1160 cm~! and
1030 cm 1, as well as the B-glycosidic linkage vibration at ~895 cm ™! [47]. The similarity
in intensity and position of these cellulose-associated peaks between rice husk and apple
pomace pulps indicates that the bleaching treatments preserved the main polysaccharide
structure in both materials. Consequently, both pulps exhibited high cellulose content and
were subsequently oxidized to synthesize nanofibers.

—Partially bleached pulp derived from rice husk

—Partially bleached pulp derived from apple pomace

T T T T T T T T

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™!)

Figure 1. FTIR spectra of bleached pulps derived from rice husks and apple pomace. The dotted line
indicates the characteristic lignin absorption band.

3.4. Production, Characterization, and Silanization of TOCNFs

Following the application of TEMPO-mediated oxidation to the partially bleached
pulps from apple pomace and rice husks, the suspensions were centrifuged to effectively
separate the nanofibers present in the supernatant from the precipitated material. This
approach enabled us to assess the nanofibrillation degree by using gravimetric analysis,
followed by the determination of carboxyl (COOH) content and the size of the nanofibers.
The results are presented in Table 4. The cellulose nanofibers obtained from the selected
byproducts exhibited percentages of 65.6 = 8.3% for rice husks and 87.5 & 5.3% for apple
pomace. The COOH content was similar in both cases, with values around 0.48 mmol/g.
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The width of these nanofibers was below 10 nm, with an average of 8 nm for nanofibers
from rice husks and 7 nm for nanofibers from apple pomace.

Table 4. Properties of TOCNFs derived from rice husks and apple pomace.

Nanofibrillation COOH Content Nanofiber Width

Subproduct Degree (%) (mmol/g) (nm)
Rice husk 65.6 = 8.3 0.48 + 0.01 79 %1
Apple pomace 87.5+5.3 0.49 £+ 0.03 6.7+ 13

Transmission electron microscopy (TEM) confirmed the successful production of TOC-
NFs from both apple pomace and rice husks (Figure 2). The TOCNFs derived from apple
pomace demonstrated a well-dispersed network of thin, elongated fibrils with minimal
aggregation, indicating an effective fibrillation process. These fibers had an average width
of 6.7 £ 1.3 nm and an average length of 958 & 130 nm. In contrast, the TOCNFs ob-
tained from rice husks formed a denser network with a width of 7.9 & 1 nm and a length
of 617 £ 64 nm. These observations highlight the influence of chemical composition on
nanofibrillation efficiency, with apple pomace yielding more homogeneous nanofibers,
whereas rice husks produced nanofibrils of similar dimensions but with a higher tendency
to aggregate.

Figure 2. TEM images of tempo-oxidized cellulose nanofibers (CNFs) derived from (A): apple pomace,
and (B): rice husks.

The degree of crystallinity in cellulose polymers is strongly associated with the hydro-
gen bonds and van der Waals interactions occurring between cellulose molecules within the
crystallites of cellulose [48]. The crystalline characteristics and X-ray diffractograms of the
TOCNFs extracted from rice husk and apple pomace are depicted in Figure Al for compara-
tive analysis. The TOCNF samples showed two distinct peaks at 20 angles of approximately
18° and 26°, corresponding to the amorphous and crystalline fractions, respectively, indicat-
ing cellulose type I3 [49], a characteristic of these lignocellulosic materials [5]. The relative
crystallinity index, determined using Segal’s method [50], revealed that the TOCNF from
rice husk exhibited a crystallinity of 69%, whereas the TOCNF sourced from apple pomace
demonstrated a reduced crystallinity of 50%. The presence of non-cellulosic components,
such as hemicelluloses and lignin, may contribute to its lower index [6]. As a result, we
concluded that the lignocellulosic source influences the organization of TOCNE, with the
rice husk being structurally more crystalline than apple pomace after oxidation.

Based on an evaluation of the comparative processing performance and physico-
chemical properties of the resulting nanofibers, rice husk was selected as the feedstock
for subsequent APTES functionalization. Although apple pomace-derived TOCNFs ex-
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hibited a higher nanofibrillation yield (87.5 & 5.3%) and comparable carboxyl content
(~0.48 mmol g~ 1), their suspensions displayed substantially higher viscosity (approxi-
mately 2.5-fold higher than rice husk TOCNFs), which hindered handling, dispersion, and
subsequent chemical modification. In addition, rice husks consistently achieved higher
overall cellulose recoveries following alkaline and bleaching treatments (23.8-32.4%) com-
pared to apple pomace (9.3-13.8%), reflecting greater process robustness in processing
as a feedstock. Structural analysis further revealed a significantly higher crystallinity
index for rice husk TOCNFs relative to apple pomace, suggesting a more organized cel-
lulose structure that is advantageous for controlled surface functionalization. As a result,
these factors substantiate the viability of rice husk as a promising feedstock for advanced
functionalization applications.

Following the silanization modification, the morphology of the nanofibers remained
unchanged (images not provided). However, this modification introduced surface-level al-
terations to their chemical structure. The ATR-FTIR spectra of TOCNF and TOCNF-APTES,
derived from partially bleached rice husk pulp, provided compelling evidence of the chemi-
cal changes that took place during the silanization process (Figure 3). The TOCNF spectrum
exhibited a distinct absorption band at around 1600 cm ™!, which can be attributed to the
stretching vibration of carboxyl carbonyl groups (C=0) generated by the oxidation of pri-
mary hydroxyl groups located at the C6 position of cellulose [51]. The oxidation level was
measured at 0.48 mmol COOH/g pulp, as indicated in Table 4. Additionally, a correspond-
ing reduction in the broad O-H stretching band observed near 3400 cm~! further indicates
the partial conversion of hydroxyl groups to carboxyl functionalities [52]. The presence of
APTES was qualitatively validated by the detection of the primary amine N-H stretching
vibration, observed within the wavenumber range of 1650-1580 cm 1 [24,52], as illustrated
in Figure 3. Moreover, after the APTES modification, there was a noticeable decrease in
the intensity of the band attributed to C=0, indicating an interaction between the car-
boxylated groups of TOCNFs and the amine groups of APTES. This interaction occurs
through a nucleophilic attack (SN2) mechanism, where the efficacy of the silylation re-
action improves with better leaving groups containing active hydrogens [53], as it has
been concluded that the carboxyl groups are more reactive than the hydroxyl groups in
the context of silylation [54]. The spectral peaks corresponding to Si-CHj (865-750 cm 1),
Si-O-Si, Si-O-C (1028-1157 cm 1), and Si-CH, (1228 cm~1) [55] were difficult to distinguish
individually due to the considerable overlap with other components present in rice husk
pulp. The peaks coincided with the significant and strong C-O-C vibration bands of
cellulose within the same spectral range [56]. When TOCNF surfaces were treated with
silane, the alkoxy groups of the silane reacted with water to form silanol (SiH;OH). This
silanol group was then absorbed by the O-H bonds present in cellulose, leading to a con-
densation reaction. As a result, siloxane bridges (Si-O-5i) were formed and attached to
TOCNEF through Si-O-C bonds [24]. Moreover, the nitrogen content of the APTES-modified
TOCNEF was quantified following acid digestion. The TOCNF-APTES exhibited a nitrogen
content of 1.72 mg/g cellulose +0.12, corresponding to about 0.2%, which is in agreement
with previous results [23].

The X-ray diffractograms of the TOCNFs derived from rice husks before and after
APTES modification are shown in Figure 4. After APTES functionalization, there was
a marked decrease in the intensity of the (200) reflection and a significant increase in the
amorphous region, suggesting a partial disruption of the crystalline order. The APTES-
modified TOCNFs showed an additional broad peak at 26~15°, which confirms the presence
of the siloxane lattice as an indication of the amorphous nature of silane [57]. Additionally,
a new diffraction peak was observed at 20 = 35°, which is generally low in intensity; this
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signal is attributed to the Si-O-C linkage between silane and cellulose [52]. Therefore,
after silane modification, an amorphous siloxane phase formed on the CNF surface.

——Partially bleached pulp rice husks
——TOCNEF derived from rice husk
——TOCNF-APTES derived from rice huk

4000 3700 3400 3100 2800 2500 2200 1900 1600 1300 1000 700 400

Wavenumber (cm™)

Figure 3. FTIR spectra of modified cellulose nanofibers derived from partially bleached pulp from
rice husks. The dotted line indicates the characteristic O-H stretching band, and the dotted box
highlights the decrease in band intensity associated with the amine functionalization.

——TOCNEF-APTES derived from rice husk

——TOCNF derived from rice husk

Intensity (a.u.)

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
2009

Figure 4. XRD patterns of TOCNFs derived from rice husk and the APTES-modified TOCNFs.

3.5. Potential of TOCNF-APTES for the Development of Bio-Based Adhesives

The TOCNF-APTES derived from rice husk was utilized in an in situ polymerization
to produce cellulose-based adhesives. The in situ process involves the activation of TOCNF-
APTES by KPS at 80 °C, where free radicals were generated onto the cellulose surface [40].
The results obtained from ATR-FTIR and XRD provide qualitative evidence of successful
silane grafting, consistent with previous reports on APTES-modified nanocellulose [23,58].
The addition of vinyl acetate monomer after TOCNF-APTES activation is expected to
facilitate graft copolymerization onto the TOCNF surface. The characteristics of these
polymers are shown in Table 5. The recovery yield was higher for the PVA control (~74%),
whereas it was ~64% for PVA-TOCNEF-APTES and ~57% for PVA-TOCNEF-APTES-SDS.
The polymerization conversion was determined by calculating the ratio of the mass of
the polymer formed to the initial mass of the monomer. The results indicated values of
72.65% for the PVA control, 63.68% for the PVA system containing TOCNF-APTES, and
53.93% for the PVA-TOCNE-APTES-SDS formulation. The observed decrease in conversion
rates upon the inclusion of TOCNF-APTES and SDS suggests an increase in interfacial
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and steric hindrance during polymerization. This phenomenon is likely attributable to
the formation of dense nanofiber interfacial layers and partial steric hindrance introduced
by APTES modification [59]. The particle sizes of the PVA and nanocellulose-based PVA
measured by DLS are presented in Table 5. The average particle size of PVA-SDS was
193.15 nm. In contrast, the addition of cellulose nanofiber resulted in an increase in the
particle size up to 625 nm (PVA-TOCNF-APTES). The incorporation of SDS stabilized the
emulsion particles, leading to a reduced particle size of 247 nm. The observed increase in
emulsion particle sizes compared to PVA-SDS can be attributed to the presence of cellulose
nanofibers at the polymer-water interface, which partially adsorb onto the growing poly-
mer particles and promote the formation of a hybrid organic-inorganic interfacial layer.
The incorporation of TOCNF functionalized with APTES further increases the effective
hydrodynamic diameter of the emulsion particles due to steric contributions and inter-
particle interactions mediated by the nanofibrillar network. In this scenario, SDS acts as
a co-stabilizer, enhancing colloidal stability and limiting uncontrolled particle growth and
aggregation, while the nanocellulose contributes to particle structuring rather than simple
surfactant-based stabilization. Polymerizations conducted in the absence of SDS but in
the presence of CNFs resulted in particle aggregation, precluding particle size analysis,
highlighting the necessity of SDS for colloidal stabilization.

Table 5. Characterization summary of polymers.

Recovery Polymerization . . 1 Particle Size
Polymer Yield (%) Conversion (%)  viscosity (Pas) (nm) 2
PVA 3 7395+ 2.78 72.65 +2.92 0.0014 + 00002  193.15 + 035
PVA-TOCNF-APTES 6637 + 3.51 63.68 + 3.37 477.2 + 180 625.45 + 33.37
PVA-TOCNF-APTES-SDS ~ 57.21 + 3.4 5203 + 3.14 370.6 + 84 246.80 + 14.49

1 Viscosity measured at a shear rate of 10 s~1. 2 Measured by DLS, the polydispersity indices (PDI) were 0.1 = 0.03,
0.22 £ 0.13, and 0.48 + 0.11, respectively. > Correspond to PVA-SDS only.

The rheological properties of the polymers were assessed and are detailed in
Appendix A, which shows the steady-state viscosity as a function of the shear rate
(Figure A2A) and the shear stress as a function of shear rate (Figure A2B). The rheolog-
ical behavior is dependent on the particle size of the latexes, the dispersion of cellulose
nanofibers in the matrix, and the intermolecular interactions [60]. The adhesives dis-
played characteristic shear-thinning behavior due to the entanglements and inter- and
intra-molecular hydrogen bonds located at PVA-TOCNFs, similar to that observed in
suspensions of TOCNF/PVA [61]. Notably, the viscosity of the PVA-SDS polymer used
as a control was found to be lower than that of PVA polymerized alongside modified
cellulose nanofibers, indicating that the presence of nanocellulose primarily influences
the rheological characteristics, since these nanomaterials function as a rheological modi-
fier [62]. This behavior reflects SDS’s primary role as a low-molecular-weight surfactant
that enhances colloidal stability and reduces particle aggregation, thereby limiting the
formation of extended physical networks in the aqueous phase. In contrast, incorporation
of TOCNEF-APTES led to a pronounced increase in zero-shear viscosity and the emergence
of a more elastic-like response at low shear rates, indicating the formation of a percolated
nanofibrillar network within the polymer matrix. The elevated viscosity observed in these
samples may be attributed to the high aspect ratio of CNFs combined with surface amine
functionalities introduced by APTES, which promote strong interfacial interactions with the
growing PVAc chains and facilitate physical bridging between polymer particles. The re-
sulting interconnected structure restricts polymer chain mobility and enhances resistance
to deformation under low shear, leading to substantially higher viscosities compared to
PVA-SDS systems. When SDS was introduced into the TOCNF-APTES-containing for-
mulation, the overall viscosity decreased but remained significantly higher than that of
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PVA-SDS. This intermediate rheological behavior reflects the dual and partially competing
roles of CNFs and surfactant. Thus, SDS enhanced emulsion stability and reduced particle
size, likely limiting excessive aggregation and weakening long-range CNF-CNF contacts.
At low shear rates (<1.5 s71), the viscosities of the PVA polymerized by TOCNF-APTES
were higher, which could be explained by the size of the emulsion latex (625 nm) since
the addition of SDS during the polymerization reactions leads to a decrease in emulsion
particle size (247 nm). When the shear rates increased (>1.5 s~!), the entanglement network
broke, and the nanofibers tended to align with the shear directions, causing a decrease in
viscosities with similar values for both PVA-TOCNF-APTES and PVA-TOCNF-APTES-SDS
samples. This behavior can be attributed to the enhanced inter-fibrillar interactions facili-
tated by silane grafting, which involves hydrogen bonding and potential siloxane-mediated
associations. These interactions effectively strengthen the CNF network and limit the
mobility of the polymer chains.

The increase in particle size in the presence of TOCNF-APTES, together with enhanced
low-shear viscosity and yield-like behavior, suggests that CNFs participate in interfacial
structuring and particle bridging during polymerization rather than acting solely as post-
polymerization fillers.

FTIR analysis was employed to evaluate the chemical structure of the fabricated PVA
adhesives. ATR-FTIR transmittance spectra are shown in Figure 5. The wide peaks at
3400-3500 cm ! in the spectra of PVA-TOCNF-APTES and PVA-TOCNF-APTES-SDS sam-
ples are attributed to the stretching vibration of the O-H bond related to the hydroxyl groups
of TOCNFs and the existence of water molecules in the PVA matrix [63]. The peaks in the
region 2950-2850 cm ! are related to the asymmetric stretching of the C-H bond of -CH,
and -CHj groups of the PVA chains [64]. The primary characteristic peaks at 1730 cm ™!,
corresponding to the stretching vibration of C=0 in carbonyl groups; at 1372 cm ™!, repre-
senting the asymmetric bending vibration of -CHj in the PVA chains; and at 1230 cm~ 1,
indicating the asymmetric stretching vibration of the C-O-C bond [65], were noted in
the PVA and the nanocellulose-based PVA samples. The peak observed at 1640 cm ™! is
attributed to -NH, groups originating from the amino groups of APTES [66], whereas the
peak at 790 cm ! is attributed to the rocking vibration of the C-H bonds in PVA chains,
which overlaps with the symmetric stretching of the Si-O-Si bond present in PVA produced
by cellulose nanofibers modified with APTES [67].

C-H
Si-O-Si

C-H
-CH,
CH,

——PVA-SDS Control
——PVA-TOCNF-APTES derived from rice husk

——PVA-TOCNE-APTES-SDS derived from rice husk Cc=0

C-O-C
T T

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

Figure 5. ATR-FTIR spectra of PVA, PVA-TOCNEF-APTES, and PVA-TOCNF-APTES-SDS samples.

Recent dissolving-based approaches for cellulose nanomaterials enable homogeneous
polymer matrices but require aggressive solvents and limit scalability. The present hetero-
geneous aqueous route preserves fibrillar morphology and exploits CNF surface chemistry
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to regulate polymerization and network formation without dissolution, offering a scalable
and industrially compatible alternative [28].

3.6. Adhesive Performance Produced from PVA-TOCNF-APTES

One potential application for the polymers synthesized in this study is as a wood
adhesive. The adhesion characteristics of these synthesized adhesives were evaluated
by creating wood joints according to standard protocols, with bond strength assessed
using a tensile testing apparatus. Figure 6A illustrates the aqueous dispersion of cellulose
nanofibers extracted from rice husk, while Figure 6B presents the various formulations
of polyvinyl acetate (PVA) adhesives. Additionally, Figure 6C depicts the blocks used
during shear-compressive testing and the results obtained. The PVA demonstrated stable
emulsion characteristics, exhibiting no apparent phase separation. In contrast, the emulsion
composed of PVA-TOCNF-APTES exhibited evidence of phase separation after a two-week
storage period, likely due to the nanofibers’ inability to function effectively as stabilizers at
the interface between the PVA polymer and water. Even though cellulose nanofibers have
been known as Pickering emulsion stabilizers [68], the processing conditions used here are
not intended to develop the PVA adhesive system under those conditions of high-energy
homogenization. As expected, the emulsion formulated with the addition of SDS was
a stable formulation, exhibiting no visible phase separation, due to the ability of SDS to
promote stabilization in emulsions [69]. SDS primarily governs colloidal stability and
particle size distribution, thereby improving dispersion and processing behavior, while
partially attenuating long-range CNF-CNF interactions and bulk network connectivity.

PVA-SDS
Control

TOCNEF derived from
rice husk

PVA-TOCN ES PVA-TOCNE-AP

200 A

wn m B N

PVA-SDS control PVA-TOCNF PVA-TOCNF-SDS PVA-TOCNF-APTES PVA-TOCNF-APTES-SDS

Figure 6. (A): aqueous suspension of TOCNFs derived from rice husk; (B): cellulose-based adhesives,
PVA-TOCNF-APTES, PVA-TOCNF-APTES-SDS, and PVA-SDS; (C): shear strength performance,
the inset images correspond to the wooden blocks used for bonding strength tests. The black bar
corresponds to the PVA-SDS control; green bars represent adhesives prepared with unmodified
TOCNF (without and with SDS); the red bar represents the adhesive with APTES-modified TOCNEF;
and the blue bar represents the adhesive with APTES-modified TOCNF and SDS.
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One of the most common uses of PVA dispersions is as a primary ingredient in the
creation of water-based adhesives for the wood industry. The excellent bonding capability
of PVA to wood and lignocellulosic materials, the simplicity of processing PVA adhesives,
the non-toxic nature of PVA, and the cost efficiency of VAM all contribute to the exten-
sive application of PVA in adhesives and coatings. Consequently, CNFs derived from
agricultural byproducts have been developed through a systematic chemical modifica-
tion process, specifically by grafting silane onto their surfaces. This modification aims to
improve compatibility and performance in various applications.

The shear strength results obtained according to ASTM D905 clearly demonstrate the
reinforcing effect of TOCNF on the PVA-based adhesive system. The PVA-SDS exhibited
a low average shear strength (36.56 kPa =+ 23 kPa), whereas the incorporation of TOCNF
in its unmodified form resulted in a slightly enhanced strength of 71.7 kPa £ 55.5 kPa.
In contrast, the incorporation of TOCNF modified with APTES resulted in a significant
increase in adhesion strength, reaching an average of 250 kPa =+ 123 kPa. This corresponds
to an improvement of over threefold compared to the control formulations. Moreover,
the incorporation of SDS into the system containing TOCNF-APTES during in situ poly-
merization showed a shear strength of 108.32 kPa £ 21.38 kPa, similar to that for the
unmodified TOCNF, 114.3 kPa + 5 kPa. Although SDS addition promotes dispersion, it
may hinder the formation of a percolated nanofibrillar network responsible for mechanical
performance. APTES modification introduces amine functionalities that enhance polymer—
fiber interactions and promote nanofibrillar network formation, as reflected in the increased
low-shear viscosity and cohesive strength of the resulting adhesive formulations. We are
further investigating the effect of modified nanocellulose on the in situ polymerization of
waterborne adhesives to compare the effect of cellulose nanocrystals and nanofibers in
depth. Therefore, this research is pivotal in advancing our understanding of both chemical
modification strategies and the critical role of nanosized particles in emulsion stabilization
for the development of cellulose-based adhesives, since, when cellulose nanocrystals are
used, the behavior observed differs, as already reported [70].

The worldwide wood adhesives market is anticipated to expand at a compound annual
growth rate (CAGR) of 3.4%, with projections indicating a market value of USD 4.9 billion
by 2026, driven in part by the production of wooden items utilized in furniture and wood-
based engineering panels. Concerns over the environment and sustainability are prompting
the industry to seek biobased alternatives and transition to low-VOC products. Adopting
less-harmful and renewable alternatives is a clear approach to facilitate greener emulsion
polymerization. Numerous studies have investigated the potential of nanocellulose as
a reinforcing filler in adhesives; however, its application in emulsion polymerization
for the development of wood adhesives remains relatively nascent and has not been
thoroughly explored. It is evident that various challenges persist in this domain that require
attention, necessitating further research. Our current efforts are concentrated on elucidating
the specific interfacial and polymerization mechanisms that govern cellulose nanofiber-
stabilized systems. Additionally, we are focused on optimizing formulation parameters to
enhance both long-term stability and application-specific adhesive performance.

4. Conclusions

This study demonstrates that rice husk-derived TEMPO-oxidized cellulose nanofibers
(TOCNFs) can be effectively surface-functionalized with APTES and integrated as ac-
tive components in waterborne poly(vinyl)acetate (PVA) adhesive systems produced by
heterogeneous polymerization. Among the agro-industrial byproducts evaluated, rice
husk was selected for its favorable processing yields, crystallinity, suspension process-
ability, and regional availability, making it a representative and scalable lignocellulosic
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feedstock for the development of functional nanocellulose. Subsequent functionalization
with APTES effectively modified the interfacial properties of these nanofibers. Quantitative
nitrogen analysis confirmed successful APTES grafting, while rheological, morphological,
and mechanical results demonstrated that surface-modified TOCNFs influence not only
bulk reinforcement but also interfacial phenomena during polymerization and network
formation. APTES-modified TOCNFs promoted the formation of percolated nanofibrillar
networks, leading to increased low-shear viscosity and enhanced adhesive cohesion and
lap-shear strength. The addition of SDS improved nanofiber stabilization, resulting in more
homogeneous adhesive networks, although at the expense of reduced viscosity and slightly
lower cohesive strength.
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Appendix A

The statistical findings, as indicated by p-values, are presented in Table Al for both
subproducts that underwent alkaline and bleaching treatments.

Table Al. Summary of p-values obtained after ANOVA.

Alkaline Treatment Bleaching Treatment

Variable AP RH AP RH
NaOH concentration 0.016 0.109 0.004 0.217
Time 0.048 0.001 0.002 0.141
Temperature 0.214 0.003 0.001 0.070

The statistical results, in terms of p-values, are presented in Table A2 for the overall
conversion of both subproducts.

Table A2. Summary of p-values obtained for the overall yields after ANOVA.

Variable Apple Pomace Rice Husk
NaOH concentration 0.111 0.718
Time 0.669 0.014
Temperature 0.234 0.103

The crystalline characteristics and X-ray diffractograms of the TOCNFs derived from
rice husk and apple pomace are indicated in Figure Al for comparative analysis.
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Figure Al. Normalized XRD of TOCNFs derived from rice husk and apple pomace.

The rheological characteristics of cellulose-based adhesives and polyvinyl acetate
(PVA) are shown in Figure A2, which presents viscosity and shear stress as functions of

shear rate.
“ 100,000 -e-PVA-TOCNF-APTES H 100 f**Fé‘ *Hﬁvi‘m/* =
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Figure A2. Rheological behavior of PVAc adhesive formulations containing TOCNF-based nanofillers
as a function of shear rate. (A) Apparent viscosity and (B) shear stress of the adhesive systems:
PVA-TOCNEF-APTES, PVA-TOCNF-APTES-SDS, and the PVA-SDS control.
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