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RESUMEN

Poliacido lactico (PLA) es un polimero biodegradable prometedor, pero su baja
velocidad de cristalizacion, fragilidad y modesta estabilidad térmica limitan su uso
en aplicaciones de envases de alto desempefio. Los nanocristales de celulosa
(CNC) son refuerzos nanométricos de origen biobasado atractivos; sin embargo, su
caracter hidrofilico dificulta la compatibilidad con matrices de PLA hidrofébicas. En
este trabajo, se produjeron CNC derivados de las formas polimorficas | y Il de la
celulosa a partir de pulpa kraft blanqueada de eucalipto, se acetilaron bajo
condiciones heterogéneas idénticas y se incorporaron como nanorefuerzos en
filmes biocompuestos de PLA obtenidos por colado en disolucién, a contenidos de
0,5; 1,0 y 1,5% p/p. Los CNC del polimorfismo tipo Il alcanzaron un grado de
sustitucion significativamente mayor (1,38) que los de tipo | (0,23), evidenciando la
mayor accesibilidad quimica de la forma regenerada. Al incorporarse en los filmes
de PLA, los nanocristales basados en celulosa Il actuaron como agentes de
nucleacion mas eficientes que la celulosa |, con indices de cristalinidad por XRD
que alcanzaron hasta 44,20% para PLA/ACNC Il al 1,5% p/p, en comparacion con
13,32% para PLA puro. El analisis por DSC confirmé esta tendencia, observandose
un incremento del grado de cristalinidad (Xc) desde 27,33% en PLA puro hasta
98,26% en PLA/CNC Il al 1,5% p/p. Estas mejoras en la cristalinidad de la matriz se
acompafaron de una mayor estabilidad térmica, donde PLA/ACNC Il 1,5% p/p
presenté un Tonset de 330,7 °C y un Tmax de 357,8 °C, lo que representa aumentos
de aproximadamente 16 °C y 13 °C con respecto a PLA puro, atribuidos a la
desulfatacién parcial y a la hidrofobizacion superficial inducidas por la acetilacion.
Los ensayos mecanicos mostraron que los CNC y ACNC, en general, mantuvieron
o incrementaron ligeramente la resistencia a la traccion y el médulo de Young en
relacion con el PLA puro; sin embargo, la alta dispersion de los datos a mayores
contenidos sugirié una transferencia de esfuerzos limitada por la aglomeracién. En
conjunto, los nanocristales de celulosa acetilados de tipo Il se perfilan como cargas
nucleantes superiores para biocompuestos de PLA, siendo el intervalo de carga de
0,5-1,0% p/p el que ofrece el equilibrio mas favorable entre cristalinidad aumentada,
estabilidad térmica y desempefio mecanico esencialmente preservado para
aplicaciones de envases sostenibles.
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ABSTRACT

Polylactic acid (PLA) is a promising biodegradable polymer whose low crystallization
rate, brittleness, and modest thermal stability limit its use in high-performance
packaging applications. Cellulose nanocrystals (CNCs) are attractive bio-based
nanoreinforcements; however, their hydrophilic character hampers compatibility with
hydrophobic PLA matrices. In this work, CNCs derived from cellulose polymorphs |
and Il were produced from bleached eucalyptus kraft pulp, acetylated under identical
heterogeneous conditions, and incorporated as nanoreinforcements in solvent-cast
PLA biocomposite films at loadings of 0.5, 1.0, and 1.5 wt%. CNCs of polymorph II
yielded a markedly higher degree of substitution (1.38) than polymorph | (0.23),
evidencing the greater chemical accessibility of the regenerated polymorph. When
incorporated into PLA films, cellulose llI-based nanocrystals acted as more efficient
nucleating agents than their cellulose I-based, with XRD crystallinity indices reaching
up to 44.20% for PLA/ACNC Il at 1.5 wt%, compared to 13.32% for neat PLA. DSC
analysis confirmed this trend, with the degree of crystallinity (Xc) increasing from
27.33% in neat PLA to 98.26% in PLA/CNC Il at 1.5 wt%. These improvements in
matrix crystallinity were accompanied by enhanced thermal stability, with PLA/ACNC
Il 1.5 wt% exhibiting a Tonset of 330.7 °C and a Tmax of 357.8 °C, representing
increases of approximately 16 °C and 13 °C relative to neat PLA, attributed to partial
desulfation and surface hydrophobization induced by acetylation. Mechanical testing
showed that CNCs and ACNCs generally maintained, and in some cases slightly
increased, tensile strength and Young’s modulus relative to neat PLA; however, high
data dispersion at elevated loadings suggested agglomeration-limited stress
transfer. Overall, acetylated cellulose nanocrystals of polymorph Il emerge as
superior nucleating fillers for PLA biocomposites, with a loading range of 0.5-1.0
wt% offering the most favorable balance between enhanced crystallinity, thermal
stability, and essentially preserved mechanical performance for sustainable
packaging applications.
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.  ESTADO DEL ARTE
1. CRISIS GLOBAL DE PLASTICOS Y ECONOMIA CIRCULAR

La acumulacién de residuos plasticos derivados del petrdleo representa uno
de los desafios ambientales mas apremiantes del siglo XXI. Se estima que la
produccion mundial de plasticos superd los 400 millones de toneladas en 2023, y
que menos del 10% del plastico generado en el mundo ha sido reciclado alguna
vez. Gran parte de este flujo corresponde al sector del embalaje, que concentra
aproximadamente el 40% del consumo total de plasticos. La persistencia de estos
materiales en ecosistemas terrestres y marinos, con tiempos de degradacion que
pueden superar los 500 afios, ha motivado iniciativas regulatorias a nivel global,
incluyendo la directiva europea de plasticos de un solo uso y los compromisos
adoptados en el marco del Tratado Global sobre Plasticos impulsado por la ONU
(Melchor-Martinez et al., 2022).

En este contexto, la economia circular emerge como marco conceptual y
operativo para reorientar el disefio, produccion y gestion del fin de vida de los
materiales. Los principios de la economia circular plantean sustituir los modelos
lineales de extraccion, uso y descarte por ciclos cerrados de reutilizacion, reciclaje
y compostaje (Omran et al., 2021). Los bioplasticos, por definicién corresponden a
polimeros de origen bioldgico y/o biodegradables que se posicionan como una
alternativa compatible con este enfoque, dado que pueden reducir la huella de
carbono del embalaje y facilitar rutas de valorizacion al final de su vida util
(Agbakoba et al., 2023). EI mercado global de embalajes con biopolimeros fue
valorado en aproximadamente USD 23,5 mil millones en 2024 y se proyecta que
crecera a tasas superiores al 11% anual hasta 2030, impulsado principalmente por

la demanda del sector alimentario y farmacéutico (Wi et al., 2025).

l.2.  EL ACIDO POLILACTICO (PLA) COMO BIOPOLIMERO PARA EMPAQUES
Entre los biopolimeros disponibles comercialmente, el acido polilactico (PLA)
destaca por su origen renovable proveniente de la fermentacion de almidones y

azucares, destaca por su capacidad de biodegradacion en condiciones de



compostaje industrial. Sus propiedades mecanicas basicas, como la rigidez y la
resistencia a la traccion, son comparables a las del poliestireno, lo que lo convierte
en un candidato atractivo para aplicaciones de embalaje rigido y flexible (Dhar et
al., 2017; Nofar et al., 2019). Sin embargo, el PLA presenta limitaciones intrinsecas
que restringen su adopcion a gran escala con una tasa de cristalizacion
inherentemente lenta, baja tenacidad, permeabilidad relativamente elevada a gases
como el CO, y el O,, y una estabilidad térmica moderada que limita su
procesabilidad industrial a temperaturas superiores a 150 °C (Vatansever et al.,
2019).

Estas deficiencias estan directamente relacionadas con la microestructura
del PLA. En estado puro y fundido, el polimero solidifica preferentemente en una
fase amorfa o semicristalina con indices de cristalinidad habitualmente bajos lo que
explica su tenacidad y su baja resistencia al calor (Nofar et al., 2019). La
incorporacion de agentes nucleantes que son capaces de proporcionar sitios de
nucleacion durante la solidificacion de los materiales es una de las estrategias para
acelerar la cristalizacion del PLA, aumentando su cristalinidad y por consiguiente,
mejorar su modulo de Young, estabilidad térmica y sus propiedades de barrera (Shin
etal., 2022). En los ultimos afios, los nanocristales de celulosa han emergido como
agentes nucleantes bio-basados con un potencial prometedor para esta aplicacion
(Bayat et al., 2025; Ryoo et al., 2025; Trivedi & Gupta, 2024).

[.3. NANOCRISTALES DE CELULOSA (CNCS) COMO NANOREFUERZOS
BIO-BASADOS

La nanocelulosa, y en particular los nanocristales de celulosa (CNCs), ha
concentrado una atencion cientifica y tecnoldgica creciente durante la ultima década
(Peng et al., 2021; Rashid et al., 2023). Los CNCs son nanoestructuras en forma de
varillas altamente cristalinas, con anchuras tipicas de 5 a 50 nm y longitudes de 100
a 500 nm, son obtenidos mediante hidrdlisis acida controlada de fuentes celuldsicas
como fibras de madera, algodén, bagazo o pulpa Kraft (Mariano et al., 2014). Su
baja densidad, alta rigidez, biodegradabilidad y abundancia de grupos hidroxilo

superficiales que permiten una amplia funcionalizacién quimica, los convierten en



candidatos atractivos para reforzar matrices poliméricas bio-basadas (Dufresne,
2019; Rana et al., 2021).

La extraccion de CNCs a partir de pulpa Kraft de eucalipto es especialmente
relevante en el contexto forestal chileno y latinoamericano. Chile es el tercer mayor
exportador mundial de celulosa de eucalipto, con una capacidad instalada que
supera los 3 millones de toneladas anuales (Carrillo-Varela et al., 2018). Las
especies Eucalyptus nitens y E. globulus dominan las plantaciones forestales del
centro-sur del pais y constituyen la materia prima principal de la industria celuldsica
nacional. El aprovechamiento de residuos y subproductos de esta cadena
productiva para la generacion de nanomateriales representa una oportunidad de
valorizacion de alto valor agregado, alineada con los objetivos de bioeconomia y
desarrollo forestal sostenible (Reyes-Gonzalez et al., 2024). Estudios previos han
demostrado que la pulpa Kraft blanqueada de eucalipto permite obtener CNCs con
altos indices de cristalinidad y morfologia controlada mediante hidrdlisis con acido

sulfurico (Aguayo et al., 2020).

.4.  POLIMORFISMO; CELULOSA 1Y CELULOSAII

Una caracteristica fundamental de la celulosa que ha permanecido
relativamente inexplorada en el contexto de los biocompuestos PLA/CNCs es su
polimorfismo cristalino (Dhar et al., 2015). La celulosa nativa (tipo |) presenta
cadenas con una configuracion paralela y compactamente empaquetadas, con una
red densa de puentes de hidrégeno intra e intermoleculares que confieren alta
rigidez y baja accesibilidad quimica (Duchemin, 2015). La celulosa Il, en cambio, se
obtiene mediante mercerizacion con tratamientos alcalinos con NaOH a
concentraciones superiores al 12—-18% p/v o regeneracién en solucién, y adopta una
configuracion antiparalela de cadenas termodinamicamente mas estable, con un
patrén de enlaces de hidrégeno diferente y una red cristalina mas abierta(Carrillo-
Varela et al., 2018; Zlenko et al., 2021).

Este reordenamiento estructural tiene implicaciones directas sobre la
reactividad quimica y la eficiencia de la hidrdlisis acida. La disposicidon antiparalela

y el mayor volumen libre de la celulosa Il generan una mayor densidad de grupos



hidroxilo superficiales expuestos y accesibles, lo que puede facilitar tanto la
hidrélisis acida como las reacciones de modificacion superficial posteriores
(Nagarajan et al., 2017). Sin embargo, la literatura reporta resultados contradictorios
sobre las propiedades de los CNCs de tipo Il en comparacion con los de tipo |, y
escasean los estudios que comparen sistematicamente ambos polimorfos en el
contexto de su incorporacion en biocompuestos de PLA (Dhar et al., 2015; Wu et
al., 2018; Zhao et al., 2016). Esta brecha limita el uso estratégico del polimorfo mas

adecuado para aplicaciones especificas de alto rendimiento.

1.5.  MODIFICACION SUPERFICIAL DE LOS CNCS

El principal obstaculo para la compatibilizacién de los CNCs con matrices
hidrofébicas como el PLA es su caracter intrinsecamente hidrofilico, originado
producto de la elevada densidad de grupos hidroxilo libres en la superficie y en los
grupos éster sulfato introducidos durante la hidrdlisis con acido sulfurico (Bangar et
al., 2022). La incompatibilidad interfacial resulta en aglomeracion severa de las
nanoparticulas, reduccién de la interfase para la transferencia de esfuerzos y
degradacion de las propiedades mecanicas del nanocompuesto (Dufresne, 2019;
Sukmawan et al., 2023). Entre las estrategias de modificacion superficial exploradas
se encuentran esterificacion, sililacion, carboximetilacion y oxidacion TEMPO, no
obstante, la acetilacion con anhidrido acético ha demostrado ser una de las mas
eficientes para incrementar la hidrofobicidad de los CNCs manteniendo su
integridad cristalina (Avila Ramirez et al., 2017; Gan et al., 2017).

La acetilacion introduce grupos acetilo (-OCOCH;) en sustitucion de los
grupos hidroxilo superficiales, reduciendo la polaridad de la superficie vy
favoreciendo la dispersion de los CNCs en solventes organicos y en matrices
poliméricas apolares (Lin et al., 2011; Spinella et al., 2015). El grado de sustituciéon
(DS), puede varia entre 0 y 3 en funcién de la accesibilidad de los grupos —OH
disponibles, es el parametro clave para cuantificar la extension de la modificacion y
controlar el balance hidrofilico-hidrofébico de los nanorefuerzos (Gan et al., 2017; Li
et al., 2024). Estudios previos han reportado que la acetilacion superficial de CNCs

en matrices PLA produce mejoras moderadas a significativas en las propiedades



mecanicas, térmicas y de barrera de los biocompuestos resultantes, aunque la
magnitud de estos efectos varia de acuerdo con el DS alcanzado, procesamiento
del material y del estado de dispersion de las particulas en la matriz (Agustin et al.,
2016; Lee et al., 2020; Spinella et al., 2015).

.6. BIOCOMPUESTOS PLA/CNCS, AVANCES Y BRECHAS

La literatura sobre biocompuestos PLA/CNCs ha ido creciendo
exponencialmente en la ultima década (Ryoo et al., 2025). Estudios demostraron
que la incorporacion de CNCs en matrices de PLA puede aumentar el médulo de
Young, la temperatura de degradacion y la cristalinidad de la matriz, particularmente
cuando se utilizan CNCs modificados superficialmente o compatibilizadores
(Eichers et al., 2022; Fortunati et al., 2012; Trivedi & Gupta, 2024). Sin embargo, la
mayoria de estos trabajos se han centrado exclusivamente en CNCs de celulosa
tipo | provenientes de algodon o microcristalina comercial, dejando una brecha
considerable en el conocimiento sobre el comportamiento de los CNCs de tipo I
como nanorefuerzos y agentes nucleantes en matrices de PLA (Dhar et al., 2015).

Asimismo, a pesar de los avances en la acetilacion de CNCs de tipo |, el
impacto del polimorfismo sobre la eficiencia de la reaccion de acetilacion que suele
ser expresada como DS y sobre las propiedades de los biocompuestos resultantes
no ha sido sistematicamente caracterizado (Chen et al., 2023; Wu et al., 2018; Zhao
etal., 2016). La hipotesis de que la arquitectura molecular de la celulosa Il debido a
su mayor accesibilidad quimica podria conducir a un DS superior mediante
condiciones de reaccion idénticas, y que este mayor DS se traduciria en una
compatibilidad interfacial mejorada y mejores propiedades del biocompuesto, no se
ha puesto en practica experimentalmente hasta el presente trabajo. Esta
investigacion responde precisamente a dicha brecha del conocimiento, utilizando
como materia prima un valioso recurso forestal de Chile, la pulpa Kraft de eucalipto,
contribuyendo asi a la valorizacién de la cadena productiva forestal nacional

mediante el desarrollo de materiales avanzados de embalaje sostenible.



ll.  HIPOTESIS
“La estructura polimérfica de los nanocristales de celulosa influye directamente en
la eficiencia de la acetilacion superficial. Bajo las mismas condiciones de reaccion,
los nanocristales de celulosa Il presentaran un mayor grado de sustitucion que los
nanocristales de celulosa |, debido a la mayor accesibilidad quimica derivada de su
disposicion antiparalela de cadenas. Como consecuencia, al ser incorporados en
una matriz de PLA, los nanocristales de celulosa Il acetilados conferiran al material
biocompuesto una mayor cristalinidad de la matriz, estabilidad térmica y
propiedades mecanicas superiores a las obtenidas con nanocristales de celulosa |

acetilados”

.  OBJETIVOS
l1.1. OBJETIVO GENERAL

Producir y comparar nanocristales de celulosa de los polimorfos | y Il, derivados de
pulpa Kraft de eucalipto en sus formas no modificada y acetilada, e incorporarlos
como nanorefuerzos en peliculas biocompuestas de acido polilactico (PLA), para
determinar la influencia del polimorfismo celulésico y la modificacion superficial
sobre las propiedades fisicoquimicas, estructurales, térmicas y mecanicas del

material resultante

lI.2. OBJETIVOS ESPECIFICOS

1. Obtener y caracterizar nanocristales de celulosa de polimorfos 1y Il (CNC | y
CNC ll) a partir de pulpa Kraft blanqueada de eucalipto mediante hidrdlisis
con acido sulfurico, y determinar el efecto de la acetilacion heterogénea con
anhidrido acético sobre la morfologia, quimica superficial y estructura
cristalina de los nanocristales, cuantificando el grado de sustitucion (DS) y
los cambios en contenido de azufre y potencial Zeta.

2. Fabricar peliculas biocompuestas de PLA nanoreforzadas con CNC |, CNC
[, ACNC | y ACNC Il a concentraciones de 0,5; 1,0y 1,5% en masa, y evaluar

el tipo de nanorefuerzo y su concentracion sobre la cristalinidad de la matriz



de PLA mediante difraccidon de rayos X (XRD) y calorimetria diferencial de
barrido (DSC), identificando la formulacion con mayor capacidad nucleante.
. Determinar el efecto del tipo de nanorefuerzo y su concentracion sobre la
estabilidad térmica y las propiedades mecanicas de las peliculas
biocompuestas, estableciendo un rango de carga optimo en términos del

balance de los resultados.
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INTRODUCTION

Over the years, there has been growing concern about the environmental
impact of pollution from petrochemical plastics and synthetic materials. This has
driven a global search for innovative, sustainable, and degradable biomaterials,
particularly within the packaging sector, where the massive generation of plastic
waste demands solutions that align with the principles of a circular economy
(Melchor-Martinez et al., 2022; Omran et al., 2021). In this context, biomaterials
derived from renewable resources that possess the ability to biodegrade present
themselves as a highly promising alternative (Agbakoba et al., 2023).

The production of sustainable biomaterials has focused on various
biopolymers, with polylactic acid (PLA) being one of the most prominent (Wi et al.,
2025). Thanks to its renewable origin and complete biodegradability, PLA has
positioned itself as a leading material for development across multiple industries.
However, its widespread application is hindered by several drawbacks (Dhar et al.,
2017). Its amorphous and semi-crystalline forms vary significantly depending on the
processing method, and its intrinsically slow crystallization rate delays industrial
processing and limits its mechanical properties (Nofar et al., 2019; Vatansever et al.,
2019). Characteristics such as brittleness and low ductility restrict the application of
pure PLA in sectors that require high-performance, robust packaging (Shin et al.,
2022).

To overcome these limitations, the incorporation of nanofillers, specifically
cellulose nanocrystals (CNCs), has gained significant attention. CNCs are highly
crystalline rod-like nanostructures, typically 5-50 nm in width and 100-500 nm in
length, derived from cellulose while retaining the crystalline framework of their
biological source (Peng et al., 2021). These rod-like nanoreinforcements are notable
for their low density, high stiffness, thermal stability, and biodegradability, making
them ideal candidates for improving the thermomechanical properties of a wide
range of materials (Mariano et al., 2014; Rashid et al., 2023). A key structural feature
of cellulose is its polymorphism. Native cellulose (type |) has a parallel chain
configuration, making it highly compact and rigid (Carrillo-Varela et al., 2018). In

contrast, cellulose Il is a thermodynamically more stable form obtained through



regeneration or mercerization, and it exhibits an antiparallel chain arrangement
(Duchemin, 2015; Zlenko et al., 2021). Understanding these polymorphic differences
is fundamental, as their distinct crystalline structures significantly impact the
chemical accessibility and final properties of the nanoreinforced biocomposites
(Carrillo-Varela et al., 2024; Gil-Castell et al., 2022).

The inherent characteristics of CNCs, including their high surface to volume
ratio and abundance of surface hydroxyl groups, make them ideal candidates for
targeted chemical modification (Dufresne, 2019; Rana et al., 2021). Typically, the
extraction process via sulfuric acid hydrolysis introduces sulfate groups onto the
CNC surface (Lopez et al., 2025; Ma et al., 2021). While these groups provide
colloidal stability, they also impart a highly hydrophilic character, resulting in poor
compatibility with hydrophobic matrices (Bangar et al., 2022; Sukmawan et al.,
2023). One effective strategy to improve their performance is to introduce
hydrophobic surface modifications, such as acetylation (Avila Ramirez et al., 2017;
Gan et al.,, 2017; Sun et al.,, 2021). This replaces polar hydroxyl groups with
hydrophobic acetyl groups, significantly improving the compatibility and dispersion
of CNCs within hydrophobic polymer matrices, specifically PLA (Bayat et al., 2025;
Ryoo et al., 2025). This modification strengthens interfacial interactions, prevents
severe agglomeration, and ultimately enhances the mechanical and barrier
properties of the resulting nanocomposites (Eichers et al., 2022; Lim et al., 2025).

Despite these advances in the surface modification of cellulose nanocrystals,
most research has focused exclusively on type | derived nanostructures (Dong et
al., 2017). This leaves a significant gap in our knowledge regarding the systematic
comparison of type | and type Il polymorphs (Dhar et al., 2015). In cellulose I, the
antiparallel chain arrangement and the stacking of glucopyranose rings along the
(1-10) plane generate a higher density of exposed surface hydroxyl groups, which
drastically increases its hydrophilicity and propensity for severe particle
agglomeration via hydrogen bonding (Dong et al., 2017; Espino-Pérez et al., 2013;
Nagarajan et al., 2017). The altered hydrogen bond network and increased hydroxyl
density may significantly enhance chemical accessibility during acetylation

reactions. This structural advantage could potentially yield a higher degree of
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substitution, thereby improving interfacial compatibility with hydrophobic polymer
matrices (Chen et al., 2023; Yoo & Youngblood, 2016). However, there is a lack of
comprehensive studies comparing the acetylation efficiency, thermal stability, and
nucleating capacity of CNC | versus CNC Il within PLA biocomposites. This
knowledge gap limits the strategic selection of optimal cellulose polymorphs for
targeted applications (Zhao et al., 2016). Furthermore, a deeper understanding of
how polymorphic structure influences interfacial interactions between acetylated
nanoreinforcements and the PLA matrix is necessary for designing high-
performance, sustainable materials with enhanced mechanical and thermal
properties (Wu et al., 2018).

Therefore, this study focuses on developing PLA nanocomposites reinforced
with CNCs derived from both polymorphs | and Il, evaluating them in both their
unmodified and acetylated forms. It is hypothesized that the altered molecular
architecture of CNC Il will facilitate a higher degree of acetylation compared to CNC
| under identical reaction conditions, potentially leading to superior interfacial
interaction with the PLA matrix. This enhanced compatibility is expected to result in
improved mechanical properties, including tensile strength, elongation, and stiffness,
as well as increased thermal stability. The results of this research are expected to
provide fundamental insights for the rational design of CNC nanoreinforced
biomaterials, expanding their potential for sustainable packaging and other high-

performance applications.

MATERIALS AND METHODS
Materials

Polylactic acid (PLA, Ingeo™ Biopolymer 4043D, NatureWorks LLC,
Minnetonka, MN, USA) was used as the polymer matrix. It was processed without
further purification or drying beyond the manufacturer's storage recommendations.
The cellulose starting material was bleached eucalyptus kraft pulp (80% Eucalyptus
nitens and 20% E. globulus), kindly donated by CMPC S.A. Chemical solutions and
treatments were prepared using deionized water produced by a Barnstead D4741

nanopure deionization system (Barnstead/Thermolyne Corp., Dubuque, IA, USA).
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The main chemicals used in this work were sodium hydroxide lentils (= 99%),
pyridine (= 99%), acetic acid (= 99.7%), and acetic anhydride (= 99%), all obtained
from Sigma-Aldrich. Sulfuric acid (95-97% p.a., EMSURE ISO) and
dichloromethane (= 99.8%, stabilized) were purchased from VWR Chemicals BDH

(Avantor Sciences).

Alkalization Treatments

Alkaline extraction was performed using cellulose pulp hydrated to a
consistency of 10% (m/v). This process was based on the modified methodology
described by Reyes-Gonzalez et al. (2024). The main objectives of this step were to
eliminate residual hemicellulosic components and to reorganize the cellulose chains.
The sodium hydroxide solutions used were NaOH at 7% (m/v) to obtain cellulose |
and NaOH at 20% (m/v) for conversion to cellulose II. The reaction was carried out
for 1 h at 30 °C, after which the pulp was washed and filtered to remove excess
reagents and water until a neutral pH was reached, resulting in a consistency of 30—
35% (m/v). The obtained cellulose | and cellulose |l pulps were stored for producing

cellulose nanocrystals | and Il.

Preparation of Cellulose Nanocrystals

The CNCs were produced through a four-step process involving acid
hydrolysis, washing, dialysis, and ultrasonication. This methodology followed the
procedure described by Gil-Castell et al. (2022). Initially, the cellulose pulp was
subjected to acid hydrolysis using a solution of 55% sulfuric acid (H,SO,) at a pulp-
to-acid ratio of 1:40. The reaction was stirred constantly for 45 min at a controlled
temperature of 60 °C. Following hydrolysis, the reaction was quenched by dilution
with excess distilled water and then neutralized. The resulting mixture was washed
three times by centrifugation at 10,000 rpm for 10 min per cycle to remove any
residual acid. The precipitate was then placed in a dialysis bag with a 12 kDa
membrane and immersed in distilled water. The water was changed frequently until
a neutral pH was achieved. Finally, the neutralized suspension underwent ultrasonic

treatment in a cold-water bath at 750 W for 10 min using pulsed cycles. The
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suspension was then centrifuged under the same conditions as previously. The
concentrated CNC suspension obtained was stored in a desiccator at room
temperature and served as the base material for subsequent characterization and

acetylation procedures.

Acetylation of Cellulose Nanocrystals

The CNCs were chemically modified through a heterogeneous phase
acetylation reaction using previously freeze-dried material, following a methodology
adapted from Chen et al. (2023); Rahimi Kord Sofla et al. (2019). First, the CNCs
were dispersed in a mixture of 50 ml of pyridine and 15 ml of acetic acid. The
resulting suspension was subjected to bath sonication in a cold bath for 20 min. The
mixture was then sealed in a flask and heated to 50 °C. Then, 75 ml of acetic
anhydride and 0.1 ml of sulfuric acid were added, and the reaction was stirred
constantly at 50 °C for 3 h. Acetone was then added to stop the reaction, and the
acetylated product was separated via centrifugation. The suspension was repeatedly
centrifuged, first with acetone to ensure the complete removal of residual reagents
and then with distilled water until a neutral pH was achieved. Finally, the ACNC | and

ACNC Il samples were freeze-dried and stored for use in PLA biocomposite films.

Preparation of Biocomposites Films PLA/CNCs

The biocomposite films were fabricated using the solvent casting method with a
total mass of 1 g. Thirteen samples were prepared, as detailed in Table 1. For this
process, PLA was dissolved in 20 ml of dichloromethane (DCM) under constant
stirring for 1 h. Meanwhile, the CNCs were dispersed in an additional 20 ml of DCM
and subjected to sonication at 25% amplitude for 2 min, a step repeated twice. Then,
both solutions were mixed under constant agitation for 10 min. The mixture was
sonicated again under the previously mentioned conditions to achieve uniform
dispersion of the nanoreinforcements in the PLA matrix. Next, the mixture was
poured into Petri dishes, and the casting process was carried out at 25 °C for 24 h
under controlled temperature and humidity conditions to ensure uniform solvent

evaporation. The resulting films were stored for subsequent characterization.
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Table 1. Treatments and factor levels of the 4x3 factorial design plus control.

Treatment Nanoreinforcement type ~ CNCs content (%)
1 CNC | 0.5
2 CNC | 1
3 CNC | 1.5
4 CNC I 0.5
5 CNC I 1
6 CNCI 1.5
7 ACNC | 0.5
8 ACNC | 1
9 ACNC | 1.5
10 ACNCI I 0.5
11 ACNCI I 1
12 ACNCI I 1.5
13 Control (Neat PLA) 0

Characterization of Cellulose Nanocrystals
Transmission Electron Microscopy (TEM)

The morphology and dimensions of the CNCs and ACNCs were analyzed using
a JEM-1200 EX Il transmission electron microscope (JEOL Ltd., Tokyo, Japan)
operated at an acceleration voltage of 100 kV. To prepare the samples, a diluted
suspension of CNCs and ACNCs (0.5 wt%) was sonicated for 10 min to ensure
optimal dispersion. Then, a 5 uL aliquot of the suspension was deposited on carbon-
coated copper grids (300 mesh) and left to dry at room temperature. Bright-field
images were obtained at different magnifications using 50 and 100 nm scale bars to
visualize the individual cellulose nanocrystals and observe their characteristic

morphology.

Elemental Analyses

The sulfur content of CNCs and ACNCs was determined by elemental
analysis using an elemental analyzer (Elementar vario MICRO, Ronkonkoma, NY,
USA). Samples were analyzed in triplicate to determine the total sulfur (S) content

of each nanocrystal type. The average values, reported as mg of sulfur per gram of
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nanocrystal, were used to evaluate the effect of acetylation and cellulose

polymorphism on surface chemistry.

Zeta Potential

The colloidal stability of CNC and ACNC samples was evaluated by
measuring their zeta potential (). Measurements were performed in triplicate at
room temperature using a Litesizer 500 (Anton Paar, Austria). The surface charge
of the cellulose nanocrystals was analyzed in diluted aqueous suspensions (0.5
wt%), after sonication for 10 min at 25% amplitude. These values were used to
evaluate the impact of cellulose polymorphism and acetylation on the electrostatic

stabilization of the suspensions.

Degree of substitution (DS)

The DS of the acetylated CNCs (ACNC | and ACNC Il) was determined using a
modified heterogeneous saponification back-titration method based on the
procedure reported by Duan et al. (2022). For the analysis, 100 mg of freeze-dried
ACNC | and ACNC Il samples were weighed. The samples were sonicated for 4 min
at 25% amplitude in 50 ml of distilled water. Then, 25 ml of NaOH 0.25 M were
added, and the solution was stirred for 30 min. The excess unconsumed NaOH was
then titrated with a standard HCI 0.5 M solution until a neutral pH was obtained.
Blank solutions without ACNC samples were titrated using the same procedure for

comparison. The DS was calculated using the following expression (1):

(1) DS = (162 x (V; — V;) X C) /(42 x m — 42 x (V; — V,) X C)

C is the concentration of the standard HCI solution (0.5 M); V1 and V2 are the
volumes of HCI (ml) consumed by the blank solution and the ACNCs samples,
respectively; m is the mass of the ACNCs (g); 162 corresponds to the molar mass
of the glucoside units (g/mol); and 42 is the molar mass of the acetyl group minus

one hydrogen atom (g/mol) (Duan et al., 2022).
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Fourier Transform Infrared (FTIR)

The chemical composition of CNC and ACNC samples was analyzed by
Fourier transform infrared spectroscopy (FTIR). Spectra were recorded in the range
of 4000-500 cm™ at room temperature using a PerkinElmer Spectrum 400 FTIR
system (PerkinElmer, USA). Each spectrum was recorded for a total of 64 scans

with a resolution of 4 cm™".

X-Ray Diffraction (XRD)

The crystallographic parameters of CNCs were determined by X-ray
diffraction (XRD) analysis. Instrumental measurements were performed using a
Rigaku SmartLab SE diffractometer with Bragg-Brentano geometry, employing Cu
Ka radiation (A = 1.541 A) at 40 kV and 50 mA. The samples were analyzed in
triplicate within the 20 angular range of 5° to 50°, at a step size of 0.01° and a
scanning speed of 10°/min.

Quantitative phase analysis and unit cell refinement were performed using the
Rietveld method implemented in the software MAUD (Materials Analysis Using
Diffraction, version 2.9993, University of Trento, Italy). Structural models for cellulose
| and cellulose Il were taken from crystallographic information files (CIF) retrieved
from the Crystallography Open Database (COD), corresponding to the crystal
structures reported by Langan et al. (2001) for cellulose | and by Kaduk and Blanton
(2013) for structural model of cellulose Il. An amorphous contribution was included
in all refinements as an additional phase to account for the non-crystalline fraction
of the samples, allowing the software to discriminate between the crystalline and
amorphous components of the diffraction pattern.

Refinement was carried out following a sequential fitting strategy in which
parameters were progressively introduced and refined in the following order:
background, zero-shift, scale factor, unit cell parameters (lattice lengths a, b, ¢ and
y angle), and crystallite size for the crystalline phase, using the specific CIF
corresponding to cellulose | or cellulose Il depending on the sample. Atomic
positions were kept fixed at the values reported in the reference CIF structures

throughout the refinement, to preserve the physical consistency of the structural
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model and avoid overparameterization. The background was modelled using a
polynomial function, and peak profiles were fitted with a pseudo-Voigt function
(French, 2021). The quality of each refinement was evaluated using the weighted
profile residual (Rwp), accepting only refinements with Rwp values below 10% as
statistically reliable. The apparent crystallinity index (Cl) of each sample was
calculated as the ratio between the refined crystalline phase fraction and the total
diffracted intensity, while the refined unit cell parameters (a, b, ¢ and y) were used
to assess lattice distortions associated with acid hydrolysis and the processing

conditions applied during CNC extraction.

Characterization of Biocomposites Films PLA/CNCs
X-Ray Diffraction (XRD)

The crystallographic parameters of biocomposites films PLA/CNCs were
determined by X-ray diffraction (XRD) analysis. Instrumental measurements were
performed using a Rigaku SmartLab SE diffractometer with Bragg-Brentano
geometry, employing Cu Ka radiation (A = 1.541 A) at 40 kV and 50 mA. The samples
were analyzed in triplicate within the 28 angular range of 5° to 50°, at a step size of
0.01° and a scanning speed of 10°/min.

To evaluate the crystalline nature of the nanomaterials, the diffraction patterns
were fitted, and the baseline was subtracted by interpolation to perform background
correction using the software PeakFit V4.12 (Systat Software, San José, CA). The
peak deconvolution method was then applied to the diffractograms, assuming that a
broad Gaussian band represented the amorphous contribution to the total
broadening. Curve fitting was performed using Gaussian models, and the quality of
the fit was validated by a F-number greater than 45,000 (R? > 0.997) in all cases.
Finally, the apparent crystallinity index (Cl) of the samples was calculated using the

following equation (2):

(2) CI (%) = ACryst/ATotal x 100
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Where Acryst is the sum of the crystalline areas and Arotal is the total area provided
by the diffractogram (Carrillo-Varela et al., 2018; Park et al., 2010). The lateral crystal

size (L) was then calculated using the following equation (3):

(3)L = (k X 1)/(B X cos 0)

Where L is the lateral crystal size (nm), k is Scherrer's constant (0.96), A is the X-ray
wavelength, B is the full width at half maximum (FWHM), and 6 is the Bragg reflection
corresponding to the (200) plane of cellulose (Carrillo-Varela et al., 2018; Scherrer,
1918).

Film Thickness

The thickness of the biocomposite films was measured using a D-2000 digital
micrometer (Electromatic Equipment Co., Inc., USA) equipped with two flat, parallel
circular pressure surfaces, in accordance with ISO 534:2005. For each formulation,
at least three measurements were taken at different positions of the film, and the
average value was used as the representative thickness. Before mechanical testing,
the thickness of every individual tensile specimen was measured and entered the
RSA 3 instrument software to ensure accurate calculation of tensile strength,
elongation, and Young’s modulus based on the actual cross-sectional area of each

sample.

Mechanical Testing

The tensile properties of the biocomposite films (tensile strength, elongation,
and Young’s modulus) were determined according to ASTM D882 (Standard Test
Method for Tensile Properties of Thin Plastic Sheeting). A static uniaxial tensile test
was carried out using an RSA 3 dynamic mechanical analyzer (TA Instruments, New
Castle, DE, USA). Rectangular strips were cut from the films with their long axis
aligned with the casting direction. The initial gauge length, cross-head speed, and
specimen width were set following the ASTM D882 recommendations; the previously

measured thickness values were introduced into the instrument software to calculate
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the engineering stress and modulus parameters. At least four specimens were tested

for each formulation, and the results are reported as the mean * standard deviation.

Fourier Transform Infrared (FTIR)

The chemical structure of the biocomposite films was analyzed by Fourier
transform infrared (FTIR) spectroscopy. Spectra were recorded at room temperature
in the range 4000-500 cm™ using a PerkinElmer Spectrum 400 FTIR spectrometer
(PerkinElmer, USA). For each sample, 64 scans were collected at a resolution of 4

cm™" and averaged to obtain the final spectrum.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis of the biocomposite films was performed using a
Q500 thermogravimetric analyzer (TA Instruments, New Castle, DE, USA). Samples
with masses between 6 and 8 mg were placed in platinum pans and heated from 25
°C to 650 °C at a heating rate of 10 °C/min under a nitrogen atmosphere (flow rate
60 mL/min). The onset and maximum degradation temperatures, as well as the
residual mass at 650 °C, were obtained from the TGA and derivative

thermogravimetric (DTG) curves.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry was carried out using a PerkinElmer STA 6000
instrument (PerkinElmer, USA) in accordance with ASTM D3418. Film samples of
approximately 10 mg were sealed in aluminum pans; an empty pan was used as
reference. The specimens were heated from 30 to 300 °C at a constant rate of 10
°C/min under a nitrogen atmosphere. From the DSC thermograms, the glass
transition temperature (Tg), the cold crystallization temperature (Tcc) and enthalpy
(AHcc), and the melting temperature (Tm) and enthalpy (AHm) of the PLA matrix
were determined. The degree of crystallinity of PLA in each biocomposite (Xc) was

calculated using (4):

(4) Xc = (AHm — AHcc)/(AH°m x Wpla)
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Where AHm is the melting enthalpy of the biocomposite film, AHcc is the
cold-crystallization enthalpy, AH°m is the melting enthalpy of 100% crystalline PLA
reported in the literature (93 J/g), and Wpla is the mass fraction of PLA in the

biocomposite (Sullivan et al., 2015).

Design of experiment

The influence of formulation variables on the properties of the biocomposites was
studied using a 4 x 3 factorial designs. Two independent factors were considered:
(i) nanoreinforcement type, with four levels (CNC I, CNC II, ACNC |, and ACNC II),
and (i) cellulose nanocrystal loading, with three levels (0.5, 1.0, and 1.5 wt%). This
design yielded 12 nanoreinforced biocomposites, plus a neat PLA film used as
control, for a total of 13 treatments (Table 1).

Structural (XRD), thermal (DSC, TGA), and mechanical (tensile) response
variables were analyzed mainly by two-way analysis of variance (ANOVA),
considering nanoreinforcement type and loading as fixed factors and adopting a 95%
confidence level (p < 0.05). When the two-way ANOVA indicated significant main
effects or interactions, Tukey’s honestly significant difference (HSD) post hoc test
was applied to identify differences between specific factor levels or formulations. In
addition, for selected XRD variables, one-way ANOVA followed by Tukey’s HSD was
used to compare all individual formulations with the neat PLA film considered as a
reference group. The results are expressed as mean = standard deviation. All
statistical analyses were performed using OriginPro version 9 (OriginLab
Corporation, Northampton, MA, USA), and the results are expressed as mean *

standard deviation.

RESULTS AND DISCUSSION
Characterization of Cellulose Nanocrystals

Transmission Electron Microscopy (TEM)
TEM analysis revealed marked morphological transformations throughout the

processing sequence of the cellulose nanocrystals. Aqueous suspensions of CNC |
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and CNC Il, analyzed immediately after sulfuric acid hydrolysis and before
freeze-drying, exhibited the expected rod-like morphology of cellulose nanocrystals,
with individualized particles clearly distinguishable in both samples (Figure 1a, b).
CNC | presented well-dispersed, needle-shaped particles with dimensions typical of
sulfuric-acid-hydrolyzed CNCs, whereas CNC Il displayed similar rod-like structures
but with slightly more variable dimensions, a behavior commonly associated with the
different chain packing and accessibility of the cellulose Il allomorph compared with
cellulose | (Gong et al., 2017). Both suspensions showed good separation of
individual particles in their aqueous state, confirming the successful extraction of
cellulose nanocrystals from both polymorphs by sulfuric acid hydrolysis.

However, the freeze-drying step induced drastic morphological changes in
both CNC | and CNC Il (Figure 1c, d). Water sublimation during lyophilization led to
severe aggregation, completely altering the original rod-like morphology. In both
cases, the dried samples transformed into dense, irregular, almost spherical
aggregates with ill-defined boundaries and characteristic length scales on the order
of tens of nanometers, and the original fibrillar structure of the cellulose nanocrystals
was no longer evident. These consolidated aggregates are formed through the
establishment of multiple intermolecular hydrogen bonds between adjacent
nanocrystal surfaces as water is removed, a phenomenon widely described as
hornification in cellulose-rich systems. Similar spheroidal or compact aggregated
morphologies have been reported for CNCs and related cellulosic nanoparticles after
freeze-drying or solvent-exchange drying, where initially individualized rods
self-assemble into dense particles or foams driven by van der Waals forces and
extensive hydrogen bonding, with suspension concentration and surface charge
density governing the transition from discrete nanocrystals to aggregated domains
(Abdallah & Kamal, 2018). Recent work by Huntington et al. (2023) further supports
that drying-induced hornification corresponds to a kinetically trapped state in which
reswelling and redispersion are strongly hindered by non-covalent bonding network
formed upon drying.

Following acetylation, ACNC | and ACNC Il exhibited massive and persistent

aggregation (Figure 1e, f), essentially identical to that observed in their lyophilized
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CNC precursors. Despite the partial substitution of surface hydroxyl groups by acetyl
moieties confirmed by FTIR and elemental analysis, the acetylation reaction did not
reverse the hornification-induced aggregation. Both acetylated samples displayed
irregular, dense agglomerates and did not recover the original individualized rod-like
morphology. These observations suggest that the chemical modification
predominantly occurred on the external surfaces and more accessible regions of the
aggregates and did not penetrate deeply enough to disrupt the compact
hydrogen-bonded core and separate the nanocrystals. The intra and intermolecular
hydrogen bonds generated during lyophilization thus appear to persist even after
superficial acetylation, indicating that once hornification occurs under these
processing conditions, redispersion of CNCs into their initial rod-like state is
extremely difficult and may require alternative drying or redispersion strategies, such
as solvent exchange, additives, or high-energy mechanical processing (Al Hakkak
etal., 2019).

These morphological changes have direct implications for interpreting the
performance of the processed biocomposites. The aggregated state of the
lyophilized cellulose nanocrystals substantially reduces their effective specific
surface area available for interfacial interactions with the PLA matrix. This
morphological constraint helps explain the modest improvements in mechanical
properties observed during tensile testing, despite the outstanding increases in
matrix crystallinity and thermal stability achieved in the PLA biocomposite films. In
other words, while ACNC Il acted as a highly efficient nucleating agent at the matrix
scale, the persistent aggregation of the nanocrystals likely limited stress transfer

across the interface, constraining the potential reinforcement effect.
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Figure 1. Transmission electron microscopy (TEM) images of 0.5 wt% cellulose

nanocrystals suspensions showing the morphological evolution through processing
stages a) CNC | fresh aqueous suspension after acid hydrolysis b) CNC Il fresh
aqueous suspension after acid hydrolysis c) freeze-dried CNC | d) freeze-dried CNC
Il e) ACNC | after acetylation f) ACNC Il after acetylation.

Fourier Transform Infrared (FTIR)

Both CNC | and CNC Il exhibit the fundamental absorption bands
characteristic of cellulose, as shown in Figure 2. A prominent, broad band in the
3200-3500 cm™ region is attributed to the stretching vibrations of O—H bonds within
the extensive hydrogen-bond network of cellulose, consistent with the typical O-H
stretching band reported around 3400 cm™ for native and regenerated cellulose.
Additionally, the C—H asymmetric stretching vibration is observed in the 2900-2937
cm™ range, corresponding to the aliphatic C—H stretching of the glucopyranose ring
and pendant groups, in agreement with previous FTIR studies of cellulose
nanocrystals and related cellulosic substrates (Reyes-Gonzalez et al., 2024). A
comparative inspection of the spectra reveals that the absorbance intensities of both
the O—H band (3440-3450 cm™) and the C—H band (2900-2937 cm™) are higher
for the type Il polymorph than for the type | polymorph (Figure 2). This difference can
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be associated with the distinct supramolecular organization of cellulose Il generated
by mercerization, in which the original intramolecular hydrogen bonds of cellulose |
are disrupted and the chains reorganize into an antiparallel arrangement with a
modified hydrogen-bonding network and altered free-volume distribution, leading to
a larger fraction of spectroscopically accessible O—H and C-H groups (Gong et al.,
2017; Wang et al., 2022).

After acetylation, the formation of ester groups in ACNC | and ACNC Il is
evidenced by the appearance of a sharp, intense carbonyl (C=0) stretching band at
approximately 1745 cm™, which provides direct proof of the substitution of surface
hydroxyl groups by acetyl moieties and is consistent with the ester carbonyl band
reported for acetylated cellulose nanocrystals. In addition, a new absorption band
emerges in the 1230-1250 cm™ region, assigned to the C-O stretching vibration of
the ester linkage, in agreement with previous FTIR studies of acetylated
nanocellulose (Oberlintner et al., 2023). Despite the strong presence of these ester
bands, the broad O—H stretching signal remains clearly detectable in both acetylated
samples, indicating that a significant fraction of hydroxyl groups is still present. This
persistence of the O—H band suggests that acetylation was predominantly confined
to the more accessible surface regions of the nanocrystals and the outer zones of
the aggregates, while the inner crystalline domains retained their native cellulose
backbone and hydrogen-bonding framework, as commonly observed for
heterogeneous surface acetylation of CNCs. These findings are fully consistent with
the moderate degree of substitution determined for ACNC | and the higher, yet still
partial, substitution obtained for ACNC Il described on the follow sections (2017; Li
etal., 2019; Yu et al., 2021; Zlenko et al., 2021).
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Figure 2. FTIR spectra of cellulose nanocrystals (CNC | and CNC Il) and their
respective acetylated derivatives (ACNC | and ACNC ) recorded in the 4000-500
cm ™ region, highlighting the O—H and C—H stretching bands and the ester C=0 and

C—-O0 vibrations introduced by acetylation.

Zeta Potential and Sulfur Content

The results for surface sulfur content and zeta potential for the four cellulose
nanocrystal variants are summarized in Table 2. These parameters provide insight
into the surface chemistry, colloidal stability, and expected thermal behavior of the
nanostructures prior to their incorporation into the PLA matrix.

The sulfur content reflects the density of sulfate ester groups (-OSO;37)
grafted onto the CNC surface during sulfuric acid hydrolysis. CNC | exhibited the
highest sulfur content (4.63 + 0.59 mg/g), which is consistent with the relatively
compact and highly ordered structure of the cellulose | polymorph obtained from kraft
pulp under the selected hydrolysis conditions. In contrast, CNC Il presented a
substantially lower sulfur content (1.97 + 0.56 mg/g). This decrease suggests that
the mercerized cellulose Il structure, with its antiparallel chain arrangement and
modified accessibility, is more susceptible to acid-induced degradation and partial
dissolution of surface chains under identical hydrolysis conditions, leaving fewer

sulfate half-ester groups attached to the remaining crystallites. These results indicate
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that cellulose polymorphism directly influences hydrolysis efficiency and the resulting
surface functionalization of the cellulose nanocrystals (Ferro et al., 2020).

Acetylation caused a further reduction in sulfur content for both ACNC | and
ACNC I, t0 1.02 £ 0.16 and 1.39 + 0.07 mg/g, respectively (Table 2). This decrease
shows that the acetylation reaction carried out in pyridine with acetic anhydride and
acetic acid promoted partial desulfation of the CNC surfaces, in agreement with
reports where post-treatments or surface functionalization reduce the amount of
sulfate groups and improve thermal performance. This side effect is beneficial for
the intended high-temperature processing of PLA nanocomposites, because sulfate
ester groups are known to catalyze the thermal degradation of cellulose and shift the
onset of decomposition to lower temperatures (Lam et al., 2022). Therefore, the
partial removal of sulfate groups during acetylation is expected to contribute to the
enhanced thermal stability observed for the acetylated nanocrystals and their
corresponding PLA biocomposites, as discussed in the characterization of
biocomposites PLA/CNCs section (Lopez et al., 2025).

The zeta potential values reflect the electrostatic repulsion in the electrical
double layer surrounding the particles and, therefore, the colloidal stability of the
aqueous suspensions. All samples showed negative zeta potentials in a narrow
range between -22.3 and -24.4 mV (Table 2). These magnitudes are comparable to
those reported by Aguayo et al. (2020) for sulfuric acid derived CNCs from
eucalyptus kraft pulp, which displayed moderately high negative zeta potentials and
stable aqueous dispersions under similar conditions. The most negative values (-
24.0 and -24.4 mV) corresponded to the hydrophilic precursors CNC | and CNC I,
respectively, and are consistent with their higher sulfate group contents, which
generate sufficient surface charge density upon dissociation in water to maintain
colloidal stability and limit spontaneous aggregation. Interestingly, despite its lower
total sulfur content, CNC Il exhibited a zeta potential similar to that of CNC |,
suggesting that in the cellulose Il polymorph the remaining charged groups are in
more exposed surface regions and thus contribute efficiently to the effective surface

charge.
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Following chemical modification, the acetylated samples (ACNC | and ACNC
II) displayed slightly less negative zeta potentials of -22.3 and -22.7 mV, respectively.
This modest decrease is consistent with the partial desulfation evidenced by the
sulfur content data and the incorporation of electrically neutral acetyl groups, which
together reduce the overall surface charge density (Jordan et al.,, 2019).
Nevertheless, the values remain within the range typically associated with kinetically
stable CNC suspensions, close to the commonly cited stability threshold of
approximately -25 mV for electrostatically stabilized colloids. In this system, the
combined effect of decreased surface charge and increased hydrophobicity is
expected to favor compatibility with organic solvents and with the hydrophobic PLA
matrix, while still providing sufficient electrostatic repulsion during the aqueous
processing steps to avoid irreversible flocculation of the nanocrystals.
Table 2. Sulfur content and zeta potential values for cellulose nanocrystals (CNC |
and CNC Il) and their respective acetylated derivatives (ACNC | and ACNC Il).

Sulfur Content 0z
(mg/g) (mV)
CNC | 4.63 + 0.59 -24.0 £ 0.6
ACNC | 1.02 £ 0.16 -22.3+ 0.6
CNC I 1.97 + 0.56 -244 + 0.6
ACNC Il 1.39 £ 0.07 -22.7 £ 1.1

Degree of Substitution (DS)

The degree of substitution (DS) was used to quantify the chemical acetylation
of the cellulose nanocrystals. The DS represents the average number of hydroxyl
groups replaced by acetyl groups per anhydroglucose unit (AGU), with a theoretical
maximum value of 3 for fully substituted cellulose. The experimental values obtained
for the acetylated samples are summarized in Table 3 and compared graphically in
Figure 3.

Under identical acetylation conditions, the reactivity of the cellulose | and
cellulose Il polymorphs differed markedly. The ACNC | sample reached a DS of 0.23

1 0.07, which corresponds to a relatively low substitution level typically associated
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with predominantly surface-confined esterification; in this case, the highly compact
crystalline packing and rigid hydrogen-bond network characteristic of the CNC |
structure limit the diffusion of acetylation reagents into the crystal interior, so that
esterification mainly occurs at the accessible hydroxyl groups located on the outer
surfaces of the nanocrystals. In contrast, the ACNC Il sample exhibited a much
higher reaction efficiency, achieving a DS of 1.38 £ 0.15, approximately a six-fold
increase in substitution capacity with respect to the type | polymorph (1.38 versus
0.23). This behavior can be attributed to the regenerated cellulose Il structure, which
displays a less compact crystalline lattice and an altered hydrogen-bonding pattern
compared with native cellulose |, leading to larger free volume and higher
accessibility of hydroxyl groups; these structural features facilitate the penetration of
acetic anhydride and the associated catalysts not only to the external surface but
also into subsurface regions of the type Il nanocrystals, enabling more extensive
acetylation throughout a larger fraction of the crystalline domains (Dong et al., 2017).

The DS value of 1.38 achieved for ACNC Il is comparatively high when
contrasted with previously reported acetylation results for cellulose nanocrystal
polymorphs. For example, Chen et al. (2023) reported DS values of 1.68 for ACNC
I and 1.12 for ACNC Il in a heterogeneous acetic-anhydride system, showing that
CNC | can reach a high degree of substitution. Wu et al. (2018) observed a stronger
contrast between polymorphs, with ACNC | attained a DS of 1.98 while ACNC Il only
reached a value of 0.32 after 3 h of acetylation in a similar heterogeneous medium.
Additionally, (Dong et al., 2017) prepared ACNC Il by a single-step phosphoric-acid/
acetic-anhydride method and obtained DS values between about 0.6 and 1.6
depending on reaction temperature. In this system, the sixfold increase in DS for
cellulose type Il compared to cellulose type | (1.38 versus 0.23) under identical
reaction conditions (acetic anhydride, pyridine and acetic acid at 50 °C for 3 h)
therefore reveals an opposite trend to that observed by Wu et al. (2018) and
underscores that the regenerated cellulose Il used here provides high chemical
accessibility during acetylation, likely due to its specific combination of free volume,

aggregation state and antiparallel chain packing.
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As the DS increases, fewer free hydrophilic hydroxyl groups remain exposed in the
cellulose nanocrystal structure, which leads to a progressive reduction in surface
polarity. This trend is consistent with studies in which controlled acetylation of CNCs
has been used to adjust the DS over a wide range and thereby modulate surface
polarity and potential applications in different matrices. In the case of ACNC II, the
DS of 1.38 is consistent with the pronounced decrease in the intensity of the O—H
stretching band and the appearance of characteristic ester carbonyl and C-O
stretching bands in the FTIR spectra, confirming the successful incorporation of
acetyl groups. Under the same reaction conditions, the high reactivity of the cellulose
Il polymorph therefore establishes ACNC Il as a more suitable nanoreinforcement
than ACNC | when a high DS and enhanced hydrophobicity are required, and it is
expected to display superior interfacial affinity with the PLA matrix during
biocomposite film processing (Li et al., 2024).

It is important to note that the back-titration method used to determine the
degree of substitution provides a bulk, average value and cannot distinguish
between highly substituted regions on a limited, more accessible fraction of the
material and a more uniform, moderate substitution throughout the entire particle
population. In view of the extensive aggregation observed for freeze-dried cellulose
nanocrystals by TEM, the DS values reported here should therefore be regarded as
effective, apparent degrees of substitution that mainly reflect the more accessible
surface regions of the CNC aggregates. This interpretation is consistent with the
FTIR results, where the intensity of the acetyl-related bands confirms surface
acetylation but does not necessarily imply homogeneous substitution of all internal

crystalline domains.
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Figure 3. Graphical representation of the DS for the ACNC | and ACNC I

nanoreinforcements.

Table 3. Experimental DS values for the acetylated cellulose nanocrystals (ACNC |
and ACNC Il).

Sample Degree of substitution
ACNC | 0.23 £ 0.07
ACNC I 1.38 £ 0.15

X-Ray Diffraction (XRD)

XRD analysis was employed to identify changes in the polymorphic structure
of the cellulose nanocrystals and to evaluate the impact of chemical acetylation on
their crystallinity and unit cell geometry. The diffraction patterns and the
corresponding structural parameters are presented in Figure 4 and Table 4,
respectively.

The diffractograms clearly evidence the structural transition between the two
polymorphs. CNC | and ACNC | display characteristic reflections at approximately
20 = 14.7°, 16.5°, and 22.6°, which can be indexed to the (110), (1-10), and (200)

crystallographic planes of cellulose |, respectively. These peaks confirm that the
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native cellulose | framework is fully preserved after sulfuric-acid hydrolysis and
subsequent acetylation. In contrast, the patterns of CNC Il and ACNC Il show
distinctive peaks at 20 = 12.1°, 20.0°, and 22.0°, corresponding to the (1-10), (110),
and (020) planes of cellulose Il, respectively, together with an additional reflection at
around 34.5° that can be assigned to the (040) plane, which appears in both
polymorphs. These crystallographic fingerprints are consistent with earlier reports
that characterized the polymorphic shift from cellulose | to cellulose Il in alkalized
eucalyptus fibers (Carrillo-Varela et al., 2018).

The crystallinity index (Cl) obtained through Rietveld refinement for the
present samples is in reasonable agreement with the ranges previously reported for
CNCs from bleached kraft pulp and for cellulose llI-based nanocrystals. For sulfuric-
acid-derived CNCs from eucalyptus kraft pulp, Aguayo et al. (2020) described CI
values between 66 and 82%, which closely match the 67.00 % obtained here for
CNC . For cellulose Il nanocrystals extracted from Potenza et al. (2022) reported Cl
values of approximately 63—75%, confirming that the crystallinity obtained for CNC
Il (66.64 %) falls within the expected range for this polymorph.

Following chemical modification, the samples exhibited an overall high
degree of crystallinity retention, with opposite trends between polymorphs. For the
type | polymorph, a slight decrease in crystallinity is observed, from 67.00 + 3.15%
in CNC | to 65.28 + 2.31% in ACNC |. This minor loss can be ascribed to the
substitution of surface hydroxyl groups by bulkier acetyl moieties, which introduces
a limited degree of structural disorder at the crystal boundaries. Conversely, a more
pronounced increase in crystallinity was recorded for the type Il polymorph, from
66.64 + 2.95% in CNC Il to 70.74 £ 3.00% in ACNC Il. This behavior may indicate
that acetylation of cellulose Il preferentially affects the more disordered domains
rather than the crystalline core, and partial removal or rearrangement of residual
amorphous regions could lead to an apparent increase in crystallinity without
implying true growth of the crystalline domains.

This trend contrasts with results reported by Chen et al. (2023), where surface
acetylation of sulfuric-acid-hydrolyzed CNC | resulted in a noticeable decrease in

crystallinity, indicating partial surface erosion or disordering of the nanocrystal

31



structure upon extensive acetylation. In our case, the preservation and slight
enhancement of crystallinity in ACNC Il may be related to the lower initial crystallinity
of the CNC Il precursor compared with CNC |, as a larger amorphous fraction offers
more material available for selective degradation or reorganization during acetylation
without compromising the crystalline core (Gan et al., 2017; Xu et al., 2020).

Regarding the unit cell parameters, the values reported in Table 4 provide
further insight into the structural response of each polymorph to acetylation. For CNC
[, the refined lattice parameters are broadly consistent with the monoclinic unit cell
reported for the I allomorph of native cellulose, which is typically described with y
close to 96-97°, reflecting the characteristic sheet-like packing of cellulose chains
(Nishiyama et al., 2002). After acetylation, ACNC | show a contraction along the c-
axis accompanied by a slight increase in the a-axis and in y, suggesting a modest
distortion of the unit cell associated with the incorporation of acetyl substituents at
the crystal surface, consistent with the minor crystallinity loss discussed above.

For the cellulose Il polymorph, the CNC Il unit cell shows a markedly larger y
angle than cellulose |, in agreement with the antiparallel chain packing that
characterizes the cellulose Il monocilinic lattice, typically reported with y in the range
of 117-120° (Langan et al., 2001). After acetylation, ACNC Il exhibits a contraction
in the a-axis and a corresponding decrease in y, together with a narrower dispersion
in the b-axis, suggesting a more compact and structurally homogeneous unit cell.
This tightening of the lattice geometry is consistent with the increase in crystallinity
observed for ACNC Il, supporting the interpretation that acetylation promoted a
reorganization of the crystalline lattice toward a more ordered configuration rather
than degrading the crystalline core.

Overall, the combination of crystallinity and unit cell data confirms that the
acetylation treatment, although structurally more impactful for cellulose Il in terms of
degree of substitution, did not compromise the crystalline integrity of either
polymorph. This preservation of the crystalline architecture, together with the
moderate lattice adjustments observed after acetylation, is value to support the use
of these cellulose nanocrystals as reinforcing and nucleating agents in polymer

matrices, particularly cellulose llI-based nanocrystals, whose lattice compaction upon
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acetylation may translate into improved interfacial compatibility with hydrophobic

matrices such as PLA.
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Figure 4. XRD patterns of cellulose nanocrystals (CNC | and CNC Il) and their
respective acetylated derivates (ACNC | and ACNC ).

Table 4. Apparent crystallinity index (%) and unit cell parameters (a, b, ¢, and y) of
CNC I, ACNC I, CNC Il, and ACNC Il, determined by Rietveld refinement of the XRD
data.

Cl Length a Length b Length c Length y
(%) A) )
CNC I 67.00+£3.15 734+045 7.00+0.86 8.48+1.93 96.16 + 0.27
ACNC | 65.28 + 2.31 7.66+029 7.02+0.78 6.73+0.36 98.49 + 2.63
CNC I 66.64+295 8341053 9.27+0.39 8.07%1.11 119.77 £ 1.17
ACNCIl  70.74+3.00 7.35+0.21 8.57+0.09 7.92+0.96 116.66 + 0.40

Characterization of Biocomposites PLA/CNCs

X-Ray Diffraction (XRD)

X-ray diffraction was used to evaluate the influence of cellulose nanocrystals

on the molecular organization of the polylactic acid matrix. The diffraction patterns
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of the biocomposite films are shown in Figure 5, and Table 5 summarizes the
crystallinity indices (Cl) calculated for both the PLA phase and the dispersed
nanoreinforcements within each formulation.

A two-way ANOVA performed on the PLA phase Cl revealed highly significant
effects of nanoreinforcement type (p = 1.48 x 10-?*) and concentration (p = 3.71 x
106), as well as a significant interaction (p = 1.76 x 10-2), indicating that the
crystallization response of PLA is strongly controlled by both the structural nature
and the loading level of the nanocrystals.

In the diffractograms (Figure 5a,b), all biocomposites exhibit the broad
amorphous halo of PLA centered at approximately 208 = 16.5°, corresponding to the
overlapping (110)/(200) reflections of a-PLA. Additional weak peaks at around 12.5°,
18.5°, and 32.0° can be assigned to the (010), (203), and (118) planes of the a
polymorph, respectively, which are characteristic of semicrystalline PLA. Although
the individual diffraction signals of the cellulose nanocrystals are not clearly resolved
in the films due to the relatively low filler contents and the predominance of the PLA
halo, their presence is indirectly reflected in the changes of PLA crystallinity and in
the Cl values assigned to the dispersed CNCs, obtained by peak deconvolution.

Tukey’s HSD test, applied to the PLA CI across all formulations, showed that
neat PLA (13.32 %) does not differ significantly from any CNC | formulation at 0.5,
1.0, or 1.5 wt% (p = 0.56, 0.88, and 0.65, respectively), indicating that CNC | have a
limited ability to act as nucleating agents under the present solvent-casting
conditions. By contrast, all PLA/CNC Il formulations at 0.5, 1.0, or 1.5 wt% exhibit
PLA ClI values significantly higher than neat PLA (p = 1.40 x 103, p = 1.49 x 10
and p = 2.40 x 107, respectively), confirming that CNC Il provide more effective
heterogeneous nucleation sites than cellulose | even in their unmodified state. These
observations agree with previous reports in which modest, but consistent, increases
in PLA crystallinity were attributed to the templating effect of rigid nanocellulose
domains dispersed in the matrix (Trivedi & Gupta, 2024).

The nucleating capability of the cellulose nanocrystals is markedly enhanced
upon acetylation. For both ACNC | and ACNC Il, the PLA Cl increases sharply even
at the lowest loading (0.5 wt%), and all PLA/ACNC formulations differ significantly
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from neat PLA. When the Type factor is analyzed as a main effect, ACNC Il yields
significantly higher PLA crystallinity than ACNC | (p = 1.0 x 10™). These results
clearly indicate that acetylation enhances the nucleating efficiency of cellulose
nanocrystals in general, and that ACNC Il is the most effective nucleating agent
among the four types investigated.

At the concentration factor, PLA/ACNC Il films consistently display the highest
PLA ClI values at each concentration, with PLA/ACNC Il 1.5 wt% reaching 44.20 %,
corresponding to more than a threefold increase relative to neat PLA. when
averaged across all concentrations, its overall nucleating performance is superior.
This superior behavior can be rationalized by the higher degree of substitution of
ACNC I, its lower sulfate content, and the preservation of its crystalline structure,
which together improve compatibility with PLA and facilitate more homogeneous
dispersion, thereby increasing the number of effective nucleation sites during film
formation.

The statistical analysis also provides insight into the saturation behavior of
the system. Within each series, increasing the cellulose nanocrystals content from
1.0 to 1.5 wt% does not lead to significant changes in the PLA crystallinity index (p
=0.99 for CNC |, p = 0.84 for CNC I, p = 0.80 for ACNC | and p = 0.74 for ACNC
II), suggesting that a near-saturation of available nucleation sites is reached at
around 1.0 wt% for all types. Beyond this threshold, additional nanocrystals likely
contribute less effectively to crystallization, possibly due to an increased tendency
to form local aggregates that act as inactive or less efficient nucleating domains.
Similar saturation effects have been reported in other PLA/nanocellulose systems,
where increases in crystallinity on the order of 15-25% relative to neat PLA are
typically observed at higher filler contents (= 3—5 wt%), especially when surfactant-
modified or compatibilized CNCs are employed (Fortunati et al., 2012). More
broadly, reviews of PLA-based biocomposites indicate that nanocellulose and other
rigid fillers generally produce moderate crystallinity enhancements, whose
magnitude depends strongly on filler chemistry, dispersion state and processing
route, with only a limited number of systems reaching the upper range of

improvements observed here. Although direct quantitative comparison is restricted
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by differences in PLA grade, processing conditions and crystallinity determination
methods, the present values therefore fall within the highest nucleation-driven
crystallinity levels reported for PLA/nanocellulose biocomposites (Trivedi et al.,
2023).

Overall, the XRD and statistical analyses demonstrate that cellulose
nanocrystals are effective nucleating agents for PLA, with acetylated forms providing
a clear enhancement of this function. Among all systems, ACNC Il stand out as the
best nucleating candidates, combining high intrinsic crystallinity, improved
compatibility with PLA, and the ability to induce large increases in PLA crystallinity
at relatively low loadings. These features position ACNC Il as a particularly promising
reinforcement for the design of PLA-based biocomposites with high crystallinity and
potentially improved mechanical and thermal properties.
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Figure 5. XRD patterns of biocomposite films a) formulations containing cellulose |
nanocrystals (CNC | and ACNC |) and b) formulations containing cellulose Il
nanocrystals (CNC Il and ACNC Il). The diffraction patterns of neat PLA and

powdered nanocrystals are included for reference.

Table 5. Crystallinity index (Cl %) of the PLA matrix and the nanoreinforcements in
the biocomposite films. Values are expressed as mean * standard deviation (n = 3).
An asterisk (*) in the PLA column indicates a value significantly different from neat
PLA according to two-way ANOVA followed by Tukey’s HSD test (p < 0.05).

PLA CNCs
Cl (%)
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PLA 13.32 + 1.78

PLA/CNC 10.5 15.75 £1.78 9.94 +1.00
PLA/CNC 11 0.5 18.83 £1.11* 13.52 +1.09
PLA/ACNC | 0.5 34.46 +£1.09 * 12.39 + 0.82
PLA/ACNC 11 0.5 38.27 £ 0.25* 11.66 + 0.5
PLA/CNC 11.0 1514 £ 0.75 13.36 £ 0.93
PLA/CNC 111.0 20.78 £+ 2.13* 16.00 £ 0.93
PLA/ACNC 1.0 36.56 + 0.37 * 13.20 £ 0.86
PLA/ACNC 11 1.0 42.08 £ 0.36 * 10.34 £ 0.49
PLA/CNC 11.5 15.61 £ 0.62 13.14 £ 1.04
PLA/CNC 11 1.5 2268 +£2.78* 16.06 + 3.04
PLA/ACNC 1.5 38.57 £1.37* 11.82 £ 0.99
PLA/ACNC I 1.5 4420 £ 0.86 * 11.16 £ 5.78

Differential Scanning Calorimetry (DSC)

The DSC thermograms of the first heating scan of all films displayed a glass
transition, a single endothermic melting peak, and no detectable cold crystallization
exotherm (Figure 6.), confirming the semi-crystalline nature of the materials. The
absence of a cold crystallization exotherm suggests that crystallization was largely
completed during solvent casting, a behavior previously reported for casting solution
PLA-based films (Mechernene et al., 2026).

The thermal parameters derived from the first heating scan are summarized
in Table 6. The Tg of neat PLA (58.40 °C) showed a general tendency to increase
in nanocomposite formulations, reaching up to 63.4 °C for PLA/ACNC | 1.5. This
trend may reflect a reduction of free volume in the amorphous phase associated with
the growing crystalline fraction, which could restrict segmental chain mobility. No
plasticization effect was observed across any formulation, consistent with the
hydrophobic character of both unmodified and acetylated CNCs.

The melting temperature (Tm) remained relatively stable across all samples,
ranging between 149 and 151 °C (Table 6), suggesting that the crystalline structure
of the PLA matrix was not substantially altered by the type or content of
nanoreinforcement at the loadings studied. This observation is related with the XRD

results discussed, where the diffraction patterns of all nanocomposite films retained
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the characteristic peaks of the PLA, and supports the interpretation that CNC act
primarily as nucleating agents rather than crystal structure modifiers (Dong et al.,
2017; Fortunati et al., 2012; Sullivan et al., 2015).

The most pronounced effects of the nanocrystals are observed in the melting
enthalpy (AHm) and the corresponding degree of crystallinity (Xc). Neat PLA exhibits
an Xc of 27.33%, whereas all nanocomposite films show higher crystallinity values,
with a clear trend of increasing Xc with CNC content, reaching up to 98.26% for
PLA/CNC Il 1.5 (Table 6). These large increases in Xc are fully consistent with the
nucleating role of CNCs reported for both solution-cast and melt-processed PLA
composites, and they closely mirror the higher Cl obtained by XRD for the same
formulations.

At equivalent loadings, CNC Il consistently produce higher Xc values than
CNC 1. For instance, at 0.5 wt% loading, Xc reaches 93.85% for PLA/CNC I
compared with 46.62% for PLA/CNC [, while at 1.5 wt% the values are 98.26% and
56.15%, respectively (Table 6). This behavior may be related to the distinct
hydrogen-bonding topology and antiparallel chain arrangement of the cellulose Il
lattice, which could provide a more favorable interface for PLA chain adsorption and
ordering than the parallel-chain arrangement of cellulose |. The higher Xc values
obtained by DSC for PLA/CNC Il films agree with the higher Cl values determined
by XRD for the same series, reinforcing the view that CNC Il are intrinsically more
efficient nucleating agents for PLA than CNC I.

Respecting to the effect of acetylation, PLA/ACNC | formulations tended to
show higher Xc values compared to their unmodified PLA/CNC | counterparts at
equivalent loadings, a trend that could be related to improved dispersion of ACNC |
in the casting solvent, thereby increasing the effective nucleating surface area
available to PLA chains during film formation. For ACNC II, acetylation appeared to
have a less pronounced effect, particularly at low loadings where unmodified CNC Il
already promoted high degrees of crystallinity (Table 6).

Overall, the DSC results are in general agreement with the crystallinity trends
observed by XRD, reinforcing the interpretation that CNC tend to promote PLA

crystallization under solution casting conditions, with acetylation playing a secondary
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but potentially relevant role in improving the dispersion and nucleating efficiency of

cellulose | based nanocrystals.
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Figure 6. DSC thermograms (first heating scan) of neat PLA and PLA
nanocomposite films a) PLA/CNC | and PLA/ACNC | b) PLA/CNC Il and PLA/ACNC

Il. Curves are vertically offset for clarity.

Table 6. Glass transition temperature (Tg), melting temperature (Tm), melting

enthalpy (AHm), and degree of crystallinity (Xc) of the PLA matrix and the

nanoreinforcements in the biocomposite films obtained from DSC first heating scan.

Tg Tm AHm Xc

(°C) (J/9) (%)
PLA 58.40 149.34 2542 27.33
PLA/CNC 10.5 58.70 149.90 43.14 46.62
PLA/ACNC | 0.5 60.26 150.26 49.43 53.42
PLA/CNC 11 0.5 60.66 150.96 86.84 93.85
PLA/ACNC 11 0.5 60.49 150.89 77.76 84.03
PLA/CNC | 1 59.34 151.43 45.13 49.02
PLA/ACNC |1 61.82 151.11 70.57 76.65
PLA/CNC Il 1 60.52 149.84 89.75 97.48
PLA/ACNC I 1 59.58 150.38 82.02 89.09
PLA/CNC 11.5 60.89 149.50 51.44 56.15
PLA/ACNC 1.5 63.37 151.27 72.08 78.68
PLA/CNC 11 1.5 59.84 150.04 90.01 98.26
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PLA/ACNC I 1.5 59.37 150.97 88.76 96.89

Thermogravimetric Analysis (TGA/DTG)

The thermal stabilty of the biocomposites was evaluated by
thermogravimetric analysis and its first derivative. Figure 7 shows representative
TGA and DTG curves for neat PLA and selected formulations (PLA/CNC | 1.5%,
PLA/CNC Il 1.5%, PLA/ACNC |1 0.5%, PLA/ACNC Il 0.5% and PLA/ACNC Il 1.5%),
whereas Table 7 summarizes the thermal degradation parameters (Ts%, Ti10%,
Tonset and Tmax) for all 13 formulations. These results indicate that the
incorporation of cellulose nanocrystals modifies the degradation profile of the PLA
matrix and that the magnitude of this effect depends on the surface chemistry and
polymorphic structure of the nanoreinforcements.

According to the DTG curves, the neat PLA matrix exhibits an onset
degradation temperature (Tonset) of 314.4 °C and a maximum degradation
temperature (Tmax) of 344.3 °C (Table 7). After addition of nanoreinforcements, a
general shift of the main degradation step towards higher temperatures is observed,
particularly for formulations containing acetylated nanocrystals. For example, the
PLA/ACNC 1l 1.5% sample shows a Tonset of 330.7 °C and a Tmax of 357.8 °C,
increases of approximately 16 °C and more than 13 °C, respectively, compared with
neat PLA. These improvements are consistent with the substantial increase in PLA
crystallinity described in the XRD section, suggesting that the more ordered and
compact crystalline regions formed in the presence of ACNCs act as physical
barriers that restrict chain mobility and hinder the diffusion of volatile degradation
products during heating.

Beyond this physical barrier effect, the enhanced stability of the PLA/ACNC
biocomposites can be related to the chemical modification of the nanocrystals.
Elemental analysis revealed a partial desulfation during acetylation, with sulfur
contents decreasing from 4.63 to 1.02 mg/g for CNC | and ACNC | and from 1.97 to
1.39 mg/g for CNC Il and ACNC I, respectively. Sulfate half-ester groups introduced
during sulfuric acid hydrolysis are known to catalyze the thermal degradation of

cellulose through acid-promoted depolymerization and dehydration reactions at
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elevated temperatures. Their partial replacement by more thermally stable acetyl
groups (—OCOCHs) therefore reduces the number of catalytically active sites, which
may contribute to the higher Tonset and Tmax values observed for the ACNC-based
biocomposites. Similar trends, where removal or masking of sulfate groups leads to
improved thermal stability of nanocellulose and its acetates, have been reported in
previous studies (Kusmono et al., 2020).

Surface acetylation also increases the hydrophobic character of the
nanocrystals, particularly for ACNC II, which reaches a degree of substitution of 1.38.
This high substitution level markedly reduces the density of free hydroxyl groups on
the nanocrystal surface and, consequently, its ability to absorb moisture. A lower
moisture content in the reinforcement phase is expected to diminish hydrolytic
contributions to degradation during heating and to favor stronger interfacial
interactions with the hydrophobic PLA matrix. Such combined effects of improved
compatibility and reduced moisture uptake on the thermal resistance of
PLA/acetylated-CNCs systems are in line with previous reports, where
enhancements in Tmax of about 8-15 °C have been described for similar
nanocomposites (Agustin et al., 2016; Lee et al., 2020).

When analyzing the initial mass-loss temperatures (Ts% and Ti0%), most
biocomposites display values comparable to or slightly higher than those of neat
PLA, in agreement with the behavior of Tonset (Table 7). An exception is the
PLA/ACNC Il 1.0% sample, which exhibits an early mass loss at approximately 122
°Cin Ts%. Since this low-temperature event is not accompanied by a shift in the main
degradation step and the subsequent Tonset and Tmax values remain similar to
those of other ACNC Il formulations, it is reasonable to attribute this mass loss to the
release of residual solvent or moisture trapped in microcavities formed during the
solvent-casting process, rather than to the onset of PLA degradation.

From a processing and formulation standpoint, the TGA results suggest that
relatively low nanoreinforcement loadings are sufficient to obtain significant thermal
stabilization. For instance, PLA/ACNC | 0.5% already reaches a Tmax of 353.9 °C,
close to the highest value observed for PLA/ACNC Il 1.5% (357.8 °C), and similar
right-shifts of the DTG peak in Figure 7b. Together with the XRD and mechanical
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results, which indicate a saturation of property improvements above 1.0 wt%
nanocrystal content, these observations suggest that ACNC Il loadings in the range
0.5-1.0 wt% constitute a promising compromise between enhanced thermal
stability, mechanical performance and material efficiency, while also limiting the risk

of particle agglomeration and processing defects at higher concentrations.
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Figure 7. a) TGA curves of neat PLA and selected PLA-based nanocomposite films
(PLA/CNC | 1.5%, PLA/CNC Il 1.5%, PLA/ACNC | 0.5%, PLA/ACNC Il 0.5% and
PLA/ACNC Il 1.5%) b) DTG curves highlighting the shift in maximum degradation
temperature (Tmax) induced by the different nanoreinforcements. For clarity, only
representative formulations are shown, complete thermal degradation parameters

for all biocomposites are summarized in Table 7.

Table 7. TGA-derived thermal stability parameters for neat PLA and PLA/CNC
biocomposite films, including temperatures at 5% and 10% mass loss (Ts%, T10%),
onset degradation temperature (Tonset), and temperature of maximum degradation

rate (Tmax).

Celsius degrees (°C)

Ts% T1o% Tonset Tmax
CNC | 137.5 170.0 241.2 210.0
CNC I 119.0 158.1 249.0 219.0
PLA 282.1 307.7 3144 344.3
PLA/CNC 10.5 300.1 316.2 3214 348.9
PLA/ACNC 10.5 301.7 322 323.7 353.9
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PLA/CNC 11 0.5 305.8 320.6 326.1 350.1

PLA/ACNC 11 0.5 269.3 321.8 324.5 356.3
PLA/CNC | 1 271.0 316.6 323.6 350.5
PLA/ACNC |1 267.0 318.7 326.4 356.3
PLA/CNC 111 2971 317.8 327.4 345.8
PLA/ACNC Il 1 122.0 318.6 328.6 356.3
PLA/CNC11.5 2671 316.1 327.4 354.7
PLA/ACNC 1 1.5 260.0 318.5 328 356.7
PLA/CNC 11 1.5 2943 321.7 330.4 355.6
PLA/ACNC 11 1.5 302.4 324.0 330.7 357.8

Fourier Transform Infrared (FTIR)

Infrared spectroscopy of the biocomposite films was used to evaluate possible
chemical interactions between the polylactic acid (PLA) matrix and the different
cellulose nanocrystals (CNC I, ACNC |, CNC Il and ACNC II). Figure 8 shows the
FTIR spectra of the biocomposites together with those of neat PLA and the
powdered nanoreinforcements.

The spectra are dominated by the vibrational bands of PLA, as expected from
its high fraction in the formulations. All samples display the characteristic carbonyl
stretching band (C=0) of PLA at 1747 cm™, the bending vibrations of methyl groups
(-=CHs) near 1450 and 1360 cm™, and the C-O-C stretching region between 1180
and 1080 cm™, confirming that the chemical structure of the polyester backbone
remains intact after solvent casting. This overall spectral profile agrees with typical
FTIR signatures reported for PLA and PLA-based nanocomposite films (Yu et al.,
2021).

A clear visual similarity is observed when comparing the FTIR spectrum of
neat PLA with those of the biocomposites, which is consistent with the relatively low
nanocrystal contents (0.5-1.5 wt%). The broad O—H stretching band associated with
the surface hydroxyl groups of type | and type Il cellulose appears with markedly
reduced intensity in the PLA/CNC and PLA/ACNC films compared with the powdered
nanocrystals. This reduction suggests that the hydroxyl groups of the nanocrystals

are largely embedded in the PLA matrix and likely participate in weak intermolecular
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interactions, such as hydrogen bonding with the carbonyl groups of the polyester,
rather than remaining as a separate, highly hydrated phase. Increasing the
nanoreinforcement loading from 0.5 to 1.5 wt% does not produce detectable shifts
in the main PLA bands or the appearance of new peaks, indicating that the system
behaves predominantly as a physical mixture without evidence of new covalent bond
formation during processing. This behavior is consistent with previous PLA/CNC and
PLA/cellulose nanofibril biocomposites, where FTIR changes are mainly reflected in
band-intensity variations and broadening associated with hydrogen bonding rather
than in new absorption bands (Wang et al., 2020).

In the biocomposite films containing ACNC | and ACNC II, the carbonyl
absorption near 1750 cm™ arises from the superposition of the ester groups of PLA
and the acetyl groups grafted onto the nanocrystals. Although the individual
contributions cannot be resolved due to peak overlap, the preservation of the band
position and shape relative to the spectra of acetylated CNC powders supports the
chemical stability of the acetyl functionalities within the PLA matrix. No systematic
spectral differences are detected between films containing type | and type Il
polymorphs, which indicates that the overall chemical environment of the PLA chains
and the nature of the interfacial interactions are similar for both polymorphs under
the conditions studied. Consequently, the performance differences observed
between CNC I/ACNC | and CNC II/ACNC Il series are more likely governed by
structural and morphological factors such as crystallization behavior, nucleating
efficiency and dispersion quality rather than by distinct chemical bonding motifs at

the interface.
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Figure 8. FTIR spectra of biocomposite films based on PLA and cellulose
nanocrystals a) formulations containing cellulose | nanocrystals (CNC | and ACNC
I) and b) formulations containing cellulose Il nanocrystals (CNC Il and ACNC Il). The

spectra of neat PLA and powdered nanocrystals are included for reference.

Mechanical Testing

The mechanical properties of the biocomposite films were evaluated through
tensile testing to assess the influence of nanoreinforcement type and loading
concentration on tensile strength, elongation, and Young's modulus. The results are
summarized in Figure 9 and Table 8. A two-way ANOVA performed on tensile stress,
elongation, and Young’s modulus showed that neither the nanoreinforcement type
nor its concentration, nor the interaction between both factors, produced statistically
significant differences for any of the three mechanical parameters (tensile stress: p
= 0.259 for type, p = 0.219 for concentration and p = 0.708 for the interaction;
elongation: p = 0.451, 0.655 and 0.121; Young’s modulus: p = 0.123, 0.351 and
0.257, respectively). Therefore, within the experimental conditions evaluated, no
statistically supported mechanical improvement could be established for the
PLA/CNC biocomposite films.

Overall, the incorporation of cellulose nanocrystals produces only modest
changes in tensile stress, elongation and Young’s modulus, with most values

remaining within the scatter of the neat PLA reference. Although some formulations
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show slightly higher tensile strength or modulus, the variability of the data and the
relatively small sample size prevent these differences from being confirmed as
statistically significant.

This lack of clear statistical evidence contrasts with the pronounced effects
observed in the structural and thermal analyses, where XRD and DSC unequivocally
demonstrated large increases in PLA crystallinity driven by the nanocrystals. In the
present case, however, the combination of limited replicate number and relatively
small increments in the mechanical parameters means that any potential
reinforcement effect cannot be conclusively demonstrated and should be regarded
primarily as indicative rather than definitive. Nevertheless, the results reveal a
general tendency for the presence of cellulose nanocrystals to increase tensile
stress, in many cases, elongation compared with neat PLA, particularly for films
containing CNC Il and ACNC II.

From a quantitative standpoint, the tensile strength (25.07-34.39 MPa),
elongation (6.83—11.50%) and Young’'s modulus (265.40-438.17 MPa) measured
for the solvent-cast PLA/CNC and PLA/ACNC films fall within the ranges commonly
reported for PLA composites reinforced with cellulose nanocrystals or their
surface-modified derivatives, where moderate increases in stiffness and only small
changes in strength and ductility are typically observed. This agreement with the
literature supports the view that, under the present processing conditions, CNCs and
ACNCs act mainly as mild reinforcing agents that slightly stiffen the PLA matrix
without imposing severe penalties on ductility, while the modest reinforcement
observed here is plausibly limited by aggregation and hornification effects
associated with freeze-drying of the nanocrystals. In the absence of direct
fracture-surface imaging, this explanation should be regarded as a reasonable,
literature-supported hypothesis rather than a quantitatively demonstrated
mechanism (Bolat et al., 2024; Gong et al., 2017; Lee et al., 2020).

From a practical perspective, these findings indicate that the substantial
crystallinity enhancements induced by CNCs under the selected processing
conditions do not lead to a statistically detectable loss of tensile performance. On

the contrary, the mechanical response of the nanocomposites remains comparable
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to that of neat PLA, with some formulations exhibiting slight, non-significant
improvements in strength and stiffness. Thus, the mechanical data support the view
that CNC-based nanofillers can be used to tailor the crystalline structure and thermal
behavior of PLA without detrimental effects on its basic tensile properties, even
though a clear mechanical reinforcement could not be firmly established within the

experimental uncertainty of this study (Nagarajan et al., 2015).
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Figure 9. Graphical representation of the mechanical properties of neat PLA and
PLA-based nanocomposite films as a function of nanoreinforcement content of a)

tensile strength and b) elongation (mean + SD, n = 5).

Table 8. Mechanical parameters (tensile strength, elongation and Young’s modulus)
for neat PLA and PLA-based nanocomposite films. Values are expressed as mean
+ standard deviation (n = 5). An asterisk (*) indicates a value significantly different

from neat PLA according to Dunnett’s test (p < 0.05).
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Samples T. Strength Elongation Young’s Modulus
(n=5) (MPa) (%) (MPa)

PLA 25.07 £ 4.75 9.51 + 0.80 280.23 + 64.38
PLA/CNC10.5 26.16 + 6.58 9.10 £3.72 265.40 + 66.42
PLA/ACNC 1 0.5 33.00 + 2.80 9.84 + 1.81 344.84 + 70.80
PLA/CNC 11 0.5 31.89 +£ 9.54 10.45 +1.20 311.63 £ 119.22
PLA/ACNC 11 0.5 34.09 +4.13 9.55 + 1.51 364.32 + 74.71
PLA/CNC | 1 34.39 +£4.98 7.89+0.78 438.17 +70.30
PLA/ACNC | 1 32.35+7.62 10.50 + 1.24 315.99 + 109.89



PLA/CNC 111 28.94 +4.96 9.83 + 1.32 277.31 £ 50.94

PLA/ACNC I 1 32.17 £0.33 6.83 £+ 0.51 348.97 + 108.51
PLA/CNC 11.5 29.10 £5.34 8.96 + 2.42 335.96 + 78.11

PLA/ACNC 1.5 32.75 + 8.52 8.40 £ 0.44 390.76 + 100.96
PLA/CNC 11 1.5 29.33 +7.42 10.42 + 1.02 268.62 + 127.81
PLA/ACNC 11 1.5 29.17 £6.13 9.50 + 0.63 286.90 £+ 47.05

CONCLUSIONS

This study demonstrates that cellulose polymorphism and surface acetylation
are key determinants of the properties of eucalyptus kraft pulp-derived CNCs in PLA
biocomposite films. Sulfuric acid hydrolysis of both native (cellulose |) and
mercerized (cellulose Il) kraft pulp yielded cellulose nanocrystals with similar
crystallinity indices (70-74 %) and colloidal stability, while exhibiting marked
differences in surface sulfur content, consistent with the distinct chain accessibility
of each allomorph during hydrolysis. Heterogeneous acetylation under identical
reaction conditions produced a substantially higher degree of substitution for ACNC
Il (DS = 1.38) relative to ACNC | (DS = 0.23), supporting the interpretation that the
antiparallel chain arrangement of the cellulose Il lattice facilitates reagent access to
surface hydroxyl groups. Acetylation also resulted in partial desulfation of both
variants, with expected benefits for thermal performance.

When incorporated into PLA films by solution casting, cellulose IlI-based
nanocrystals consistently showed a greater tendency to promote PLA matrix
crystallization than their cellulose | counterparts at equivalent loadings, as evidenced
by both XRD and DSC analyses. Acetylation enhanced the apparent nucleating
efficiency of CNC | formulations, possibly associated with improved compatibility with
the casting solvent, though direct evidence of dispersion state was not obtained in
this study, while its influence on CNC Il was less pronounced given the already high
crystallinity values promoted by the unmodified form. The higher matrix crystallinity
in CNC lI-based biocomposites was accompanied by improved thermal stability, with

onset degradation temperatures up to 16 °C above neat PLA in selected
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formulations, reflecting both a more ordered crystalline matrix and reduced sulfate
group density following acetylation.

Mechanical evaluation revealed no statistically significant effects of
nanocrystal type, loading, or their interaction on tensile strength or Young's modulus,
with small effect sizes confirming the practical absence of reinforcement for these
properties. A statistically significant reduction in elongation was detected exclusively
at PLA/ACNC 1l 1.0 wt%, interpreted as an isolated finding consistent with high
matrix crystallinity rather than a generalizable trend. These results indicate that the
primary functional contribution of ACNC Il is the tuning of PLA crystallinity and
thermal stability, supporting the valorization of eucalyptus kraft pulp for sustainable

packaging applications.
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V.

CONCLUSIONES

El presente trabajo aborddé la produccion, modificacion superficial e
incorporacion en matrices de PLA de nanocristales de celulosa de los polimorfos | 'y
Il derivados de pulpa Kraft blanqueada de eucalipto, con el propdsito de determinar
la influencia del polimorfismo celuldsico y de la acetilacion sobre las propiedades
fisicoquimicas, estructurales, térmicas y mecanicas de los materiales
biocompuestos resultantes. El uso de pulpa de eucalipto como materia prima enlaza
el desarrollo de materiales avanzados con una de las cadenas productivas
forestales mas relevantes de Chile y Latinoamérica, abriendo una via de
valorizacion de alto valor agregado para los subproductos de la industria celuldsica

nacional.

En relacién con la preparacion y caracterizacion de los nanocristales, la
hidrdlisis acida con acido sulfurico permitiéo obtener CNC | y CNC |l con indices de
cristalinidad comparables, confirmando que el tratamiento de mercerizacién previo
logro la conversion del polimorfo nativo al regenerado sin comprometer de manera
sustancial la fraccion cristalina. La quimica superficial de ambos polimorfos mostré
diferencias relevantes: CNC | present6 un mayor contenido de azufre superficial que
CNC IlI, coherente con la distinta accesibilidad de sus redes cristalinas durante la
hidrdlisis, y ambas variantes exhibieron potenciales zeta negativos en un rango que
sugiere una estabilidad coloidal aceptable en suspensién acuosa. La acetilaciéon
heterogénea generd grados de sustitucion marcadamente distintos entre polimorfos,
con un DS de 0,23 para ACNC | y de 1,38 para ACNC I, lo que respalda la hipétesis
de que la disposicion antiparalela de cadenas de la celulosa Il confiere una mayor
accesibilidad quimica a los grupos hidroxilo superficiales y favorece la incorporacion
de grupos acetilo bajo condiciones de reaccion idénticas. Esta modificacion se
acompano de una reduccion parcial del contenido de grupos sulfato en ambos
casos, con implicancias directas sobre el comportamiento térmico posterior de los

materiales.
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En cuanto ala influencia del polimorfismo y la acetilacion sobre la cristalinidad
de la matriz de PLA, los analisis de XRD y DSC mostraron tendencias consistentes
indicando que los nanocristales de celulosa Il tienden a actuar como agentes
nucleantes mas eficientes que sus contrapartes de celulosa | a cargas equivalentes,
promoviendo elevados indices de cristalinidad en las peliculas biocompuestas. La
acetilacidon potencio la capacidad nucleante de las formulaciones basadas en CNC
I, probablemente mediante una mejor dispersion bajo las condiciones de colado en
solucién, mientras que su efecto sobre CNC Il fue menos pronunciado, dado que el
polimorfo no modificado ya inducia altos grados de cristalizacién. Los valores de
grado de cristalinidad obtenidos por DSC, particularmente en las formulaciones con
CNC IlI, se aproximan al limite tedrico para PLA y deben interpretarse como
cristalinidades aparentes empleadas principalmente para comparar tendencias
relativas entre formulaciones, mas que como indicadores de un estado plenamente
cristalino. En conjunto, estos resultados posicionan al polimorfismo celulésico y a la
modificacion superficial como variables de disefio relevantes para modular la

microestructura cristalina del PLA en sistemas procesados por solucion.

En términos de estabilidad térmica, las formulaciones con CNC Il vy,
especialmente, con ACNC Il mostraron temperaturas de inicio de degradacién
superiores a las del PLA puro, con incrementos de hasta aproximadamente 16 °C
en composiciones seleccionadas. Este comportamiento se asocia tanto al mayor
ordenamiento cristalino de la matriz polimérica como a la reduccién de grupos
sulfato termolabiles tras la acetilacion, aunque la contribucién relativa de cada factor
no fue desacoplada en este trabajo y constituye una oportunidad para
investigaciones futuras orientadas a separar efectos de estructura cristalina y

quimica superficial.

Respecto a las propiedades mecanicas, los resultados indicaron que el tipo
de nanorefuerzo y su concentracion tuvieron un efecto solo moderado sobre la
resistencia a la traccion, el médulo de Young y la elongacion. Las tendencias
observadas apuntan a que el rango de carga de 0,5-1,0% en masa ofrece el mejor

compromiso entre rigidez, resistencia y ductilidad, con ligeros incrementos en
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resistencia y moédulo y sin pérdidas severas de deformabilidad; sin embargo, las
pruebas estadisticas no evidenciaron diferencias significativas entre formulaciones,
por lo que estos cambios deben considerarse como tendencias no concluyentes
mas que como mejoras mecanicas firmemente demostradas. Bajo las condiciones
de procesado empleadas, el principal beneficio funcional de los nanocristales
acetilados de celulosa Il se manifestd en el ajuste de la cristalinidad y de la
estabilidad térmica de la matriz de PLA, mientras que el refuerzo mecanico fue, en

el mejor de los casos, leve y estadisticamente no significativo.

Desde una perspectiva de aplicacion, los materiales desarrollados en este
trabajo resultan prometedores para el ambito del embalaje sostenible de alimentos,
particularmente en segmentos que requieren mayor estabilidad térmica que la del
PLA puro, como el envasado en caliente o el almacenamiento a temperaturas
moderadamente elevadas. El incremento de la cristalinidad y de la hidrofobicidad
superficial de la matriz podria, ademas, contribuir a mejorar propiedades de barrera
frente a gases y humedad, hipétesis que debera ser verificada en estudios futuros
mediante caracterizacion directa de dichas propiedades. La ruta de produccion
planteada, basada en pulpa Kraft de eucalipto y en etapas de modificacion quimica
relativamente accesibles, sugiere que la integracion de estos nanomateriales como
etapa de valor afiadido dentro de una biorrefineria forestal es técnicamente plausible

y coherente con las metas de desarrollo forestal sostenible a nivel nacional.

En conjunto, los resultados obtenidos confirman de manera robusta la parte
de la hipétesis relativa a la mayor eficiencia de acetilacién y a la capacidad
nucleante superior de los nanocristales de celulosa Il frente a los de celulosa |, y
demuestran que la combinacién de polimorfismo celuldsico y acetilacion permite
ajustar de forma efectiva la cristalinidad y la estabilidad térmica de biocompuestos
de PLA. En cambio, la propuesta de una mejora mecanica marcada solo se cumple
parcialmente, ya que las diferencias observadas en resistencia, médulo y
elongacion se mantuvieron en rangos modestos y sin respaldo estadistico
concluyente bajo las condiciones de este estudio. No obstante, el conjunto de

evidencias generadas contribuye a cerrar una brecha de conocimiento sobre el
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papel del polimorfismo celuldsico en sistemas PLA/CNC vy sienta bases para el
disefio racional de biocompuestos de embalaje bio-basados a partir de recursos
forestales renovables, con potencial de aportar a la transicion hacia una

bioeconomia forestal circular en el contexto chileno y latinoamericano.
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