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RESUMEN

La nanocelulosa es un nanomaterial sostenible con excelentes prestaciones fisico-
mecanicas, lo cual le otorga un alto potencial en sectores como el papelero, nanocompuestos,
aerogeles selectivos de disolventes, hidrogeles de liberacién controlada de sustancias, sustratos
para impresion de dispositivos electrénicos y modificadores reoldgicos, entre otros. La
produccién de nanocelulosa se ha basado tradicionalmente en el uso de fibras celuldsicas
deslignificadas mediante procesos de pulpeado quimico. Estos tratamientos eliminan la mayor
parte de la lignina y reducen también el contenido de hemicelulosa, logrando rendimientos
masicos cercanos al 50%. Por lo contrario, los procesos de pulpeado termomecanicos, en los
cuales se evita el uso de agentes quimicos, permiten preservar la composicién quimica de la
materia prima, alcanzando asi rendimientos superiores al 95%. En este contexto, y con el
objetivo de mantener el sector de la nanocelulosa lo mds sostenible posible, las pulpas
termomecanicas son consideradas una opcidon econdmica y medioambientalmente mas
atractiva que aquellas fibras altamente deslignificadas. Ademads, la elevada presencia de lignina
podria favorecer la desestructuracion mecanica de las fibras, confiriendo propiedades
adicionales al nanomaterial resultante debido el caracter parcialmente hidrofébico de la lignina.

La produccién de nanocelulosa a partir de fibras termomecanicas con alto contenido de
lignina vislumbra la posibilidad de una cadena de produccién enteramente mecanica, libre de
agentes quimicos u otros aditivos como enzimas, la aplicacién de los cuales se adecia mas a
fibras deslignificadas. En este contexto, uno de los objetivos de la presente tesis es evaluar la
viabilidad de una linea de produccién mecanica low-cost y respetuosa con el medio ambiente, a
partir de una pulpa de alto rendimiento de abeto, para la obtencién de micro/nanofibras
lignocelulésicas. Adicionalmente, se realiza un estudio energético para optimizar las condiciones

del pretratamiento y tratamiento.

Si bien la nanocelulosa dispone de una carta de presentacién convincente, su plena
explotacién industrial y comercializacion estd limitada por varios factores. La transicidn
industrial requiere de un sistema de monitorizacidn efectivo, rapido y econdmico, que permita
mantener un seguimiento sobre el proceso de produccidn. En la presente tesis se propone el
pardmetro de caracterizacion de demanda catidnica, y el comportamiento reolégico de las
suspensiones, como herramientas para monitorizar el proceso productivo. En lineas generales,
se demuestra que la demanda catidnica puede representar adecuadamente el grado de
fibrilacion del nanomaterial tanto en la etapa de pretratamiento como tratamiento.
Adicionalmente, la demanda catidnica puede emplearse para estimar, numéricamente, la
superficie especifica de las fibras a través de la cantidad de polielectrolito catiénico consumido
durante el andlisis. Por otro lado, el comportamiento reolégico evaluado mediante la relacion
Ostwald-de Waele proporciona informacion atil sobre el estado morfolégico y de fibrilaciéon de

las micro/nanofibras. Ademas, la determinacién del comportamiento reoldgico presenta la
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ventaja de ser una herramienta de caracterizacion facilmente implementada en linea con el

proceso de produccidn (in-line monitoring).

La industria papelera es la mayor consumidora de materiales nanoceluldsicos en la
actualidad, un sector en el cual la demanda de fibras recicladas va en aumento para paliar el
consumo de recursos naturales. Dichas fibras recicladas, muchas de las cuales aplicadas en
productos de packaging como el cartén corrugado, pierden gradualmente sus propiedades
debido las sucesivas etapas de reciclado, haciendo necesario reforzarlas para mantener, o
mejorar, sus prestaciones. En este contexto, se evalla el potencial de las micro/nanofibras
lignoceluldsicas como agente de refuerzo para productos reciclados de packaging de papel. En
paralelo, se propone una metodologia de comercializacidn de las micro/nanofibras integradas
en la misma pulpa de alto rendimiento. Esta metodologia se basa en el concepto de masterbatch
y establece que al combinar estas pulpas con elevados contenidos de micro/nanofibras (10 —
50%) con una pulpa reciclada, en las proporciones adecuadas, estas actuaran como un efectivo
agente de refuerzo. La propuesta planteada, ademdas de ser técnicamente viable, consigue

reducir los costes de transporte y emisiones de didxido de carbono.

La presente tesis doctoral se plantea como un compendio de 5 articulos con el objetivo de
explorar nuevas materias primas para la produccién de nanocelulosa, asi como impulsar el
desarrollo industrial del nanomaterial. Mdas concretamente, los articulos publicados intentan
afrontar algunos de los desafios que actualmente obstaculizan el escalado industrial de la
nanocelulosa, proponiendo métodos de produccidn mds sostenibles y econémicos, evaluando
sistemas de parametrizacion y monitorizacion mds efectivos, optimizando los procesos
productivos en base pardmetros energéticos y técnicos, y proponiendo vias de comercializacion

econdmica y medioambientalmente mas atractivas.
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RESUM

La nanocel-lulosa és un nanomaterial sostenible amb excel-lents prestacions
fisicomecaniques, la qual cosa li concedeix un alt potencial en sectors com el paperer,
nanocompostos, aerogels selectius de dissolvents, hidrogels d’alliberament controlat de
substancies, substrats per a impressié de dispositius electronics i modificadors reologics, entre
d’altres. La produccié de nanocel-lulosa s'ha basat tradicionalment en I'Us de fibres
cel-lulosiques deslignificades mitjancant processos de pulpejat quimic. Aquests tractaments
eliminen la major part de la lignina i redueixen també el contingut d'hemicel-lulosa, aconseguint
rendiments massics propers al 50%. Per contra, els processos de pulpejat termomecanics, en els
quals s'evita I'ds d'agents quimics, permeten preservar la composicié quimica de la materia
primera, aconseguint aixi rendiments superiors al 95%. En aquest context, i amb |'objectiu de
mantenir el sector de la nanocel-lulosa el més sostenible possible, les fibres termomecaniques
son considerades una opcié economica i mediambientalment més atractiva que aquelles fibres
altament deslignificades. A més, l'elevada preséncia de lignina podria afavorir la
desestructuraci6 mecanica de les fibres, i conferir propietats addicionals al nanomaterial
resultant degut al caracter parcialment hidrofobic de la lignina.

La produccié de nanocel-lulosa a partir de fibres termomecaniques amb alt contingut de
lignina albira la possibilitat d'una cadena de produccié completament mecanica, lliure d'agents
guimics o altres additius com enzims, I'aplicacié dels quals s'adequa més a fibres deslignificades.
En aquest context, un dels objectius de la present tesis és avaluar la viabilitat d’una linia de
produccié mecanica low-cost i respectuosa amb el medi ambient, a partir de fibres
termomecaniques d’avet, per a [I'‘obtenci6 de micro/nanofibres lignocel-lulosiques.
Addicionalment, es realitza un estudi energétic per optimitzar les condicions del pretractament

i tractament.

Si bé la nanocel-lulosa disposa d'una carta de presentacid convincent, la seva plena
explotacié industrial i comercialitzacié esta limitada per diversos factors. La transicié industrial
requereix un sistema de monitoratge efectiu, rapid i economic, que permeti mantenir un
seguiment sobre el procés de produccié. En aquesta tesis es proposa el parametre de
caracteritzacié de demanda cationica, i el comportament reologic de les suspensions, com a
eines per monitoritzar el procés de produccio. En linies generals, es demostra que la demanda
cationica pot representar adequadament el nivell de fibril-lacié del nanomaterial tant a |'etapa
de pretractament com la de tractament. Addicionalment, la demanda cationica es pot emprar
per estimar, numericament, la superficie especifica de les fibres a través de la quantitat de
polielectrolit cationic consumit durant I'analisi. D'altra banda, el comportament reologic avaluat
mitjancant la relacio de Ostwald-de Waele proveeix informacié util sobre la morfologia i I'estat
de fibril-lacié de les micro/nanofibres. A més, la determinacié del comportament reologic
presenta |'avantatge de ser una eina de caracteritzacio facilment implementada en linia amb el

procés de produccié (in-line monitoring).
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A titol d’aplicacio, la industria paperera es la major consumidora de materials
nanocel-lulosics en I'actualitat, un sector en el qual la demanda de fibres reciclades va en
augment per pal-liar el consum de recursos naturals. Aquestes fibres reciclades, moltes de les
quals aplicades en productes de packaging com el cartré corrugat, perden gradualment les
propietats degut a les etapes de reciclatge, essent necessari reforcar-les per mantenir, o
millorar, les seves prestacions. En aquest context, s’avalua el potencial de les micro/nanofibres
lignocel-lulosiques com agent de reforg per a productes reciclats de packaging de paper. En
paral-lel, es proposa una metodologia de comercialitzacié de les micro/nanofibres integrades a
la mateixa pasta d'alt rendiment. Aquesta metodologia es basa en el concepte de masterbatch i
estableix que al combinar la pasta amb elevat contingut de micro/nanofibres (10 — 50%), amb
una pasta reciclada, en les proporcions adequades, aquesta actuara com un efectiu agent de
reforg. La proposta plantejada, a més de ser técnicament viable, aconsegueix reduir els costos
de transport i emissions de dioxid de carboni.

La present tesis doctoral es planteja com un compendi de 5 articles amb I'objectiu
d’explorar noves mateéries primes per a la produccié de nanocel-lulosa, aixi com impulsar el
desenvolupament industrial del nanomaterial. Més concretament, els articles publicats intenten
afrontar alguns dels desafiaments que actualment obstaculitzen I'escalat industrial de la
nanocel-lulosa, proposant métodes de produccid més sostenibles i econdmics, avaluant
sistemes de parametritzacio i monitoritzacid més efectius, optimitzant els processos productius
en base a parametres energetics i tecnics, i proposant vies de comercialitzacié economicament

i mediambientalment més atractives.
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ABSTRACT

Nanocellulose is a sustainable nanomaterial with outstanding physico-mechanical
properties, a fact that confers the nanomaterial a huge potential in sectors such as the
papermaking, nanocomposites, aerogels for selective solvent removal, hydrogels for controlled
drug delivery, substrates for printed electronics and rheological modifiers, among others. The
production of nanocellulose has traditionally been based on the use of cellulosic fibers
delignified by chemical pulping processes. These treatments remove most of the lignin and also
reduce the hemicellulose content, achieving mass yields close to 50%. On the contrary,
thermomechanical pulping processes, in which the use of chemical agents is avoided, preserve
the chemical composition of the raw material, thus reaching yields greater than 95%. In this
context, and with the aim of keeping the nanocellulose sector as sustainable as possible,
thermomechanical fibers are considered a more economical and environmentally friendly
option than highly delignified fibers. Furthermore, the elevated presence of lignin could boost
the mechanical destructuring of the fibers and confer additional properties to the resulting
nanomaterial due to the partially hydrophobic nature of lignin.

The production of nanocellulose from thermomechanical fibers with high lignin content
alludes to the possibility of an entirely mechanical production line, free of chemical reagents or
other additives such as enzymes, the application of which suits better to delignified fibers. In
this context, one of the objectives of the present thesis is to assess the viability of a low-cost and
environmentally respectful mechanical production line, from spruce thermomechanical fibers
to lignocellulosic micro/nanofibers. Additionally, an energetic study is projected to optimize the
conditions of the mechanical pretreatment and treatment.

Despite the numerous benefits associated with the use of nanocellulose, the full
deployment and commercialization of the nanomaterial is limited by several factors. The
transition from laboratory to industrial scale requires an effective, fast, and economical
monitoring system to maintain quality control along the production system. In this thesis, the
cationic demand parameter and the rheological behaviour of the suspensions are proposed as
monitoring tools of the production process. It is demonstrated that the cationic demand
parameter can effectively represent the degree of fibrillation of the fibers and nanomaterial
both in the pretreatment and treatment stages. Additionally, the cationic demand can be used
to estimate, numerically, the specific surface area of the fibers through the amount of cationic
polyelectrolyte consumed during the analysis. On the other hand, the rheological behaviour
evaluated by means of the Ostwald-de Waele relationship provides useful information on the
morphology and fibrillation state of the micro/nanofibers. Furthermore, the determination of
the rheological behaviour has the advantage of being an easily implemented characterization

tool with the production process.

The papermaking sector is the largest consumer of nanocellulosic materials nowadays, a

sector in which the demand for recycled fibers is progressively increasing year to year to relieve
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the consumption of natural resources. Such recycled fibers, most of which are destined to
produce packaging items such as corrugated cardboard, gradually lose their properties due to
the recycling stages, making necessary to reinforce them to maintain, or even improve, their
performance. In this context, the lignocellulosic micro/nanofibers are evaluated as a reinforcing
agent for recycled packaging products. In parallel, a micro/nanofiber-reinforced market pulps
based on the integration of the micro/nanofibers in the same high-yield pulp is proposed. This
methodology is based on the “masterbatch” concept and suggests that by combining such
micro/nanofiber-enriched pulps (10 - 50%) with a recycled pulp, at the appropriate percentages,
they will act as an effective reinforcing agent. The main objective of this proposal is to reduce
transport costs and carbon dioxide emissions, without excessively compromising the
reinforcement capacity of the LCMNFs.

This doctoral thesis is presented as a compendium of 5 articles, with the objective of
exploring novel raw materials for the production of nanocellulose, as well as boosting the
industrial deployment of the nanomaterial. More specifically, the published articles attempt to
overcome some of the challenges that currently hinder the up-scaling of nanocellulose,
proposing more sustainable and economical production methods, evaluating more effective
parameterization and monitoring systems, optimizing production processes based on energy
and technical parameters, and suggesting more economically and environmentally attractive

commercialization strategies.
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1. Introduccion y estado del arte

La implementacidn de un nuevo modelo econémico basado en la circularidad de los
recursos, junto a una sociedad cada vez mas concienciada con la necesidad de proteger el
medioambiente, han contribuido al interés de la comunidad cientifica y tecnoldgica por
materiales mas sostenibles y respetuosos con el medio ambiente [1,2]. En este contexto, los
materiales lignoceluldsicos son considerados una fuente de recursos altamente sostenible
debido a su caracter biobasado, biodegradable, renovable y reciclable, ademas de encontrarse
de forma abundante y facilmente accesible en la naturaleza [3]. La desestructuracién de los
materiales lignoceluldsicos hasta dimensiones nanométricas puede dar lugar a nanomateriales
de altas prestaciones fisico-mecanicas y, a su vez, siguen siendo considerados como materiales
sostenibles. Generalmente, los materiales lignocelulésicos en su forma nanoestructurada se
engloban bajo la denominacién de “nanocelulosa (NC)”. Estos nanomateriales ofrecen un
elevado potencial en diversos campos de aplicacion y, de hecho, se encuentran ya disponibles
en ciertos sectores comerciales de bajo volumen. No obstante, la NC esta todavia en un estadio
muy prematuro de desarrollo industrial, pues existen varios desafios y dificultades,

principalmente econdmicos y técnicos, que deben afrontarse.

Aunque las primeras investigaciones en el campo de la NC aparecieron a principios de los
afios 80, el interés en su produccién y aplicacion ha crecido considerablemente en los ultimos
afios [4,5]. Se habla de un incremento exponencial afio tras afio en el nimero de publicaciones
cientificas, alcanzando las 5830 publicaciones en el afio 2020. La Figura 1 muestra la evolucion
en el nimero de publicaciones de acuerdo con la fuente de datos Web of Science utilizando

como criterio de busqueda el término “nanocellulose”.
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Figura 1. Numero de publicaciones segun la base de datos Web of Science desde el afio 2006 hasta el
afio 2020. Criterio de busqueda: “nanocellulose”
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Como se ha comentado, la NC es un nanomaterial novedoso y versatil, con un amplio
abanico de posibilidades en diferentes dreas de investigacién y sectores industriales. La Figura 2
representa cronoldgicamente la evolucién en el nimero de publicaciones en el campo de la NC

en funcién del sector de aplicacién.
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Figura 2. Numero de publicaciones segun la base de datos Web of Science en funcién de las diferentes
aplicaciones de la nanocelulosa, desde el afio 2006 hasta el afio 2020. Criterios de blusqueda:
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“nanocellulose; construction”, “nanocellulose; biofuels” y “nanocellulose; automotive”

Se observa que el interés académico en la aplicacién de la NC crecié notablemente a partir
del afo 2010, un interés que en los Ultimos afios se ha focalizado mayoritariamente en sectores
como el papelero, nanocompuestos, y pintura y revestimientos. Otros sectores de aplicacion
menos representativos a nivel académico son el de los aerogeles y el textil. Asimismo, la
aplicacion de la NC en sectores como la electrdnica, construccion, biocombustibles y automotriz
esta todavia poco explotada. Es importante mencionar que las relaciones observadas a nivel
académico entre los diferentes sectores de aplicaciéon no necesariamente deben corresponderse
a la demanda industrial actual de estos nanomateriales. A titulo de ejemplo, sectores como el
automotriz y construccién generan una mayor demanda de NC que, por ejemplo, el de los

aerogeles [6].

1.1 Produccion de nanocelulosa

La celulosa y la lignina son los dos biopolimeros mds abundantes en la naturaleza, hecho
que realza el caracter sostenible de los materiales lighocelulésicos [7,8]. La celulosa constituye
la mayor parte de la estructura de las plantas, y se compone exclusivamente por moléculas de
glucosa (B — glucosa) unidas entre si mediante enlaces glucosidicos B 1-4, desde cientos hasta

varios miles de unidades, tratandose pues de un homopolisacdrido. La celulosa es considerada,
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debido a su organizacién molecular, el componente mas cristalino en la pared celular de las
plantas, mientras que la regidon amorfa se compone principalmente por hemicelulosa y lignina.
Podria considerarse que los materiales lignoceluldsicos son compuestos conformados por una
matriz amorfa de lignina y hemicelulosa, reforzada con fibras de celulosa. A grandes rasgos, la
hemicelulosa es un heteropolisacdrido de cadena lineal ramificada, con un grado de
polimerizacidn significativamente menor al de la celulosa [9]. Por otro lado, la lignina es un
polimero polifendlico formado por compuestos aromaticos [10]. La lignina desempefia un rol
fundamental en proveer estabilidad dimensional a las plantas, manteniendo unidas las fibras
unas con las otras. Adicionalmente, la lignina reduce la permeabilidad al agua y juega un papel
muy relevante en la prevencién de la degradacion bioldgica [11]. La Figura 3 muestra la
estructura molecular de la celulosa y la hemicelulosa, asi como una propuesta simplificada de la
lignina pues, en la actualidad, no se ha podido determinar la estructura completa de este
polimero. Cabe mencionar que, adicionalmente, los materiales lignoceluldsicos presentan

cantidades menores de compuestos no estructurales, tales como minerales y extractivos.
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Figura 3. Estructura molecular de la celulosa (a), hemicelulosa (b) y lignina (c) [12]

Debido al alto contenido de grupos hidroxilos, que dan lugar a fuertes enlaces de hidrégeno
y fuerzas de cardcter idnico, las fibrillas mas elementales (didmetros entre 3 y 5 nm) se agregan
entre si formando microfibras, que a su vez se unen para formar paquetes de microfibras,
también denominadas macrofibras. A nivel estructural, estas macrofibras se vuelven a
ensamblar para formar fibras lignoceluldsicas [13]. Por ello, se entiende que las fibras
lignoceluldsicas poseen una estructura jerarquica de acuerdo con el esquema mostrado en la

Figura 4.

La produccion de NC depende de la tipologia de materia prima que se utilice, dando lugar a
dos grandes grupos de metodologias: top-down y bottom-up. En el primer caso, la obtencion de
NC consiste en la desestructuracidon jerarquica de las fibras lignoceluldsicas, alcanzando
particulas que contengan al menos una dimensidn en el intervalo de nanémetros (1 — 100 nm).

En funcidn del método de produccion y propiedades del nanomaterial, la NC puede clasificarse
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en dos subcategorias: nanocristales de celulosa (CNC) y nanofibras de celulosa (CNF). Por lo que
respecta a los métodos de produccién bottom-up, como su nombre indica, no se aprovecha la
estructura jerdrquica de las fibras lignocelulésicas, sino que la NC se obtiene a partir de

bacterias, dando lugar a nanocelulosa bacteriana (BNC) [14,15].

Fibra lignoceluldsica

Paquete de microfibras

Microfibras

Fibrilla elemental

Cadena de celulosa

100 pm

1nm

Baja Desestructuracion Alta

Figura 4. Estructura jerarquica de las fibras lignocelulésicas [16]

1.1.1 Nanocelulosa bacteriana “Bacterial nanocellulose (BNC)”

La nanocelulosa bacteriana (BNC) puede ser sintetizada por bacterias del género
Gluconacetobacter, Agrobacterium y Sarcina, entre otros, en forma de una membrana himeda
(aproximadamente 99% de agua) generada en la interfase aire/medio de cultivo [17,18]. A
diferencia de la celulosa vegetal, la BNC ofrece una composicién quimica pura en celulosa,
desprovista de lignina, hemicelulosa, extractivos u otros componentes presentes en las plantas.
Esto la hace especialmente atractiva, pues no son necesarias etapas de pulpeado quimico y/o
blanqueo para incrementar la proporcion de celulosa de la materia prima [19]. En términos
estructurales, se espera que las nanofibrillas de BNC posean relaciones de aspecto altas, con
didmetros entre 20 y 100 nm, y elevadas superficies especificas, lo cual combinado con la
hidrofilicidad de la celulosa, confiere a la BNC una destacada capacidad de absorcién de agua
[20].

En efecto, la elevada capacidad de retencidn de agua de la BNC, junto con su excelente
biocompatibilidad, confieren a este nanomaterial un punto distintivo respecto los CNCs y CNFs
(tipologia top-down) [21]. Adicionalmente, las membranas de BNC sintetizadas por las bacterias

presentan una elevada elasticidad, resistencia en himedo y conformabilidad [22]. El conjunto
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de estas propiedades hacen de la BNC un nanomaterial con elevado potencial y especial
atractivo en el campo de la biomedicina y biotecnologia [23]. Por ejemplo, algunos estudios han
indagado en el potencial de la BNC para la cicatrizacién de heridas [24], regeneracidn de tejidos
[25], e incluso la administraciéon de farmacos [26]. No obstante, los elevados costes de
produccién de la BNC limitan su viabilidad industrial y comercializacién [27]. Principalmente
debido a la necesidad de encontrar alternativas mas econdmicas de produccion de NC, y la vasta
disponibilidad de los materiales lignocelulésicos como fuente de recursos, la BNC queda fuera

del alcance de la presente tesis doctoral.
1.1.2 Nanocristales de celulosa “Cellulose nanocrystals (CNC)”

Los nanocristales de celulosa (CNC) se obtienen mediante la hidrélisis acida de las fibras
celulésicas. Normalmente se emplean acidos fuertes como el sulfurico o clorhidrico, los cuales
hidrolizan las regiones amorfas de las fibras, manteniendo intactas las cristalinas [28,29]. Por lo
gue respecta al proceso productivo, la utilizacidn de acidos fuertes suele requerir de una etapa
posterior de centrifugacion o didlisis para eliminar el exceso de reactivo [30], lo cual encarece e
introduce un nivel mas de complejidad al proceso productivo de CNCs en comparacion, por
ejemplo, al de CNFs [31,32]. Recientemente, otros acidos orgdnicos e inorganicos han sido
estudiados para la producciéon de CNCs [33,34]. Otras vias de obtencién de CNCs incluyen la
hidrélisis enzimatica [35,36], tratamiento con liquidos idnicos [37,38], e incluso procesos
combinados entre los mencionados [39,40]. Al hidrolizar las regiones amorfas de las fibras es
posible aislar nanocristales de celulosa, los cuales poseen un alto grado de cristalinidad, y una
apariencia rectangular rigida [41,42]. Las dimensiones de los nanocristales pueden variar en
funcién del método de produccidn y materia prima utilizada, aunque de forma general, se podria
esperar que los CNCs se encontraran en un rango de longitud entre 50 y 400 nm, y didmetro
entre 3y 35 nm [29,43,44].

Principalmente debido a su elevada cristalinidad, los CNCs poseen propiedades mecanicas
muy interesantes. Algunos estudios informan que la resistencia tedrica de los CNCs se situaria
alrededor de 7,5y 7,7GPa [29]. Por otro lado, el médulo elastico de los CNCs se pudo determinar
experimentalmente mediante AFM, obteniendo un valor cercano a 150GPa [45]. Las elevadas
prestaciones mecdnicas de los CNCs le otorgan un alto potencial como agente de refuerzo en el
sector de los nanocompuestos, mas concretamente para reforzar matrices poliméricas [46,47].
No obstante, la capacidad de refuerzo de los CNCs en nanocompuestos se ve frecuentemente
limitada debido la falta de compatibilidad y adhesién interfacial entre la matriz, generalmente
hidrofdbica, y el nanomaterial. Esto repercute negativamente en la transferencia de esfuerzos
entre matriz y refuerzo, provocando incrementos insuficientes o indeseados en las propiedades

mecanicas del nanocompuesto [48].
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1.1.3 Nanofibras de celulosa “Cellulose nanofibers (CNF)”

La produccién de nanofibras de celulosa (CNF) requiere la desestructuracién jerarquica de
las fibras lignoceluldsicas a través de métodos mecanicos intensivos. Se observa pues que la
produccién de CNCs y CNFs se fundamenta en distintos mecanismos. No solamente esto, sino
gue los mismos procesos productivos de CNCs y CNFs admiten modificaciones con el propdsito
de regular o ajustar las caracteristicas finales del nanomaterial. Es precisamente esta capacidad
de ajuste de propiedades y caracteristicas finales en funcién de las condiciones de obtencién lo
gue confiere a la NC una gran versatilidad [49]. Una diferencia caracteristica entre las CNFs y los
CNCs se encuentra en la viscosidad de sus respectivas suspensiones. En este sentido, las CNFs
tienden a entrelazarse unas con otras mas facilmente debido sus altas relaciones de aspecto
(longitud/diametro) y mayor flexibilidad, contribuyendo de esta manera a la viscosidad de la
suspension. Asimismo, los CNCs son particulas mas rigidas y con relaciones de aspecto mas
bajas, lo cual limita su capacidad de entrelazarse y da lugar a suspensiones menos viscosas. Las

diferencias entre los procesos productivos de CNCs y CNFs se esquematizan en la Figura 5.

CNC

Regiones cristalinas Hidrélisis

acida

Fibra lignocelulésica )
Tratamier&

Regiones amorfas mecanico

Figura 5. Esquematizacion de los procesos productivos de CNCs y CNFs [50]

Entre los tratamientos de fibrilacion mas reconocidos y estudiados a nivel académico se
encuentran los procesos de homogenizacién a alta presion (HPH) [51-53], microfluidizacién [54—
56], y grinding [57-59]. El proceso de fibrilacién mediante grinding fue inicialmente desarrollado
y comercializado por la empresa Masuko® (Tokio, Japdn). Este tratamiento se basa en un
concepto similar al del refino de piedra convencional usado en la industria de la pulpa y papel
(un disco de piedra estatico en la parte superior, y otro rotatorio en la inferior), aunque con la
particularidad que en este caso la presién aplicada sobre la suspensién de fibras es
significativamente superior [30]. A diferencia de otros procesos de fibrilacion, el grinding
imparte dafos estructurales severos en la pared celular de las fibrillas, destruyendo parte de la

celulosa amorfa, y afectando a las propiedades mecanicas del nanomaterial [60].

La Figura 6.b esquematiza el proceso de fibrilacion mediante grinding. Segun se observa, la
suspension de fibras es introducida y dispersada dentro del equipo con la ayuda de la fuerza
centrifuga provocada por el disco rotatorio (normalmente entre 1400 y 3000rpm).
Seguidamente, se ajusta la distancia entre ambos discos, el estatico y el rotatorio, consiguiendo

fuerzas de compresion, cizalla y friccion sobre la suspension de fibras [61]. En este contexto,
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algunos estudios constatan que tras 15 pasadas a través del grinder es posible alcanzar CNFs de
diametro uniforme entre 20 y 50nm [62]. En otros trabajos, se observa que aplicando un
tratamiento de grinding de 2 h (25 pasadas), y distancia entre discos de 100um, es posible aislar

CNFs de diametros comprendidos entre 15 y 40 nm [63].

Al contrario que el proceso de grinding, la microfluidizacién requiere de una bomba de alta
presidn para forzar la suspension de fibras a través de una cambra, dentro de la cual hay
canales/microcanales de geometria no lineal. Esto provoca una sucesion de colisiones entre las
propias fibras, y las fibras y el canal, dando lugar a elevadas fuerzas de impacto y cizalla [64].
Generalmente se emplean canales de geometria tipo “Z”, como el mostrado en la Figura 6.3,
aunque también los hay en forma de “Y”. Dentro del canal se pueden alcanzar presiones
relativamente elevadas cercanas a 2500bar, sin embargo, es necesario pasar la suspension
varias veces a través del equipo para lograr situarse en el dominio nanométrico [65]. Por
ejemplo, Lee et al. [66] produjeron CNFs de entre 28 y 100nm de didmetro tras pasar una
suspension de fibras entre 5y 10 veces por un microfluidizador. Incluso es posible la obtencidn
de didmetros menores de entre 5 y 14nm tras aplicar un proceso combinado de hidrolisis
enzimatica y microfluidizacion (40 pasadas por el equipo) [67]. En el supuesto de aplicar un
pretratamiento de oxidacion catalizado con TEMPO, tres pasadas por el microfluidizador seria
suficiente para alcanzar diametros inferiores a 5 nm [68]. Asimismo, a pesar de la influencia de
pardmetros como la presion y numero de pasadas, algunos autores defienden el tamafio y
geometria del canal como parametros predominantes sobre el nivel de desestructuracion, y

otras propiedades como el comportamiento reolégico de la suspension [69].
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Figura 6. Esquematizacion del proceso de microfluidizacion (a) y grinding (b) [70]

Suspension de nanofibras

Basado en un principio similar al de la microfluidizacién, la HPH es uno de los procesos de
fibrilacion mas reconocidos y estudiados a nivel académico. La HPH ha sido tradicionalmente
usada en el sector alimentario para, por ejemplo, producir mermeladas, leche, y jugos de fruta,
entre otros. En este sector, la HPH se aplica para uniformar o ecualizar la muestra, y/o reducir

el tamafio de las particulas presentes.
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Para la produccion de CNFs mediante HPH, las fibras lignocelulésicas se dispersan en agua
hasta consistencias cercanas al 0,5 - 2% en peso. Seguidamente, la suspensién de fibras es
forzada a alta presion a través de una estrecha vélvula, segin muestra de forma esquematizada
la Figura 7. El homogeneizador de alta presién aplica fuerzas de friccién y cizalla sobre las fibras
lignocelulésicas, consiguiendo desestructurarlas hasta sus nanofibras constitutivas. Dichas
fuerzas pueden también romper los enlaces de hidrégeno entre nanofibras, separdndolas asi de

la microfibra original [71,72].
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Figura 7. Esquematizacion del proceso de HPH (a) y equipo de HPH (b) [73]

Los primeros investigadores en describir el proceso de homogenizacion para fibras
celuldsicas fueron Turbak, Snyder y Sandberg en el afio 1983 [5]. En este pionero estudio, los
autores trataron varias suspensiones de fibras deslignificadas a una consistencia del 2% en peso
aplicando una secuencia de HPH de 12 pasadas a 55 MPa (550 bar) de presién. Uno de los
problemas que los autores identificaron al tratar las suspensiones de fibras fue la tendencia de
obturacion de las camaras de presién del homogeneizador. Por este motivo, los autores
consideraron oportuno incorporar un tratamiento previo al proceso de HPH, referido como
pretratamiento, para reducir el tamafio de las fibras iniciales y evitar asi la obturacién del
equipo. Finalmente, los autores concluyeron que tras reducir la longitud de las fibras hasta 0,6

— 0,7 mm, estas pudieron ser correctamente homogenizadas.

La necesidad de incorporar una etapa de pretratamiento previa al proceso de HPH ha sido
ampliamente descrita en la literatura [72]. Los pretratamientos pueden clasificarse en quimicos,
enzimaticos y mecdanicos. Estos pretratamientos imparten distintos efectos sobre las fibras, tales
como fibrilaciéon interna y externa, reduccidon del tamafo, y debilitacion de los enlaces
intermoleculares, lo cual facilita y favorece la posterior desestructuracidn mecanica de las fibras.
Estos pretratamientos, ademds de prevenir obturaciones en el equipo, logran reducir
considerablemente la demanda energética del proceso [74-76]. De acuerdo con la literatura, los
consumos energéticos en la etapa de HPH de fibras sin pretratar pueden oscilar entre 30,000
kWh/t [77] y 70,000 kWh/t [78], mientras que, con la incorporacién de un pretratamiento, el
consumo energético puede reducirse hasta 500 - 2,000 kWh/t [74-76].
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Uno de los pretratamientos quimicos mejor establecidos y mas utilizados es la oxidacién
catalizada por 2,2,6,6-Tetrametilpiperidin-1-oxilo (TEMPQO) [79]. El proceso consiste en la
introducciéon de grupos carboxilos en la superficie de las fibras mediante la oxidacidn selectiva
del alcohol primario de la cadena de celulosa. Durante la reaccién, el carbono 6 es oxidado por
un sistema TEMPO/NaBr/NaClO en agua a pH 10, aunque también se han llevado a cabo
oxidaciones a otros pH [62,80,81]. El proceso de oxidacién puede realizarse a distintas
intensidades, reguladas por la dosificacién inicial de agente oxidante (NaClO). Esto dara lugar a
caracteristicas diferenciadas entre fibras oxidadas, lo que tendra efectos sobre la demanda
energética del proceso de HPH [82]. El mecanismo de la oxidacién TEMPO de la celulosa se

esquematiza brevemente en la Figura 8 [83,84].
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Figura 8. Mecanismo de oxidacidn catalitica de los grupos hidroxilos en el carbono 6 de la celulosa por el
sistema TEMPO/NaBr/NaClO a pH 10 [85]

De acuerdo con la Figura 8, el catalizador TEMPO es oxidado por el compuesto NaClO,
consiguiendo asi la formacién de TEMPO*. Seguidamente, el TEMPO* oxida el alcohol primario
de la cadena de celulosa introduciendo un grupo carboxilo en ella. Al producirse esta oxidacidn,
el compuesto TEMPO* se reduce formando 4-hidroxi-TEMPO. En paralelo, el hipobromito de
sodio (NaBrO) se forma a partir del NaClO y NaBr. El NaBrO, a diferencia del NaClO, es capaz de
oxidar el compuesto 4-hidroxi-TEMPO de vuelta al compuesto TEMPO* [86,87]. Se observa pues
que los reactivos TEMPO y NaBr no se consumen, y por lo tanto actian como catalizadores,
mientras el NaClO se consume gradualmente. Cabe también la posibilidad de que parte de los
alcoholes primarios sean oxidados directamente por los compuestos NaBrO y NaClO, sin ayuda

de los catalizadores. Durante la reaccion, la formacion de grupos carboxilos en la celulosa tiende
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a acidificar la suspension, por lo cual es necesaria la adicion de hidréxido de sodio para mantener

el pH constante, generalmente a pH 10 [85,88].

La presencia de grupos carboxilos en la cadena de celulosa da lugar a superficies altamente
cargadas negativamente, que ejercen fuerzas de repulsion electrostdtica entre las fibrillas
oxidadas, superando las fuerzas de unién producidas por los enlaces de hidrégeno. Asimismo, el
mayor volumen de estos grupos frente a los alcoholes primarios originales, contribuyen a dicha
fibrilacion. Consecuentemente, un proceso de HPH de baja intensidad suele conducir a una
liberacion de las CNFs. Otros posibles pretratamientos quimicos son la hidrélisis dcida suave [55],

carboximetilacidon [89-91], sulfonacidn [92] y cuaternizacidn [93].

Aunque los pretratamientos quimicos consiguen reducir exitosamente el consumo
energético en la posterior etapa de fibrilacidn, su elevado coste econdmico hace inviable su
escalado industrial [82]. Este coste se debe basicamente a los reactivos empleados, asi como la
falta de procesos optimizados a gran escala. Por ejemplo, el catalizador TEMPO presenta unos
costes de adquisicién elevados [94] y, ademas, su recuperacion y reutilizacidon se describe en la
literatura como un proceso complejo y no siempre efectivo [95,96]. Ademas, estos reactivos
conllevan riesgos medioambientales, ademas de comprometer la salud humana en algunos
casos [97]. Otra desventaja de los pretratamientos quimicos es la excesiva despolimerizacion
que sufren los componentes de la fibra. Esto contribuye a la inestabilidad térmica de las fibras y
comporta dificultades en posibles procesos de reciclaje y regeneracion de las CNFs [98]. Por otro
lado, el pretratamiento TEMPO emplea agentes oxidantes halogenados que preferiblemente
deberian evitarse en circuitos industriales [99,100]. Asimismo, la diversidad de materias primas
para la produccién de CNFs, asi como el mecanismo heterogéneo de reaccién catalitica que
gobierna la oxidacidn catalizada por TEMPO de fibras de celulosa, dificultan el desarrollo de

sistemas de monitorizacién y control en tiempo real, dando lugar a procesos poco optimizados.

Alternativamente, los pretratamientos enzimaticos son una opcién mas sostenible y
econdmica que los pretratamientos quimicos [101]. Generalmente, se acepta que la hidrolisis
enzimatica de la celulosa, llevada a cabo por la denominada clase de enzimas celulasas, es un
proceso complejo que provoca efectos diversos tales como la fibrilacidn interna y externa de las
fibras, siendo también comun el efecto de corte. Las celulasas pueden subdividirse en tres
categorias en funcién de la actividad que desarrollen: (i) las endoglucanasas hidrolizan las
regiones amorfas de la celulosa y actuan principalmente sobre los enlaces glucosidicos,
generando nuevos oligosacaridos de longitudes variables; (ii) las exoglucanasas actian sobre los
extremos de las cadenas celulésicas, tanto en regiones amorfas como cristalinas, para formar
disacaridos (celobiosa) y tetrasacaridos, y (iii) las beta-glucosidasas hidrolizan los disacaridos y
tetrasacdridos en glucosa [102,103]. La utilizacién de enzimas en fibras celulésicas no es algo
novedoso, pues estas han sido tradicionalmente empleadas en la industria papelera con el
objetivo de refinar y mejorar las prestaciones finales del papel [104]. No obstante, debido los
efectos causados sobre las fibras, el uso de enzimas ha sido adoptado para los procesos

productivos de CNFs. En la literatura figuran varios estudios sobre la produccién de CNFs
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aplicando pretratamientos enzimaticos, a veces combinados con procesos de refinado mecanico

paraincrementar la accesibilidad de las enzimas dentro de la estructura de la fibra [51,105,106].

Comparativamente, es de esperar que los pretratamientos enzimaticos deriven en una
fibrilacion mas heterogénea que los pretratamientos quimicos, dando lugar a distribuciones de
diametros mayores, tanto en el dominio micro como el nanométrico, con estructuras mas
ramificadas, y mayor fibrilacién superficial [42,107]. Generalmente, estos grados de NC con tal
heterogeneidad morfoldgica no se incluyen dentro de la categoria de CNF, siendo preferible el
uso de otros términos como celulosa microfibrilada (MFC) o micro-nanofibras celuldsicas
(CMNF). Asimismo, existe cierta controversia al definir el limite entre MFC, CMNF y CNF, si bien
es cierto que en algunos casos se evita el uso del prefijo “nano” por aspectos legales y
normativos. A nivel académico, algunos autores han sugerido que la principal diferenciacion
entre CNF y CMNF recae en el proceso de produccion y especialmente en el pretratamiento
aplicado, y no tanto en la morfologia del producto final [29]. En el supuesto que la pulpa inicial
contenga lignina, como es el caso de pulpas de alto rendimiento e incluso pulpas kraft no
blanqueadas, se emplearan preferiblemente los términos LCNF y LCMNF, en lugar de CNF y

CMNF, respectivamente.

Aunque los pretratamientos enzimaticos hayan destacado por su caracter sostenible frente
los pretratamiento quimicos [105,108], dicha sostenibilidad queda en entredicho si se considera
que el uso de reactivos quimicos en pretratamientos enzimaticos no se evita por completo vy,
ademas, estos pretratamiento normalmente requieren elevadas aportaciones de calor y largos
tiempos de residencia en el reactor [109]. Por otro lado, ambos pretratamientos, enzimaticos y
quimicos, afiaden un coste econdmico notable al proceso productivo, muchas veces considerado
inasumible desde una perspectiva industrial e injustificado en términos de ahorro energético en

la etapa de fibrilacién posterior.

1.1.4 Pretratamientos mecanicos

Los pretratamientos mecanicos permiten afrontar muchos de los desafios econdmicos,
técnicos y medioambientales planteados por los pretratamientos quimicos y enzimaticos
[82,110]. En un reciente trabajo, Kargupta et al. [111] aseguraron que los pretratamientos
mecdanicos son una opcion simple, efectiva, respetuosa con el medioambiente, y con
escalabilidad industrial, para los procesos productivos de CMNF/LCMNF. Los pretratamientos
mecanicos se basan normalmente en procesos de refinado mecanico, siendo ésta una tecnologia
industrialmente disponible y de uso tradicional en el sector papelero [5,71]. En este sector, el
refinado mecdnico se emplea sobre suspensiones fibrosas con el objetivo de mejorar las
prestaciones del papel producido. La accién del refinado mecdanico se basa en la aplicacién de
fuerzas de cizalla y corte sobre las fibras, provocando la fibrilacion interna y externa, y reduccién
de la longitud de la fibras [112]. En este contexto, se ha demostrado que tales efectos

ocasionados sobre las fibras podrian favorecen el posterior proceso de fibrilacién [59,105].
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A nivel académico, los equipos de refinado mecanico con mayor trascendencia han sido el
molino PFl y la pila Valley [113]. Por lo contrario, a nivel industrial, destacan los refinados de
discos y cénicos que, aunque funcionen en base distintos mecanismos, son representativos y
producen efectos similares a las fibras que los refinadores de laboratorio [114-116]. Aunque la
pila Valley se incluya dentro de la categoria de refinadores de laboratorio, existen todavia
refinadores pila Valley industriales, sin embargo estos estan cada vez mas en desuso. En la Figura

9 se pueden observar los equipos de refinado mencionados.

Figura 9. Equipos de refinado mecanico: a) Pila Valley, b) Molino PFI c) Refinador cénico, d) Refinador de
discos

Durante el refinado con molino PFI (Figura 9.a), la pulpa se dispersa en agua hasta una
consistencia del 10% y se coloca de forma uniforme en la pared del recipiente. Seguidamente,
se introduce el moldn refinador dentro del recipiente de tal modo que su eje quede descentrado
respecto el del recipiente. Ambos elementos, recipiente y moldn, rotan en la misma direccion,
aunque a velocidades diferentes. Esto causa un combinado de fuerzas de friccién, rozamiento y
compresidn sobre las fibras, consiguiendo un alto grado de fibrilacidn interna e incrementando
la capacidad de hidratacion (swelling) y flexibilidad de las fibras. La intensidad del refinado
mediante molino PFlI generalmente se cuantifica en revoluciones. En este contexto, tras
disponer las fibras a una refinado severo (10,000 — 30,000 revoluciones PFl), estas alcanzan
niveles de refinado suficientes (grados Schopper-Riegler superiores a 80) para ser
posteriormente sometidas a su desestructuracion mecdnica [117,118]. Varios autores han
indagado en el uso del PFI como pretratamiento mecdnico para la produccion de
CMNFs/LCMNFs usando como materia prima fibras de Lyocell [119], residuos agricolas [120],
hojas de platano [121], serrin de eucalipto [122], y distintas pulpas deslignificadas de madera
blanda [123] y madera dura [124].

14



Produccion, caracterizacién y aplicacién de nanofibras procedentes de pulpas de alto

rendimiento con elevado contenido en lignina

La pila Valley (Figura 9.b) opera a una consistencia notablemente menor que el molino PFI.
En este caso, la pulpa se dispersa en agua hasta un 1,57% de consistencia (segun normativa I1SO
5264-1) y se hace circular a través de un rodillo refinador. La presidn del refinado es ajustable
mediante la incorporacién de pesos conectados con el rodillo refinador. En comparacién con el
molino PFI, la pila Valley produce un efecto de corte mayor sobre las fibras y consigue liberar
mas finos que el molino PFI [113]. En un trabajo reciente, Spence et al. [125] aplicaron un
pretratamiento con pila Valley a varios tipos de pulpas, las cuales fueron sometidas
posteriormente a un proceso de HPH. En este trabajo, el refinado con pila Valley se realizé a una
consistencia del 2%, usando un peso de 0,5kg conectado con el rodillo refinador, y durante un
periodo de 3h. Los autores destacaron la efectividad del pretratamiento en reducir la longitud
de las fibras, habilitando asi su posterior nanofibrilacion. Adicionalmente, una de las
conclusiones del estudio fue la mayor predisposicién que presenté una pulpa de alto
rendimiento, en comparacién con unas pulpas kraft, al proceso de HPH. Esto se atribuyé a la
elevada generacion de finos y mayor efecto de corte ocasionado por la pila Valley sobre la pulpa
de alto rendimiento. Brevemente, las pulpas kraft poseen altas proporciones de celulosa,
mientras las pulpas de alto rendimiento son ricas en lignina y hemicelulosa. Tal y como se
detallard mas adelante, la elevada proporcidén de estos compuestos amorfos en pulpas de alto
rendimiento podria proporcionar una desestructuracion mas eficiente de las fibras durante los

procesos mecanicos.

Los refinadores de discos (Figura 9.c) y conicos (Figura 9.d), aunque tratandose de una
tecnologia mas orientada al uso industrial, también han sido estudiados como pretratamiento
para producir CMNFs/LCMNFs [54,76,112,126]. Incluso es posible encontrar algin caso donde
aplicando solamente varias etapas de refinado sucesivas, se han alcanzado niveles de
desestructuracion suficientes sin necesidad de una etapa posterior de HPH [127,128]. Por
ejemplo, Karande et al. [129] prepararon CMNFs a partir de fibras de algoddn tras 30 pasadas a
través de un refinador de discos. No obstante, tales etapas de refinado sucesivas demandan una
elevada aportacién energética, razén por la cual se recomiendan los procesos mecanicos de

refinado combinados con procesos posteriores de fibrilacion mas intensiva [64].

En cualquier caso, no existe una relacién clara que describa el efecto que produce el
refinado mecdnico sobre las propiedades finales del nanomaterial y el consumo energético v,
por ende, costes de produccion [130]. A titulo de ejemplo, Ang et al. [131] variaron el numero
de revoluciones en un molino PFI (entre 10 y 50 mil revoluciones) para evaluar la influencia del
pretratamiento sobre las propiedades de las CMNFs. No obstante, no se establecié una
sistematica de fibrilacidn, lo cual imposibilita la evaluaciéon y correlacidn directa de los efectos
causados por el refinado con las propiedades resultantes de las CMNFs. En este contexto,
evaluar la influencia del refinado mecanico sobre el proceso de produccidn podria ser util para
establecer un balance adecuado entre caracteristicas y consumo energético. De hecho, uno de
los mayores inconvenientes de los pretratamientos mecanicos respecto otros pretratamientos

es la aportacidn energética que requiere la etapa de refinado, haciendo ain mas necesario
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ajustar las condiciones del pretratamiento y tratamiento para minimizar el consumo energético

sin comprometer excesivamente las prestaciones del producto final.
1.1.5 Oportunidades para pulpas de alto rendimiento

Tradicionalmente, la produccién de NC se ha basado en fibras deslignificadas mediante
pulpeado quimico [132]. Se entiende por pulpeado el proceso durante el cual las fibras
constituyentes de los recursos lignoceluldsicos (p. ej., abeto, pino, eucalipto, etc.) se extraen, ya
sea en forma de astillas, tallos u otras partes de la planta, para obtener una masa fibrosa
denominada pulpa. Durante el pulpeado quimico, se emplean reactivos quimicos para degradar
y solubilizar la lignina, consiguiendo asi liberar las fibras celuldsicas. Opcionalmente, se puede
incorporar una secuencia de blanqueo, generalmente en base cloro o peréxido de hidrogeno,

para lograr un mayor grado de deslignificacién e incrementar la blancura de la pulpa.

Entre los pulpeados quimicos mas reconocidos se encuentra el tratamiento kraft, el cual ha
predominado histéricamente por encima de otros procesos de pulpeado [133-135]. La
superioridad del pulpeado kraft frente otros pulpeados quimicos se debe principalmente a su
capacidad de producir fibras altamente resistentes, lo cual es especialmente interesante para la
produccién de fibras papeleras [136]. Adicionalmente, el pulpeado kraft ofrece tiempos de
residencia en el reactor relativamente bajos, y la posibilidad de recuperar parte de los productos
e incluso revalorizarlos mediante la produccién de calor. La Figura 10 presenta un esquema

general de un proceso de fabricacién estandar de pulpas kraft.

Astillas de madera Agua Produccion de energia
i Licor negro T Licor negro T
débil concentrado Caldera de
Digestor —— Lavado —— Evaporacion ——» -,
recuperacion
A .
; l Licor verde
Licor Pulpa kraft no blanqueada (Na;C0s, Na5S)
blanco | l
! Ftapa de blanqueo i Caustificacion
Pulpa kraft blanqueada

L ! Licor blanco
(NaOH, Na,S$)

Figura 10. Esquema general de un proceso de fabricacion de pulpas kraft con recuperacion de reactivos
[137]

El proceso kraft (Figura 10) somete las astillas de madera a elevadas presiones vy
temperatura, y en presencia de una disolucidn fuertemente alcalina, conocida como licor
blanco, compuesta por sulfuro de sodio (NaS) e hidréxido de sodio (NaOH). El licor blanco es el
encargado de disolver quimicamente la lignina que cementa las fibras lignoceluldsicas en la

madera. Posteriormente, la pulpa lavada puede someterse a una etapa de blanqueo para lograr
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niveles de deslignificacion superiores. La etapa de lavado genera como subproductos los
denominados licores negros débiles, los cuales contienen la lignina y parte de la hemicelulosa
disuelta. Concentrados por evaporacion, los licores negros se transfieren a una caldera de
recuperacion para la produccién de energia, donde se queman los compuestos organicos. El
subproducto obtenido en la etapa de recuperacién recibe la denominacidn de licor verde, los
cuales pueden regenerarse tras una etapa de caustificacidon para obtener nuevamente los licores

blancos. En este caso, los licores blancos podran ser recirculados al digestor [138].

El proceso kraft presenta ciertos inconvenientes que deben considerarse. En primer lugar,
los rendimientos de manufacturaciéon obtenidos son bajos, alrededor del 45 — 55%, lo cual
significa que aproximadamente la mitad de la materia prima no puede aprovecharse.
Actualmente, esto puede generar cierta controversia medioambiental considerando la
necesidad cada vez mayor de conservacién de los ecosistemas naturales. Adicionalmente, el
proceso kraft contribuye a la contaminacién del aire, ya sea durante el mismo pulpeado o el
proceso de evaporacion de los licores negros, emitiendo 6xidos de azufre, éxidos de nitrégeno
y compuestos orgdnicos volatiles, y produciendo también un olor desagradable a la zona [139].
Igualmente, el proceso kraft requiere de elevadas cantidades de agua que a su vez se retornan
a los ecosistemas con una carga considerable de contaminantes organicos e inorgdnicos,

causando un impacto ambiental sobre el medio ambiente.

En un contexto donde los procesos industriales respetuosos con el medio ambiente
prevalecen, y con el objetivo de mantener el sector de la NC lo mas sostenible posible, el uso de
pulpas de alto rendimiento como materia prima ha aparecido como una sélida alternativa a las
pulpas quimicas, siendo mas atractivas tanto medioambiental como econédmicamente [140]. Los
procesos de pulpeado mecdnicos, a veces combinados con tratamientos de vapor
(termomecanicos) e incluso con ligeras cantidades de reactivos quimicos (quimico-
termomecanicos), preservan en gran medida el recurso lignoceluldsico inicial y minimizan la
generacion de residuos. De hecho, el rendimiento de estos procesos generalmente oscila entre
el 85 y 99%, motivo por el cual suelen denominarse pulpas de alto rendimiento [141]. Debido
los elevados rendimientos, la composicién quimica de la pulpa no presenta diferencias
significativas en comparacién a la de la materia prima, si bien es cierto que estas ligeras
modificaciones pueden favorecer los procesos posteriores. Por este motivo, es de esperar que
las pulpas de alto rendimiento presenten contenidos elevados de lignina y hemicelulosa, siendo

las pulpas quimicas ricas en celulosa [142].

La categoria de pulpas de alto rendimiento agrupa las pulpas mecanicas (MP), pulpas
termomecanicas (TMP) y pulpas quimicotermomecanicas (CTMP). Las MP se obtienen mediante
tratamientos puramente mecanicos, ya sea mediante la accion mecanica de una muela cilindrica
(Pulpa mecanica de piedra “SGWP”), o empleando desfibradores de discos (Pulpa mecanica de
refinador “RMP”). En estos procesos no se altera significativamente la composicidon quimica de
la materia prima, por lo cual se obtienen rendimientos masicos cercanos al 100%. En el caso de

las TMP, las astillas de madera son sometidas a un tratamiento previo con vapor antes del
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desfibrado mecanico, cuyo objetivo es debilitar y ablandar la lignina, aunque sin eliminarla, para
facilitar la liberacidn de las fibras. Comparativamente, el tratamiento con vapor en las TMP
disminuye el consumo energético para producir la pulpa y proporciona una mejor separacion de
las fibras que en las MP. En los procesos termomecanicos el rendimiento masico puede oscilar
entorno al 95% [143].

Las CTMP se obtienen mediante un tratamiento quimico moderado en base a reactivos
como el hidréxido de sodio, sulfato de sodio o carbonato de sodio. Las condiciones del
tratamiento quimicotermomecanico son mucho menos severas, en cuanto a temperatura,
tiempo de residencia, y concentracion de los reactivos, que las del pulpeado quimico, pues el
objetivo principal no es el de eliminar la lignina, sino debilitarla. En procesos
guimicotermomecanicos, el rendimiento masico se situa alrededor del 85 - 90% [144]. Para
comprender el mecanismo de separacion de las fibras lignoceluldsicas durante la fabricacion de
pulpas MP, TMP y CTMP, es necesario conocer la distribucién de los componentes quimicos
dentro de la pared celular. La Figura 11 presenta un modelo simplificado de la estructura de la
pared celular y la distribucién de los componentes de la fibra, principalmente celulosa,
hemicelulosa y lignina.
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Figura 11. Modelo simplificado de la estructura de la pared celular vegetal (a), y composicion quimica de
la pared celular por capas (b) [145]

La lignina (Figura 11) se distribuye principalmente en la ldmina media (= 60 - 70%), y en
menor medida a la pared primaria (= 40 - 60%). Por lo contrario, la celulosa y hemicelulosa se
ubican mayoritariamente en las distintas capas de la pared secundaria (S1, S2 y S3). En las capas
mas externas de la pared celular, la lignina mantiene unidas las fibras unas con otras, actuando
asi como el cemento de la estructura [146]. Cabe recalcar que la lignina, a diferencia de la
celulosa y hemicelulosa, es un polimero altamente rigido y con pobre capacidad de hidratacidn
e hinchamiento [10,147]. Consecuentemente, al tratar las astillas de madera con elevadas
temperaturas o reactivos quimicos, la lignina puede debilitarse y ablandarse, e incluso
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desprenderse y/o solubilizarse en las aguas de proceso. Cuanto mas se ablande o debilite Ia
lignina, mejor serad la separacion de las fibras lignoceluldsicas en el posterior desfibrado
mecdanico. En un escenario distinto, el pulpeado kraft aplica una carga de reactivos
suficientemente elevada para solubilizar casi por completo la lignina, liberando las fibras
celuldsicas sin necesidad de un tratamiento mecanico posterior. La Figura 12 esquematiza la

separacion de las fibras lignocelulésicas durante los procesos MP, TMP y CTMP.

Figura 12. Separacion de las fibras en pulpas MP (a), TMP (b) y CTMP (c)

Segln muestra la Figura 12, el proceso MP ofrece una separacion completamente aleatoria
de las fibras, promoviendo su ruptura indistintamente en las diferentes regiones de la pared
celular. Esto se debe a que no se aplica ningun tratamiento previo al desfibrado mecénico para
debilitar o ablandar la lignina. Consecuentemente, las pulpas MP suelen presentar amplias
distribuciones de longitud y diametro, relaciones de aspecto bajas, y un contenido de finos
elevado [148]. Por otro lado, el proceso productivo de pulpas TMP consigue ablandar la lignina
mediante la accién del vapor de agua, por lo cual la separacion de las fibras normalmente ocurre
entre las capas S1y S2, o entre la primariay la S1. En el caso de las pulpas CTMP, las separaciones
pueden tener lugar en la ldmina media o dentro de la primaria. Debido a una mejor
individualizacidn de las fibras, las pulpas TMP y CTMP ofrecen contenidos de finos menores que
las MP, relaciones de aspecto mas elevadas, y distribuciones de longitud y didmetro mas
uniformes. Comparativamente, las TMP conservan todavia el elevado rendimiento de las MP y
evitan el uso de agentes quimicos, haciéndolas mads atractivas desde una perspectiva
medioambiental y econédmica que las CTMP [149].

Durante el pulpeado de alto rendimiento pueden generarse grupos cromdéforos que
oscurezcan la pulpa resultante. Por este motivo, es una practica habitual que las pulpas
comerciales de alto rendimiento se sometan a etapas de blanqueo para incrementar su grado
de blancura. Cabe recalcar que, a diferencia de las pulpas quimicas, el blanqueo en pulpas de
alto rendimiento se realiza para destruir los grupos croméforos sin disolver la lignina [150].
Asimismo, dicha etapa de blanqueo contribuye también a la eliminacién de posibles impurezas
superficiales, tales como pectinas e incluso cierta lignina residual depositada sobre las fibras
[151,152]. La eliminacion de las impurezas superficiales puede favorecer la exposicion de las
nanofibrillas en la superficie, lo cual es especialmente interesante para el posterior proceso de

nanofibrilacion [149]. La etapa de blanqueo también contribuye a las propiedades mecanicas de
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las pulpas debido una mayor afloracién de los grupos hidroxilos superficiales [153]. Entre los
agentes blanqueantes mas reconocidos para pulpas de alto rendimiento destacan el peréxido
de hidrogeno [154] y el hidrosulfito de zinc [155].

Histéricamente, la madera blanda ha sido la fuente de recursos mas frecuente para la
produccién de pulpas de alto rendimiento. Mas precisamente, en Europa, el abeto (Picea abies)
es la materia prima mas usada para producir pulpas TMP y CTMP, seguido en segundo lugar por
el pino silvestre (Pinus sylvestris) [156]. La superioridad del abeto en este sector se explica en
buena medida por su bajo contenido de extractivos. Por ejemplo, el contenido de extractivos en
el abeto es aproximadamente 2,5 veces menor que en el pino, lo cual otorga a las respectivas
pulpas de abeto mejores prestaciones mecdanicas [157-159]. Otros trabajos constatan la

idoneidad del abeto como materia prima para producir pulpas de alto rendimiento [160,161].

Las pulpas de alto rendimiento, y mas concretamente las pulpas TMP, podrian ser una
materia prima adecuada para los procesos productivos de LCMNF. No obstante, estas pulpas
presentan ciertos inconvenientes al someterse a pretratamientos enzimaticos y quimicos.
Algunos estudios aseguran que la lignina inhibe la actividad de las enzimas a causa de las
interacciones hidrofdbicas, electrostaticas, y puentes de hidrogeno que ocurren entre la lignina
y las celulasas [162]. Algunas estrategias para minimizar o superar la inhibicidn de las enzimas
incluyen la modificaciéon quimica de la lignina o su completa eliminacidn, aunque en estos casos
se estaria alterando notablemente el proceso productivo [163]. Incluso en pulpas kraft no
blanqueadas pueden ocurrir tales interacciones entre la lignina y las enzimas, comprometiendo
de esta manera el rendimiento de la hidrolisis enzimatica [164]. Por ejemplo, en un trabajo
reciente, se demostré que el rendimiento de la hidrdlisis enzimdtica de una pulpa kraft no
blanqueada (con un 2,3% de lignina) era aproximadamente un 4% inferior que en un pulpa kraft
blanqueada [165].

Por otro lado, durante procesos quimicos de oxidacidn, como el pretratamiento TEMPO, la
lignina puede reaccionar con los agentes oxidantes, consumiéndolos asi de forma selectiva y
perdiendo su funcién principal [166]. Ma et al. [167] aplicaron un pretratamiento TEMPO (5
mmol NaClO/g) sobre una pulpa TMP, observando una reduccién del contenido de lignina del
15%. Una reduccién mas severa en el contenido de lignina, desde un 27% hasta un 12%, se
describié tras someter unas fibras de palmera a un tratamiento de oxidacién catalizado con
TEMPO [168]. En esta misma linea, una TMP de abeto experimentd una disminucién en el
contenido de lignina desde el 33% hasta el 20% tras un proceso de oxidacién TEMPO (8 mmol
NaClO/g) [169]. Wen et al. [170] estudiaron el rendimiento masico global de un proceso de
oxidacion TEMPO mas HPH para una pulpa de alto rendimiento y una pulpa kraft blanqueada,
obteniendo valores cercanos al 85 y 95%, respectivamente. Los diferentes rendimientos fueron
atribuidos al consumo no deseado de la lignina por los agentes oxidantes. En general, se asume
que la lignina debe eliminarse previamente el proceso de oxidacion para no comprometer la

funcién principal del pretratamiento [133].
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Debido la problematica que genera la lignina en procesos enzimaticos y oxidativos, los
pretratamientos mecdnicos podrian ser una opcién mds adecuada en pulpas de alto
rendimiento. Por ejemplo, se ha reportado que la naturaleza parcialmente fibrilada, con
elevados contenidos de finos y estructuras irregulares, de las fibras termomecanicas podria
favorecer su desestructuracion mecanica [131]. Adicionalmente, un trabajo reciente manifesté
que por un tiempo de refinado constante, la aportacion energética era menor en pulpas de alto
rendimiento que en pulpas kraft [171]. Esta diferencia se atribuyé a un mayor contenido de finos
y fibrilacidn superficial en la pulpa de alto rendimiento. En un trabajo desarrollado por Spence
et al. [125], se concretd la mayor predisposicion de una pulpa TMP, respecto otras pulpas kraft,
a ser pretratada con pila Valley y tratada con homogeneizador de alta presidon. Ademas de
aspectos morfolégicos, la composicion quimica también juega un rol importante durante
pretratamientos y tratamientos mecanicos [172]. Algunos autores subrayan el papel de la lignina
inhibiendo la agregacion de las fibrillas [173,174]. Ademas, la lignina confiere una mayor rigidez
a las fibras y las hace mads susceptibles al efecto de corte durante los pretratamientos. La
hemicelulosa, componente también abundante en pulpas de alto rendimiento, podria actuar
como inhibidor de la aglomeracion de las fibrillas, contribuyendo asi al proceso de
desestructuracién mecdnico [175,176]. Chaker et al. [177] indicaron que contenidos de
hemicelulosa alrededor del 25% eran dptimos para maximizar la eficiencia de los tratamientos
mecanicos, mientras que en pulpas con contenidos de hemicelulosa cercanos al 12%, dicha
efectividad podia reducirse hasta la mitad. Adicionalmente, la hemicelulosa podria contribuir a
la adhesion entre fibrillas durante la produccidon de nanopapeles, logrando un incremento en la
estabilidad térmica y propiedades mecanicas [171]. Se concluye que, al menos en términos de
composicion quimica y morfologia, las pulpas de alto rendimiento pueden ser una materia prima

adecuada para la obtencidon de LCMNF.

1.2 Propiedades y aplicaciones de la nanocelulosa

El interés por los materiales nanocelulésicos se debe principalmente a su baja densidad,
elevada superficie especifica, excelentes propiedades mecanicas, propiedades barrera, y bajo
coeficiente de expansidn térmica, ademads de su cardcter sostenible y biocompatible [178]. El
conjunto de estas propiedades ha hecho de la NC un nanomaterial con un valioso potencial en
sectores como el papelero [179], produccion de aerogeles [180], dispositivos electrénicos [181],
dispositivos médicos [182], nanocomposites [76], aditivos alimentarios [183] y dispositivos de

almacenamiento de energia [184], entre otros.

En pulpas de alto rendimiento, la elevada presencia de lignina puede otorgar propiedades
adicionales al nanomaterial. Por ejemplo, la lignina puede conferir estabilidad térmica,
propiedades antioxidantes, y propiedades barrera a la luz UV [185]. Li et al. [186] propusieron la
fabricacién de films de LCMNF (28,6 % de lignina) con propiedades barrera contra la luz UV e
ignifugas mejoradas. Wang et al. [187] destacaron el rol de la lignina en la adhesion interfacial y

dispersion de unas LCNFs en una matriz plastica de acido polilactico, mejorando de esta forma
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las propiedades mecanicas del material compuesto. Otros investigadores han infundido en el rol
fundamental de la lignina en proveer una mejor compatibilidad con la matriz plastica en
nanocompuestos [188]. En otro estudio, Zhang et al. [189] concluyeron que la elevada presencia
de lignina en films de almiddn termoplastico reforzados con LCNFs (30,6% de lignina Klason)
proporcionaba un incremento en las propiedades barrera al agua y vapor de agua. Igualmente,
Nair et al. [190] demostraron que la lignina proporcionaba una mayor estabilidad térmica a las
respectivas LCNFs, en comparaciéon con unas CNFs altamente deslignificadas. En este mismo
trabajo, los autores indicaron que los films de LCNFs mostraron unas mejores propiedades
mecanicas en condiciones humedas que las CNFs, debido el caracter parcialmente hidrofébico
de la lignina. En cualquier caso, la lignina, lejos de ser un inconveniente, puede otorgar

propiedades interesantes al nanomaterial.

A pesar del amplio abanico posibilidades en multiples sectores, el sector papelero se sitla
de forma destacada como el principal consumidor de estos nanomateriales en la actualidad.
Segun indica un reciente informe de Future Market, Inc. [6], el sector papelero representa el
72% de la demanda actual de materiales nanoceluldsicos, con un consumo aproximado de 6998
toneladas por afio. Lejos del sector papelero, se sitlan en segundo y tercero lugar el sector de
los nanocomposites (12%) y modificadores reoldgicos (11%), respectivamente. No solamente
esto, sino que ademas se espera que la demanda de CNFs/CMNFs en el sector papelero crezca
exponencialmente en los proximos afos, alcanzado una demanda cercana a las 39000 toneladas
en el ano 2030, lo cual corresponderia a un incremento del 452% respecto el afio 2020. La Figura
13 muestra, segun datos actualizados del informe de Future Market Inc., los sectores con mayor
demanda de materiales nanocelulésicos, y la previsién de la demanda en el sector papelero en

los préximos afios.
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hasta el afio 2030 (b). Datos actualizados segun el informe de Future Market, Inc. [6]

1.2.1 Materiales nanoceluldsicos en el sector del papel y cartdon

Tradicionalmente, el desarrollo y mejora de las propiedades del papel se ha conseguido

mediante procesos de refinado mecanico [191]. Anteriormente se ha comentado que el refinado

mecanico incrementa la superficie disponible y flexibilidad de las fibras, otorgandoles una mayor

capacidad de enlace. En cierto modo, el refinado mecdnico favorece la formacién de un

entramado fibroso mas resistente y cohesionado [192]. Asimismo, el refinado mecanico
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presenta ciertas desventajas, pues disminuye la capacidad de drenaje de la suspensién, aumenta
el consumo energético del proceso productivo, y disminuye la resistencia al desgarro [193].
Adicionalmente, el refinado deteriora fisicamente las fibras, lo cual provoca que estas no puedan
desarrollar por completo sus propiedades en los futuros ciclos de reciclado [194]. Otras
metodologias habituales para mejorar las prestaciones del papel se basan en la adicién de
agentes de resistencia en seco [195], entre los cuales destacan polimeros naturales como el
almiddn catidénico (AC) y polimeros sintéticos como la poliacrilamida catidnica (CPAM) [196] y la
polivinilamina (PVA) [197].

La NC representa una alternativa atractiva a los métodos convencionales para seguir
manteniendo, incluso mejorando, los estdndares de calidad en el papel. El interés en la
utilizacidon de la NC en el sector papelero recae principalmente en su capacidad de refuerzo
[132], aunque también es posible mejorar las propiedades barrera, lo cual es especialmente
interesante para productos de packaging alimentario [78]. Los beneficios que puede aportar la
NC en este sector se atribuyen principalmente a su elevada superficie especifica, lo cual le otorga
un alto potencial de enlace con las fibras papeleras y por lo tanto explica su capacidad de
refuerzo [198]. Adicionalmente, debido a la naturaleza nanométrica de la NC, esta es capaz de
ocupar las porosidades del papel y por lo tanto puede ejercer de barrera contra el aire, oxigeno,
vapor de agua, e incluso agua [199]. Cabe recalcar que los beneficios que pueden aportar estos
nanomateriales en términos de propiedades barrera se consiguen normalmente aplicdndolas

superficialmente sobre el papel en forma de coating, en lugar de aplicdndolas en masa [179].

Numerosos estudios han constatado el potencial de la NC para mejorar las propiedades
mecanicas y barrera del papel [200,201]. Por ejemplo, Petroudy et al. [202] describieron un
incremento significativo en la resistencia de un papel basado en fibras de bagazo tras la adicion
de un 1% de CMNF, junto con un 0,1% de CPAM (actuando como agente de retencién). En otro
estudio desarrollado por Su et al. [203], los autores constataron que la adicion de CMNFs en un
papel kraft contribuia mds a las propiedades mecanicas y barrera del mismo que los procesos
de refinado mecdnico convencionales. La capacidad de refuerzo de la NC también ha sido
probada en pulpas de alto rendimiento. Eriksen et al. [78] obtuvieron incrementos de hasta el
34% en la resistencia de un papel de TMP tras la adicion de un 4% de CMNFs. En este mismo
estudio, lo autores indicaron que el proceso de fibrilacién grinding producia CMNFs con un 13%
menos de capacidad de refuerzo que unas CMNFs homogenizadas a alta presion. Como se ha
mencionado, el proceso grinding dafia la pared celular de las fibrillas de forma mas contundente
que otros procesos de fibrilacién, lo cual repercute en la capacidad de refuerzo del

nanomaterial.

En lugar de aumentar la resistencia del papel, la NC también puede ser aplicada con el
objetivo de reducir el gramaje del papel sin comprometer sus prestaciones mecanicas, lo cual es
especialmente interesante desde una perspectiva econémica [204]. En este contexto, las fibras
papeleres suelen representar alrededor del 60% del coste total del proceso productivo del papel,
de modo que reduciendo el gramaje del papel se estaria contribuyendo a la economia del

proceso [205]. Esta estrategia también podria proporcionar una versién mas ligera de los
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productos de papel comerciales. En esta linea, Zambrano et al. [206] apuntaron en un reciente
informe que la adicion de CMNFs en papel podria reducir hasta un 20% el coste de produccion
(equivalente a 149USD por tona de papel producido), sin afectar negativamente a las
prestaciones del papel. En cualquier caso, reducir el consumo de fibras naturales es una

tendencia creciente en el sector papelero durante los ultimos afios [207].

Es importante recalcar que, si bien la produccion de CMNFs/LCMNFs a través de procesos
puramente mecanicos genera una cantidad menor de nanofibrilacidn que otros grados de NC
(p. ej. CNFs-TEMPO, CNF-enz.), esto no necesariamente limita su capacidad de refuerzo en el
papel. Por ejemplo, en un trabajo reciente se indicé que un 3% de CMNFs con un rendimiento
de nanofibrilacion del 21 %, incorporadas sobre hoja de papel kraft, producian un incremento
en la resistencia del papel del 71% [82]. En otro estudio, unas LCMNFs (22% de lignina Klason)
producidas mecanicamente exhibieron una capacidad de refuerzo en el mismo orden que unas
CNFs-TEMPO y unas CNFs-enz. [117]. En la misma linea, unas CMNFs producidas mediante
refinado mecanico y HPH, con un rendimiento de nanofibrilacién del 5,6%, presentaron una
capacidad de refuerzo superior que unas CNFs-TEMPO al ser aplicadas sobre una pulpa
reciclada. Aunque aquellos grados de NC de “menor calidad” y con bajos contenidos de
nanofibrilacion no estén aparentemente limitados por su capacidad de refuerzo, si lo estdn
aquellos que contienen lignina (LCNF/LCMNF) debido al cambio de color que generan sobre el
papel. Tarrés et al. [176] informaron que tras afiadir un 3% de LCMNFs (8,42% de lignina Klason)
sobre una pulpa kraft blanqueada de eucalipto, el grado de blancura disminuia desde 87 hasta
aproximadamente 76-77%. El efecto producido por la lignina sobre el color del papel
normalmente limita o simplifica el uso de las LCNFs/LCMNFs a grados de papel de linea marrén,
entre los cuales se encuentran las fibras recicladas, fibras kraft no blanqueadas, e incluso fibras

de alto rendimiento.

A parte del potencial como agente de refuerzo, la NC también permite mejorar la calidad
del proceso de impresidon mediante el control del linting [208]. El linting se define como la
tendencia de un papel a que se desprendan o separen parte de sus componentes al entrar en
contacto con la tinta durante el proceso de impresion. Song et al. [209] demostraron que la
adicion de CMNFs en un papel de TMP reducia la tendencia al linting, ademads de mejorar sus
prestaciones mecanicas. La capacidad de la NC para atenuar el fendmeno del linting también se
ha descrito en papeles reciclados. De hecho, el control del linting en papeles reciclados es
particularmente interesante, pues estos suelen presentar elevados contenidos de cargas
minerales, las cuales acentlan la tendencia de linting [210]. Cabe mencionar que el uso de
cargas minerales en papeles reciclados es una técnica recurrente en el sector papelero para

reducir los costes de produccidn y mejorar propiedades como la opacidad [211].

A parte de los beneficios técnicos, es importante resaltar las ventajas medioambientales
que puede aportar la NC en la industria papelera. El principal beneficio medioambiental
derivado de la aplicacién de la NC nace de su caracter biobasado, renovable, biodegradable y

reciclable, lo cual contribuye a un sistema de produccién mas sostenible y circular [212]. En este
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sentido, la NC seria una alternativa atractiva a los agentes de resistencia sintéticos como las
poliacrilamidas. Adicionalmente, su aplicacion en forma de coating podria servir para sustituir
polimeros sintéticos actualmente empleados como agentes barrera. Esto contribuiria a la
produccién de packaging mas sostenible, simplificando también los procesos de reciclaje de los

productos papeleros [213].

Histéricamente, incluso no considerando la NC como aditivo, la industria papelera ha
gozado de una buena reputacidn en cuanto a circularidad de los recursos, un sector en el cual
reciclar ha devenido una practica creciente y cada vez mas instaurada durante los ultimos afios
[214]. Por ejemplo, en Europa, la tasa de reciclaje de los productos de papel ha incrementado
notablemente en los ultimos anos, desde un 51,8% en el afio 2000, hasta un 73,9% en el afio
2020. Esta tendencia ha provocado que en Europa, las fibras recicladas representen
aproximadamente el 50% de las composiciones fibrosas en la industria de papel.
Aproximadamente el 78% de estas fibras recicladas se destinan a productos de packaging, un
ejemplo representativo del cual seria el cartén corrugado. El cartén corrugado se compone por
dos [dminas externas lisas de papel testliner, y una capa interna ondulada de papel fluting, segin
muestra la Figura 14.

Test liner

Fluting

Figura 14. Carton corrugado compuesto por dos capas externas de testliner y una interna ondulada de
fluting [215]

Uno de los factores que obstaculiza una mayor tasa de reciclaje es el deterioro gradual que
sufren las fibras tras las sucesivas etapas de reciclaje, finalmente traducido en una disminucién
de las propiedades fisico-mecdanicas del papel [216]. Es por este motivo que uno de los retos
pendientes en el sector papelero es el de la mejora de la calidad de los productos reciclados.
Tradicionalmente, este deterioro se ha remediado mediante la combinacién de las fibras
recicladas con fibras de mayor calidad (kraft), procesos de refinado mecanico, adicidon de
agentes de resistencia en seco, o tratamientos de biorefinado [216]. Asimismo, la adicion de NC
en los productos reciclados se vislumbra como una opcién interesante para mantener, incluso

mejorar, las propiedades del papel reciclado.

Como contrapunto, la NC, debido a su naturaleza nanométrica y anidnica, suele presentar
problemas de retencién durante los procesos de filtrado [217]. Por este motivo, se recomienda
el uso de agentes de retencion para promover las interacciones entre la NCy las fibras papeleras,
consiguiendo asi retener el nanomaterial en la estructura del papel durante el filtrado [218]. No
obstante, un Unico agente de retencidn puede no ser suficientemente efectivo. Por ejemplo, en
el caso que la dosificacion de agente de retencidén sea baja, es posible que no se retenga el

nanomaterial. Por lo contrario, altas dosificaciones del agente de retencidn pueden ocasionar la
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formacién de fléculos en el papel y afectar a su uniformidad [219]. Por este motivo, se
recomiendan los sistemas de retencidn duales, generalmente basados en polielectrolitos
catidnicos y micro/nano particulas anidnicas, con el objetivo de controlar la floculacién, la
velocidad de drenaje, optimizar la retencion, y mantener una buena formacién [208]. Entre los
polielectrolitos catidnicos mds frecuentes se encuentran el AC, la CPAM, la PVA, y el chitosan
(CH), mientras que las micro/nano particulas anidnicas mas comunes son la bentonita y la
nanosilice (NS) anidnica. El sistema de retencidon dual ha resultado satisfactorio en varios
estudios [208]. Merayo et al. [218] utilizaron un sistema dual basado en CPAM y bentonita
anidnica, junto con un 1,5% de CNFs, obteniendo un incremento del 31% en la resistencia del
papel, y una disminucidn del 25% en la velocidad de drenaje. No obstante, hasta el momento, el
sistema de retencidn dual que podria definirse como el mds efectivo concierne la combinacién
de ACy NS [220]. Yousefhashemi et al. [220] explicaron que la combinacién AC-NC, en presencia
de un 3% de LCNF (15,8% de lignina, diametros entre 10 y 80 nm), proporcionaba un incremento
del 57% en la resistencia del papel, sin comprometer la drenabilidad de la suspensién. Tarrés et
al. [108] aplicaron un 0,5% de ACy 0,8% de NS, en un papel reciclado reforzado con un 1,5% de
CNFs-TEMPO, constatando un incremento del 41% en la resistencia y sin graves efectos sobre la
capacidad de drenaje.

1.2.2 Estrategia de masterbatch para la comercializacion de las LCMNF

El pleno desarrollo industrial de la NC debe afrontar el desafio de los elevados costes de
transporte de unas suspensiones acuosas altamente diluidas. Para reducir el volumen de agua
transportado, los procesos de secado y redispersién se han descrito como claves para que la
comercializacidon de estos nanomateriales sea econédmicamente viable [221]. No obstante,
durante los procesos de secado los materiales nanoceluldsicos tienden a agregarse
irreversiblemente, provocando que durante la posterior etapa de redispersién en medio acuoso
estos no sean capaces de recuperar su estado morfoldgico inicial. Dicha agregacion irreversible
de las fibrillas repercute en sus propiedades fisicas y mecdnicas, disminuyendo igualmente su
capacidad de refuerzo. Cabe destacar que la agregacion de las fibrillas puede ser ain mas
acentuada en los grados de NC altamente deslignificados debido una mayor exposicién de los
grupos hidroxilos presentes en la celulosa. Ademas, los grados de CNF altamente nanofibrilados
poseen una mayor superficie especifica y, por lo tanto, tienden a agregarse mas facilmente
durante los procesos de secado [222]. Consecuentemente, uno podria esperar que el fendmeno
de agregacién fuera menos contundente en grados de LCMNF con altos contenidos de lignina y

bajos rendimientos de nanofibrilacidn.

Algunos estudios dan a conocer posibles estrategias para la recuperacién de las propiedades
originales de la NC tras procesos de secado-redispersién. Por lo general, estos métodos procuran
la interrupcién u obstaculizacidn de los puentes de hidrogeno formados entre fibrillas tras el
proceso de secado, de tal modo que la agregacion producida pueda revertirse al redispersar el

nanomaterial en medio acuoso [222]. Para conseguirlo, se suele modificar superficialmente las
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fibrillas [223], o también incorporar cargas anidnicas solubles en la suspension [224]. Por
ejemplo, Butchosa et al. [225] consiguieron unas CNFs completamente redispersables en agua
a través de la adsorcién superficial de un 2,3% de carboximetilcelulosa, seguido por una etapa
de incubacion a 121 °C. Fairman et al. [226] incorporaron un surfactante catidénico (Bromuro de
hexadeciltrimetilamonio “CTAB”) a la suspensidon de CNFs para mejorar la redispersion del
nanomaterial. El aditivo contribuyd a la redispersidn, aunque fue imposible recuperar por
completo la morfologia inicial del nanomaterial. Jiang et al. [227] evaluaron la redispersidon de
unas CNFs-TEMPO mediante la sustituciéon de un 10% del medio acuoso por una disolucion de
tert-butanol (t-BuOH). Los autores destacaron la utilidad del t-BuOH para interferir en la
formacién de enlaces de hidrogeno entre fibrillas e incrementar la distancia entre superficies.
De un modo mas simple, Missium et al. [228] afiadieron cloruro de sodio (NaCl) a una
concentracién de 10 mM a una suspension de CNFs. El estudio demostré la efectividad de los
iones procedentes del NaCl para debilitar los enlaces de hidrogeno entre fibrillas y mejorar la
etapa de redispersién. Por otro lado, la adiciéon de un 0,5% de polivinilo de alcohol fue estudiado
por Velasquez-Cock et al. [229] con el objetivo de obstaculizar la agregaciéon entre fibrillas. Los
autores concluyeron que mediante la adicién de polivinilo de alcohol, la superficie especifica de
las CNFs no variaba ostensiblemente tras el proceso de secado-redispersion. De forma mas
elaborada, Eyholzer et al. [223] produjeron unas CNFs en forma de polvo completamente
redispersables mediante un proceso de microfluidizacion mas carboximetilacidn, seguido por un

cambio de solvente (hacia isopropanol/etanol), y un proceso de liofilizacidn.

Cabe recalcar que, aunque muchos de los estudios citados ofrezcan una alternativa
técnicamente sdélida y efectiva para recuperar completamente, o casi por completo, la
morfologia inicial del nanomaterial, la mayoria de estos procesos son econémicamente inviables
desde una perspectiva industrial [222]. Ademds, estos procesos afaden una capa de
complejidad al proceso productivo, y en algunos casos permanece la duda de si el aditivo en
cuestion ha podido ser eliminado de la suspensidn. Debido las dificultades planteadas, algunos
autores apuestan por un sistema de produccién y aplicacién in situ, evitando asi la etapa de
transporte y todas las dificultades que conlleva [205]. Por ejemplo, Balea et al. [230] evaluaron
un sistema de produccion in situ de CNFs-TEMPO para su aplicacién directa sobre una pulpa
reciclada, concluyendo que el proceso era técnica y econdmicamente viable. Otros productores
de papel, por ejemplo, Nippon Papery Stora Enso, también optan por un sistema de produccion
y aplicacion in situ de CNFs/CMNFs [205]. Aunque esta sea una vision entendible, al menos a
corto plazo, es necesario buscar alternativas que permitan una comercializacion efectiva de

estos nanomateriales.

Una alternativa innovadora a los procesos de secado-redispersiéon, y procesos de
produccién y aplicacidn in situ, es la que se detalla a continuacidn. La propuesta planteada se
fundamenta en dos pilares. En primer lugar, se introduce el concepto de masterbatch, un
término ampliamente reconocido en el sector del plastico. Un masterbatch se define como una
mezcla concentrada y/o portadora de algun aditivo. El masterbatch, al combinarse con otros

materiales, genera un producto con una concentracién menor del aditivo en cuestion. En el
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sector del plastico, los masterbatches se emplean como un método facil y efectivo de agregar
color o impartir otras propiedades a un plastico. La calidad de un masterbatch normalmente se
evalua por la capacidad de dicho aditivo a ser dispersado correctamente a través del material
de soporte (carrier). Por este motivo, se considera crucial que el carrier sea afino al aditivo para
proporcionar una buena compatibilidad entre ambos, y asi el masterbatch pueda desempefiar

adecuadamente su funcion.

El segundo concepto de la propuesta planteada se basa en la combinacion de distintas
pulpas durante la produccidn de papel. Como se ha mencionado anteriormente, la combinacidn
de diferentes pulpas es una técnica recurrente durante la produccion de papel para
modificar/mejorar las prestaciones del producto final. Por ejemplo, se pueden mezclar pulpas
de madera dura con pulpas de madera blanda [231], o una pulpa reciclada con una virgen [232],
o pulpas de madera con pulpas de otras plantas [233], e incluso pulpas de alto rendimiento con

pulpas quimicas [234].

Considerando los conceptos de masterbatch, y combinacion de diferentes pulpas durante
el proceso productivo de papel, se podria desarrollar una metodologia dividida en dos etapas.

La propuesta se ilustra en la Figura 15.

Sistema de
retencion dual

Etapa 1 B { Pulpas reforzadas no secadas ]

“never dried pulps”

Dispersion .
Y { Pulpas reforzadas secadas ]

“dried pulps”
Proceso de
nanofibrilacion

Etapa 2 ro o

Combinacién de pulpas
papelera

{ Produccion de papel W

Pulpa inicial

10-502%

reforzado

Figura 15. Propuesta de adicion de LCMNFs mediante la propuesta de masterbatch en una pulpa
reciclada
En la etapa 1, una fraccién de la pulpa inicial, entre el 10 y 50%, se destina a la produccién
de NC (pretratamiento mas desintegracion mecdnica). La fraccion (micro)nanofibrilada se
devuelve a la linea principal y se dispersa con la pulpa restante, junto con un sistema de
retencién dual, preferiblemente basado en ACy NS. La mezcla resultante se destina a un proceso

de filtracidn mas prensado, alcanzando consistencias cercanas al 40-50% (pulpas reforzadas no
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secadas “PRNS”), y opcionalmente a una etapa de secado, para lograr consistencias superiores
al 90% (pulpas reforzadas secadas “PRS”). Mediante la produccidn de pulpas PRNS se pretende,
en la medida de lo posible, reproducir las pulpas de mercado never-dry pulps, con consistencias
alrededor del 45%, mientras las PRS reproducirian las dried pulps, donde las consistencias son
superiores al 85%. Los PRNS/PRS actuardan como masterbatch y podran ser comercializadas y
transportadas hasta el punto de aplicacién (etapa 2), de la misma manera que las pulpas de

mercado never-dried y dried.

Desde una perspectiva técnica, el uso de pulpas never-dried es recomendable ante las dried.
Esto es debido al fendmeno de hornificacién que sufren las fibras lignoceluldsicas tras procesos
de secado intensivos (hasta contenidos de humedad del 5y 10%), lo cual atafie principalmente
a las dried pulps [235]. El fenémeno de hornificacién fue inicialmente introducido y explicado en
el afio 1944 por Jayme, G. [236]. En este estudio, el autor declaré que la hornificacién de las
fibras papeleras provocaba una reduccién en la disponibilidad de los grupos hidroxilos de las
fibras, una menor capacidad de absorcién de agua (swelling), y una disminucién en la flexibilidad
de las fibras, lo cual globalmente se traducia en una perdida en las propiedades fisico-mecanicas.
De acuerdo con Brancato et al. [237], el fendmeno de hornificacion se explicaria por el cierre
irreversible de los poros y la agregacion irreversible entre (micro)fibras, las cuales se encuentran
antes del secado formando puentes de hidrogeno con las moléculas de agua. El fendmeno de
hornificacién es mas acentuado en las pulpas quimicas que en las de alto rendimiento. Este se
debe a que la deslignificacidn durante el pulpeado quimico genera una mayor porosidad en las
fibras. Adicionalmente, la elevada presencia de celulosa en pulpas quimicas contribuye a la
exposicién de los grupos hidroxilos, y por lo tanto incrementa la tendencia de agregacion entre
fibras [238]. Por otro lado, en pulpas de alto rendimiento, la lignina y hemicelulosa podrian
actuar como inhibidores de la coalescencia entre fibras. En este sentido, Oksanen et al. [239]
constataron que la presencia de hemicelulosa reducia notablemente los efectos de la
hornificacién en las dried pulps. En esta misma direccién, algunos estudios declaran que la
hornificacién en pulpas de alto rendimiento, con elevados contenidos de lignina y hemicelulosa,

no es tan contundente como en pulpas quimicas [238,240].

Aparentemente, la produccion de pulpas PRNS (never-dried pulps) seria una opcién
técnicamente mas atractiva que las PRS (dried pulps). No obstante, la produccion de dried pulps
ofrece la posibilidad de prevenir el crecimiento bioldgico tipico en never-dried pulps, reducir los
costes de transporte (menor cantidad de agua transportada), y afrontar mejor los retos de
almacenamiento en las empresas [241]. Igualmente, desde una perspectiva medioambiental, la
menor cantidad de agua transportada contribuiria a la reduccién en las emisiones
contaminantes. En cualquier caso, seria necesario realizar un balance técnico-econémico-

medioambiental para discernir entre el uso de pulpas PRS y PRNS.

En la etapa 2 de la Figura 15, las PRNS/PRS altamente cargadas con el nanomaterial,
actuaran como masterbatch y se combinaran, en las proporciones adecuadas, con una
suspension papelera durante el proceso productivo de papel. En estudios anteriores se ha

demostrado que la adicion en masa de un 3% de NC incrementa sustancialmente las
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propiedades mecdnicas del papel, sin comprometer excesivamente la drenabilidad de Ia
suspension [242,243]. A titulo de ejemplo, mediante la estrategia de masterbatch, seria
necesaria la combinacion de un 6% (en base seca) de las pulpas PRNS/PRS cargadas con un 50%
del nanomaterial, con un 94% de la pulpa papelera. En cierto modo, el objetivo es que el
nanomaterial contenido en el masterbatch se diluya en la suspensién papelera. La propuesta

planteada su construye sobre las siguientes hipdtesis:

- El masterbatch, al combinarse en las proporciones adecuadas con una suspension papelera,
actuara como un eficiente agente de refuerzo. El carrier y nanomaterial presentaran una
buena afinidad quimica debido a su misma procedencia. El empleo de pulpas de alto
rendimiento contribuird a atenuar los efectos causados por la hornificacidn en las pulpas
PRS. Los procesos de fibrilacion enteramente mecanicos que den lugar a una cantidad baja
de nanofibrilacion en el nanomaterial, contribuirdn a la dispersién de este dentro del
masterbatch.

- La propuesta planteada tendrd un impacto positivo en términos econdmicos vy
medioambientales, especialmente sobre la etapa de transporte, mientras que en términos
técnicos se espera una respuesta similar o ligeramente inferior a la que se podria obtener

mediante la adicidn directa del nanomaterial en la suspension papelera.

1.3 Parametrizacion y monitorizacion de los procesos de
fibrilacién

A pesar de las excelentes prestaciones fisico-mecanicas y el gran potencial en multiples
sectores, todavia existen varios factores que limitan el desarrollo industrial de los procesos de
produccién de materiales nanocelulésicos. Entre estos factores, como se ha discutido en el
apartado anterior, existen las dificultades en el transporte de unas suspensiones altamente
diluidas, ademas de los procesos ineficientes de secado. Otro factor que debe tenerse en
consideracion es la falta de un sistema de caracterizacién rapido, eficaz, y econdmico capaz de
monitorizar o mantener un seguimiento global sobre el proceso productivo, durante la etapa de

pretratamiento (mecdnico, enzimatico o quimico) y fibrilacidn.

Algunos pretratamientos permiten ser monitorizados de forma relativamente eficaz
mediante parametros de caracterizacion. Por ejemplo, el pretratamiento TEMPO se puede
monitorizar evaluando la cantidad de grupos carboxilos formados [244]. En este sentido, Levanic
et al. [245] lograron mantener un control sobre el proceso de oxidacion TEMPO a través de la
cantidad de grupos carboxilos formados en la celulosa. Otros estudios revelan la posibilidad de
monitorizar el nivel de oxidacion durante la reaccién TEMPO a través de la cantidad consumida
de NaClO (agente oxidante), la cual se podria determinar mediante iodometria o espectroscopia
UV-vis [246]. Incluso seria posible monitorizar el proceso de oxidacién TEMPO a través de la
cantidad de NaOH requerida para mantener el pH en un valor constante de 10 [247]. Como se

ha comentado, la adicién de NaOH durante la oxidacion TEMPO es necesaria debido la
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formacién de grupos carboxilos, los cuales acidifican la suspensién. Otros pretratamientos
guimicos, como por ejemplo los de cationizacién, permiten ser monitorizados a través del grado
de sustitucion. Saini et al. [248] controlaron una reaccion de cuaternizacidon (cationizacion
mediante amonios cuaternarios) en unas fibras, antes de ser procesadas mediante grinding, a

través del grado de substitucién.

Para monitorizar o controlar los pretratamientos de refinado mecanico, generalmente se
opta por parametros medidores de la velocidad de drenaje de la suspensién como, por ejemplo,
el grado Schopper-Riegler (°SR) o Canadian Standard Freeness (CSF) [249]. Ambos pardmetros
pueden ser facilmente determinados e incluso convertidos entre ellos. De hecho, en la industria
papelera, los procesos de refinado han podido ser tradicionalmente monitorizados mediante los
pardmetros °SR y CSF [250]. Otra forma de monitorizar el refinado mecanico seria a partir del
pardmetro Water Retention Value (WRV), el cual evalia la cantidad de agua retenida
guimicamente por las fibras. Las relaciones establecidas entre el nivel de refinado, la velocidad
de drenaje, y el WRV fueron estudiadas por Banavath et al. [251]. A diferencia de los
pretratamientos mecanicos y quimicos, los enzimaticos pueden ser mds complicados de
monitorizar debido la compleja actividad de las enzimas, y la diversidad de enzimas disponibles

en el mercado.

No obstante, el reto es aun mayor al intentar establecer un sistema de monitorizacion
durante el proceso de fibrilacién mecénico, por ejemplo, en el HPH. Estas dificultades se deben
principalmente a la elevada heterogeneidad morfoldgica de los materiales nanocelulésicos, los
cuales presentan elevados indices de polidispersidad (PDI). EI PDI es un parametro utilizado para
cuantificar la heterogeneidad en el tamafio de las particulas, siendo los valores mas cercanos a
0 indicadores de una distribucion mas uniforme en los tamanos [39]. En ciertos casos, los
materiales nanocelulésicos presentan valores de PDI cercanos a 0,2, lo cual revelaria una
distribucidn uniforme de tamafios [252]. No obstante, estos PDIs generalmente son propios de
CNCs [39], o de CNFs modificadas quimicamente y tras sucesivas etapas de HPH [253]. Asimismo,
los procesos de fibrilacion enteramente mecanicos conllevan PDIs mas elevados, con
distribuciones de diametro y longitud mds amplias [254]. No solamente esto sino que durante
los procesos de fibrilacion mecanicos coexisten cambios estructurales y morfoldgicos variados y
dificiles de predecir. Debido a esto, los procesos de fibrilacion pueden ser complicados de
monitorizar, motivo por el cual normalmente se opta, al menos a escala de laboratorio, por la
caracterizacién del nanomaterial mediante procesos multiparamétricos [255]. Estos procesos
permiten obtener un roster completo de propiedades en base a pardmetros como el
rendimiento de nanofibrilaciéon, Water Retention Value, transmitancia y técnicas de microscopia
electrdnica, entre otros [256]. Incluso es posible la obtencidn de un Unico indicador de calidad a
través de estos procesos multipardmetros. Por ejemplo, Desmaisons et al. [257] elaboraron una
metodologia para obtener un indicador de calidad de unas CMNFs mediante un proceso de
caracterizacién basado en 4 parametros distintos. Uno de los parametros utilizados por el autor

requeria la produccién de nanopapeles para determinar posteriormente sus propiedades
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mecanicas. Si bien es cierto que el trabajo es consistente, la produccién de nanopapeles requiere
tiempo y, ademas, los resultados pueden verse afectados por el factor humano.

Otra posibilidad seria la caracterizacion del nanomaterial a partir de un Unico pardmetro, lo
cual permitiria un método de monitorizacidn mas rdpido. Algunos autores proponen el uso de
técnicas de observacidn microscépica, principalmente microscopia electrdnica (Barrido “SEM” y
Transmisidon “TEM”) y de fuerza atémica (AFM), con el objetivo de determinar el grado de
fibrilacion y dimensiones de las nanofibras [258]. No obstante, el andlisis de nanofibras
mediante técnicas de microscopia puede ser un proceso lento, tedioso y costoso.
Alternativamente, se podria implementar un sistema automatico de adquisicién y analisis de
imagenes, pero existiera el riesgo de omitir ciertas estructuras relevantes, particularmente las

fracciones de menores dimensiones [259,260].

De una forma mas simple, Gu et al. [261] propusieron el WRV como pardmetro de
monitorizacién del grado de fibrilaciéon para unas CMNFs (tratadas mediante refinado mecanico
mas grinding). Como se ha mencionado, el WRV ha sido tradicionalmente usado en el sector
papelero para controlar los procesos de refinado mecanico en fibras micrométricas. En este
estudio, los autores dan un paso mas y sugieren la capacidad del WRV como parametro de
monitorizacién del grado de fibrilacion durante la produccion de CMNFs. Los autores sostienen
que la evaluacion del grado de fibrilacion mediante el parametro WRV es consistente con las
imagenes SEM proporcionadas de las CMNFs. Adicionalmente, los autores presentan una
metodologia mas fiable de determinacién del WRV mediante el uso de una membrana de 0,1um
de poro, y una centrifugacién mas moderada de 3000g durante 15min. Esta propuesta se debe
a que aplicando el equipamiento y metodologia usual de determinacién del WRV, existe el riesgo
de perder las nanoparticulas a través de la membrana [262]. Este riesgo se acentla en grados
de NC altamente nanofibrilados, lo cual provoca que el WRV pueda carecer de fiabilidad y
reproducibilidad, y que sea necesario adecuar o modificar las condiciones del ensayo para
materiales nanoceluldsicos [263]. Por otro lado, como se describe en la presente tesis doctoral,
la elevada sensibilidad del WRV a variaciones en la composiciéon quimica podria simplificar su
uso como parametro de monitorizacidn a pulpas quimicas, siendo no aplicable en pulpas de alto
rendimiento [264]. Ademas, la determinacién del WRV requiere de una gravimetria a posteriori
para determinar el peso seco del nanomaterial retenido en la malla, lo cual demora el proceso

de caracterizacion.

Hasta el momento, el método de monitorizacidn con mayor potencial se ha basado en la
determinacidn de la transmitancia de la suspensidn [255]. Brevemente, aquellas particulas por
debajo de un cierto tamafio se opondran menos el paso de la luz, resultando en valores de
transmitancia mas elevados. Por este motivo, algunos autores relacionan el grado de fibrilacién
en materiales nanoceluldsicos con su transmitancia [258]. La transmitancia se puede medir en
films [175] o sobre la misma suspensidn [259]. En este Ultimo caso, la suspensidn se diluye hasta
el 0,1% y se introduce en cubetas de cuarzo, donde se mide la transmitancia mediante

espectrofotometria UV-Vis en el rango de longitud de onda comprendido entre 400 y 800nm

33



Ferran Serra Parareda
2022

[108]. Cabe recalcar que los valores de transmitancia pueden variar ostensiblemente en funcién
del contenido de lignina [265]. En este sentido, Li et al. [266] informaron que la lignina era capaz
de absorber la luz a través de sus grupos cromoforos, por lo tanto reduciendo la transmitancia.
La turbidez también se podria empelar, como método espectroscdpico, para evaluar el grado de
fibrilacion. Tradicionalmente, la turbidez se ha aplicado al sector papelero para evaluar la calidad
de las aguas residuales de proceso a través de la cantidad de particulas en suspension [267]. En
este sentido, la transmitancia y turbidez se fundamentan en principios similares, incluso es
posible relacionarlas directamente entre ellas. Ambos pardmetros, transmitancia y turbidez,
fueron correlacionados con el rendimiento de nanofibrilacién en un estudio desarrollado por
Moser et al. [258]. Adicionalmente, Chinga-Carrasco [259] constatd en un reciente estudio, en
el cual revisaba distintos métodos dpticos de caracterizaciéon de la NC, el potencial de la

transmitancia para monitorizar el grado de fibrilacion.

En la presente tesis se proponen dos sistemas de monitorizacidn para el proceso productivo
de LCMNFs. El primero a través del parametro de demanda catidnica para controlar el grado de
fibrilacion durante las etapas de refinado y HPH, permitiendo asi un control global sobre el
proceso productivo. En segundo lugar, se sugiere la evaluacion del comportamiento reoldgico
de las suspensiones homogenizadas como método de monitorizacion facilmente adaptable al
proceso de produccidn, y con la capacidad de proporcionar informacion util sobre el estado

morfoldgico del nanomaterial.
1.3.1 Demanda catidnica (CD) y superficie especifica (SSA)

Los grupos anidnicos, hidroxilos y carboxilos, otorgan a las fibrillas una carga superficial
negativa [268]. Histéricamente, la carga superficial ha desempefiado un papel importante en el
sector papelero para controlar la retencién de particulas coloidales, tales como finos y cargas
minerales, mejorar los procesos de drenaje y optimizar la adicidon de agentes de resistencia en
seco y en humedo [269]. Igualmente, la carga superficial puede afectar a la flexibilidad de las
fibrillas y al desarrollo de las propiedades del papel [270]. Otros estudio indican que fenémenos
como la hidrofilicidad y capacidad de hidratacidn (swelling) de las fibras, estan en parte
gobernados por la carga superficial [271]. El interés en la carga superficial de las fibras también
se observa durante los procesos de refinado mecanico, durante los cuales se generan elevadas
cantidades de finos, y la superficie de las fibras aumenta, afectando asi a la carga superficial
[272,273].

Con el objetivo de determinar la carga superficial, también conocida como demanda
catidnica (CD), la valoracién potenciométrica con polielectrolitos es uno de los métodos mas
empleados [269]. Esta valoracidn suele realizase por retroceso, es decir, se afiade una cantidad
en exceso y conocida de polielectrolito catidnico en la suspensidn, el exceso del cual es valorado
con un polielectrolito aniénico mediante un detector de carga de particulas [274]. También es
posible la utilizacion de un indicador en lugar de un detector de cargas, para indicar la
neutralizacion del exceso de polielectrolito catidnico [275]. Para la valoracidn, es preferible

utilizar polielectrolitos de alto peso molecular. Por ejemplo, en anteriores estudios, Winter et
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al. [276] y Wagberg et al. [277] emplearon cloruro de polidialildimetilamonio (PolyDADMAC) de
alto peso molecular como polielectrolito catidnico, aunque también son frecuentes
polielectrolitos como el bromuro de hexadimetrina, el 3,6-ionene, y el metil glicol quitosano
[278]. El exceso de PolyDADMAC resultante de la valoracién puede determinarse mediante
polielectrolitos anidénicos tales como polivinilo sulfato potasico (PVSK) [279] o polietileno
sulfonato sddico (Pes-Na) [280]. Brevemente, la estructura del mondmero de PolyDADMAC se
detalla en la Figura 16, indicando también las distancias interatdmicas y dngulos aproximados

entre enlaces.

v C'{ \ n
\ H-C-H < 109.5°

C-H=1.10A

Figura 16. Estructura del mondmero de PolyDADMAC, distancias interatdmicas, y angulos de enlaces
aproximados. La distancia “a” es 5,43 A, mientras la “b” es 4,85 A [281]

El PolyDADMAC es un homopolimero lineal cuyos mondmeros contienen un amonio
cuaternario. Durante la valoracion potenciométrica, el PolyDADMAC se adsorbe
superficialmente sobre las fibrillas mediante fuerzas de Van der Waals con los grupos hidroxilos,
y asimismo interacciona idnicamente (ion — dipolo) con los grupos carboxilos. Dichas
interacciones entre el PolyDADMAC y los grupos anidnicos en la superficie de la fibra se ilustran
en la Figura 17.

Fibra lignocelulésica

Figura 17. Intercambio idnico (1) y fuerzas de Van der Waals (2) entre el PolyDADMAC y los grupos
anidnicos en la superficie de la fibra [281]
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El interés en determinar la CD en suspensiones papeleras se ha trasladado, mediante un
procedimiento similar, en el sector de los materiales nanocelulésicos como pardmetro de
caracterizacién [255]. Por ejemplo, Hassan et al. [282] determiné la carga superficial de unas
CNFs pretratadas enzimaticamente mediante un detector de cargas Miitek, y una disolucién de
PolyDADMAC 2,97-10*M, obteniendo valores alrededor de 150 peqg/g. La metodologia también
se ha aplicado a aquellos grados de NC mas fibrilados. Por ejemplo, en unas CNFs pretratadas
mediante oxidacién TEMPO, la carga superficial determinada mediante valoraciéon
potenciométrica por retroceso, usando como polielectrolitos PolyDADMAC y Pes-Na, fue de
unos 1000 peqg/g. Cabe recalcar que en aquellos pretratamientos en los cuales se incorporen
cargas superficiales (p. ej. grupos carboxilos durante oxidacién TEMPO), la CD puede fluctuar
significativamente. A titulo de ejemplo, se observé que para una CNFs-TEMPO pretratadas a
diferentes intensidades de 5, 10 y 15 mmol de NaClO/g, los valores de CD variaban desde 1174
hasta 2239 peq/g [108]. Algo similar sucede en aquellas CNFs pretratadas mediante reacciones
de cationizacion. Por ejemplo, unas CNFs sometidas a un pretratamiento de cuaternizacién y
seguidamente HPH, resultaron en una carga superficial positiva [283]. Dicha influencia no se
observa en pretratamientos enzimaticos o mecanicos, pues no se modifica quimicamente la

superficie de las fibras.

La carga superficial podria ser representativa de la superficie especifica (SSA) del
nanomaterial, y aparentemente de su nivel de desestructuracién, lo cual sugiere la utilidad del
pardmetro de CD como parametro de monitorizacién del proceso de fibrilacion. Cabe mencionar
gue la CD no estd estrechamente influenciada por el contenido de lignina de la muestra, como
si lo estan pardmetros como el WRV y la transmitancia. Por ejemplo, Bhardwaj [280] informé
que la CD de unas fibras lignoceluldsicas (valoracién por retroceso con PolyDADMAC y Pes-Na)
no variaba significativamente, situdndose alrededor de 50 peq/g para un rango de nimero
Kappa entre 40 a 105. Aunque el contenido de lignina no sea un factor predominante, hay otras
variables que considerar durante el analisis de la CD. En primer lugar, se asume que el peso
molecular del polielectrolito jugara un papel clave en su capacidad de difusidn y penetracién a
través de las fibrillas lignoceluldsicas [284,285]. Por ejemplo, Zhang et al. [286] indicaron que los
PolyDADMAC de bajo peso molecular (entre 7,5 — 15 kDa) podian penetrar a través de la
estructura interna mediante mecanismos de difusién, ademas de los poros de las fibras, mas
eficientemente que aquellos PolyDADMAC con pesos moleculares superiores (> 100 kDa), los
cuales habitualmente se adsorben en las superficie de las fibras. En la misma linea, otro estudid
concluyo que un PolyDADMAC de peso molecular bajo (8,75 kDa) podia alcanzar las superficies
internas de la pared celular de las fibras, mientras dos PolyDADMAC de peso molecular medio
(48 kDa) y alto (1200 kDa) solamente alcanzaban las superficies externas [287].
Consecuentemente, es de esperar un mayor consumo de polielectrolito catidnico, y por lo tanto
valores de CD mas elevados, a medida que el peso molecular de este disminuya. No obstante,
se acepta que a partir de pesos moleculares superiores a 100 kDa, la influencia del peso
molecular del polielectrolito disminuye drasticamente, pues este solamente se capaz de acceder

a las cargas mas superficiales de las fibras [288]. La adsorcidon Unicamente superficial del
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polielectrolito no necesariamente debe ser vista como un inconveniente, pues es posible una

mejor representacién de los grupos hidroxilos y carboxilos realmente accesibles y disponibles.

A parte del peso molecular, la fuerza iénica y pH del medio son factores que también
pueden afectar al analisis de la CD. Ambos factores pueden fluctuar especialmente en circuitos
industriales, pues a escala de laboratorio el andlisis se realiza en condiciones controladas de pH
neutro y medio desionizado. Generalmente se asume que los polielectrolitos en medio
desionizado se comportan como polimeros rigidos debido las fuerzas de repulsidon
electrostaticas entre mondmeros. No obstante, un incremento en la fuerza idnica del medio
puede afectar a la rigidez del polielectrolito y provocar un cambio conformacional en el mismo,
pasando de un estado de barra rigida al enrollamiento aleatorio [289]. Para cuantificar este
fendmeno, generalmente se opta por el término de longitud de persistencia, el cual define la
distancia a partir de la cual la cadena puede ser considerada como rigida [290]. En este sentido,
al disminuir la longitud de persistencia también lo hace la superficie especifica efectiva del
polielectrolito, requiriendo una mayor cantidad de este para neutralizar las cargas superficiales
de las fibras. En el caso particular del PolyDADMAC, Enarsson et al. [291] reportaron que a partir
de un 0,1M de NaCl en el medio de analisis se podia observar una diferencia significativa en el
consumo de polielectrolito. La alcalinidad del medio también puede afectar a la adsorcién del
polielectrolito, pues las fibras pueden expandirse o hincharse, promoviendo la difusién del
polielectrolito a través de ellas. En cualquier caso, es importante conocer cdmo puede variar el
consumo de PolyDADMAC, y en definitiva los valores de CD, en funcién de la fuerza iénica y pH
del medio [292].

La determinacion de la CD permite estimar numéricamente la superficie especifica (SSA) de
las fibras lignoceluldsicas y/o materiales nanoceluldsicos, segun se describe en recientes
publicaciones del grupo de investigacion LEPAMAP-PRODIS [108,293]. La determinacion de la
SSA a partir de los valores de CD ofrece ciertas ventajas respecto otras técnicas. Por ejemplo, en
el sector papelero, una de las primeras metodologias propuestas para determinar la SSA fue el
test de permeabilidad Pulmac [294,295]. No obstante, este test, ademas de tratarse de una
técnica compleja, carece de reproducibilidad y fiabilidad [296]. Otras técnicas para determinar
la SSA de las fibras lignoceluldsicas consisten en la adsorcién de tintes, por ejemplo, azul de
metileno o Rojo Congo [297]. Contrariamente, en materiales nanoceluldsicos, generalmente se
opta por el uso de isotermas de adsorcidn, preferiblemente siguiendo el modelo BET, y
empleando nitrogeno como adsorbente (N;) [298,299]. No obstante, este método requiere
equipamiento muy especifico y la produccion de aerogeles mediante procesos de liofilizacion,

lo cual dificulta y limita la reproducibilidad del ensayo [300].
1.3.2 Reologia de las suspensiones de LCMNF/CMNF

Determinar el comportamiento reoldgico de las suspensiones de LCMNF/CMNF puede
suponer, a diferencia de la CD, un método mds rdpido de monitorizacion, incluso adaptable en

linea con el proceso de produccidn. De hecho, el uso de viscosimetros/reémetros en linea para
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monitorizar el proceso de produccién estd extendido en sectores como el alimentario [301],

produccién de biodiesel [302], plasticos [303], y farmacéutico [304], entre otros. Los reémetros
industriales funcionan en base un spindle que, rotando a una velocidad constante, provoca un
esfuerzo cortante sobre la suspension en cuestidn. Se puede decir que a una determinada
velocidad de cizallamiento (y), se mide la resistencia que opone el fluido a través de su viscosidad
aparente (n) [301]. A escala de laboratorio, un equipo representativo para determinar el
comportamiento reoldgico de las suspensiones son los redmetros de Couette, como el ilustrado
en la Figura 18. La velocidad de cizallamiento se puede calcular a partir de las dimensiones del
spindle y recipiente, y la velocidad de rotacién en rpm.
— 2nN;  R?
60 RZ—R?

y=2-

Figura 18. Redmetro de Couette y ecuacidn para conocer la velocidad de cizallamiento. Ni = velocidad de
giro (rpm)

Los materiales nanoceluldsicos, en suspensidn acuosa, exhiben un comportamiento no
Newtoniano pseudopldstico, y tixotrépico [305]. Brevemente, un fluido no Newtoniano es aquél
cuya viscosidad varia en funcién de la velocidad de cizallamiento aplicada, mientras que en un
fluido Newtoniano, la viscosidad aparente permanece constante. Los ejemplos mas comunes de
fluidos Newtonianos son el agua y el aire. Los fluidos no Newtonianos pueden subdividirse en
dilatantes y pseudoplasticos. Los fluidos pseudopldsticos son aquellos cuya viscosidad aparente
disminuye a medida que incrementa la velocidad de cizallamiento, un comportamiento propio
de los materiales nanocelulésicos. La pseudoplasticidad de las suspensiones nanofibriladas se
debe a que, en estatico, o a velocidades de cizallamiento muy bajas, las fibrillas se encuentran
en forma de red y entrelazadas unas con otras, con una movilidad muy limitada, lo cual se
traduce en suspensiones viscosas que ofrecen una alta resistencia al movimiento. Al aplicar un
esfuerzo sobre ellas, las fibrillas se desenredan y alinean en la direccién del flujo, disminuyendo
asi la viscosidad aparente de la suspensién [306]. Por lo contrario, la tixotropia es caracteristica
de fluidos cuya viscosidad aparente disminuye con el tiempo durante el cual se le aplica un
régimen constante de velocidad de cizallamiento. Normalmente, la tixotropia ocurre en fluidos

de reologia pseudoplastica, en el sentido que la viscosidad aparente disminuye tanto al
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aumentar la velocidad de cizallamiento, como al incrementar el tiempo de exposicion del fluido
a esta velocidad [307]. Las propiedades pseudopldsticas y tixotrépicas de las suspensiones
nanofibriladas, expresadas como la evolucién de la viscosidad aparente en funcion de la
velocidad de cizallamiento y tiempo, respectivamente, se muestran de forma grafica en la Figura
19.

El comportamiento descrito para suspensiones nanofibriladas puede ser modelado a través
de la ley de la potencia, o la relacion Ostwald-de Waele, expresada como: n = k - y™ [306]. En
este ecuacion, los pardmetros k y n se denominan indice de consistencia e indice de fluidez,
respectivamente. Comunmente, los valores de k se emplean como medida indirecta de la
viscosidad de la suspensidon, mientras que los valores de n se utilizan para evaluar el grado de
comportamiento no Newtoniano de la suspension [308]. Expresado de otra forma, Tatsumi et
al. [309] sugieren que el indice de consistencia k refleja rasgos individuales de las fibrillas,
principalmente morfoldgicos, mientras el indice de fluidez n representa propiedades

estructurales de la suspension.

(a) (b)

Fluido Newtoniano

Fluido dilatante

=k-y"(n>1
7 i ) Fluido reopéctico

Fluido pseudoplastico

n=k-y"(0<n<1)

Fluido Newtoniano

Viscosidad aparente (1)
Viscosidad aparente (1)

Fluido tixotropico

Velocidad de cizallamiento (y) Tiempo

(Velocidad de cizallamiento = constante)

Figura 19. Comportamiento reoldgico en funcién de la velocidad de cizallamiento (a) y tiempo (b)

En un estudio reciente, Hubbe et al. [306] reunieron los pardmetros mds predominantes en
el comportamiento reoldgico de las suspensiones nanofibriladas. Tales pardametros se podrian
subdividir en dos categorias: (i) los referentes al medio y/o condiciones del ensayo, vy (ii) los
individuales/estructurales propios de la suspension analizada. Entre los pertinentes al medio y/o
condiciones del ensayo, la consistencia es posiblemente el factor mas influyente, pues a medida
que incrementa el porcentaje de solidos también lo hace el nUmero de contactos entre fibrillas.
Brevemente, el nimero de contactos producidos ha sido descrito en varios estudios mediante
el parametro crowding factor [114]. Al aumentar el nimero de puntos de contacto, las fibrillas
se entrelazan unas con otras con mayor asiduidad y facilidad, aumentando asi la viscosidad

aparente de la suspension [310]. La consistencia también afecta al comportamiento Newtoniano
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de la suspensién. En este sentido, Koponen [311] encontré una relacién aplicable a
CMNFs/LCMNFs (no modificadas quimicamente) entre el indice de fluidez (n) y la consistencia

(c), seguin se expresa a continuacién: n = 0,30 - ¢,

Es importante también considerar otras variables referentes al medio como, por ejemplo,
la temperatura, pH y conductividad. Entre los primeros investigadores que evaluaron el efecto
de la temperatura sobre el comportamiento reoldgico de las suspensiones de NC destacan
Herrick et al. [4]. En este pionero estudio, los autores constataron que al incrementar la
temperatura, la viscosidad de una suspensidon de CMNFs disminuia ligeramente. Una tendencia
similar fue corroborada mas tarde por lotti et al. [305]. El efecto de la temperatura sobre la
reologia de la suspensién se atribuyd principalmente a una disminucion en la viscosidad del
agua. Asimismo, en grados de CNF altamente nanofibrilados, el efecto de la temperatura puede
ser significativamente menor, incluso menospreciable a veces. Recientemente, Naderi et al.
[312] concluyeron que el efecto de la temperatura (entre 5 y 50 °C) era minimo sobre la
viscosidad de una suspension de CNFs preparadas mediante carboximetilacion mas
microfluidizacion. La influencia del pH en el comportamiento reoldgico también ha sido tema de
interés académico. Paakko et al. [54] constataron una disminucidn de la viscosidad aparente al
incrementar el pH desde 2 hasta 10. Esta tendencia se atribuyé a la disociacién de los acidos
carboxilos al aumentar el pH, generando un mayor estado de repulsiéon entre fibrillas, y
disminuyendo el nimero de puntos de contacto entre ellas. Asimismo, ciertos estudios aseguran
que la influencia del pH (entre 4,5 y 9) sobre el comportamiento reoldgico es minima,
especialmente en aquellos grados de CMNF/LCMNF con bajos contenidos de carga superficial
[313]. Otra variable que considerar es la conductividad o fuerza idnica del medio. Fukuzumi et
al. [314] investigaron la viscosidad de una suspension de CNFs-TEMPO en funcion de la
concentracién de NaCl. Se observd que la viscosidad de la suspension aumentaba hasta una
concentraciéon de 50mM de NaCl, aunque por encima de esta concentracion la viscosidad
disminuia progresivamente debido la formacién de agregados. Comportamientos reoldgicos
similares debido a la conductividad han sido descritos en otros estudios [315]. Los parametros
mencionados referentes a las condiciones del ensayo (consistencia, temperatura, pH vy
conductividad) pueden ser controlados o monitorizados de forma relativamente facil y eficaz

con el objetivo de comparar o caracterizar el propio nanomaterial.

A continuacidn se discuten aquellos parametros individuales y/o estructurales propios del
nanomaterial y la suspensién, que pueden afectar al comportamiento reoldgico. En este
contexto, y de acuerdo con Nechyporchuk et al. [316], se podrian definir dos categorias de NC
en funcidn del comportamiento reolégico que presenten en medio acuoso. La primera categoria
contemplaria aquellos grados modificados superficialmente (p. ej., CNCs, CNFs-TEMPO, CNFs-
carboximetilacidon, CNFs-cationizacion, etc.) [307]. En esta categoria, las fuerzas de repulsion
entre nanofibras son altas, lo cual deriva en suspensiones coloidales estables y altamente
viscosas. La segunda categoria agruparia los grados de NC no modificados quimicamente (p. €j.,
pretratamientos mecanicos y/o enzimaticos). En esta categoria, las micro y nanofibras tienden

a entrelazarse unas con otras, proporcionando un aspecto floculante a la suspensién [308]. De
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modo general, la principal diferencia entre ambas categorias seria la carga superficial de los
nanomateriales. Por ejemplo, la carga superficial de unas CNFs-TEMPO puede alcanzar valores
entre 1000 — 1500 peq/g, dependiendo de la severidad de la oxidacion, mientras en unas CMNFs
mecanicas la carga superficial puede situarse alrededor de 150 — 300 peq/g [82]. Es importante
diferenciar entre estas dos categorias, pues las relaciones reoldgicas que se establezcan para
una categoria pueden no ser transferibles a la otra [316]. El comportamiento reolégico de las
muestras estudiadas en la presente tesis se identificaria con la segunda categoria, pues no ha

sido aplicada ninguna modificacién quimica.

Los rasgos morfoldgicos son clave para comprender el comportamiento reoldgico de las
suspensiones de CMNF/LCMNF [317]. En este contexto, los nanomateriales experimentan
cambios morfoldgicos variados durante el proceso de fibrilacidn, los cuales se ven reflejados en
una variacion en el comportamiento reolégico. Por ejemplo, Schenker et al. [318] expusieron
que la viscosidad aparente de unas CMNFs aumentaba progresivamente con el grado de
fibrilacion. Los autores atribuyeron esta tendencia a un combinado de cambios morfoldgicos,
entre los cuales destacaba un incremento en la relacién de aspecto y disminucién en el didametro
de las fibrillas. Otros autores han destacado la influencia de parametros morfoldgicos, como por
ejemplo, el diametro, longitud, y relacién de aspecto, en la capacidad de las fibrillas para formar
estructuras entrelazadas, y de esto modo contribuir a la viscosidad de las suspensiones [317].
Incluso hay autores que relacionan directamente el crowding factor con la relacién de aspecto,
y la concentracion de las suspensiones [319], aunque probablemente estas relaciones se
adecuen mejor a grados de NC quimicamente modificados [320].

Cabe resaltar que, independientemente de los pardmetros morfoldgicos, la flexibilidad de
las fibrillas juega un papel preponderante en su capacidad de entrelazamiento, especialmente
al comparar pulpas de alto rendimiento con pulpas kraft. El elevado contenido de lignina en
pulpas de alto rendimiento rigidiza la estructura de la fibrilla y la hace menos deformable,
mientras en pulpas kraft las fibrillas son mas flexibles y pueden entrelazarse unas con otras mas
facilmente. Consecuentemente, se espera que las muestras procedentes de pulpas de alto
rendimiento sean menos viscosas [321]. En segundo lugar, las fibrillas con menores diametros
seran mas flexibles que aquellas mas gruesas [318]. La carga superficial también puede afectar
al comportamiento reoldgico de las suspensiones, aunque dicha influencia puede ser mayor en
grados de NC modificados quimicamente (primera categoria) [308]. En este sentido, un
incremento en la carga superficial podria reducir los puntos de interaccion entre fibrillas

(crowding factor) debido un mayor estado de repulsion [322].

Se observa que las etapas sucesivas de fibrilacién pueden producir ciertos cambios en las
LCMNF/CMNF, los cuales pueden afectar, incluso de forma opuesta, al comportamiento
reoldgico de la suspensién. Adicionalmente, los efectos producidos pueden variar en funcién del
tratamiento mecanica aplicado. Por ejemplo, Sneck et al. [323] determinaron que los valores de
viscosidad incrementaban con el grado de fibrilacién para unas CMNFs tratadas con

homogeneizador de alta presién. Contrariamente, en otro estudio, Kangas et al. [256]
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concluyeron que la viscosidad aparente de las suspensiones disminuia a medida que aumentaba
el grado de fibrilacidn. Estas discrepancias pueden atribuirse a los distintos efectos morfolégicos
gue ocasionan los tratamientos mecdnicos. Por ejemplo, el equipo grinder produce un efecto de
corte mayor sobre las fibrillas que el homogeneizador a alta presion, derivando en relaciones de

aspecto inferiores [324].

En resumen, los materiales nanocelulésicos presentan un comportamiento reoldgico
complejo y sujeto a multiples variables, de proceso y del propio nanomaterial, lo cual ha limitado
el potencial de la reologia como parametro de monitorizacidn para materiales nanocelulésicos.
En este sentido, la presente tesis intenta dilucidar las posibles relaciones reolégicas en grados
de CMNF/LCMNF producidos mediante métodos mecanicos.
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2. Objetivo y justificacion de la tesis

2.1 Justificacidn

La presente tesis doctoral se fundamenta en la necesidad de explorar nuevas materias
primas para la producciéon de nanofibras de celulosa, asi como contribuir al desarrollo de
sistemas de monitorizacién de los procesos de fibrilacion y de aplicacién en el sector papelero.
En este sentido, los trabajos que conforman esta tesis doctoral por compendio de articulos han
contribuido y contribuirdn de forma significativa al despliegue industrial de procesos de
produccidén de micro/nanofibras lignoceluldsicas mas econdmicos, respetuosos con el medio
ambiente y viables desde un punto de vista técnico. Todo ello se ha ejemplificado mediante la
produccién, caracterizacion y aplicacién de LCMNFs utilizando como materia prima una pulpa
de alto rendimiento de abeto con alto contenido en lignina, poniendo de manifiesto la viabilidad
de obtener nanomateriales de elevadas prestaciones y de origen renovable, ademds de

producirlos generando el menor residuo mediante procesos de alto rendimiento.

El articulo 1 (Chemical-free production of lignocellulosic micro- and nanofibers from high-
yield pulps: Synergies, performance, and feasibility) de la presente tesis doctoral se planted
como un estudio introductorio en el cual se argumentaron los beneficios de una linea de
produccién mecdnica de LCMNFs a partir de una pulpa de alto rendimiento, determinando
experimentalmente la viabilidad técnica y econdmica del proceso productivo. Adicionalmente,

se estudio el potencial de las LCMINFs como agente de refuerzo de papel reciclado.

Uno de los parametros de caracterizacion empleados en el articulo 1 es la demanda
cationica (CD). La CD constituye uno de los pilares de la presente tesis, tomando un papel
preponderante en los articulos 2 y 3. En el articulo 2, (Potentiometric back titration as a robust
and simple method for specific surface area estimation of lignocellulosic fibers) se propuso la CD
como parametro para estimar numéricamente la superficie especifica (SSA) de las fibras
lignocelulésicas. Adicionalmente, el método propuesto se compard con otra técnica de andlisis
mas reconocida como es la adsorcién con Rojo Congo (CR). Por otro lado, se proporcioné un
estudio sobre los mecanismos de interaccion polielectrolito-fibra en funcién de si la adsorcién
ocurre sobre fibras o finos, y de las condiciones del medio, considerando pH y conductividad. El
interés de este trabajo se justifica en base la importancia de determinar la SSA de las fibras
lignocelulésicas de una forma simple, efectiva y reproducible en circuitos industriales,

particularmente en procesos quimicos del wet-end del proceso de produccion de papel.

El articulo 3 (Monitoring fibrillation in the mechanical production of lignocellulosic
micro/nanofibers from bleached spruce thermomechanical pulp) y articulo 4 (Correlation
between rheological measurements and morphological features of lignocellulosic
micro/nanofibers from different softwood sources) se fundamentan en la necesidad de

encontrar parametros de monitorizacion adecuados que permitan un control de calidad en
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tiempo real sobre el proceso productivo de LCMNF. Se entiende por pardmetros de
monitorizaciéon adecuados aquellos capaces de proporcionar de forma fiable informacidn sobre
el grado de fibrilacion, u otras propiedades representativas de las caracteristicas, de las LCMNFs.
En el articulo 3 se propuso la CD para controlar el grado de fibrilacién de las muestras durante
las etapas de refinado mecanico y HPH. Por lo contrario, en el articulo 4 se estudid el
comportamiento reolégico como herramienta de monitorizacién del proceso de fibrilacidn
debido su correlacion con propiedades morfolégicas y estructurales de las LCMNF. El articulo 4
se justifica en la medida en que, a diferencia de la demanda catidnica (articulo 3), los redmetros
pueden adaptarse mas facilmente, incluso en linea (in-line monitoring), con al proceso
productivo. No obstante, la determinacion de la CD permite un sistema de monitorizacién global
del grado de fibrilacién. En este sentido, ambas técnicas de monitorizacién pretenden
proporcionar informacidn complementaria, y conllevan ciertas limitaciones que podrian sugerir
el uso de una técnica u otra en funcién del contexto de produccién, asi como el desarrollo de

una soluciéon combinada.

En el articulo 1 de la presente tesis se demostré el potencial de las LCMNFs como agente de
refuerzo para producto de papel reciclado. En este contexto, y con el objetivo de impulsar el
desarrollo industrial de estos nanomateriales en el sector papelero, el articulo 5 (Technical,
economic and environmental evaluacién of a micro-/nanofiber-reinforced market pulp to be
distributed as an efficient strengthening agent for packaging paper) describe una metodologia
innovadora de comercializacion de LCMNFs basada en los conceptos de masterbatch, y
combinacion de diferentes pulpas durante la produccion de papel. Este trabajo se justifica por
el interés en encontrar vias de comercializacién econdémicas y respetuosas con el medio
ambiente, ofreciendo asi una alternativa al transporte de suspensiones altamente diluidas, y a

los sistemas de produccidn y aplicacidn in situ.

2.2 Objetivo general

El objetivo principal de la presente tesis doctoral es evaluar la viabilidad de un sistema de
produccién enteramente mecanico de micro-nanofibras lighocelulésicas (LCMNF) a partir de una
pulpa de abeto de alto rendimiento con alto contenido de lignina, con el propdsito de impulsar
el desarrollo industrial del nanomaterial desde una perspectiva técnica, econdmica y

medioambiental.

2.3 Objetivos especificos

Para alcanzar el objetivo principal de la presente tesis doctoral, se han planteado una serie

de objetivos especificos, que se detallan a continuacion:

1. Evaluar técnicamente el proceso productivo de micro/nanofibras lignocelulésicas
empleando como materia prima una pulpa termomecdnica de abeto con alto

contenido en lignina (articulo 1).
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2. Determinar el potencial de las LCMNFs como agente de refuerzo en papel reciclado

(articulo 1y articulo 5).

3. Establecer una secuencia de refinado mecdnico y homogenizacién que permita

minimizar el coste energético sin comprometer excesivamente las propiedades y

prestaciones del nanomaterial (articulo 1).

4. Determinar de forma efectiva la SSA de las fibras lignoceluldsicas mediante el

parametro de caracterizacion de CD e indagar en las relaciones polielectrolito-fibra

(articulo 2).

5. Evaluar la influencia del pretratamiento mecdanico (equipo e intensidad) sobre las

LCMNFs obtenidas (articulo 1, articulo 2, articulo 3 y articulo 4).

6. Determinar la viabilidad del uso de la CD como sistema de monitorizacion efectiva

del grado de fibrilacién de las LCMNFs durante el proceso de produccidn (articulo

3).

7. Dilucidar las posibles dependencias y correlaciones reoldgicas de las suspensiones

de micro/nanofibras, para su uso como parametro de monitorizacion (articulo 4).

8. Determinar la viabilidad econdmica, técnica y medioambiental de la propuesta de

comercializacion de LCMNFs basada en el concepto de masterbatch, para su uso

especifico en el sector papelero (articulo 5).
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Abstract: Far from being devoid of improvement, mechanical fibrillation benefits from high-yield
pulping and refining to produce lignocellulosic micro- and nanofibers (LCMNFs).
Spruce thermomechanical pulp was pretreated in a PFI mill to 10,000-30,000
revolutions and then passed, from 3 to 12 times and at 300-900 bar, through a high-
pressure homogenizer. Mainly depending on those variables, the yield of
nanofibrillation (in weight) ranged from 3% to 23%. The successive passes in the
homogenizer significantly increased the specific surface area of the LCMNFs, hereby
determined by Congo Red (from 115 to 164 m 2 /g) and
poly(diallyldimethylammonium chloride) (from 54 to 89 m 2 /g) adsorption and
contributed to higher cationic demands and water retention values, reaching values up
to 229 peg/g and 2.53 g/g, respectively. The performance of LCMNFs as a
strengthening additive in papermaking was assessed, addressing the feasibility of the
process. For instance, LCMNFs that had undergone 20,000 PFI revolutions and 6
passes through the homogenizer produced a 73% relative increase in breaking length
of a virgin pulp, with an energy input of 19.2 kWh/kg (implying ~1.3 $/kg). Considering
the synergic effects between mechanical treatments, a high fines content and the
presence of lignin and hemicellulose, this can be a step towards waste minimization
and reduction of hazardous chemicals, including sulfur and chlorine compounds.
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Green production of LCMNEF: high-yield pulping, refining and homogenization.
Refining of a bleached thermomechanical pulp eased the subsequent fibrillation.

Up to 30,000 PFI revolutions and up to 12 passes through the homogenizer were tested.
High enhancement of paper strength for both virgin (93%) and recycled (63%) pulps.
Recommended conditions imply a total energy consumption of 19.2 kWh/kg.
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! Non-standard abbreviations:

BEKP: bleached eucalyptus kraft pulp

BL: breaking length

CC: carboxyl content

CD: cationic demand

CR: congo red

dF: average fiber diameter

HPH: high-pressure homogenizer

FRP: fluting recycled pulp

LCMNFs: lignocellulosic micro- and nanofibers
1,': average fiber length (weighted in length)
TI: tensile index

TLRP: test liner recycled pulp
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Abstract

Far from being devoid of improvement, mechanical fibrillation benefits from high-yield pulping
and refining to produce lignocellulosic micro- and nanofibers (LCMNFs). Spruce
thermomechanical pulp was pretreated in a PFI mill to 10,000-30,000 revolutions and then
passed, from 3 to 12 times and at 300-900 bar, through a high-pressure homogenizer. Mainly
depending on those variables, the yield of nanofibrillation (in weight) ranged from 3% to 23%.
The successive passes in the homogenizer significantly increased the specific surface area of the
LCMNFs, hereby determined by Congo Red (from 115 to 164 m%g) and
poly(diallyldimethylammonium chloride) (from 54 to 89 m?%g) adsorption and contributed to
higher cationic demands and water retention values, reaching values up to 229 neq/g and 2.53
g/g, respectively. The performance of LCMNFs as a strengthening additive in papermaking was
assessed, addressing the feasibility of the process. For instance, LCMNFs that had undergone
20,000 PFI revolutions and 6 passes through the homogenizer produced a 73% relative increase
in breaking length of a virgin pulp, with an energy input of 19.2 kWh/kg (implying ~1.3 $/kg).
Considering the synergic effects between mechanical treatments, a high fines content and the
presence of lignin and hemicellulose, this can be a step towards waste minimization and reduction

of hazardous chemicals, including sulfur and chlorine compounds.

Keywords
cellulose, high-yield pulping, lignin, lignocellulosic micro- and nanofibers, mechanical refining,

pulp and paper

1. Introduction

Recent reports on market perspectives, up-to-date reviews of the scientific literature and techno-
economic studies (de Assis et al., 2018) leave little doubt about the growing, albeit already high,
interest in nanocellulose and potential applications (Klemm et al., 2011). More precisely, we talk

about an exponential year-by-year increase in the number of publications on cellulose micro- and
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nanofibers (CMNFs), over 3,000 as of today (Pennells et al., 2020), whereas the nanocellulose
market is expected to grow at an annual rate of 21.3% until 2025 (Balea et al., 2020). That such
interest comes from researchers and manufacturers alike raises no surprise, taking into account
the biodegradability, renewability, strength and stiffness (Tarrés et al., 2020), large specific
surface area, low thermal expansion coefficient, and excellent gas barrier properties of CMNFs
(Boufi et al., 2016).

An opportunity arises from the unbalance between the welcoming of CMNFs by manufacturing
industries, encompassing a wide spectrum of applications from papermaking (Boufi et al., 2016)
to printed electronics (Hoeng et al., 2016), and the uncertainty of how the production process
should be implemented (Turk et al., 2020). Stating that fibrils are not something to be synthesized,
as they are naturally found, but to be physically extracted, may be an obvious remark. And yet,
in spite of this truism, the current scientific production on nanocellulose, as valuable as it 1s,
usually focuses on the chemical modifications that ease the actual extraction (Li et al., 2021).

It is common to read that chemical pretreatments (i.e., TEMPO-mediated oxidation) (Isogai et al.,
2011) or enzymatic pretreatments (Lindstrém et al., 2014), one of whose main goals is reducing
the energy input for the subsequent mechanical stage, are necessary to attain feasible production
processes (Zhang et al., 2012). This is an understandable view but, mainly due to our experience
with lignocellulosic materials and both chemical and mechanical treatments (Delgado-Aguilar et
al., 2016; Filipova et al., 2020), we are critical with it.

An objection can be expressed as follows: when trying to overcome the energy costs of
homogenization with chemical pretreatments, these introduce new limitations that are often
overlooked. The drawbacks of TEMPO-mediated oxidation, periodate oxidation and
carboxymethylation may include excessive depolymerization (Coseri et al., 2013), poor retention
of fillers with negatively-charged surfaces in papermaking (Ammili et al., 2013), presence of
highly reactive functional groups (Ruan et al., 2017), and unaffordable scale-up (Delgado-Aguilar
et al., 2015). As for the enzymatic hydrolysis, it is more environmentally friendly and allegedly
more cost-effective (Nechyporchuk et al., 2016), but its implementation at a large scale faces
though problems, including long reaction times and the challenge of turning an enzymatic batch
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production into a feasible continuous process. Moreover, said environmentally friendliness is
under question when considering the large heating needs (Piccinno et al., 2018).

Then, along with this objection, some recent findings with mechanical pretreatments and certain
sources of CMNFs boost our confidence in the hypothesis of an entirely mechanical line of
production. Ang et al. (2020) have carried out an insightful study on the properties of the
nanofibers from virgin and recycled delignified pulps that had been refined in a PFI mill, where
the number of revolutions was as high as 50,000. Other authors have used PFI refining as a
pretreatment for the nanofibrillation of lyocell fiber (Long et al., 2018), carrots (Varanasi et al.,
2018), banana leaves (Espinosa et al., 2018), eucalyptus sawdust (Vallejos et al., 2016) and
general bleached chemical pulps either from softwood (Janardhnan and Sain, 2011) and hardwood
(Kumar et al., 2014). Nonetheless, to the extent of the authors’ knowledge, the effect of the PFI
mill on the properties of the fibrillated suspensions is yet to be explored. Therefore, the present
work attempts to relate, in a universally useful way, the energy consumption in both the PFI mill
and the high-pressure homogenizer (HPH), the most widely used system to obtain micro- and
nanofibers, to the final properties of the fibrillated suspension.

Finally and consistently, our approach to dispose of chemical pretreatments in the production
process of CMNFs involves disposing of chemical pulping methods when processing wood chips.
Thermomechanical pulping offers good fiber properties in comparison to purely mechanical
pulps, while attaining a much higher yield (~90%) than chemical pulps (Moral et al., 2017). A
bleaching step may be added after the process to increase pulp brightness by targeting the
chromogenic groups of lignin and hemicelluloses, but keeping high amounts of these
macromolecules, obtaining the so-called bleached thermomechanical pulp (BTMP). Partly
because of its low extractives content and the morphology of its fibers, spruce wood has
traditionally been regarded as the benchmark wood species for thermomechanical pulping
(Fiserova et al., 2019). Consequently, the possibility of a fully mechanical production of
lignocellulosic micro- and nanofibers (LCMNFs) from spruce BTMP, involving the use of a
Valley beater, was explored in a previous work of ours (Serra-Parareda et al., 2021). Now, besides
introducing the hypothesis that the presence of lignin and amorphous carbohydrate polymers
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boosts the advantages of PFI refining, we go beyond the production and characterization of
LCMNFs, evaluating their performance in papermaking and their feasibility.

In spite of the aforementioned works on purely mechanical fibrillation, chemical pulping and
chemical or enzymatic pretreatments still dominate the current production of nanoscale cellulosic
fibers (Balea et al., 2020). Understanding that the aspiration for an entirely mechanical line of
production requires further efforts, this paper aims to provide some new and thoughtful insights
on the influence of PFI refining as a pretreatment for softwood BTMP, on the usefulness of
LCMNFs as a strengthening additive in packaging and printing paper, and on the feasibility of
the suggested process for producing lignocellulosic nanomaterials. The study also stands as a
strategic market opportunity to valorise these low value-added pulps, as in the case of BTMP,
with respect to other pulp grades.

Such process fulfils two rules frequently associated with cleaner production: 1) waste
minimization, by avoiding the need of an advanced treatment for a chemically polluted
wastewater stream, and ii) reduction of hazardous chemicals, such as sodium sulfide (pulping)

and sodium hypochlorite (oxidative pretreatments).

2. Materials and methods

2.1 Pulps and chemicals

BTMP from spruce, containing 48.35 wt.% cellulose, 25.40 wt.% hemicelluloses, 25.8 wt.%
Klason lignin, 0.25 wt.% extractives and 0.20 wt.% ashes, was kindly provided by Norske Skog
Saugbrugs (Halden, Norway). Some relevant characteristics of this pulp include: ISO brightness
57.3%, 21.5 Schopper-Riegler degrees (°SR), and an average fiber length (weighted in length) of
1.18 mm.

Bleached eucalyptus kraft pulp (BEKP) was provided by Ence-Celulosa y Energia S.A. (Navia,
Spain). Test liner recycled pulp (TLRP) and fluting recycled pulp (FRP) were kindly supplied by
Saica S.A. (Zaragoza, Spain). The pulps were used as substrate for the addition of LCMNFs as

strengthening additive. Polydiallyldimethylammonium chloride (polyDADMAC), kindly
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124  supplied by L.C. Paper (Besall, Spain), was used as retention agent to avoid losses of nanofibers
125  during the formation of paper sheets. A sodium polyethylene sulfonate (PES-Na) aqueous
126  solution was supplied by BTG Instruments. All other reagents employed in the present work for

127  the complete characterization of samples were provided by Sigma-Aldrich and used as received.

O ~Joy b WD

128  The general experimental procedure is schematized in Figure 1.
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consistency to 10 wt.%, and then refined in a PFI mill (NPFI 02, Metrotec S.A.) according to ISO
5264-2:2002. Refining was performed at 10,000, 20,000, and 30,000 revolutions.

Freeness of pulp was measured via a Schopper-Riegler tester (model 95587 PTI) according to the
ISO standard 5267/1. The Canadian Standard Freeness was obtained from a freeness conversion
table (Gonzalez et al., 2012). The morphological analysis of fibers was performed using a MorFi
Compact analyzer (TechPAP, Grenoble, France), working by means of an image analysis system
involving the software MorFi v9.2. Besides, the content of fines in weight was measured by
filtering the pulp suspension at a consistency of 1% through a 200-mesh screen. We define “fines”
as those particles whose length lies below 75 pm.

Paper sheets were prepared following the ISO 5269-2 standard in a laboratory sheet former (ISP,
model 786 FH). Sheets were stored at 23+1 °C and a relative humidity of 50 % before testing.
Tensile mechanical tests were performed in accordance with ISO 1924-2 by means of a universal
testing machine Instron from Hounsfield.

2.3 High pressure homogenization

Refined pulps were diluted to a consistency of 2% and then passed through a high-pressure
homogenizer (NSI00IL PANDA 2000-GEA, GEA Niro Soavi, Italy). Different levels of
destructuring were attained by progressively increasing the number of passes from 3 to 12 and
the pressure from 300 to 900 bar.

2.4 Determination of the yield of nanofibrillation

The yield of nanofibrillation can be defined as the percentage of dispersed nanofibers in a
suspension of both micro- and nanofibers. A suspension with a consistency of 0.2% was
centrifuged in a Sigma Laborzentrifugen model 6K 15 for 20 min at 4,500 rpm (1254 G-force) to
separate the nanofibrillated portion, in the supernatant, from the non-fibrillated one, in the
sediment. The sediment was recovered and oven-dried at 90 °C until constant weight. Thus, the

yield can be calculated from a simple gravimetric method:
. _ Was
Yield = (1‘Vs)'100 (1)

Where W, and W, are the weights of dry sediment and initial dry sample, respectively.
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Transmittance was also measured to assess the nanofibrillated content, taking advantage from the
Rayleigh scattering of nanocellulose dispersions. The value at a wavelength of 600 nm was
recorded by means of a UV-Vis spectrophotometer Shimadzu UV-160A, after adjusting the
consistency to 0.1%. Deionized water was used as reference.

2.5 Anionic character of suspensions

The content of carboxyl groups (CC) was analyzed via a conductimetric titration. 50 mg of
LCMNFs (on a dry basis) were suspended in 15 ml of HCI 0.01 M. This suspension was titrated
with NaOH 0.01 M, continuously monitoring and recording the conductivity values. A titration
curve was then plotted, revealing the presence of a strong acid (HCI) or a weak acid (glucuronic
acid units, -COOH). Then the carboxyl content (CC, in mmol per gram of dry sample) is
calculated as follows:

162 (V,-Vy)c
c= We—36 (Va—Vi)c

@)
Where V; and V, are the volumes of NaOH (mL) corresponding to the first inflection point of the
curve and the equivalence point, respectively, and c is the concentration of NaOH (mM).

The cationic demand was determined by a back potentiometric titration with a particle charge
detector Miitek PCD-04 from BTG Instruments. 0.1 g of sample (on a dry basis) were mixed with
a known excess of the cationic polyelectrolyte polyDADMAC (0.001 N). The mixture was then
centrifuged for 30 minutes at 10,000 rpm. Then, 10 mL from the supernatant were titrated with

the anionic polymer PES-Na until the isoelectric point (0 mV). The cationic demand (CD) is then

determined as:

CD = (Crotypabpmac: Vrotypapmac)—(Cres—Na Vpes—Na) 3)
WS

Where cpoiypapmac @A Vporypapmac are the mormal concentration and excess volume of
polyDADMAC, respectively; likewise, cpgs_yo 1S the normal concentration of PES-Na, while
Vpes—na 1S the titration volume.
2.6 Degree of polymerization
The degree of polymerization (DP) of cellulose was estimated from the intrinsic viscosity (7, dL

g") of micro- and nanofibers dissolved in cupriethylendiamine at 25 °C, following the 1SO
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standard 5351. 5 and DP are related by a simple substitution of the average molecular weight by
DP in the Mark-Houwink-Sakurada equation:

n=K-(162DP)* (4)
Where the value of 162 corresponds to the molar mass of an anhydroglucose unit (AGU), whilst
constants @ and K have been previously estimated for cellulose as (.76 and 2.28 (Henriksson et
al., 2007).

2.7 Performance in sorption and retention

The specific surface area (SSA) was calculated through two different methodologies. First, it was
theoretically estimated from the cationic demand and the carboxyl content parameters. For that
purpose, we assumed that: i) polyDADMAC is adsorbed onto fibers’ surface as a monolayer, and
ii), polyDADMAC has a cylindrical structure with an elliptical cross section. Under the second
assumption, the total surface of polyDADMAC was estimated in a previous work as 0.4874
m%/peq (Delgado-Aguilar et al., 2016).

Besides, polyDADMAC adheres to the fiber surface via Van der Waals forces with hydroxyl
groups and interacts with carboxyl groups via ionic exchange. Therefore, the quantity of
polyDADMAC adsorbed onto the surface of fibers is found by the difference between the cationic
demand and carboxyl content:

SSA = (CD — CC) - 0.4874 ®)
The second technique is based on the adsorption mechanism of the dye Congo Red (CR) onto the
fiber surface (Cotoruelo et al., 2010). A calibration plot of CR was previously prepared by
measuring the absorbance at a wavelength of 488 nm for different concentrations. The
experiments were then conducted as reported in detail elsewhere (Inglesby and Zeronian, 2002).
Briefly, dilute suspensions of LCMNFs in phosphate buffer (0.1 M) at pH 6 were dyed with
varying amounts of CR, from 5 to 15 wt.%, then kept at 60 °C for 24 h. NaCl (0.004%, w/w) was
added and samples were centrifuged for 20 min. Finally, the supernatant was taken to determine
the quantity of non-adsorbed CR via UV-visible absorption at 488 nm. The maximum sorption

capacity of CR could be calculated by fitting to a Langmuir isotherm:
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Ceq _ _ 1 4 Ceq (©6)

q Kaadmax Amax

Where g is the absorbed amount of CR (mg/g), c., is the concentration of CR at equilibrium
(mg/L), gmax 1s the maximum adsorption capacity, and K.« is the equilibrium constant. The SSA

can then be determined using the following equation:

SSAZ — Gmax"N-SAcr (7)

MW g-1021

Where N is the Avogadro number, SA4cy is the surface area of a single dye molecule (1.73 nm?),
and MWcr is the molecular weight of CR (696.7 g/mol).

The water retention value (WRV) was measured by gravimetry, following the TAPPI Useful
Method 256. Fiber suspensions were centrifuged (900g, 30 min) in containers fitted with a
nitrocellulose membrane (0.22 pm of pore size), which separates the non-bonded water. Then,
the filter cake was collected, weighted (Ww), and oven-dried at 105 °C until constant weight (Wbp).
The WRYV is then given by the relative difference between those weights:

Wyw—W4y

WRY = 2 ®)

2.8 Field Emission Scanning Electron Microscopy (FE-SEM)

The morphology of the obtained LCMNF suspensions was evaluated qualitatively be means of
FE-SEM using a Hitachi S-3000 microscope (Hitachi Europe S.A., Barcelona, Spain) operating
at 10 kV of accelerating voltage.

2.9 Technical-economical evaluation of LCMNFs

In order to study the potential of LCMNFs for papermaking, these fibrils were incorporated by
bulk addition BEKP, TLRP, and FRP following a previous methodology (Gonzalez et al., 2012).
Initially, the pulp was suspended in water at 1.5 wt.% consistency and disintegrated, adding the
LCMNFs and stirring the resulting slurry for 1 h. Then, polyDADMAC was added as a retention
agent at a concentration of 0.5 wt.% to prevent nanofibers loss during sheet forming. After stirring
for 20 min, paper sheets were prepared as aforementioned, following the ISO standard 5269-2.
We evaluated the effects of LCMNFs on paper strength, choosing the breaking length as key

parameter, and pulp freeness.

10

65



@ J oUW

SO oYY ooy Ul Ut U1 O s s s s s s s R R WL W wwwNdNNNDRDNNMNMNNMNMNNNNDERERRRERRERERERERERERE
b WNhRPRPOWVWJoO U WNROWO-JIO U B WNRPOW®JOUSEWNRPOW®-JOUd WNNEPE OW®JoU B WP oW

243

244

245

246

247

248

249

250

251

252

253
254

255

256

257

258

259

260

261

262

263

264

265

266

Ferran Serra Parareda
2022

The production costs were based on the energy consumption of the equipment used during the
production of LCMNFs, estimating an energy cost of 0.07 $/kWh. This energy input was
quantified by means of two devices: Circutor CVM-C10 (Circutor, Barcelona, Spain) and

Socomec Diris A20 (Grupo Socomec, Barcelona, Spain).

3. Results and Discussion

3.1 PFI refining of BTMP
As expected, mechanical refining clearly caused internal and external fibrillation, generation of
fines, and fiber shortening (Lecourt et al., 2010). The evolution of the indicative parameters of

such effects with the number of PFI revolutions is presented in Table 1.

Table 1. Influence of pulp refining on drainability and morphology

PFI rev. °SR CSF WRV L dr Fines in Fines in
(mL) (mL) (g/g) (um) (pm) length” (%)  weight” (%)
0 21.5 578 0.29 1,178+42  29.840.2 51.9+1.1 12.0+1.3
10,000 77.8 66 1.11 664+59 28.8+0.1 72.5£1.6 38.0+0.6
20,000 91.3 10 1.30 601+33 29.1+0.2 79.2+1.9 48.7+1.9
30,000 95.5 0.6 1.48 519+25 29.4+0.2 81.7+1.4 59.3=1.2

1.F: Average fiber length (weighted in length); d¥: Average fiber diameter.

The non-refined pulp showed a relatively high Schopper-Riegler value. This behavior is attributed
to the large content of fines produced during thermomechanical pulping. These fines move freely
between fibers, partially filling interfiber gaps and slowing the drainage rate (Hubbe et al., 2007).
Precisely, a correlation between freeness and the fines content displays a Pearson’s r over 0.99.
Freeness decreased abruptly from 0 to to 10,000 refining revolutions, reaching 77.8 °SR or 66 mL
of CSF, and leveling off from 20,000 to 30,000 rev. As mentioned, the behavior of the °SR is
largely influenced by the content of fines.

This great generation of fines is mainly driven by external fibrillation and fiber shortening.
Normally, fiber shortening is considered an undesirable impact during refining but, in the context
of nanocellulose production. several authors have affirmed that precut fibers at a length range of
0.6 — 0.7 mm can enhance mechanical fibrillation in the homogenizer, reducing the energy

consumption and avoiding clogging issues (Osong et al., 2013). In that work, clogging was still

11

66



Produccion, caracterizacién y aplicacién de nanofibras procedentes de pulpas de alto

rendimiento con elevado contenido en lignina

D oUW N

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

observed when passing a pulp refined to 5,000 rev. though the homogenizer, which is one of the
reasons we decided to evaluate the effects of refining starting by 10,000 revolutions. The
distribution of fiber length at each refining step is shown in Figure 2.
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Figure 2. Distribution of fiber length at each refining step.

Figure 2 reflects the effect of mechanical refining on fibers shortening. The unrefined pulp
contained a high percentage of fibers (> 25%) above the 2,000 um length. After refining, the trend
was moved towards lengths between 200 and 550 pm. The largest impact on fiber length was
experimented from 0 to 10,000 rev., while, once again, slight differences were perceived between
20,000 and 30,000 rev.

WRYV increased with increasing refining revolutions because of internal fibrillation, resulting in
higher swelling capacity. Retention increased similarly to the drainage capacity, as a linear trend
was found between the Schopper-Riegler value (°SR) and WRV. Qualitatively speaking, the same
linear trend is seen in the literature for chemical (delignified) softwood pulps (Gao et al., 2015).
In quantitative terms, however, those WRVs were noticeably higher. In general, ultimately due to
the chemical structures of the main wood components, the water holding capability increases in

this order: cellulose > lignin > hemicelluloses. Thus, higher WRV can be expected in chemical
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pulps, but our results show that refining to 10,000 or 20,000 PFI rev. can somehow overcome this
limitation of BTMPs,

The larger presence of fines and a highly pronounced external fibrillation incremented the SSA
of pulp, as shown in Table 2. Owing to the greater exposure of anionic functional groups, the
cationic demand was also increased.

In addition, Table 2 shows key mechanical properties of the paper sheets that were made with the
refined pulps. Paper strength is not only of interest by itself, but also to determine the hydrogen
bonding ability of the fibers with same surface chemistry. Apparently, those pulps with higher
cationic demand would present more hydroxyls available, and thus greater bonding potential. It
has been reported that both strength and stiffness in papers depend on the fiber-to-fiber bonding
capacity per unit of volume (Gustafsson et al., 2012). In this context, the high fines content
explains the enhancement of paper strength. Due to the larger specific surface of fines and their
ability to fill cavities and interspaces, the hydrogen bonding ability is increased, resulting in
higher strength. Owing to the more intertwined fiber network, sheets also attain a higher

deformation capability.

Table 2. Effects of refining on pulp properties.

PFImill  SSA: CD BL TI E €
(rev.) (m’/g) (neq/g) (m) (N'm/g) (GPa) (%)
0 2.90.1 56.3+1.6  2311£133 227513 1.49£0.66  1.330.07

10000 15.9+0.2 124.5+2.6 4,612+ 159  42.9+1.6  5.64+0.32 2.11£0.05
20000 19.4+0.5 140.9+1.4 5275497 49.7+0.9  6.44+0.10 2.22+0.06
30000 22.1+0.3 154.1£2.0 5411+ 142 53.0£14 6.69+0.44 2.31+0.12

*Estimated by the CR adsorption method; BL: breaking length; TI: tensile index; E: Young’s modulus; &:
maximum deformation.

3.2 Production and characterization of LCMNFs

The characterization of the micro- and nanofibers, produced by high-pressure homogenization
with different fibrillation degrees, is presented in Table 3. There was a linear correlation between
yield of nanofibrillation and transmittance within each of the different fibrillation steps. Rayleigh
scattering, indicated by transmittance, is highly dependent on the particle size, besides the content

of nanofibers (Serra et al., 2017).
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The highest increments of yield took place when increasing the operational pressure from 600 to
900 bar. At 300 and 600 bar the yield was low, indicating low destructuring levels. It should be
noted that the intensity of the refining pretreatment had a more severe impact at lower numbers
of passes and pressure, whereas the differences decrease at higher nanofibrillation yields. For the
sake of comparison, we observe that these yields are significantly lower than those of nanofibers
obtained via enzymatic hydrolysis, with values ranging from 30 to 40 % (Tarrés et al., 2016), and
TEMPO-mediated oxidation, where the content of nanofibers is above 95% (Delgado-Aguilar et

al., 2015).

Table 3. Coding of LCMNFs samples and evolution of their properties with the number of PFI

revolutions and the number of passes through the HPH.

Sample code PFI Number of passes x Pressure  Yield Tg WRV CD SSA, SSA, DP
(rev.)  (bar) (%) (g/g)  (neq/g) (m¥g) (mYg)
LCMNF 1.1 10,000  3x300 285 412 1.28 156 535 115.2 762
LCMNF 1.2 3%300 + 3x600 11.64 696 1.43 185 67.6 1323 587
LCMNF 1.3 3%300 + 3x600 + 3x900 20.55  11.88 2.23 214 81.8 147.3 415
LCMNF 1.4 3%300 + 3x600 + 6x900 2244 1285 245 222 85.7 1529 388
LCMNF 2.1 20,000  3%300 325 431 1.40 170 60.3 1239 698
LCMNF 2.2 3%300 + 3x600 13.96 7.71 1.65 198 74.0 137.8 537
LCMNF 2.3 3x300 + 3x600 + 3x900 21.01 1197 2.20 218 83.7 153.2 410
LCMNF 2.4 3x300 + 3x600 + 6x900 2295 13.08 245 227 88.1 1553 389
LCMNF 3.1 30,000  3%300 5.86 5.00 1.63 183 66.7 126.7 670
LCMNF 3.2 3%300 + 3x600 1447 8.15 1.80 201 754 142.3 511
LCMNF 3.3 3x300 + 3x600 + 3x900 21.63  13.14 2.29 222 85.7 155.2 403
LCMNF 3.4 3x300 + 3x600 + 6x900 23.09 1396 2.53 229 89.1 164.0 373

Teoo: Transmittance at a wavelength 600 nm; SSA,: Specific surface area, polyDADMAC method; SSAx:
Specific surface area, CR sorption method.

The images in Figure 3 correspond to LCMNF 1.1 and LCMNF 1.4, both submitted to same
pretreatment intensity but different high-pressure homogenization sequence. The images clearly
evidence the presence of nanofibers, most of them attached to thicker fibers in the form of external
fibrillation, hence, confirming the possibility of obtaining nanofibrillated material by applying
only mechanical forces. The images also show a wide distribution of widths, from which the
average diameter of the nanofibers can be estimated as 53.2 nm (LCMNF 1.1) and 31.02 nm
(LCMNF 1.4). Noteworthily, the average diameter of the nanofibers at last HPH sequence (31.02
nm) is in line with those obtained via enzymatic pretreatments, at the range of 25 to 37 nm, though,
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being notably higher than the ones obtained via chemical pretreatments (i.e., TEMPO-mediated
oxidation), found at the range of 7 to 14 nm (Tarrés et al., 2017). For CMNF obtained by
mechanical processes, as in the case of this work, the literature reports a similar diameter (32.8
nm) using a bleached kraft hardwood pulp as raw material and pretreatment of 20,000 PFI rev.

(Delgado-Aguilar et al., 2015).

113nm #

STRUdAG 18.8kV X45. 06K STRUdAG 18.8kV X38.08K

22.4nm

3070m -~ B 3

17.3nm’
" F34.80m

36.0nm

P g - pa
v

—t

STRUdAG 18.08kV X4S5. 0K STRUdAG 18.08kV X88.0K

Figure 3. FE-SEM observation of LCMNF 1.1 (A; B) and LCMNF 1.4 (C; D)

The relatively low content of nanofibers lies far from being a setback. At least for papermaking
purposes, and considering the limitations of current paper machines, the presence of both micro-
and nanofibers, with certain prevalence of the former, can be advantageous (de Assis et al., 2018).
Regarding the specific surface area, it was found to grow with increasing nanofibrillation, up to
164 m? g'! as determined through the CR sorption method (Eq. 7). Discrepancies were attained
between polyDADMAC and CR estimations. This was attributed to the different molecular sizes

and total surface of both compounds, polyDADMAC macromolecules (535.87 nm?) being much
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larger than CR (1.73 nm?). Hence, the polymer is majorly retained at the fiber surface, whereas
CR can access into the internal structures and pores whose diameter ranges from 40 A to 45 A
(Inglesby et al., 2002). Consistently, the difference between polyDADMAC and CR adsorption
increases with an increment of the nanofibrillated content in suspension, i.e., nanofibrillation
generates nanopores. It is, then, mostly interesting to evaluate the difference between both
methodologies so as to explore the internal structure of micro- and nanofibers.

The increase of fibers surface led to larger cationic demands, as expected, due to the higher degree
of exposure of carboxyl groups and, with less influence, hydroxyl groups. Figure 4 shows the

evolution of this parameter as function of the refining pretreatment and the homogenizing step.

250
2404 ® 10,000 rev.

230 { 820,000 rev.
m 30,000 rev.

220
210 A
200 A
190
180 -
170 -
160 -
150 -

Cationic demand (peqg/g)

3x300 3x300 3x300 3x300
3x600 3x600 3x600
3x900 6x900

Fibrillation step [n° of passes x pressure (bar)]

Figure 4. Effect of refining and fibrillation on the cationic demand.

It can be stated that the influence of refining is greater for milder fibrillation steps, finally reaching
alike properties at further passes through the homogenizer (Figure 4). This is a similar trend to
that of yield, given that more nanofibrillation led to larger SSA and, due to the subsequent

exposure of —OH and —COOH groups, to higher cationic demand values.
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Similar effects of mechanical fibrillation on SSA are reported in other works. Spence at al. (2010)
observed, in the case of microfibers from unbleached pulps, notorious improvements in SSA up
to 8 passes through the HPH, but only a slight increase thereafter.

The destructuring phenomena were also reflected in the DP. It should be highlighted that
chemically pretreated fibrils are, in general, more severely degraded. For instance, DP values as
low as 197 have been reported for TEMPO-pretreated CNFs (Tarrés et al., 2017). This may
hamper the performance of chemical CNFs in papermaking since such degradation, along with a
lower thermal stability, is translated into a lower aptitude to be further reused or recycled. In a
similar way, a study on chemi-mechanical and purely mechanical CNFs from hemp showed that
the former were more prone to depolymerization than the latter (Pacaphol and Aht-Ong, 2017).
3.3 Technical-economical evaluation

3.3.1. Performance as a strengthening agent

Undoubtedly, the market with the highest demand for nanofibers is that of the paper and board
industry. This is why the performance of LCMNFs was explored for three widely used
papermaking materials, namely a representative virgin pulp (BEKP) and two sources of recycled
fibers that form the structure of conjugated cardboard (RFP and TLRP). No operational
difficulties were detected during sheet forming. The potential of LCMNFs as a strengthening

agent can be addressed in Table 4.

Table 4. Key properties, particularly breaking length, of virgin (BEKP) and recycled pulps (test

liner, fluting), both unreinforced and reinforced with LCMNFs.

Sample BEKP TLRP FRP
BL °SR BL BL
(m) (m) (m)
Unreinforced 1,781 17 2,778 2,494
3 wt.% LCMNF 1.1 2,515 18 3,149 3,131
3 wt.% LCMNF 1.2 2,908 19 3,811 3,425
3 wt.% LCMNF 1.3 3,302 21 4,202 3,652
3 wt.% LCMNF 1.4 3,373 21 4,395 3,908
3 wt.% LCMNF 2.1 2,730 18 3,446 3,231
3 wt.% LCMNF 2.2 3,083 20 4,153 3,562
3 wt.% LCMNF 2.3 3,372 21 4,235 3,957
3 wt.% LCMNF 2.4 3,426 21 4,422 4,022
3 wt.% LCMNF 3.1 3,022 18 3,899 3,274
3 wt.% LCMNF 3.2 3,238 20 4,228 3,612
3 wt.% LCMNF 3.3 3,389 20 4,341 3,895
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3 wt.% LCMNF 3.4 3,441 21 4,469 4,057

It is clear that the greatest improvements in breaking length were attained in the case of BEKP,
where we also observed a noticeable, but fortunately not enough to cause dewatering problems,
reduction in pulp freeness. To shed some light onto the comparison between virgin and recycled
pulps, it is worth indicating that the latter possess more fines. The content of fines in length was
38.7% in fluting, 37.2% in test liner, and 11.1% in BEKP. In this regard, LCMNFs can be blocked
or repulsed by fines in the pulp slurry, hindering their access to the fiber surface. This LCMNF-
aided strengthening potential for BEKP, almost doubling the BL of the control paper sheets, was
in the same range as that of enzymatically pretreated CNFs (90% increase) and TEMPO-CNFs
(101%) (Delgado-Aguilar et al., 2015). As for TEMPO-pretreated CNFs, while they enhance
equally or even more the tensile of paper sheets, the decrease in drainage rate hampers the
technical feasibility of the process. For instance, the addition of a 3 wt.% of TEMPO-CNF
increases the °SR from 17 to 26 when incorporated to a bleached kraft pulp, whereas a 3 wt.% of
LCMNF (this work) has little effect on drainability reaching a maximum of 21 °SR.
Improvements attained with LCMNFs from spruce (this work) outperform those reported for
mechanically pretreated CNFs from hardwood pulps, which increased BL by about 71% (Boufi
et al., 2016). To sum up, these mechanical micro- and nanofibers with elevated lignin content
could be competitive with those high-quality nanofibers from delignified pulps (Iglesias et al.,
2020). As a drawback, however, ISO brightness decreased due to the addition of LCMNFs, from
86.8 to 76-77. The commercial requirements for paper brightness are generally strict, thus
limiting the utilization of LCMNFs in graphical papers.

Still, some yellowing does not harm the applications of LCMNFs in corrugated cardboard and
other kinds of packaging paper. Unlike for graphical papers, the packaging paper market is
growing year by year, even in CEPI countries (CEPI, 2020).

Relative strengthening, in terms of the percent increase in breaking length, is displayed in Figure
5 for pretreatments at 10,000 and 20,000 PFI revolutions, not only for BEKP but also for TLRP

and FRP. Test liner constitutes the external faces of corrugated cardboard, whereas fluting
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consolidates the internal part. Pulps from these two components underwent a similar enhancement
of tensile properties upon the addition of LCMNFs, up to 59-61% (20,000 rev., 12 passes through
the HPH). Such improvement, while lower than that observed in BEKP, results in highly resistant
packaging and justifies the use of micro- and nanofibers in cardboard manufacturing. This lower
reinforcing effect has been previously reported in other works and it has been attributed to the
presence of non-reinforcing fine elements, which may interact with LCNFs, as well as the
excessive surface fibrillation of fibers, which may interfere in the appropriate bonding mechanism

of LCNFs (Espinosa et al., 2016).

10,000 PFI rev. 20,000 PFI rev.

12 i i 12
9 . 9
5 — Testliner - 6
Number 12 [ 12
of 9 ] 9
asses 6 r Fluting A 6
- - 12
12 1
9 9
6 r 6
3 | > 3
100 80 60 40 20 0 0 20 40 60 80 100
ABL (%) ABL (%)

Figure S. Percent enhancement of breaking length for test liner, fluting and bleached eucalyptus

pulps. The total number of passes through the HPH is indicated beside the bars.

3.3.2. Feasibility of mechanical LCMNFs

At least from the tests carried out at a laboratory scale, and unlike when using highly viscous and
water-holding suspensions of chemically pretreated nanofibers (Balea et al., 2020), there are no
major technical setbacks in sheet forming. As pointed out by many authors, the main issue raised
by mechanical treatments is, rather than the operational challenges, their energy consumption
(Arvidsson et al., 2015). A simple, yet useful, economic assessment should focus on the cost of

the energy input.
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From own our measurements of energy consumption, Figure 6 presents the input required to

produce 1 kg of each type of LCMNFs. By assuming a price of industrial energy of 0.07 $/kWh,

costs are displayed in Table 5.
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Figure 6. Energy consumption during the preparation of LCMNFs. Dashed lines indicate the

energy input for refining.

Table 5. Production costs of LCMNFs in each case, as function of the number of PFI revolutions,

the number of passes through the homogenizer and the pressure therein.

Sample Cost ($/kg)
Pretreatment HPH Total
LCMNEF 1.1 0.351 0.662
LCMNF 1.2 0311 0.741 1.052
LCMNF 1.3 ’ 1.256 1.567
LCMNF 1.4 1.890 2.201
LCMNF 2.1 0.337 0.946
LCMNF 2.2 0.609 0.736 1.345
LCMNF 2.3 1.266 1.875
LCMNF 2.4 1.907 2.516
LCMNF 3.1 0.349 1.245
LCMNF 3.2 0.896 0.751 1.647
LCMNF 3.3 ’ 1.236 2.132
LCMNF 3.4 1.909 2.805
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Evaluating the information displayed in Tables 4 and 5 allows us to draw some valuable
conclusions on the optimization of this chemical-free production process. In any case, the slight
enhancement of paper strength from refining to 30,000 PFIrev. (Table 4), in comparison to 20,000
rev., is not worth the increase in 0.287 $/kg (Table 5). Likewise, 4 sets of 3 passes through the
homogenizer implied an increment of 0.63—0.64 $/kg from the cost of 9 passes, while making
little difference in terms of performance. Besides, we can observe that the production cost of
LCMNF 1.3 (10,000 rev., 9 passes) is higher than LCMNF 2.2 (20,000 rev., 6 passes) even
though, at least in test liner and fluting, both exhibited a similar mechanical performance. Hence,
and in lieu of an in-depth economic study, this assessment results in the following
recommendation: refining of bleached thermomechanical pulps from spruce to 20,000 PFIrev., 3
passes through the HPH at 300 bar, 3 more passes at 600 bar. Said process attains relative
improvements in breaking length of 43—-49% (corrugated cardboard) or 73% (BEKP), at an energy
cost of 1.3 $/kg. Such production cost is notably lower than those estimated for TEMPO-CNFs
production, around 175-205 $/kg depending on the operational conditions, since the cost of
chemicals, mainly TEMPO catalyst, dramatically increases the final cost of the product.
Unfortunately, there is not still a successful methodology that allows the recovery of the catalyst
at industrial scale to decrease such costs. Enzymatic pretreatments are much more affordable,
with estimated costs around 13 $/kg, though, being about 10 times more expensive than the

obtained LCMNF in the present study (Delgado-Aguilar et al., 2015).

4. Conclusions

It can be said that, although further research is necessary to keep decreasing the energy
consumption of a fully mechanical nanocellulose production process, results mostly supported
our hypotheses. The bleached thermomechanical pulp from spruce greatly benefited from refining
to 10,000 (4.44 kWh/kg) or 20,000 PFI rev. (8.70 kWh/kg), which we deem affordable for the
paper industry. Refining drastically increased the content of fines, improved interfiber bonding
and, more importantly, clearly eased the subsequent homogenization step. The yield of

nanofibrillation, even after 30,000 PFI revolutions and 12 passes through the homogenizer at
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increasing pressure, was clearly lower (23%) than what has been shown for certain chemical
pretreatments (~95%). This should not be seen as a drawback in the context of papermaking since
the prevalence of microfibers over nanofibers is generally more suitable for current manufacturing
systems. Indeed, sheet forming with the bulk addition of LCMNFs (3% wt.) presented no major
operational flaws, successfully increasing the breaking length of virgin pulps up to 91% and, to a
lesser extent, recycled pulps, reaching increments up to 61 %. The drainability of the suspensions
containing a 3 wt.% of LCMNF was not significantly affected increasing from 17 to 21 °SR,
deemed as a technical advantage in comparison to other CNF grades.
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Abstract The specific surface area (SSA) of cellu-
losic or lignocellulosic fibers is seldom reported in the
recent literature on papermaking, despite its close
relation with the degree of refining and other key pulp
properties. Amidst outdated assays (Pulmac perme-
ability test) and methods that, while accurate, are of
doubtful usefulness for papermaking purposes (N,
adsorption—desorption), we suggest a methodology
based on the cationic demand. A commonly used
cationic polyelectrolyte, poly(diallyldimethylammo-
nium chloride) (PDADMAC), became adsorbed onto
thermomechanical pulp samples. Then, a potentio-
metric back titration with an anionic polyelectrolyte
measured the cationic demand, expressed as microe-
quivalents of PDADMAC per gram of pulp. Multi-
plying this value by the surface area of a
microequivalent of polymer, considering rod-like
conformation in the case of minimum ionic strength,
yielded the SSA of the lignocellulosic pulp. Our
system assumes that the quaternary ammonium groups
were anchored through electrostatic and ion—dipole
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interactions. Measuring the carboxyl content allowed
for discriminating between both kinds of forces.
Finally, the model could be validated by plotting the
estimated SSA values against the Schopper-Riegler
degree, attaining high correlation coefficients
(R*> ~ 0.98). Owing to the high molecular weight of
the polyelectrolyte of choice (107 kDa), and more
particularly in the case of fine-free pulps, SSA values
estimated from the cationic demand were consistently
lower than those from dye (Congo red) sorption.
Instead of being a drawback, the limited diffusion of
PDADMAC through fibers can enable papermakers to
attain a more helpful quantification of the available
surfaces in operations with low residence times.

Keywords Cationic demand - Lignocellulosic
fibers - Papermaking - Polydadmac - Specific surface
area

Introduction

The wall of natural plant fibers, consisting essentially
of o-cellulose, hemicelluloses and lignin, is smooth
and hardly porous in the absence of water, thus
displaying a low surface area (Topgaard and Soder-
man 2002). This can change drastically along the
papermaking process, particularly during pulping and
refining (Aguado et al. 2016; Przybysz et al. 2020).
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Indeed, the surface area of fibers, both inner and outer,
is of utmost importance in papermaking, among other
reasons because it strongly influences bulk density, air
permeability, and water absorbency (Koponen et al.
2017; Mao et al. 2017; Azevedo et al. 2020).
Furthermore, as paper strength is largely due to
hydrogen bonding and other non-covalent interactions
in pulps, the availability of a large area for bonding is
generally translated into good mechanical properties
(Motamedian et al. 2019). Not less importantly, this
available area is reduced by hornification, a side effect
in the structure of fibers as a consequence of the
recycling process, mainly the subsequent drying and
wetting stages (Delgado-Aguilar et al. 2015; Moser
et al. 2018).

In the case of chemical pulping, pores are created
by dissolving the hemicellulose and lignin fractions of
fibers (Topgaard and Sdderman 2002). And while
these fractions remain after high-yield pulping,
swelling still takes place through the hydration of
fibers, especially in thermomechanical pulping (TMP)
(Moral et al. 2017; Serra-Parareda et al. 2021).
Nonetheless, the presence of lignin interferes with
intra- and interfiber bonding, which makes a refining
stage more necessary. During refining, fibers undergo
shortening (or cutting), partial removal of the wall,
redistribution of hemicelluloses, and fibrillation
(Gharehkhani et al. 2015; Espinosa et al. 2018;
Przybysz et al. 2020). External and internal fibrillation
increase the outer and inner surface areas, respec-
tively. The former is due to fibrils protruding from the
surface of fibers, which becomes rougher (Moral et al.
2016), whereas the latter is evidenced by swelling
(Lecourt et al. 2010). When it comes to TMP fibers,
their negative charges (owing mostly to carboxyl
groups) become more openly exposed (Zhao et al.
2016).

Despite the usefulness of measuring the specific
surface area (SSA), this property is seldom reported in
the context of papermaking, at least as of today.
Earlier, the Pulmac permeability test was more
commonly used for this purpose (Robertson and
Mason 1949; Rouger and Mutjé 1984; Carrasco et al.
1996). It used to be a troublesome measurement,
lacking reproducibility and reliability (Ramarao
1999). Another popular liquid—solid method implies
the adsorption of dyes, such as methylene blue and
Congo Red, onto the available surfaces of fibers, and

@ Springer

then recording electronic absorption spectra (Kaew-
prasit et al. 1998).

It is in regards of cellulose-based sorbent materials
and cellulose nanofibers that the SSA is often reported
in recent works. This calculation of the SSA has
preferentially used N, adsorption isotherms, and more
specifically the BET model (Nemr et al. 2017; Hina
et al. 2018; Darpentigny et al. 2020). While there is no
doubt about the suitability of the BET method for this
measurement, it requires specific equipment, often
named “surface area analyzer”. Furthermore, a mono-
layer of adsorbed N, is formed all across the porous
structure of the material, including those pores whose
size 1s as small as 2 nm. Hence, the information
gathered is extremely useful for nanocellulose-based
gels (Tarrés et al. 2016; Darpentigny et al. 2020), but it
would be not so relevant for the paper manufacturing
process, which takes place in aqueous media and
involving low residence times.

In this work, we evaluate a potentiometric titration
with a cationic polyelectrolyte, poly(diallyldimethy-
lammonium chloride) (PDADMAC), as a practical
and reliable way to measure the SSA of TMP fibers.
The surface area of fibers from their cationic demand
has been previously estimated in previous works
(Tarrés et al. 2018; Filipova et al. 2020), but no work
justifying the method on the basis of an in-depth study
and strong correlations has been published yet. It is
worth highlighting a valuable contribution from
Zhang et al. (2016), who showed that the cationic
demand measured by researchers actually depends on
the molecular weight (MW) of PDADMAC. This
inspires us to infer that PDADMAC of medium or high
MW can be easily adsorbed along the outer surfaces of
lignocellulosic fibers and can diffuse through rela-
tively large pores, not reaching the small pores to
which N; and low-MW dyes can adsorb. Instead of a
drawback, the SSA value estimated from a titration
with high-MW PDADMAC is hypothesized to corre-
spond more faithfully to the actual bonding area of
fibers in the fast processes of a paper mill. This
estimation of the SSA could then be used to quantify
the degree of refining, to monitor hornification as a
result of recycling, and to predict paper wet strength.
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Experimental
Materials

PDADMAC with an average MW of 107 kDa was
kindly supplied by L.C. Paper (Besaltd, Spain). The
source of lignocellulosic fibers was a TMP from
softwood, of industrial origin, that had undergone
chlorine-free bleaching and whose freeness was
21.5°SR. Sodium polyethylene sulfonate (PES-Na)
was provided by BTG Instruments. Congo red (CR)
and all other reagents were purchased from Sigma-
Aldrich.

Refining

30 g of pulp (on the basis of dry pulp weight) were
dispersed in a pulp disintegrator at a consistency of
1.5%, for 10 min at 3,000 rpm. The suspension was
filtered so as to adjust its consistency to 10% (wt), and
then refined in a PFI mill from Metrotec, model NPFI
02, according to ISO 5264-2. TMP was refined to
5,000, 10,000, 20,000, and 30,000 PFI revolutions.
The energy input was quantified by means of a device
from Circutor, model CVM-CI10.

Freeness of pulp was measured by means of a
Schopper-Riegler tester, 95,587 PTI, in accordance to
the ISO standard 5267—1. Canadian Standard Freeness
(CSF) was interpolated from a freeness conversion
table (Gonzdlez et al. 2012). Moreover, the water
retention value (WRV) was measured gravimetrically,
in accordance to the SCAN-C method 62:00. Fiber
pads containing excess water were centrifuged at
3000 g in containers provided with a nitrocellulose
membrane (0.22 pm of pore size), and by means of a
Sigma Laborzentrifugen apparatus, model 6KIS5.
After 15 min, the filter cake was collected, weighted
(my), and oven-dried at 105 °C until constant weight
(mp). Then, WRV equals the relative difference
between those weights:

WRV = (mW— mD)/mD (].)
Adsorption of Congo red
After verifying the compliance of CR to the Beer-

Lambert’s law, by plotting the absorbance at a
wavelength of 488 nm against the concentration,

adsorption experiments were carried out as reported
elsewhere (Inglesby and Zeronian 2002). Briefly,
TMP samples were suspended in phosphate buffer
(0.1 M) at pH 6 and mixed with varying amounts of
CR, from 5 to 15% (wt.), then stored at 60 °C for 24 h.
We added NaCl (0.004%, wt.) and centrifuged the
samples for 20 min. Then, UV-visible absorption
spectra were recorded from the free liquid and the
concentration of CR in each case was computed. The
maximum adsorption capacity (g,...) was calculated
by fitting to a linearized Langmuir isotherm:

Ceq 1 n Ceq

q Kad Gmax

2
qmax ( )
where c,, is the concentration of CR at equilibrium
(mg/L), q is the adsorbed mass of CR (mg/g), and K,
is the equilibrium constant. Then, the SSA can be
estimated from:

_ gmax X Na X SAcg

SSACR - IOZIMWCR (3)

where N, is the Avogadro number, SA is the surface
area of a single molecule of adsorbate (1.73 nmz), and
Mwcg is the molecular weight of CR (696.7 g/mol).

Carboxyl content and cationic demand

Carboxyl groups were quantified by means of a
conductimetric titration. A sample of TMP was
suspended in 15 mL of HCI 0.01 M. This suspension
was titrated with an aqueous NaOH solution, contin-
uously recording the conductivity values. Then, we
plotted a titration curve, which encompassed two
inflection points, one being due to the strong acid
(HC1) and the other one being due to weak acids
(carboxyl groups). Then, the carboxyl content (CC, in
mmol per gram of dry sample) is calculated from:

CCZ(VZ_V]) XC/m (4)

where V; and V, are the volumes of NaOH (mL) that
corresponded to the first inflection point of the curve
and the equivalence point, respectively; ¢ is the
concentration of NaOH (10 mM), and m is the mass
of pulp (on a dry basis) in the suspension.

The cationic demand was determined potentiomet-
rically, performing a back titration with a particle
charge detector Miitek PCD-04 (BTG Instruments).
0.1 g of dry TMP were mixed with a known excess of
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PDADMAC, typically 10 mL (Vepapmac), and in
deionized water medium. Other than the cationic
polyelectrolyte and its counter-ion (Cl"), the presence
of ionic species can be neglected, given that the pulp
had been thoroughly washed with deionized water.
The suspension was centrifuged for 30 min at
10,000 rpm. Then, the supernatant was titrated with
PES-Na until the isoelectric point (0 mV). The
cationic demand (CD) was then determined as:

CD = (cppapmac % Vepapmac)—(Cres—na X VPES—Na)
(5)

where cppapmac crotypapmac 18 the normal concen-
tration of PDADMAC (typically 0.001 N), cprs.na
cpEs—Ng 18 the normal concentration of titrating agent
(typically 0.001 N), and Vpgsne Vpees—na 18 the
titration volume.

The hypothesis that these cationic demand mea-
surements can be correlated to SSA, along with other
properties that are also affected by refining, was
evaluated by calculating the Pearson correlation
coefficient.

Furthermore, the influence of the ionic strength on
PDADMAC adsorption was assessed by dissolving
different amounts of NaCl in the medium, before
interacting with the pulp. Likewise, small additions of
diluted NaOH or diluted HCI allowed us to study the
effect of pH.

Separation of fines

In this work, fines are understood as those particles in a
cellulosic or lignocellulosic pulp whose length lies
below 75 pm. The consistency of a TMP suspension
was adjusted to 1% and it was filtered through a
200-mesh screen. The fraction that passed through the
screen was regarded as the fines content, which was
determined gravimetrically, on the basis of dry pulp
weight. Fibers, on the other hand, remained onto the
mesh screen.

Then, the aforementioned procedures to estimate
the surface area from PDADMAC adsorption, includ-
ing measurements of the carboxyl content and the
cationic demand, were performed separately for fibers
and for fines. For comparison purposes, the Congo red
sorption method was also carried out.

@ Springer

Modeling
Assumptions on polyelectrolyte—fiber interactions

Significant interactions between PDADMAC and
lignocellulosic fibers, at least in an aqueous medium,
can plausibly be reduced to intermolecular forces
between hydrophilic functional groups. The carboxyl
groups of lignin and certain hemicelluloses (compris-
ing hexuronic acid, penturonic acid and hexenuronic
acid units) become strongly attracted to the quaternary
ammonium groups of PDADMAC. Besides these
electrostatic interactions between charged groups,
hydroxyl groups can be polarized in such a way that
their hydrogen atom acquires partial positive charge
and their oxygen atom acquires partial negative charge
(Barrera and Jorge 2020). Therefore, quaternary
ammonium groups are also attracted to the hydroxyl
groups of cellulose, hemicelluloses and lignin by ion—
dipole interactions. This is shown in Fig. 1.
Meanwhile, hydrophobic interactions occur
between cellulose chains, between them and lignin,
and between them and hemicellulose (Alves et al.
2015; Aguado et al. 2019), but such interactions can be
neglected for PDADMAC, considering its highly
hydrophilic behavior. While, especially due to the
methylene (-CH,-) groups, PDADMAC is capable of
establishing hydrophobic interactions, they are
expected to be, comparatively speaking and under
the conditions of these assays, much less intense than
Coulomb forces. Likewise, -OH and -COOH groups
take part in hydrogen bonds between them and with
water, but quaternary ammonium groups are not
capable of hydrogen bonding, neither as acceptors
nor as donors. Finally, dipole—dipole attraction forces

Lignocellulosic
fiber

Fig. 1 Electrostatic (1) and ion—dipole interactions (2) of
PDADMAC with lignocellulosic fibers, such as those from TMP
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cannot be ruled out, but they play a minor role in
comparison to electrostatic and ion—dipole
interactions.

The cationic demand, as determined by the afore-
mentioned potentiometric titration, is expressed as
equivalents of polyelectrolyte per gram of pulp.
Considering, then, that each PDADMAC monomer
has only one anchoring group to be immobilized onto
fibers, 1 peq of polyelectrolyte corresponds to 1 pmol
of cationic monomeric units that remained in the pulp
sample, retained by carbohydrates and lignin, after
centrifugation. The high molecular weight of PDAD-
MAC (> 100 kPa) implies kinetic and equilibrium
limitations to its diffusion through fibers (Zhang et al.
2016), and thus adsorption is expected to take place
primarily at surfaces and relatively large pores. Far
from being a drawback, this kind of interaction with
fibers may resemble that of the polycations used in
papermaking processes.

Furthermore, as assumed for CR, PDADMAC is
hypothesized to form a monolayer over the available
surfaces of the fiber. The monolayer assumption
implies neglecting chain entanglement and attraction
between like-charged macromolecules. In any case,
deviations from these assumptions would affect the
interpretation of results (e.g., overestimating the ease
of diffusion of PDADMAC through the fiber), but not
the goodness and usefulness of correlations with SSA,
the degree of refining, and other properties of interest.

Understanding the structure of PDADMAC

The semi-structural formula of a PDADMAC mono-
mer is displayed in Fig. 2. All carbon atoms present an
sp° hybridization, meaning that C-C—C, C—-C-H and
H-C-H angles are ideally 109.5°. Likewise, the
orbitals of nitrogen are sp3—hybridized and form a
sigma bond with each surrounding carbon, so the same
can be said of C-N—C. Asymmetry and ring strain (due
to the cycle) necessarily imply a deviation from that
angle, but we can neglect such variation on the basis of
two reasons. First, each of the angles of an equiangular
pentagon is 108°, very close to 109.5°. Second, there
are no lone pairs of electrons that could impart a great
deviation.

The average internuclear distances used in this
model for C—C, C-N and C-H are 1.54, 1.43 and
1.10 A, respectively (Carey and Sundberg 2007).
From these values and trigonometric calculations,

g\ n

< 109.5°
=1.10A

\ H-C-|
-H

C

Fig. 2 Structure of the PDADMAC monomer, indicating
interatomic distances and approximate bonding angles

distance “a” in Fig. 2 equals 5.43 A, while distance
“b” is 4.85 A.

A slab geometry for PDADMAC chains, taking into
account that charged polymers tend to present high
stiffness, is assumed for the case of minimum ionic
strength (Trizac and Shen 2016; Zhang et al. 2016;
Scheepers et al. 2021). Indeed, the lack of ring strain
(pentagon, 108° ~ 109.5°) justifies the assumption
that each of the monomers is planar, while the
aforementioned stiffness is translated into less rotation
around the —CH,—CH,— axis. Thence the area of a
PDADMAC chain is given by:

Appapmac = a X b x DP (6)

From the molar mass of the monomer and the
average molecular weight of PDADMAC, the average
degree of polymerization (DP) is 662. The average
area of the planar surface of this polyelectrolyte, then,
equals 171 nm?. Given that 1 mol of monomers is 1 eq
of PDADMAC, this implies a value of 1.55 - 10" nm?
peq~'. Finally, the specific surface of pulps, fibers or
fines can be calculated from the amount of polyelec-
trolyte adsorbed preferentially by ion—dipole forces:

SSAPDADMAC = (CD — CC) x 1.55
1m?

. 1017nm2,ueq4 m (7)

It should be noted that the chain length value used
in this estimation, 321 nm (corresponding to the
average DP, 662), is based on the Kuhn length for a
rod-like model. Even though rotations around methy-
lene—methylene would result in a lower end-to-end
length (Strobl 2007), that value would still be valid to
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define the contour length. In contrast, in a worm-like
model where rotations are allowed, but only by small
angles, length could be roughly estimated as 160 nm
(Zhang et al. 2019). Owing to the deionized medium
and considering that the value of the constant in Eq. 7
will not affect the goodness of the correlations
(Pearson’s coefficients), the rod-like model and the
slab geometry will be generally assumed for length
and area, respectively.

Results and discussion

Validation of the methodology in refined pulps

As stated above, the estimation of the SSA value
described in this work is hypothesized to quantify the

level of refining. Consequently, Table 1 presents the
common pulp properties that are directly related to this

stage, besides the specific surface area as calculated
from dye sorption (SSAcr), of TMP samples. Com-
paring the latter to the rest of the measurements,
Pearson’s ris 0.93 with the number of PFI revolutions,
0.96 with energy consumption, — 0.94 with CSF, 0.98
with the fines content, and above 0.99 with both WRV
and the Schopper-Riegler degree. This degree, uni-
versally used to show to what extent a pulp has been
refined on the basis of its drainage behavior, can thus
be used to validate the estimation of SSA as an
indicator of refining.

The results from the measurements and calculations
leading to the SSAppapmac (i.€., the specific surface
area as calculated from the cationic demand) are
shown in Table 2. Moreover, once the area of available
surfaces per gram of pulp is known, it is possible to
express important properties in terms of area density.

High correlation coefficients (R* ~ 0.98) are
obtained when plotting the SSA, regardless of how it

Table 1 Evolution of key
pulp properties and energy

Number of PFI revolutions

0 5000 10,000 20,000 30,000

consumption with the
number of PFI revolutions
during refining

Refining degree (°SR)
CSF (mL)

21.5 585 71.8 91.3 95.5
578 150 66 10 0.6

Specific Energy Consumption, SEC (kWh/kg) - 2.28 4.45 8.70 12.80

Fines content (w/w %)
WRYV (g/g)
SSAcr (mzfg)

129 270 35.5 48.7 59.3
029 0.72 1.11 1.30 1.48
2.87 1043  15.88 19.38 22.10

Table 2 Estimation of the surface area per gram of pulps from the potentiometric and conductimetric titrations

Refining degree (°SR)

215 585 77.8 91.3 95.5

Carboxyl content (neq COO™ /g pulp)

45.72 48.46 44.56 46.87 44.99

CD (peq PDADMAC/g pulp) 56.3 95.5 124.5 140.9 154.1
Cationic demand of free-fine fibers, CDg (neq PDADMAC/g pulp) 34.4 536 79.1 78.5 763
Amount of fixed polymer (neq PDADMAC/g pulp) Electrostatic 41.6 422 43.4 41.9 41.2
Ton—dipole 14.7 533 81.1 99.0 112.9
Carboxyl/polymer ratio (peq COO™/ eq PDADMAC) 1.10 1.15 1.03 1.12 1.09
SSAppapmac' (m¥/g) 227 8.26 12.58 15.35 17.50
SSAppapmac: (m%/g) 1.64 7.29 12.39 14.57 16.91
Carboxyl density (eq COO~/m” pulp) 15.93 4.65 2.81 242 2.04
Fixed polymer density (1eq PDADMAC/m? pulp) 19.62 9.16 7.84 7.27 6.97

'Estimated from the total sorption of PDADMAC

“Estimated from the difference between CD and CC, and considering monolayer adsorption of PDADMAC
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as can be seen from Fig. 3. The estimation from CR
sorption (SSAcgr) yields consistently higher values,
given the ease of diffusion of this low-MW compound
through fibers, than the estimations from the cationic
demand, both with and without subtracting the
carboxyl content (SSAppapmacz and SSAppapmacis
respectively).

Like PDADMAC, CR attaches to —OH groups
through ion—dipole interactions, but in the opposite
way. The partial positive charge of hydrogen atoms in
those groups attracts the sulfonate groups of CR.
Furthermore, in the case of lignocellulosic fibers, such
as those from TMP, their ionized carboxyl groups are
attracted to the amino groups of CR. The main
difference, then, lies in the molecular weight. In
Fickian or pseudo-Fickian diffusion, as it is well-
known, the diffusion coefficient is inversely propor-
tional to the hydrodynamic radius of the solute, and
thus to a fractional power of the molecular weight
(Friedman and Mills 1986).

Differences between fibers and fines

As expected, certain effects of refining on fibers,
mainly cutting or shortening, are accompanied by an
increasing generation of fines with increasing number
of PFI revolutions (Table 1). Discriminating between
fibers and fines is precisely one of the advantages of
estimating the SSA by means of compounds whose
diffusion through lignocellulosics is limited. Figure 4
shows a great disparity between the SSA of the fine-
free fraction (Fig. 4a) and the SSA of fines (Fig. 4b).

Fig. 4 Difference in SSA between fibers and fines, as a function
of the number of PFI revolutions

Interestingly enough, while in fibers, the estimation
from CR adsorption at least doubles that from
PDADMAC (including CC subtraction), both methods
yield a similar result when it comes to fines.

Figure 5 schematizes how CR molecules or
PDADMAC macromolecules diffuse through fibers
(Fig. 5a) and fines (Fig. 5b). In the former’s case, in
which diffusion can be assumed to be exclusively
radial, the higher the molecular weight of the adsor-
bate is, the more hindered it is to reach inner surfaces,
regardless of the adsorption constants. It should be
noted that the presence of hemicellulose and lignin in
TMP holds cellulose microfibrils together, contribut-
ing to this hindrance (Tarrés et al. 2020). In the case of
fines, diffusion happens to a significant extent in more
directions, and the lower hydrodynamical radius of
particles reduces the influence of the molecular weight
of the solute.

All things considered, the SSA of fibers estimated
from a potentiometric titration with PDADMAC will
be consistently lower than that the SSA estimated from
dye sorption and, obviously, from the BET determi-
nation (N, adsorption—desorption). However, to our
judgment, in the most typical wet operations of a paper
mill, from refining to filtration or to coating, the
estimation using PDADMAC is, instead of an under-
estimation, a reliable insight into the actually available
surfaces. One of the reasons is that the pulp stock is
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Fig. 5 Simplified schemes of the sorption and diffusion of CR and PDADMAC through lignocellulosic fibers (a) and fines (b)

usually mixed with cationic polyelectrolytes of high
MW, most typically cationic polyacrylamides that
resemble the structure of PDADMAUC, in the wet-end
of a paper machine (Petersen et al. 2013). A second
motivation arises from the low residence times in the
blend chest, in the machine chest and/or in other
mixing operations that precede the formation of the
paper web by filtration and thickening. Even low-MW
solutes, such as alkenyl succinic anhydride, cannot
diffuse through the center of a fiber because of kinetic

@ Springer

limitations. Likewise, fiber—fiber, fine-fine and fiber-
fine interactions take place between outer surfaces,
even if they are influenced by the degree of internal
swelling.

Influence of pH and ionic strength
Whereas the interaction between PDADMAC and

TMP has been studied in a deionized medium, this
would not be the case of the wet end of an industrial
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Fig. 6 Influence of pH (a) and salt concentration (b) on the
adsorption of PDADMAC

paper machine. Different mills opt for different pH
settings, often ranging from 5 (acid side) to 9 (alkaline
side). Furthermore, ionic species are always present.
Figure 6 presents the effect of pH and NaCl concen-
tration on the amount of PDADMAC adsorbed per
gram of pulp.

Both acid and alkaline conditions enhanced the
adsorption of the polycation, likely by opening the
structure of fibers to a certain extent through different
mechanisms (swelling or cleavage at basic and acid
pH, respectively), thus easing diffusion through them.
The enhancement was particularly high in the basic
medium (Fig. 6a), given the increased polarization of
O-H bonds of hydroxyl groups, making them more
prone to become attracted to PDADMAC units.
Furthermore, while a pH of 9 is clearly below the
pK, of sugar rings (> 11), it is high enough to
deprotonate a notorious fraction, albeit less than 50%,
of the phenolic —OH groups of lignin (Ragnar et al.
2000).

Salt concentration affects adsorption in complex
ways, taking into account that the screening effect
reduces the intensity of Coulomb forces, and thus that
of PDADMAC-TMP interactions. Nonetheless, the
subsequent reduction in the charge density of
PDADMAC provides some conformational flexibility
and promotes rotations around CH,—CH, bonds. First,
the end-to-end length of PDADMAC chains becomes
lower (Scheepers et al. 2021), easing their diffusion
through fibers. Secondly, bent chains may present
segments that are not in contact with any surface,
allowing for a higher adsorption of PDADMAC than
the one predicted from the monolayer hypothesis.
These two effects result in increased PDADMAC
adsorption (Fig. 6b). Still, Eq. 7 keeps being valid as

long as the constant is recalculated for the specific set
of conditions of the paper machine in each case.

Conclusions

Results supported the main hypothesis of the work,
i.e., that a potentiometric titration to measure the
cationic demand allows for a useful estimation of the
SSA of lignocellulosic fibers. Such titration can be
combined with a conductimetric one, aiming to
discriminate between the amount of cationic poly-
electrolyte ionically exchanged with carboxyl groups
and the adsorption driven by ion—dipole interactions.
In any case, this estimation of the SSA cannot replace
the BET method (N,) or dye sorption (in this work,
Congo red), as it will yield lower values than these
determinations, owing to the diffusion coefficient of
PDADMAC being much lower. While this would
imply an underestimation for other applications, in
papermaking it is of great usefulness. Further, the
proposed method was tested at increasing ionic
strength and different pH values, revealing that both
conditions had a notorious influence on the PDAD-
MAC adsorption onto TMP fibers. In the case of ionic
strength, it was attributed to the change on the
persistence length of PDADMAC, which presumably
modified the conformation of the polyelectrolyte
during its adsorption. In terms of pH, the differences
were attributed to fiber swelling and cleavage, for
basic and acid pH. The SSA estimated from the
methodology we present can be used as an indicator of
refining, as shown by successfully correlating it to the
Schopper-Riegler degree. Furthermore, it allows
papermakers to differentiate between fibers, for which
the values provided by our estimation are much lower
those of dye sorption (e.g., 17.6 and 6.31 m® g~" in the
case of 30,000 PFI revolutions), and fines, for which
both methods attain similar results. More importantly,
in light of the limitations to the diffusion of
PDADMAC into fibers, the estimation of SSA from
the cationic demand is thought to attain a valuable
prediction of the behavior of the pulp with cationic
polyacrylamides and in terms of inter-fiber
interactions.
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e High lignin content micro-nanofibers were produced from a spruce high yield pulp
* The valley beater offered an effective reduction of the fiber length

e The CD can be used to monitor the fibrillation process of micro-nanofibers

e The lignin content of the fibers varied with the homogenization intensity
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Abstract

The present work aims at assessing the main characteristics of lignocellulosic micro/nanofibers
(LCMNF) from bleached thermomechanical pulp (BTMP) from spruce while glimpsing the
suitability of cationic demand (CD) as effective monitoring parameter of the fibrillation process.
For this, BTMP was mechanically refined at different times in a Valley beater, aiming at
determining the required refining time and fiber length to be later fibrillated in a high-pressure
homogenizer. It was found that 150 min treatment is required to avoid clogging in the pressure
chambers of the homogenizer. The mechanically treated BTMP was gradually passed through a
high-pressure homogenizer, leading to four LCMNF with different fibrillation degree. The main
characteristics of the LCMNF were determined, as well as the effect that high-pressure
homogenization may generate onto the LCMNF structure. It was observed that CD is a robust
parameter to monitor the fibrillation process, as it is a good indicator of the LCMNF
characteristics. In addition, it was found that WRV may not be a good indicator of the extent of
fibrillation for LCMNF, as the lignin content varies with the homogenization intensity. Finally,
the limitations of CD as monitoring parameter and perspectives on this regard are provided to the

reader.

Keywords: Lignocellulosic micro-nanofibers; lignin; Cationic Demand

1 Introduction

Over the past few years, cellulose has gained prominence as a nanostructured material for the
development of products with low environmental impact, mainly instigated by the need to reduce
the dependence on fossil resources [1-3]. In addition to its sustainable character, cellulose

nanofibers (CNF) present high specific surface area and aspect ratio (length/diameter), excellent

1
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mechanical properties, low toxicity, low density and good dimensional stability [4,5]. These
properties make CNF a highly attractive material to substitute synthetic materials and to improve

the recyclability and biodegradability of products [6].

However, up to date, the production and commercialization of CNF-based products has been
limited by several factors [7,8]. A major obstacle to be overcome are the elevated processing costs
related to expensive pretreatments involving the use of chemicals and enzymes [9]. For instance,
TEMPO catalyst has been reported to be expensive [10] and difficult to recover [11,12]. Besides,
chemical pretreatments are also associated with human health effects and environmental issues
since they require the employment of toxic reagents [13]. Chemical pretreatments also cause
excessive depolymerization of fiber components and contribute to the thermal instability of the
fibers, finally dealing with great struggles in both recycling and regeneration processes [14,15].
Besides, the enzymatic pretreatment route is more environmentally friendly than the chemical
one, but facing the difficulty in its application owing to the high cost of enzymes and long

processing time required for cellulose degradation [16,17].

From a technical viewpoint, the abundance of hydroxyl groups at the CNF’s surface highly
increases their water uptake and viscosity in aqueous suspensions, which could finally decrease
their industrial performance in unit operations like dewatering, pumping and dispersion, among
others [18]. Additionally, the development of efficient drying systems allowing their dispersion

back into a new solvent avoiding the hornification phenomena is still a challenge nowadays [19].

Such concerns can be avoided or at least mitigated using lignin containing pulps as raw material
in substitution to those highly delignified chemical ones [20,21]. So far, the production of lignin
containing nanofibers has been based on the use of unbleached chemical pulps with residual lignin
content [22-24]. However, high yield pulps with elevated lignin content offer a sustainable low-
cost alternative to unbleached chemical pulps. The main advantage of high yield pulping is that it
produces much higher yields (> 90 %) than chemical pulping (< 50 %) [25]. These high yield
pulps can be produced by means of mechanical defibration methods (mechanical pulp),
sometimes combined with elevated temperatures (thermomechanical pulp), and the use of low
amounts of chemicals (chemo-thermomechanical pulp) to improve the efficiency of fibers
separation. Within these processes, chemo-thermomechanical pulps require the use of chemicals
and offer lower yields than mechanical and thermomechanical ones. Besides, thermomechanical
pulp fibers offer improved properties in comparison to mechanical pulps, and still retain the high
yield and cost effectiveness of mechanical pulps [26]. In this context, spruce wood is widely
known to be an interesting resource for thermomechanical pulp production, as they usually
present reasonably higher mechanical properties than other softwood pulps. These superior

properties, apart from the presumably higher intrinsic properties of spruce fibers compared to the
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rest of softwood sources, may come from the low extractives content [27]. The thermomechanical
treatment can be followed by a soft bleaching step to increase pulp brightness and remove some

surface impurities, leading to a bleached thermomechanical pulp (BTMP).

As mentioned before, thermomechanical pulping offers high processing yields, which means that
the chemical composition of the raw material is not significantly affected. Hence, the content of
lignin and hemicelluloses is expected to be high in these pulps. It has been reported that lignin
and hemicellulose could ease the mechanical fibrillation efficiency of fiber bundles into
nanofibers, resulting in a reduction of the energy consumption and better processability [28]. In
fact, most delignified pulps are pretreated by means of chemical and enzymatic processes instead
of mechanical pretreatment to enable the correct fibrillation of the pulp, whereas the presence of
lignin in high yield pulps offer the possibility of replacing those expensive pretreatments by
mechanical ones. Amongst possible mechanical pretreatments, the use of the PFI mill and Valley
beater has been widely recognized by researchers [29,30]. While PFI mills boost fibers’ internal
destructuration by replacing the fiber-to-fiber bonds by fiber-to-water bonds, Valley beaters
produce larger quantities of fines and are more effective on reducing fibers’ length through cutting
action. Although in the field of the paper and board such cutting effect has been considered
harmful for the paper strength, in the field of nanofibers reducing fibers’ length is crucial to enable
the correct fibrillation in the homogenizer and reduce the clogging tendency. This idea was
supported by Turbak et al., (1983) who claimed that precut fibers at the length range of 600 to
700 pm could ease the fibers destructuring [31]. Hence, the Valley beater route would be a more

appropriate choice to pretreat mechanically the fibers prior to homogenization.

Another factor limiting the industrialization of CNF is the lack of fast and robust characterization
method to perform an efficient quality control along the production chain. Although progress has
been made in this field, there is an absence of process-adapted characterization tools that allow a
fast and reliable approach of the suspension quality in a cost-effective way. In addition, the
selection of an appropriate process variable is usually difficult. The use of optical methods has
been investigated to determine the quality of nanocellulose, though, the observation may not be
representative of the whole suspension [32]. In addition, the incorporation of high-resolution
microscopy tools in the production chain of nanocellulose can be difficult. Instead, the
determination of the nanofibers’ quality via a multiparameter analysis has been proposed.
Desmaisons et al., (2017) [33] proposed a multi-criteria method that enabled the obtention of a
single quantitative grade that allowed the monitorization of the production of nanocellulose.
Though, the analysis required the production of nanopapers for the determination of the Young’s
modulus, generating a critical lag between process and characterization. The WRV has been also
proposed to determine the degree of fibrillation, though, still on the way to confirm its validity

with high lignin content pulps. Overall, proposing methods to monitor the fibrillation of the
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suspensions is required to ease the scale-up production of nanofibers. As a result, in this work the
cationic demand (CD) parameter is proposed as a reliable and fast method to monitor the

mechanical fibrillation of lignocellulosic micro-nanofibers.

In terms of applicability, nanofibers have been used in sectors such as paper, automotive, paints
and coatings, composites, textiles, cement and concrete and pharmaceutical [2,11,34-39].
Nonetheless, the presence of lignin in nanofibers can give rise to the development of novel
nanomaterials with chemical, mechanical and physical properties differing from the traditional
CNF. The partially hydrophobic character of lignin can give rise to new opportunities in
biocomposite materials [40], acting as compatibilizer with hydrophobic matrixes, oil-water
stabilization aerogels [41] and medium density fiberboards (MDF) [42]. Lignin can as well act as
natural binder in nanopapers, reducing the porosity and providing improved barrier properties
[23]. There are also opportunities in the biomedical field as an antioxidant, antidiabetic and
antimicrobial material [43,44]. Among these range of applications, the use of nanofibers as
strengthening additive in the paper and board sector has been widely recognized. According to a
recent report by Future Markets Inc. [45], the paper and board sector currently represents the 74
% of the global demand for cellulose nanofibers with 6,998 tons. The demand of CNF in this
sector is far from the second and third most demanded fields, which are the field of composites
(12 %) and rheological modifiers (11 %). Furthermore, the use of nanofibers in the paper and
board field is expected to increase exponentially in upcoming years, reaching a demand up to
38,643 tons of CNF by the year 2030, which corresponds to an increase by the 452 %. For this
reason, along with an increasing market pressure for quality improvements and stricter quality
standards, there is a need to instigate the production of nanofibers in this sector making it

economically attractive and feasible to implement at large scale.

Overall, the present work aims to produce high lignin content micro-nanofibers using a high yield
pulp as raw material and to study the influence of the refining using a Valley beater and
homogenization process on the quality of the final suspensions. In addition, the present work also
reveals the suitability of cationic demand as robust monitoring parameter of the fibrillation

process, while detailing the main limitations and few perspectives on this regard.

2 Experimental

2.1 Materials
Bleached spruce thermomechanical pulp (BTMP) was provided by Norske Skog Saugbrugs

(Halden, Norway) and was used for the preparation of lignocellulosic micro-nanofibers. All
chemical reagents used for the complete characterization of the micro-nanofibers were supplied

by Sigma Aldrich and were used as received.
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2.2 Methods

2.2.1 Characterization of the BTMP

The chemical composition of the pulp was evaluated according to TAPPI standard methods.
Fibers were dried prior to analysis at 105 °C for 24h, as required by TAPPI T264. Then, the
extractives content was measured by means of ethanol-toluene Soxhlet extraction according to
TAPPI T204. Ash and lignin were determined according to TAPPI T211 and TAPPI T22,
respectively. The content of cellulose and hemicellulose was determined by high performance
anion exchange chromatography (HPAEC). Further details of this methodology were reported by
[46].

Pulp drainability was measured according to ISO 5267/1 and expressed as Schopper — Riegler
degree (°SR) and as Canadian Standard Freeness (CSF), which was directly converted from °SR
to CSF. The morphological analysis was performed using a MorFi Compact Analyzer (TechPap,
Grenoble, France) equipped with a CCD video camera. About 30,000 fibers were analyzed by the
software MorFi v9.2 and, among other parameters, the mean fiber length (1,F), mean fiber
diameter (d¥) and fines content measured in length (f}) were determined. Those fibers shorter than
76 pm were considered as fines by the software. The fines content in weight (f) was determined
by passing the pulp suspension several times through a 200-mesh filter and recovering the filtrate,
which was then oven-dried at 105 °C until constant weight and referred to the initial dry weight
of pulp. The specific surface area of the pulp was determined by means of dye Congo Red
adsorption methodology. Such methodology will be later specified during the characterization of

the micro-nanofibers.

2.2.2  Production of lignocellulosic micro-nanofibers (LCMNF)

BTMP was previously disintegrated in a 50 L-pulper equipped with a helicoidal rotor at the
bottom at 5 wt.% consistency. Then, the pulp was diluted until reaching a consistency of 2 wt%
and mechanically refined in a Valley beater using the 500 g weight. Residence times for the
refining operations were set at 50, 100 and 150 min. The appropriate refining time was chosen
depending on the aptitude of the suspension to be properly treated in the high-pressure
homogenizer (HPH).

The pretreated suspension was passed through a high-pressure homogenizer (NS1001L PANDA
2000-GEA, GEA NiroSoavi, Italy) by progressively increasing the number of passes and
pressure. Finally, a mix of both micro and nano fibers was obtained and referred to as
lignocellulosic micro-nanofibers (LCMNF). Samples were separated at different stages of the
fibrillation process, leading to LCMNF 1, LCMNF 2, LCMNF 3 and LCMNF 4, as reflected in
Table 1.

[TABLE 1 ABOUT HERE]
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The reason behind the suspensions were subjected to progressive fibrillation is that a sudden
increase of the shearing forces can negatively affect the properties of the nanofibers due to the
degradation of the fibrils and, thus, a progressive increase of the pressure would avoid damaging

the nanofibers [47].

2.2.3  Characterization of the lignocellulosic micro-nanofibers (LCMNF)

The yield of nanofibrillation was evaluated by centrifuging 0.1 g (dry weight) of LCMNF from a
suspension at 1 wt.% consistency. The nanofibrillated fraction contained in the supernatant was
isolated from the non-nanofibrillated, which was assumed to be retained in the sediment. The
recovered sediment was then oven-dried until constant weight. The yield of nanofibrillation was
then calculated according to equation 1.

My

ms) -100 (1)

Yield of nanofibrillation (%) = (1 -
Where my and mg are the mass of dry sediment and initial dry sample, respectively.

The transmittance of the LCMNF suspensions was measured via a UV-Vis Shimadzu
spectrophotometer UV-160A set in the range between 400 and 800 nm. Distilled water was used

as reference and background.

The morphology of the obtained LCMNF was assessed by means of Field Emission Scanning
Electron Microscopy (FE-SEM) using a Hitachi S-3000 microscope (Hitachi Europe S.A.,

Barcelona, Spain) operating at 12 kV of accelerating voltage.

The carboxyl content (CC), which may not be significatively affected by the refining treatment,
was determined by conductimetric titration, as previously reported [48]. Cationic demand (CD)
was determined by back titration in a particle charge detector (Miitek PCD 04, BTG), as it has
been extensively described in other works [10]. According to the supplier, the molecular weight

(Mw) of polyDADMAC accounted for 107 kDa.

The water retention value (WRV) was measured by means of centrifuging the LCMNF
suspensions in bottles equipped with a nitrocellulose membrane (0.22 pm of pore size), which
can separate the non-bonded water out of the LCMNF suspension. Suspensions were centrifuged
for 30 min at 2400 rpm (452 G-force). The wet cake that was formed on the top of the
nitrocellulose membrane was then collected, weighted, and dried at 105 °C until constant weight.
The WRYV was calculated referring the amount of water in the wet cake per dry gram of sample

[49].

The degree of polymerization (DP) was determined by means of intrinsic viscosity measurements
for dissolved LCMNF in cupri-ethylenediamine according to UNE-ISO 5351 standard. The

correlation between intrinsic viscosity and DP was given by the Mark-Howink-Sakurada equation
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and values for K and a, constants from the equation that depend on the polymer-solvent system,

were set at 2.28 and 0.76, respectively [29].

Specific surface area (SSA) was determined by means of two different methods. On the one hand,
it was estimated from the CC and CD, considering the interactions between CNF and the added
cationic polymer (polyDADMAC). Details from this method have been previously published by
the authors and it has been reported to provide reliable values of, at least, diameters [46,50]. On
the other, SSA was calculated by means of Congo red adsorption isotherms, as described

elsewhere [51].

Changes on the lignin content and crystallinity of the LCMNF were assessed by means of Klason
lignin method and X-ray diffraction (XRD), respectively. For this, the suspensions were vacuum
filtered in a modified sheet former equipped with a 0.22 pm nitrocellulose membrane and then
dried for 20 min to remove water. Klason lignin of the LCMNF was measured on grinded and
dried samples according to TAPPI T22 om-98. The crystallinity index (C.I.) was calculated from
an XRD profile on the small pieces of the substrates. The C.I. was obtained from the height ratio
between the intensity of the crystalline peak (I, — I,;;,) and total intensity (I,), as reported by
Segal et al., (1959) (equation 2) [52].

Ic _Iam .

C.I.(%) = 7
c

100 2)

3 Results and Discussion

3.1 Characterization of the BTMP

Aiming at glimpsing the effect of the thermomechanical and soft bleaching process, the chemical
composition of the bleached thermomechanical pulp (BTMP) was determined and compared to
an unbleached [53] and bleached [54] kraft spruce pulp (UKSP and BKSP, respectively), as
reflected in Table 2.

[TABLE 2 ABOUT HERE]

BTMP exhibited a content of acid insoluble lignin, also known as Klason lignin, a hemicellulose
content and a cellulose content of 25.80, 25.40 and 48.35 wt%, respectively. The content of non-
structural elements such as extractives and ashes were relatively low for a thermomechanical pulp
with values of 0.25 and 0.20 wt%, respectively. Wang et al., (2018) [55] reported a chemical
composition for spruce wood (Picea abies) of 42.0 wt.% of cellulose, 20.6 wt.% of hemicellulose,
28.2 wt.% of Klason lignin, 6.5 wt.% of acid-soluble lignin, and 1.04 wt.% of extractives. Out of
these values, one can see that the pulping and bleaching process removed the extractives by more

than half from 1.04 to 0.25 wt.%. Besides, the lignin content experienced a smooth decrease from

108



Produccion, caracterizacién y aplicacién de nanofibras procedentes de pulpas de alto

rendimiento con elevado contenido en lignina

W ~d o U WM

AV NG GU U UL LU U U UG s 0 D B D D D W0WWWwWwWwWwowwwio MMM NNE e e e
e WNFOWVWOJdAUEWNHOWOWUJdOUEWNFRFOWVWOUdAUBEWNRLOWOWJdOWUEWNEFEOWLWAUIOWU S WNNE OW

237
238
239
240
241

242
243
244
245
246
247
248
249
250

251
252
253
254
255
256
257
258
259
260
261
262
263
264

265
266
267

268

269
270
271

28.2 to 25.8 wt.%, mainly due to the impact of the bleaching process. As a result, the relative
content of cellulose and hemicellulose increased with respect to the raw wood from 62.6 to 73.75
wt.%. Overall, this indicates that BTMP, although having been submitted to a bleaching step,
still presented a relatively high content of lignin and that the whole treatment did not significantly

affect the major chemical constituents of wood.

Table 2 also shows the chemical composition of UKSP and BKSP for comparison purposes. It
becomes apparent that the kraft process significantly decreases the lignin content, accounting for
2.23 wt% in the case of the pulp reported by Tutus et al. (2010). In addition, when such pulp is
submitted to a bleaching stage (BKSP), the resulting pulp exhibited a lignin content below 0.1
wt.%. The degradation of lignin by the kraft and bleaching processes may inevitably lead to the
removal of other constituents embedded in the amorphous region of the fibers, mainly
hemicellulose and some extractives. The content of hemicellulose in both UKSP and BKSP
decreased by less than half in comparison to the BTMP. Finally, the cellulose content increased

to values around 90 wt.%.

As reported by Jonoobi et al., (2014) [56] the chemical composition of the pulp has a major
influence during pulp fibrillation. Specifically, other authors pointed out that lignin has a
significant role inhibiting the formation of fibril bundles, which may be beneficial for the
fibrillation process [51]. Besides, the hemicellulose content has been also reported to be crucial
to avoid the aggregation of the microfibrils and re-agglomeration of the nanofibrillated parts [20].
Chaker et al., (2013) [57] exposed that hemicellulose content around 25 wt.% in pulps is optimum
to reach the maximum fibrillation efficiency, whereas in pulps exhibiting a hemicellulose content
close to 12 wt.% may decrease such efficiency by half. Generally, most chemical pulps, either
bleached or unbleached, used to produce cellulose nanofibers exhibit a lower hemicellulose
content than the BTMP proposed in the present study [58]. In addition, as there is still a lack of
understanding on the role of extractives during pulp fibrillation, it is accepted that this fraction
should be reduced to a certain extent to enable its proper fibrillation [59]. Thus, at least in terms
of chemical composition, BTMP may be a suitable raw material for LCMNF production, as it will

presumably be easy to fibrillate.

Although chemical composition has a key role on the fibrillation process, both morphological and
physical properties also may be affected during such process. Thus, the main morphological

parameters are summarized in Table 3.
[TABLE 3 ABOUT HERE]

BTMP exhibited a mean fiber length and diameter of 1,178 and 29.8 pm, respectively. Both length
and diameter are significantly higher than in the case of other pulps used for LCMNF production
that may be found in the literature. Indeed, the selected pulp exhibited a higher length to other
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pulps such as chemical pulps from wheat, vine stems and bleached eucalyptus, but shorter than
pinus radiata [60-62]. The obtained diameter was significantly higher than in the case of
hardwoods, but of the same order of magnitude than softwoods [63]. The morphological analysis
also returned an elevated content of fines, which partially explains the high SSA (2.87 m%/g).
However, such high surface area may be also explained by the aggressive treatment during
pulping, where lignin and other constituents are not dissolved and, thus, the mechanical energy

randomly breaks the wood structure increasing the surface fibrillation.

3.2 Effect of the refining in a Valley beater on the BTMP characteristics
Aiming to increase fibrillation, BTMP was subjected to mechanical refining in a Valley beater
prior homogenization, as described in the previous section. The morphology, the DP and the CD

of the refined pulps were determined, as well as their aptitude to high-pressure homogenization

(Table 4).
[TABLE 4 ABOUT HERE]

After 50, 100 and 150 min treatment, fiber length (I,F) decreased to 1,064, 790 and 682 pm,
respectively, representing a reduction of 42 % at 150 min. In fact, fiber length decreased linearly
with the pretreatment time with a correlation factor of R? = 0.967. These results are consistent
with those reported by Turbak et al., (1983) [31], where the need of reducing fiber length to a
range between 600 and 700 pm can enhance pulp fibrillation during high-pressure
homogenization. The decrease on the fiber length was also observed in the DP, which decreased
from 3,250 to 2,540 after 150 min treatment. On the contrary, the diameter of the BTMP fibers
was not significantly affected, indicating that fiber bundles were not successfully separated, which

is something expectable from such kind of mechanical treatments.

The mechanical refining also increased the fines content, both in length and in weight. After 150
min treatment, the amount of fines in length accounted for 79.5 %, while the mass fraction of
fines was 40.6 %. The morphological analysis, conducted by the MorFi equipment, does not
consider the morphology of fines, thus, the average fiber length and diameter is not considering
fines length and diameter. The presence of such fines may be beneficial for the fibrillation process
during high-pressure homogenization. Indeed, the 150 min-treated pulp did not exhibit any
clogging during fibrillation, contrarily to lower processing times. The changes on fiber
morphology, together with the generation of fines, also had a significant effect over the SSA and
the CD. SSA increased from 2.87 to 16.01 m*/g and CD, from 56.3 to 137.6 peq/g. In previous
works, authors already reported that CD can be a good indicator of the SSA [46,64]. In the case

of BTMP, this correlation was confirmed, as reflected in Fig. 1.

[FIGURE 1 ABOUT HERE]
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For all the above, the treatment time in the Valley beater was set at 150 min, considering that no
clogging was observed during high-pressure homogenization and that both SSA and CD, and the
morphological characteristics were, in principle, significantly better for LCMNF production than

the rest of treated pulps at shorter periods.

3.3 Production and characterization of the LCMNF

The selected pulp was passed through the high-pressure homogenizer at different numbers of
passes and pressure, according to the conditions specified in the previous section. Table 5 shows
the yield of nanofibrillation, transmittance at 600 nm wavelength (Teoonm), WRV, CD and SSA of
the different LCMNF. SSA was obtained by means of Congo red (SSAcr) and polyDADMAC
adsorption (SSA+).

[TABLE 5§ ABOUT HERE]

As expected, yield of nanofibrillation increased with the number of passes and pressure through
the high-pressure homogenizer. LCMNF 1 and LCMNF 2 exhibited a low yield of
nanofibrillation, accounting for 4.6 and 11.9 %. These low yields indicate that only a small
fraction of nanosized fibers can be obtained by means of passing the suspension through the high-
pressure homogenizer at low-moderate pressure (300 — 600 bar). Once the suspension was passed
through the pressure chambers at 900 bar, the yield of nanofibrillation increased to 24.1%
(LCMNF 3) and, conducting the operation at 900 bar three additional times, this yield was just
increased to 28.6 % (LCMNF 4). Indeed, such low yields compared to other suspensions of
nanofibrillated cellulose are completely understandable, as neither negatively charged groups are
introduced in the cellulose chain (i.e. TEMPO-mediated oxidation) nor specific mechanisms

based on enzyme action are occurring (i.e. enzymatic hydrolysis) [65].

It is clear that the raw material also has a direct influence on the yield of nanofibrillation. Indeed,
in previous works, lignocellulosic micro/nanofibers obtained from chemical pulps usually lead to
higher nanofibrillation yields, such is the case of wheat or alkali-treated mechanical pine pulp,
and of the same magnitude than other mechanical pulps such as banana leaf residue or frificale

straw [46,50,66,67].

The differences in the yield of nanofibrillation were also observed in the transmittance of the
suspensions at 600 nm. Transmittance is often used as an indirect indicator of the nanofibrillation
yield, as the higher presence of nanosized fibers in the suspension minimizes light scattering [68].
Table 5 reveals that as the intensity in the high-pressure homogenizer was increased,
transmittance also experienced an increase. However, the obtained values are far from those that

may offer purely nanostructured cellulose, mainly due to a combined phenomenon of low
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fibrillation degree and the presence of lignin. Thus, it becomes apparent that the obtained LCMNF

suspensions contained both nano- and microsized fibrils, as it can be observed in Fig. 2.
[FIGURE 2 ABOUT HERE]

Fig. 2 evidences the presence of both micro and nano fibers in the suspensions. Fig. 2A shows a
microfiber with an approximate diameter of 1 mm, whereas nanofibrils at their surface with
diameters in the range of 56.2 to 78.9 nm can be clearly seen. Fig. 2B exhibits a similar scenario,
though, as the suspensions has been more intensively fibrillated, the diameter of the nanofibers
decreased to a range of 21 to 40 nm. The mix of micro and nanofibers also support the low yield

and transmittance values.

As expected, the SSA also increased with the successive passes through the homogenizer.
However, the differences between the SSA obtained by means of Congo Red adsorption and the
one obtained through the polyDADMAC adsorption are worthy to mention. SSAcr exhibited
values in the range of 117.8 (LCMNF 1) and 150.3 m¥g (LCMNF 4). On the other hand, the
SSA,: values were limited from 64.7 (LCMNF 1) to 94.4 m*g (LCMNF 4). Several methods
have been already reported to determine the SSA of micro and nanostructured cellulose, and all
of them are based in different mechanisms. Nonetheless, all the methodologies that can be found
in the literature are based on indirect methods, as the estimation of SSA from length and diameter
can be misleading due to the presence of surface fibrillation and irregular morphology [50,51,69].
Depending on the method, especially in those involving adsorption mechanisms, the order of
magnitude of the SSA can significantly differ, as it is the case of SSAcr and SSA,.. Congo Red
molecule has a surface area of 1.73 nm*molecule, while in the case of polyDADMAC, surface
area accounts for 535.87 nm*/molecule. The lower surface area of Congo Red may propitiate its
penetration into the LCMNF structure, apart from its diffusion onto fibers surface as dimers,
providing a higher value during the measurement of SSA [70,71]. In addition, the molecular
weight (Mw) of polyDADMAC may also have an effect on the determination of SSA, as it has
been previously reported. Briefly, low-Mw polyDADMAC (7.5 — 15 kDa) may result in high
detected charge due to polymer penetration into the fiber structure, obtaining the fiber total
charge. On the other hand, high-Mw poly-DADMAC (> 100 kDa) leads to lower detected charge,

as it is only adsorbed on fiber surface [72].

As in the case of the mechanically refined pulps, as the SSA of LCMNF increased, a noticeable
enhancement of the CD was also observed. The CD increased from 179 to 240 peq/g for LCMNF
1 and LCMNF 4, respectively. Indeed, the increase on the CD evolved linearly with the SSA as

in the case of mechanically refined BTMP. This linear evolution can be observed in Fig. 3A.

[FIGURE 3 ABOUT HERE]
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WRY also experienced a great enhancement as the mechanically refined BTMP was gradually
passed through the high-pressure homogenizer. This increase on the WRV mainly comes from
the increase on the SSA and, thus, the extent of fibrillation. However, other effects may be
occurring during high-pressure homogenization, such as lignin release from the microfibrils due
to the high shear forces [73]. The WRYV increased from 1.5 to 3.1 g/g , corresponding to the
LCMNEF 1 and LCMNF 4, respectively. Several authors have reported the excellent capacity of
nanostructured cellulose to bond water, even to form water-based gels at low solid content. The
obtained WRYV is lower than values reported in the literature, mainly due to a combined effect
between the relatively high lignin content and the lower fibrillation degree [49]. The evolution of
the WRV with the CD did not respond to a linear regression, as reflected in Fig. 3B. In principle,
considering that WRV has been reported to be a reliable measure to characterize the extent of
fibrillation of micro and nanofibrils and, in addition, that SSA evolved linearly with CD, one may
expect a linear tendency between WRV and CD [74]. Nonetheless, the evolution of WRV
responded to a second order polynomial equation, indicating that an additional effect to the
enhancement of the fibrillation was occurring. This was corroborated in Figure 3C, where the
evolution of WRV as SSA increased is reflected. This additional effect may be a slight increase
of the hydrophilicity of the LCMNF as they were passed through the high-pressure homogenizer.
Jonoobi et al., (2015) [75] reported that successive passes through the homogenizer could promote
the removal of amorphous regions and, thus, increase the crystallinity of the lignocellulosic
suspension. In addition, as mentioned above, Qua et al., (2011) 73] already noticed lignin release
from the LCMNF suspension due to the shear forces inside the pressure chambers of the
equipment. Another plausible explanation is the decomposition of lignin-derived compounds
during the high-pressure homogenization process forming low-Mw and water-soluble compounds
[76]. Overall, the chemical composition of LCMNF may experience some changes during the
high-pressure homogenization process, either due to the release of surface lignin, decomposition

of lignin-derived compounds or even the removal of amorphous regions, including hemicellulose.

Aiming at glimpsing the effect of high-pressure homogenization in the chemical structure of
LCMNF, the DP, Klason lignin and the crystallinity index was determined for each LCMNF.
(Table 6). XRD curves for the determination of the crystallinity index are shown in Fig. 4.

[TABLE 6 ABOUT HERE]
[FIGURE 4 ABOUT HERE]

The determination of Klason lignin revealed that, as previously discussed, there was some lignin
removal during high-pressure homogenization. Indeed, a decrease of about 3 wt.% in the lignin
content of the LCMNF was observed (comparing LCMNF 1 and LCMNF 4), together with a great

reduction of the DP and a slight increase of the crystallinity index. The highest reduction in the
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lignin content was observed the first time that suspensions were processed at 900 bar, where
shearing was significantly more intensive than at lower processing pressures. This decrease on
the lignin content was also observed in the increase on the crystallinity index, where the highest
change was also observed when suspensions were processed at the maximum pressure for the first
time. This higher crystallinity, thus, can be attributed to the loss of lignin during high-pressure
homogenization. The increase on crystallinity may decrease the hydrophilicity of the LCMNF
and one could lower WRV. However, the obtained results clearly show that the removal of lignin

had a greater effect on WRYV than the increase of crystallinity.

As observed before, the CD is highly associated with the nanofibrillation yield and SSA. In
addition, the difference between the CD and CC can be used to quantify the number of hydroxyls
available at the fiber surface. Such value can be related to the hydrogen bonding ability and thus
to the strengthening potential of the nanofibers. The CD can also be useful to attempt different
chemical modifications on the nanofibers, including esterification, etherification, oxidation,
silylation, polymer grafting, and others, for various end uses [77]. From the obtained results, CD
may be used as monitoring parameter for the fibrillation process of LCMNF, though, it presents

some limitations that should be considered.

3.4 Limitations of cationic demand as monitoring parameter of fibrillation and

perspectives
CD is strongly affected by the surface charge, which may be induced by the introduction of
functional groups into cellulose structure. A clear example is the TEMPO-mediated oxidation
process, where highly negatively charged groups (COO") are introduced by means of the oxidation
of the primary alcohol in the C6 of the cellulose chain [11]. Another example could be those
cellulose nanofibers obtained by means of cationization processes, which are based on the
mfroduction of quaternary ammonium groups [78,79]. In addition to this, the chemical
composition of the starting material may also affect the CD of the micro and nanofibers. Thus,
the use of CD as monitoring parameter is restricted to processes where the rest of the conditions
are controlled, and the different correlations may apply to such conditions. To the best of our
knowledge, the monitoring of the production processes of micro and nanofibers must encompass
the combination of different parameters integrated in robust models that allow real-time
characterization, which is something that still needs further research, to diminish the uncertainty
during production processes. To the authors, such integrative and robust models should integrate
variables from the raw material, the pretreatment stage and the fibrillation itself, something that
is still missing and that would promote the full deployment of micro and nanocellulose production

at large scale.
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4 Conclusions

In this work, LCMNF were prepared by means of mechanical methods, combining mechanical
refining and high-pressure homogenization. It was found that fiber length plays a critical role on
the aptitude of the fibers to be processed by means of high-pressure homogenization, requiring a
treatment in the Valley beater of 150 min in order to shorten the fibers from 1,178 to 682 um,
apart from increasing the fines content. From the study at different homogenization intensities, it
can be concluded that the high shearing inside the pressure chambers have a positive effect on
nanofibrillation, especially at operating pressures above 900 bar, where significant effect can be
observed in the different parameters, including nanofibrillation yield, specific surface area,
cationic demand and water retention value, among others. It was found that the high-pressure
homogenization processes affect the lignin content of the fibers and their crystallinity, as the
Klason lignin content decreased from 24.3 to 21.0 wt.% and the crystallinity increased from 70.6
to 75.7%. This was found to have a significant effect over the water retention value of the LCMNF
and limiting the use of this parameter to monitor the extent of fibrillation of the samples.
Contrarily, it was found that cationic demand is a good indicator of the fibrillation of the LCMNF,
as the rest of the parameters evolved linearly at increasing cationic demands. Overall, it can be
concluded that high yield pulps can be useful for LCMNF if they are properly treated and, in
addition, that cationic demand is a suitable parameter to monitor the fibrillation process,
especially in nanostructured cellulose which has not been obtained by means of chemical

methods.
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710  Tables

711 Table 1. Samples and HPH sequence

Sequence in the HPH
n° of passes x pressure (bar)
LCMNF 1 3x 300
LCMNEF 2 3 x300+3x600
LCMNF 3 3 x 300+ 3 x 600+ 3 x900
LCMNF 4 3x 300+ 3 x 600+ 6x900

Sample
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713 Table 2. Chemical composition of the BTMP.
Cellulose Hemicellulose Klason lignin  Extractives Ashes Reference
(wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
BTMP 48.35+0.53 2540+ 0.31 25.80+0.21 025+0.03  0.20+0.05 Present work
UKSP 86.20 11.30 2.23 0.07 0.20 Tutus et al., 2010
BKSP 93.2 6.9 <0.1 - - Hult et al., 2000
714
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717

Table 3. Morphology and drainability of BTMP

Iw¥ (um) 1,178 =42
d* (um) 29.8+0.2
fiength (%0) 51.9+3.1
fweignt (%) 12.0+0.9
SSA (m/g) 2.87+0.12
°SR / CSF 21.5/578

Abbreviations: mean fiber length weighted in length (1,F), mean fiber diameter (d¥), percentage of fines
weighted in length (fiengm), percentage of fines in weight (ficipn) and specific surface area (SSA)
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Table 4. BTMP characteristics as function of refining time
Valley beater IWF d¥ fiength fiveignt bp SSA CD Aptitude to
(min) (pm) (um) (%) (%) (m*/g) (neq/g) homogenization
0 1,178 42 298+02 51.9+1.1 12.0+09 3,250+93 2.87+0.12 563=+1.6 Clogging
50 1,064 32 288+0.1 59.0£0.5 24.6+1.9 3,150+51 6.74 +£0.09 724 +£2.3 Clogging
100 790 £ 51 285402 652+13 31.8+£22 2690+94 1245+0.18 109.5+24 Clogging
150 682+29 286+£03 795+08 40613 254071 16.01+0.10 137.6+3.0 Non-clogging
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720  Table 5. Characterization of the LCMNF

Sample Yield Te00nm WRY CD SSAcr
(%) (%) (g/g) (neq-g/g) (m’/g)

SSA,-
(m?/g)

LCMNF 1 46+03 3.8 1.5+£0.1 1796 117.8
LCMNF 2 11.9+03 8.1 1.8 £0.1 205+4 134.4
LCMNF 3 24.1+0.2 14.5 26+0.2 233+2 1452
LCMNF 4 28.6+0.4 17.2 3.1+0.1 240+3 150.3

W~ oy W N

64.7
77.4
91.0
94.4
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Table 6. Characterization of lignocellulosic micro-nano fibers (LCMNF)

Sample DpP Klason lignin C.L
() (Wt.%) (%)

LCMNEF 1 755 243403 70.6
LCMNF 2 561 23.44+0.1 71.9
LCMNF 3 418 221402 75.1
LCMNF 4 367 21.0+£02 75.7

Abbreviations: Degree of polymerization (DP) and crystallinity index (C.1.)
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ARTICLE INFO ABSTRACT

Keywords:
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The transition of nanocellulose production from laboratory to industrial scale requires robust monitoring systems
that keeps a quality control along the production chain. The present work aims at providing a deeper insight on
the main factors affecting the rheological behavior of (ligno)cellulose micro/nanofibers (LCMNFs) and cellulose
micro/nanofibers (CMNFs) and how they could correlate with their characteristics. To this end, 20 types of
LCMNFs and CMNFs were produced combining mechanical refining and high-pressure homogenization from
different raw materials. Aspect ratio and bending capacity of the fibrils played a key role on increasing the
viscosity of the suspensions by instigating the formation of entangled structures. Surface charge, reflected by the
cationic demand, played opposing effects on the viscosity by reducing the fibrils’ contact due to repulsive forces.
The suspensions also showed increasing shear-thinning behavior with fibrillation degree, which was attributed to
increased surface charge and higher water retention capacity, enabling the fibrils to slide past each other more
easily when subjected to flow conditions. The present work elucidates the existing relationships between
LCMNF/CMNF properties and their rheological behavior, considering fibrillation intensity and the initial raw
material characteristics, in view of the potential of rheological measurements as an industrial scalable charac-
terization technology.

1. Introduction

Nanocellulose (NC) is an outstanding and renewable nanomaterial
that has recently attracted significant attention in many research areas,
mainly due to its interesting properties and characteristics, which have
been subject of multiple studies for a wide range of applications [1-4].
NC can be found in different forms, depending on the production
method and the resulting properties, including crystallinity,
morphology, or chemical composition. Indeed, several studies have
referred to cellulose nanofibers (CNFs), lignocellulosic nanofibers
(LCNFs), cellulose nanocrystals (CNCs) or even microfibrillated cellu-
lose (MFC) under the designation of NC [5,6]. All these kinds of NCs can
be produced from a wide variety of raw materials, including softwood,
hardwood, agricultural residues, recovered paper or any other ligno-
cellulosic biomass, although the origin may have some influence on the
resulting characteristics of the nanostructured material. The production
process of LCNFs and CNFs usually encompasses two different stages to

* Corresponding author.
E-mail address: m.delgado@udg.edu (M. Delgado-Aguilar).

https://doi.org/10.1016/j.ijbiomac.2021.07.195

deconstruct the hierarchical structure of lignocellulosic fibers. On the
one hand, the use of chemical or enzymatic pretreatments is often rec-
ommended to reduce the energy consumption during the second stage,
consisting of an intensive mechanical treatment, to increase the ratio of
nanosized fibers in the resulting suspension and to provide some surface
functional groups that might be of interest [7-9]. On the other, the
mechanical treatment, also known as fibrillation stage, may be con-
ducted by means of several equipment, including but not limited to high-
pressure homogenization, grinding, or microfluidization, exhibiting
some differences in terms of performance [10,11].

One of the main attributes of CNFs and LCNFs is their ability to form
entangled network-like structures, leading to highly viscous suspensions
even at low consistency, mainly due to their high aspect ratio and hy-
drophilicity [12]. Such viscous behavior has considerably drawn the
attention of researchers, as it could provide useful information on their
processability, storage and transportation, but also due to its potential in
several applications [13-15]. In addition, rheology has also been
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reported as a useful characterization tool to understand the morphology
and fibril interaction mechanisms of CNFs and LCNFs [16].

Despite the great potential for CNFs and LCNFs in multiple and
diverse sectors, their upscaling for production and commercialization is
not still developed, mainly due to the limitations imposed by chemical
pretreatments in terms of high manufacturing costs, challenging re-
covery of reagents, excessive depolymerization of fiber components,
presence of highly reactive functional groups, and the lack of an efficient
drying and redispersing system able to preserve the initial properties of
CNFs and LCNFs [17-21]. Besides, albeit enzymatic pretreatments have
been reported to offer a more environmental friendly and cheaper
approach, their upscaling is also limited, as they require long residence
times in heated bioreactors and, indeed, the use of chemicals is not fully
avoided [22,23].

The challenges posed by chemical and enzymatic pretreatments
glimpse the possibility of an entire mechanical production line, adopting
mechanical refining as pretreatment. Mechanical refining is an indus-
trially available technology which has been traditionally used in the
pulp and paper sector to improve paper properties, though, it is also
attractive as fiber pretreatment prior to mechanical fibrillation of the
pulps [1,24]. Mechanical refining is based on the application of shearing
forces that enhance fiber swelling, while breaking down the fiber
structure leading to shorter and highly fibrillated fibers, which has been
reported to contribute to the fibrillation stage during LCNF and CNF
production. [25,26]. At laboratory scale, some examples of mechanical
refining include PFI mills and Valley piles, which are based in different
principles but are representative of large-scale plate and cone refiners.
As extensively reported, the effects produced by the Valley pile on the
fibers could potentially contribute to the production of a more homo-
geneously fibrillated product than other pretreatments [24]. The com-
bination of both refining and homogenization processes is expected to
produce CNF and LCNF suspensions with a significant amount of
microscopic fibers, usually over 50%, exhibiting external fibrillation in
the nano domain, as well as individualized nanofibers. Owing to such
characteristics, the resulting material can be referred to as cellulose
micro/nanofibers (CMNFs) or (ligno)cellulose micro/nanofibers
(LCMNFs) [27,28]. Thereby, disposing of enzymatic and chemical pre-
treatments may contribute to cost-efficient production of CNFs and
LCNFs, indeed, there seems to be an increasing trend towards CMNFs
and LCMNFs rather than other NC grades, especially for large volume
applications.

Apart from the abovementioned challenges, other important factor
limiting the large-scale production of NC is the lack of high-speed and
accurate measurement tools and methods that could serve as monitoring
parameters during production processes, as authors have pointed out in
a recent review [29]. To the date, the most accepted characterization
methods so far are based on multiparameter processes to obtain a
complete roster of properties, or even a single quality indicator. Such is
the case of Desmaisons et al. [30], where a multi-criteria method was
proposed, enabling the obtention of a single quantitative grade with the
purpose of monitoring the production of CNFs and LCNFs. However,
such multiparameter approaches are usually limited to laboratory use
and not scalable, as they are excessively time consuming. Another pos-
sibility would be the characterization of CNFs from a unique parameter.
The use of microscopy methods has been already proposed, mainly
electron and atomic force microscopy (AFM), to determine the ratio of
nanosized fibers and their dimensions [31]. Nonetheless, obtaining
representative and reliable results is also time consuming and expensive,
as excessive images are required and data acquisition is a tedious task.
Although data acquisition could be optimized by means of artificial
vision techniques, images should be systematically taken regardless the
sample characteristics, which may lead to overlooking of relevant
structures [32-34]. In a simpler way, Gu et al. [35] proposed the water
retention value (WRYV) as a reliable parameter to monitor the fibrillation
process. However, besides being a time-consuming technique, in a
recent work, the application of the WRV as a monitoring parameter was
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found to not correlate with the fibrillation degree of LUNFs and LCMNFs.
This was attributed to the fact that WRV, which is highly associated to
the specific surface area, is also influenced by the chemical composition
of the fibrils which may unpredictably change due to lignin release
during mechanical processes [28]. In the same work, authors proposed
cationic demand (CD) to monitor fibrillation, but this measurement is
severely influenced by conductivity and pH [36].

Therefore, there is a real need of orientating research towards
appropriate monitoring methods enabling industrial scalability, while
providing relevant and valuable information about the production
process. To overcome this situation, some researchers have focused their
efforts on the rheological behavior of NC suspensions, which is well
known to be influenced by both structural and individual fibril charac-
teristics [16,37,38]. In addition, rheology offers the possibility of inline
measurement along the production chain, which would contribute to
eliminate the lag created between process and characterization. Inline
viscometers have already been successfully implemented at industrial
scale in other sectors, but its use in the NC production sector is not still
developed as for the uncertainty regarding the relationships between
rheology and the rest of the properties [29]. Thereby, the present work
stands as a thoughtful and innovative study on the relationships between
rheology and properties of mechanically obtained CMNFs and LCMNFs,
providing useful information for future mass production of such nano-
structured material [39].

The widespread morphologies, as well as different surface chemis-
tries, usually drive to varied properties and, presumably, to different
rheological behavior. Such properties largely depend on the initial pulp
and the intensity of the mechanical treatment. Accordingly, and for the
sake of comparison, the present work considers the production of
LCMNFs and CMNFs from two different softwood sources, namely (i)
spruce (Picea abies) and (ii) pine (Pinus radiata). Precisely, pine pulps
had undergone thermomechanical, kraft and bleached kraft treatments,
whereas the spruce pulp was a thermomechanical pulp. The selection of
such raw materials is based on evaluating the rheological behavior of the
suspensions by varying the initial fiber source and fiber treatment. Be-
sides, different mechanical intensities were imparted to the pulps by
setting a constant refining intensity and then passing the suspensions
through a high-pressure homogenizer by progressively increasing the
number of passes from 3 to 9 and pressure from 300 to 900 bar.

2. Experimental
2.1. Materials

Bleached thermomechanical pulp from spruce (BTMP) was kindly
provided by Norske Skog Saugbrugs (Halden, Norway), thermo-
mechanical pulp from pine (TMP) was kindly supplied by Zubialde, S. A.
(Aizarnazabal, Spain), unbleached kraft pulp from pine (UKSP) and
bleached kraft pulp from pine (BKSP) were kindly provided by Celulosa
Arauco y Constitucién (Chile). These pulps were used to produce the
LCMNFs and CMNFs. All reagents used in the present work were ac-
quired at Sigma-Aldrich and were used as received with no further
purification.

2.2. Methods

2.2.1. Raw material and pretreated pulps characterization

The chemical composition of the raw and refined pulps was deter-
mined as according to NREL and TAPPI standards. The extractive con-
tent was evaluated via acetone Soxhlet extraction according to TAPPI
standard T204. Total lignin, hemicellulose and cellulose contents were
assessed according to NREL/TP-510-42,618 standard from the
extractive-free pulps. Briefly, 300 mg of extractive-free fibers were hy-
drolyzed with 3 mL of 72 wt% H2S04 at 30 °C. After one hour hydrolysis,
84 g of deionized water were added and the mixture was introduced in
an autoclave for one hour at 121 °C, to be later vacuum filtered. Klason
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Table 1
HPH sequences.

HPH identification =~ Number of passes through the HPH at each operating pressure

300 bar 600 bar 900 bar
3 3 0 0
31 3 1 0
33 3 3 0
331 3 3 1
333 3 3 3

lignin remained on the top of the filter, while the soluble lignin fraction
was obtained through UV-Visible spectrophotometry of the filtrate.
Hemicellulose and cellulose were determined by means of HPLC. In
parallel, the ash content was quantified by combustion at 525 °C, ac-
cording to TAPPI standard T211.

The crystallinity of the samples, in terms of crystallinity index (CrI)
was measured by means of X-ray diffraction (XRD) using a Bruker D8
Advance diffractometer with a Cu-Ka radiation and operating at 45 kv
and 40 mA. The 2 Theta (26) angular region from 4° to 33° was scanned
with steps of 0.05° and a step time of 40 s. The Crl was calculated using
the method reported by Segal et al., (1959) [40], which is based on the
ratio of the intensity of the 002 peak (Ipgg, 20 = 22.6), and the intensity
of minimum between 18 and 19° (I.,) (Eq. (1)).

o —lm

Crl. 100 1)

002

The morphology of the pulps, including parameters such as mean
fiber length and diameter, was evaluated by means of a MorFi Compact
Analyzer from TechPap (Grenoble, France) which analyses about 30,000
fibers per test aided by the software MorFi v9.2. Additionally, the pulps
were observed by means of a Zeiss Axio Lab.Al optical microscope fitted
with an optical microscope camera Zeiss AxioCam ERc 5 s (Carl Zeiss
Microscopy GmbH, Gottingen, Germany) at x5 magnification.

2.2.2, LCMNFs and CMNFs production

Pulps were disintegrated in a laboratory scale pulper according to
1SO 5263-1 standard. Briefly, 30 g (over dry weight) were introduced in
the pulper and water was added until achieving a pulp consistency of
1.5 wt%, to be later disintegrated for 20 min at 3000 rpm. The resulting
pulp suspension was vacuum-filtered using a 400-mesh screen and
adjusted to 10 wt% consistency. This process was repeated four times
until obtaining 120 g of each pulp. The disintegrated pulps were sub-
jected to mechanical refining in a Valley pile using a 500 g (wet weight)
and setting a residence time of 60 min. The resulting materials from this
stage were four different pulps refined at same intensity in a Valley pile.

The refined pulps were passed through a high-pressure homogenizer
(HPH) NS1001L PANDA 2 K-GEA (GEA Niro Soavy, Parma, Italy) at 1 wt
% consistency and by progressively increasing the number of passes and
pressure. Samples were taken at different stages of the homogenization
process, obtaining the sequences reported in Table 1. Accordingly, each
refined pulp led to 5 types of LCMNFs with different fibrillation degree,
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attaining a total of 20 types of LCMNFs with either different fiber source,
pulping treatment, and HPH sequence.

2.2.3. Characterization of LCMNFs and CMNFs

The obtained LCMNFs and CMNFs were characterized in terms of
yield of nanofibrillation, transmittance at 600 nm, cationic demand
(CD), water retention value (WRV) and aspect ratio. The yield of
nanofibrillation was determined by centrifuging 0.1 g (on dry weight
basis) at 0.2 wt% consistency at speed of 4500 rpm for 20 min (150 mm
radius; 3402 G-force). The sediment, which contains the non-fibrillated
fraction, was separated and oven-dried at 105 °C until constant weight.
The yield of nanofibrillation is the ratio between the nanosized fibers
(calculated by the difference between the initial dry mass and the dried
sediment) and the initial dry mass. Transmittance values were recorded
at 600 nm wavelength using a UV-Vis spectrophotometer Shimadzu UV-
160A, setting the consistency at 0.1 wt% and using distilled water as
reference. CD was determined by means of back potentiometric titration
using a Miitek PCD 04 particle charge detector (BTG Instruments, Ger-
many). For its determination, 0.1 g (dry weight) were mixed with a
known amount of excess of cationic polymer polyDADMAC (0.001 N).
The mixture was then centrifugated for 90 min at speed of 4000 rpm
(70 mm radius; 1254 G-force). Then, 10 mL from the supernatant were
taken to the Miitek and tritiated with anionic polymer PesNa (0.001 N)
until 0 mV were reached. From the volume of PesNa needed to
neutralize the excess of cationic polymer and the total amount of initial
polyDADMAC, the CD can be calculated as detailed in previous works
[41]. The WRV was measured by separating the non-bonded water out
of the LCMNFs suspensions and then calculating the amount of bonded
water per gram of dry sample. Such determination was carried out by
centrifuging the suspensions for 30 min at 2400 rpm in polypropylene
bottles equipped with a nitrocellulose membrane at the bottom. Further
details of the characterization procedures can be found in the literature
[42,43].

The morphology of the LCMNFs and CMNFs was evaluated via the
determination of the aspect ratio and the observation through trans-
mission electron microscopy (TEM). Aspect ratio was determined by a
simplified gel point methodology based on the sedimentation of LCMNFs
and CMNFs according to [44]. Besides, the LCMNFs suspensions were
observed at the National Centre of Electronic Microscopy (Madrid,
Spain) by JEOL JEM 1400 microscope (JEOL, Tokio, Japan) operating at
100 kV of accelerating voltage and following the methodology devel-
oped by Campano et al., (2020) [45]. Briefly, 15 pL of a 10% solution of
Poly-1-Lysine were deposited on a 200 mesh formvar/copper grid in
order to convert its surface into cationic and hydrophilic. Then, 12 pL of
0.005 wt% LCMNFs or CMNFs were placed on the treated grids and left
to dry before TEM observation.

The rheological behavior of the suspensions was evaluated by means
of a Couette-type (co-axial cylinder) PCE-RVI 2 V1L rotational visco-
simeter (PCE Instruments, Germany). The apparent viscosities () of the
suspensions at 1 wt% consistency were recorded by increasing the
rotational speed from 0.5 to 200 rpm. The shear rate (y) et each rota-
tional speed was calculated from the dimensions of the spindle and the

Table 2

Chemical composition and CrI of the initial and pretreated pulps.
Pulp Cellulose Hemicellulose Lignin® Extractives Ashes Crl
(wt%) (wWi%) (wt%) (wt%) (wi%) (%)
BTMP 48.9 = 0.4 20.5+ 0.2 29.3 + 0.4 0.8+0.1 0.5+ 0.1 75.3
BTMP _mec 46.2 = 0.4 229+ 0.2 29.4 + 0.4 0.9 +0.1 0.5+ 0.1 76.1
TMP 48.5 £ 0.5 183+ 0.3 30.5 + 0.6 0.6 £0.2 21401 71.5
TMP mec 479 £ 0.5 229+ 0.2 27.0+03 0.7 £0.1 1.4+01 73.3
UKSP 738+ 04 16.0 £ 0.2 9.2+ 0.2 < 0.3 0.8+0.1 825
UKSP_mec 742+ 0.4 16.6 + 0.2 82+0.2 < 0.3 0.8+0.1 81.1
BKSP 86.2 £ 0.5 82+0.2 4.0+ 0.3 0.7 +0.1 1+01 87.9
BKSP_mec 853+ 05 87 +0.2 39+03 1.2+01 09+0.1 87.0

 Total lignin content determined as the sum of the acid-insoluble and acid-soluble lignin.
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Fig. 1. X-ray diffraction patterns of (a) BTMP and BTMP_mec, (b) TMP and TMP_mec, (c) UKSP and UKSP_mec, (d) BKSP and BKSP_mec.

vessel, following Eq. (2), finally obtaining a shear rate range from 0.25
10165.83 57,

2N, R

60 R —R? @

y=2
where N; is the rotational speed in rpm, and R and R; are the radius of
the vessel and spindle with values of 1.10 and 0.95 mm, respectively.
The logarithmic plots of the flow curves were fitted to the Oswald-de
Waele equation (Eq. (3)) [13,18,46].

n=ky" 3

where k and n are identified as the consistency and flow indexes,
respectively. Briefly, the consistency index is typically used as an overall
measure of the suspension’s viscosity, whereas the flow index evaluates
the non-Newtonian degree of the suspension. In this context, flow index
of zero indicates a Newtonian fluid, whereas n values below 1 reveal
pseudoplastic behavior (shear-thinning).

3. Results and discussion
3.1. Raw and pretreated pulps characterization

The chemical composition of the starting pulps (BTMP, TMP, UKSP
and BKSP) and the mechanically pretreated pulps (BTMP_mec,
TMP_mec, UKSP_mec and BKSP_mec) is provided in Table 2. In addition,
the X-ray diffraction patterns of the pulps are presented in Fig. 1, from
which the crystallinity index (Crl) is calculated and included in Table 2.

As expected, thermomechanical pulps (BTMP and TMP) presented
lower cellulose contents, below 50 wt% in both cases, than kraft pulps,
with values up to 73.8 and 86.2 wt% for UKSP and BKSP, respectively.
Instead, the lignin content was higher in thermomechanical pulps,
around the 27-30 wt%, whereas the kraft treatments visibly reduced the

lignin content to 9.2% and 4.0 wt% for the unbleached and bleached
pulp, respectively. The effect of the kraft treatment on the hemicellulose
content was not as harsh as with lignin, though, the bleaching of the
kraft pulps was shown to be more effective on reducing the hemicellu-
lose content. The higher contents of cellulose in kraft pulps, being cel-
lulose the most crystalline compound within the fiber cell wall, also led
to greater Crl in these pulps, obtaining values near to 75% in the case of
thermomechanical pulps, both BTMP and TMP. It was also found that
the contents of extractives and ashes in the selected pulps was not
excessive, which from a technical viewpoint is interesting as keeping
low amounts of these components has been reported to enhance the
nanofibrillation yield during the fibrillation process [47].

It is worth mentioning that the bleaching step imparted to the BTMP
had a slight, almost negligible, effect on the chemical constituents of the
pulp, as it was noticed that the composition of Norwegian spruce wood,
which is the initial fiber source, is not significantly different from BTMP
[48]. In fact, bleaching of thermomechanical pulps usually aim at
removing chromophores to increase pulp brightness, hence, preserving
the chemical structure of the fiber, instead of removing residual lignin
and hemicellulose as in the case of chemical pulps bleaching. From this
point of view, it is concluded that the derived results from TMP and
BTMP can be directly compared neglecting the effect of bleaching step in
the case of BTMP.

After submitting the pulps to mechanical refining, the most notice-
able effect was found to be a slight lignin content reduction (around 3 wt
%) in TMP, also contributing to an increase of the cellulose ratio and CrI
of this sample. The effect of mechanical refining on the BTMP was not as
pronounced as in the case of TMP, even being possible to consider the
small variations as insignificant. The lignin reduction in TMP due to
refining can be attributed to mechanical peeling and delamination of the
fiber cell wall, which by consequence promotes lignin release [49]. Ina
different but comparable scenario, the shearing forces in the high-
pressure homogenizer (HPH) have also been reported to promote
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Table 3
Morphological parameters of the initial and pretreated pulps.
Pulp Mean fiber Mean fiber Fines Aspect
length® diameter content” ratio
(pm) (um) (%) =)
BTMP 1178 £ 42 20802 52x3 39.5
BTMP_mec 821 £ 34 28908 622 28.4
TMP 808 = 66 31.1x£07 301 26.0
TMP_mec 377 £ 26 293x1.1 55£2 129
UKSP 837 £ 62 26.1 =04 34 x4 321
UKSP_mec 430 £35 20705 46 £ 1 20.8
BKSP 1691 £ 48 247 £0.7 12x2 68.5
BKSP_mec 449 £ 40 21.8x1.1 33=x0 20.6

# Mean fiber length weighted in length.
b Fines are considered as particles which length is below 75 pm.

lignin release in thermomechanical pulps [28]. Apart from the lignin
content, the mechanical pretreatment may also promote the disordering
of the crystalline regions in kraft pulps, resulting in a reduction of the
Crl, as observed in both UKSP and BKSP samples. Similar effects on the
crystallinity and composition of fibers as consequence of mechanical
refining have been previously reported [50,51].

Besides chemical composition, mechanical refining also affects the
morphology of the pulps mainly by imparting fiber cutting and gener-
ating fine particles. Such morphological changes are reported in Table 3
where the main morphological parameters are shown. Optical images of
the samples are also provided in Fig. 2 to deepen into the morphology of
the pulps.

It becomes apparent that refining made the fibers much shorter by
reducing the mean fiber length and releasing fibrils, hereby referred to
as fines. Many of such fines are found at the fibers” surface of refined
pulps in the form of external fibrillation, as observed in Fig. 2, fact that
contrasts with the smoother appearance of unrefined pulps. In addition,
mechanical refining had a significant impact on fiber length, being of a
lower magnitude in the case of diameter. This explains the decrease of
the aspect ratio after refining. Although such effects resulting from pulp
refining (i.e. fiber cutting and fines generation) have been typically
regarded as undesired effects in the papermaking sector, they could
potentially promote pulp fibrillation in the HPH and avoid clogging of
the pressure chambers, which is interesting from a technical viewpoint
[24].

Table 3 also shows that the mean fiber length, as well as mean fiber
diameter, decreased more severely in pine pulps (TMP, UKSP and BKSP)
than in the spruce pulp (BTMP), from which it is concluded that refining
had a stronger influence, in morphological terms, on pine pulps. Further,
the effect of refining on the chemical composition became more evident

Starting pulps

Refined pulps
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in the case of TMP than in BTMP.

3.2. Characterization of the CMNFs and LCMNFs suspensions

The resulting LCMNFs and CMNFs suspensions were characterized in
terms of yield of nanofibrillation, CD, transmittance at 600 nm of
wavelength (Tgoo nm) and WRV. These parameters have been previously
used by several authors and, albeit their indirect nature, they have been
reported to provide a good indication of the LCMNFs and CMNFs
characteristics.

As expected, the yield of nanofibrillation increased with the number
of passes and pressure in the HPH regardless of the type of pulp. The
fibrillated BTMP reached yields around the 20% at the most intense HPH
sequence, contrarily to TMP, which exhibited yields below 10%.
Regarding kraft pulps, UKSP presented a yield close to 18% at3 +3 + 3
HPH sequence, whereas BKSP showed a slightly lower content of
nanofibers (15.5%) at the same HPH stage. The obtention of lower yields
in BKSP with respect to UKSP is mainly ascribed to the presence of re-
sidual lignin in the latter pulp that inhibits the formation of fibril bun-
dles and prevents the re-agglomeration of the nanofibrillated parts. On
the contrary, bleaching of kraft pulps has been found to eliminate most
of the remaining residual lignin (see Table 2) and, thus, incentive fibrils
aggregation by increasing the number of hydroxyl groups at the fiber
surface [52,53]. The fact that TMP provided lower yields than UKSP and
BKSP is explained by the excessive amount of lignin in this sample that
binds the fibrils together and hinder its release from the original bundle
during the fibrillation process. Interestingly, BTMP offered significantly
higher yields than TMP and somewhat higher than those of UKSP and
BKSP. Such differences between TMP and BTMP in terms of nano-
fibrillation yield could be attributed to the inherent influence of fiber
source, to the notably higher content of fines in BTMP_mec, and to the
somewhat lower content of extractives and ashes in the spruce pulp. In
this context, albeit the role of extractives and ashes during pulp fibril-
lation is yet to be consolidated, it is accepted that the presence of low
amounts of non-structural elements (i.e., extractives and ashes) could
positively influence the separation of nanofibers from the original
bundle [47,54].

The relatively low yields obtained in comparison to other CNF grades
produced by chemical or enzymatic pretreatments, where yields can
reach up to 95% and 40%, respectively, explain the low transmittance of
the suspensions [55]. Optical transmittance can be used as an indirect
indicator of the yield of nanofibrillation, since light scattering during
transmittance tests is highly dependent on the fibril’s shape and di-
mensions. Hence, the presence of micro-sized fibers with thicker di-
ameters than nanofibers would justify the low transmittance values of
the suspensions. It is noted that even though BTMP owned higher yields

Fig. 2. Optical microscopy images of initial pulps (BTMP, TMP, UKSP and BKSP) and their respective refined pulps.
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Fig. 3. Evolution of the yield of nanofibrillation (a) and WRV (b) with the CD.

than UKSP and BKSP, which in principle should derive into higher
transmittance values, the presence of lignin interfering the analyses
provides BTMP lower transmittances. Overall, it is concluded from the
low yields and low transmittance values that the obtained suspensions
were a mix of both micro and nanosized fibers, the main reason why the
authors have considered reasonable to label the suspensions as micro/
nano fibers (LCMNFs and CMNFs, depending on the presence of lignin).

CD was found to increase in an overall range of 150 to 215 peq/g,
mainly depending on the HPH intensity, being less affected by the type
of pulp. This was partially expected, as the initial pulps had not been
chemically modified by the introduction of charged groups (i.e.,
TEMPO-mediated oxidation) that could influence the surface charge of
the pulps. Likewise, similar CD values in micro/nanofibers from
different feedstocks produced by similar approach have been previously
reported [56,57].

The CD has proved to correlate well with the specific surface area
and nanofibrillation yield, making the parameter a suitable candidate,
albeit not ideal, to monitor the mechanical production of micro/nano-
fibers [28]. Indeed, in this work the CD is observed to evolve linearly

with the nanofibrillation yield within the different homogenization se-
quences, as shown in Fig. 3.a. Some limitations of the CD as a monitoring
parameter include the great variability of surface charge depending on
the pretreatment conditions and raw material, and the fact that CD
would require sophisticated correlations to be inline monitored in a
large-scale production process. Hence, in this study the CD is not viewed
as a potential monitoring parameter, but as an indicator of the surface
charge to study the relationships between surface charge and rheology
[13].

The submission of the pretreated pulps to successive fibrillation steps
also contributed to increasing the WRV of the micro/nanofibers. BKSP
owned the higher WRV reaching up to 2.75 g/g at the highest HPH in-
tensity, which is understandable owing to the larger content of cellulose
and thus, higher water retention capacity. Beyond chemical composi-
tion, WRYV also depends on the available surface area, which is increased
with the HPH intensity. Such combined effect between chemical
composition and fibrillation degree explains the fact that even though
BTMP contained a higher content of nanofibers and presumably larger
surface availability than UKSP, both pulps yielded similar WRV owing to

HPH sequence

)

BTMP

™P

BKSP

33

Fig. 4. TEM images of the LCMNFs from BTMP, TMP, UKSP and BKSP at different HPH stages.
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Fig. 5. Evolution of the aspect ratio with the homogenization intensity.

the larger content of cellulose in UKSP. Besides, the micro/nanofibers
from TMP, with high lignin content and low nanofibrillated fraction,
presented the lowest WRV.

Aslong as the chemical composition of the pulp does not vary during
the fibrillation treatment, as for kraft pulps, the WRV linearly correlates
with the specific surface area (SSA) and hence can be used as monitoring
parameter of the fibrillation degree [35,58]. Though, in thermo-
mechanical pulps, some lignin may be detached from the fibrils struc-
ture as consequence of the shearing forces in the HPH. As the lignin
content is reduced due to homogenization, the hydrophilicity of the
sample becomes higher and thus the WRV increases [28]. In such cases,
the WRV may increase not only because of the higher fibrillation degree,
but also due to unpredictable variations on the chemical composition of
the sample, finally making the WRV a non-adequate parameter to
monitor the production of high-lignin content nanofibers. Fig. 3.b shows
the evolution of the WRV with the CD as the homogenization intensity is
increased. It is observed that the WRV of the micro/nanofibers from
BKSP and UKSP increased linearly with the CD. Such tendency was not
repeated in thermomechanical pulps, since the WRV tended to increase
gradually above the expected linearity resulting into a second-order
polynomial tendency. In the case of the chemically obtained pulps
(kraft, both UKSP and BKSP), most of the lignin was removed by means
of its solubilization. However, those thermomechanically obtained pulps
still exhibited some easier to remove lignin by means of shear forces,
which may contribute to the higher enhancement of the WRV as HPH
intensity increases.

3.3. Morphology of the micro/nanofibers

Surface charge and morphology are probably the most influencing
factors governing the rheological behavior of micro-nanofibrillated
suspensions [59,60]. In this work, the morphology of the fibrillated
samples was assessed through TEM observation (Fig. 4), whereas the
mean aspect ratio of the micro/nanofibers was quantified as a relevant
morphological parameter through the gel-point methodology (Fig. 5).

TEM images in Fig. 4 evidence the presence of widespread mor-
phologies with branched structures and external fibrillation, which is a
typical morphological trait of those NC grades obtained by fully me-
chanical processes. Also, some fibril bundles are observed at the initial
HPH stages, whereas the homogenization treatment is seen to enhance
the presence of slender particles. Indeed, Fig. 5 shows that the mean
aspect ratio of the fibrils increased with the HPH intensity principally in
pine pulps (TMP, UKSP and BKSP), being such increments less signifi-
cant for the spruce pulp (BTMP). Precisely, BKSP fibrils experienced a
pronounced increase of the aspect ratio from 75 to 217, whereas those
homogenized lignin-containing pulps (UKSP, TMP and BTMP) provided
lower increments in the range of 40 to 103.

From TEM images it is also possible to see that BKSP fibrils are
apparently thicker and longer than UKSP ones. As stated during the
characterization of the LCMNFs, the residual lignin in UKSP could be

International Journal of Biological Macromolecules 187 (2021) 789-799

Table 4
Characterization of the micro-nanofibers.
Pulp HPH Yield CD Teoo nm WRV
sequence (%) (peq/g) (%) (8/8)

BTMP_mec 3 29+ 0.3 156 + 2 41 +0.1 1.28 £ 0.12
31 6.0 + 0.4 173+ 3 47 £ 0.2 1.35 + 0.09

33 116 + 0.4 185+ 1 7.0 0.1 1.43 £ 0.10

331 156 + 0.3 199 + 2 9.7 £ 0.0 1.69 + 0.05

333 20.6 + 0.6 214+ 2 119+ 0.1 2.23 £ 0.05

TMP_mec 3 31+06 148 + 4 25+01 1.29 + 0.08
31 42+ 09 155+ 5 31+02 1.31 £0.13

33 6.7 + 0.4 170+ 3 59 +0.1 1.46 £ 0.03

331 73+ 04 179+ 4 7.0+01 1.66 + 0.06

333 8.1+0.3 190+ 2 74+02 1.98 £ 0.11

UKSP_mec 3 7.4 £ 0.1 157 £ 2 42 =03 1.44 £ 0.06
31 9.3+ 0.5 166 + 2 6.5 = 0.1 1.58 + 0.02

33 124+ 0.6 177 + 4 7.4 0.1 1.77 £ 0.03

331 142+ 0.7 188 + 5 9.9 +0.1 1.82 + 0.09

333 179 + 0.6 206 + 4 125+ 0.0 213 +0.08

BKSP_mec 3 75+ 08 154 + 2 54 +0.1 1.78 £ 0.10
31 8.8+ 0.6 169+ 3 6.8 £0.2 1.92 £0.11

33 11.6 £ 0.5 188 + 4 72+01 2.27 £ 0.04

331 131 +03 201 +£2 95+01 2.56 + 0.07

333 155+ 0.7 210+ 2 127 £ 0.1 2.75+0.03

interfering between the cellulosic fibrils making them easier to separate
from the original bundle under shear forces, finally yielding higher
nanofibrillation yields (see Table 4) and lower diameters. Such residual
lignin may also promote fibrils rupture perpendicularly to their axis,
critically reducing the fibrils’ length and thus, their aspect ratio [53,61].
Besides, higher cellulose contents, as for BKSP, may contribute to strong
inter-fibrillar bondings and mitigate the cutting effect imparted by the
homogenization process, obtaining longer particles and higher aspect
ratios [62]. In the case of thermomechanical pulps, as for TMP and
BTMP, the elevated lignin contents of the fibrils, which are also probably
more rigid than the kraft fibrils, may promote fibrils’ rupture indis-
tinctively at different zones, thus, contributing to widespread mor-
phologies and lower aspect ratios.

3.4. Rheological behavior

The rheological behavior of LCMNFs was evaluated by means of a
Couette-type rheometer by progressively increasing the shear rate. Fig. 6
shows the logarithmic plots of the apparent viscosity (n) as a function of
the shear rate (y) of the obtained suspensions, prepared from different
raw materials at subsequent HPH sequences.

From Fig. 6 it is observed that the apparent viscosity increased with
the homogenization intensity regardless of the shear rate measurement.
The viscous behavior of LCMNFs in water suspensions can be princi-
pally, albeit not completely, attributed to the tendency of the fibrils to
form entangled structures. This leads to more hindering interactions
between the fibrils and decrease in their mobility, finally providing
higher viscosity measurements [13]. The entanglement ability of
LCMNFs can be principally ascribed to morphological features. For
instance, fibrils with elevated aspect ratios will be more likely to inter-
lace and create entangled networks. It must be noted that other fibril-
lation treatments (i.e., ultra-fine grinder, ball milling) may impart
different and varied effects, in morphological terms, on the fibrils and
consequently different rheological behaviors may be expected [63,64].
The importance of morphology on the suspensions’ viscosity is also
observed in those highly nanofibrillated NC grades such as CNF and CNC
[38]. Indeed, it is already possible to find some models able to predict
important morphological features of CNC and CNF out of rheological
measurements [65].

Within morphological features, aspect ratio has been typically seen
as a predominant parameter governing the rheological behavior of
LCMNFs suspensions. However, as observed in Fig. 6, both UKSP and
BKSP provided similar viscosity measurements, while being the aspect
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Fig. 6. Evolution of apparent viscosity (1)) with shear rate (y) of the LCMNFs from (a) BTMP, (b) TMP, (c) UKSP and (d) BKSP at different HPH intensities.

ratio of BKSP appreciably higher than UKSP. Likewise, the greater vis-
cosity observed in UKSP with respect to thermomechanical pulps (TMP
and BTMP) was not consistent with the small discrepancies observed
between the aspect ratio of the samples. Furthermore, the literature
reports similar, or even lower, aspect ratios for CNFs than the ones ob-
tained in this work, though, exhibiting much higher viscosities [43,44].
For instance, the aspect ratio measured by the gel-point methodology of
a highly fibrillated CNF product obtained via TEMPO-mediated oxida-
tion followed by high-pressure homogenization was reported to be in the
range of 90-100 [66].

Overall, the viscosity of the suspensions is suggested to be influenced
by other variables besides aspect ratio. In this context, the entanglement
capacity of the fibrils may be also pushed by the presence of more
flexible fibrils which are more likely to bend and interlace one-another.
Such flexibility has been found to decrease with increasing fibrils
thickness [67]. Then, UKSP fibrils are expected to be more flexible than
BKSP ones, fact that could aid their entanglement. Besides, the signifi-
cantly different chemical compositions between kraft and thermo-
mechanical pulps may also affect the bending capacity of the fibrils.
Precisely, the presence of elevated lignin contents in TMP and BTMP
may provide firmness and inflexibility to the fibrils, making them
behave more as rigid rather than deformable particles [68]. In addition,
the thermomechanical pulping processes to obtain TMP and BTMP may
also damage the fiber cell wall in comparison to kraft process, and this
could also limit their bending capacity. High lignin contents could also
reduce the water-bonding capacity of the fibrils, contributing to increase
the amount of free water and reducing the viscosity of the suspension. In
general, the chemical composition of thermomechanical pulps, with
high lignin contents, is hypothesized to be the main responsible for the
obtention of low aspect ratios, more rigid fibrils with limited bending

capacity, and poor water-retaining capacities, all together contributing
to lower viscosities in comparison to BKSP and UKSP suspensions.

Surface charge, hereby reflected in the CD parameter, has also been
reported to play an important role for the interaction between fibrils
surfaces. It is accepted that increasing the surface charge due to fibril-
lation (Table 4) would induce electrostatic repulsion forces between the
fibrils. Such repulsion forces between surfaces should reduce the
entanglement capacity of the fibrils, finally deriving into lower viscosity
measurements [13,69]. However, it is also possible to hypothesize that
increasing the surface charge may contribute to the capacity of the fibrils
to bond water owing to the larger amount of anionic groups at the fibrils’
surface. In this case, the amount of free water in the suspension will
decrease, providing higher viscosity to the suspensions. The role of
surface charge on the viscosity measurements will be posteriorly eluci-
dated by means of a quantitative evaluation of the rheological curves.
Overall, it is possible to state that the overall viscosity of the suspension
may result from a combination of different, maybe opposing, effects that
change with the fibrillation degree.

Fig. 6 also evidence a clear overall tendency of the viscosity to
decrease as the shear rate increases, suggesting shear thinning behavior
of the suspensions. Such shear-thinning behavior exhibited by LCMNFs
has been broadly described in the literature and attributed to the
disruption of the fibril networks and aggregates when subjecting the
suspension to flow, finally allowing the orientation of the fibrils in the
flow direction and hence reducing the apparent viscosity of the sus-
pensions [70,71]. Such disentanglement ability shown by the fibrils may
be understood by the existing interactions between surfaces, which at
the same time depend on the surface charge (CD) and swelling capacity
(WRYV) of the fibrils. In this sense, increasing the repulsion forces be-
tween fibrils (higher CD) could lead to an easier break down of the

796

142



Produccion, caracterizacién y aplicacién de nanofibras procedentes de pulpas de alto

rendimiento con elevado contenido en lignina

F. Serra-Parareda et al.

Table 5
Rheological parameters of the micro/nanofibers suspensions at various fibril-
lation cycles estimated using the power law model.

Pulp HPH k n R?
sequence (Pa-s™) =) )

BTMP 3 0.349 0.338 0.995
31 0.456 0.324 0.987

33 0.616 0.307 0.979

331 0.781 0.299 0.944

333 1.201 0.278 0.989

TMP 3 0.222 0.281 0.969
31 0.520 0.272 0.965

33 0.789 0.270 0.948

331 0.889 0.257 0.970

333 1.107 0.239 0.979

UKSP 3 3.706 0.309 0.971
31 4.987 0.280 0.964

33 6.042 0.257 0.980

331 6.642 0.244 0.949

333 7.679 0.233 0.961

BKSP 3 2.178 0.253 0.985
31 2.824 0.256 0.984

33 3.873 0.247 0.993

331 4.816 0.234 0.981

333 4.830 0.219 0.976

entangled networks by slipping one-another more easily, ultimately
contributing to fibrils’ orientation under flow conditions and so, to
shear-thinning behavior [72]. Besides, the presence of more swollen
fibrils with more bounded water on the surface (higher WRV) should
reduce the frictional forces between fibrils, enabling them to slide past
each other more easily under flow [73]. As a result, it is suggested that
both CD and WRV play an important role on the shear-thinning
behavior. For TMP and BTMP fibrils, the shear-thinning behavior may
also decrease by the presence of rougher surfaces due to the presence of
lignin and the damage suffered during thermomechanical pulping
treatments.

Towards a quantitative assessment between characterization and
rheological variables, the data obtained from the flow curves (Fig. 6)
was fitted to a power law model to obtain the consistency index (k) and
the flow behavior index (n). Typically, k values can be used as an overall
indicator of the suspension’s viscosity, whereas n values could be related
to the shear-thinning behavior of the suspension. Accordingly, highly
viscous suspensions would yield greater k values, whereas the n values
would decrease as the suspensions becomes more shear-thinning. The
values of k, n and correlation factors (RZ) are reported in Table 5 for the
different types of LCMNFs. Fig. 7.a presents the evolution of k with the
aspect ratio of the LCMNFs calculated from the gel-point methodology.
Further, the CD is plotted against k in Fig. 7.b to elucidate the role of
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surface charge on the viscosity of the suspensions.

Table 5 reports relatively high, close to 1, correlation factors (Rz),
suggesting the validity of the power law model to predict the rheological
parameters k and n. Parameter k (Fig. 7.a) is observed to increase with
the aspect ratio for all LCMNFs types, confirming the above-mentioned
relationship between viscosity and aspect ratio. The observed k values
for UKSP are somewhat higher than the ones of BKSP, while being the
aspect ratio of BKSP notably higher. As mentioned before, fibrils’
entanglement could be aided by the presence of more flexible fibrils as in
the case of UKSP, which therefore would contribute to the suspension’s
viscosity. Further, surface charge could also be influencing such results.
The role of surface charge can be elucidated from Fig. 7. For instance,
BKSP (3 + 3) and UKSP (3) provided similar k values, while being the
aspect ratio and CD of BKSP (3 + 3) significantly higher than UKSP (3).
Considering that the aspect ratio enhances the suspension’s viscosity, it
is assumed that the CD plays an opposing effect on such viscosity by
inducing repulsive forces between fibrils and contributing to their
disentanglement. Such assumption may not be inferred to highly
nanofibrillated NC grades, where the great surface charge may drasti-
cally reduce the amount of free water and increase the suspension’s
viscosity. Besides, interestingly, it was found that both BTMP and TMP,
with similar aspect ratios and chemical compositions, returned k values
in the same range.

Regarding to the shear thinning behavior, the gradual decrease of the
flow index n with the homogenization intensity indicates increasing
shear-thinning behavior through the HPH stages. As explained before,
this can be due to higher CD and WRV that enable the easiest disen-
tanglement of the fibril networks when subjecting the suspension to
flow. As an example, BKSP provided relatively higher WRVs than UKSP,
and so it was more shear-thinning (lower n values). In addition, kraft
fibrils, with smoother surfaces, showed higher shear-thinning behavior
than BTMP and TMP suspensions at same HPH stage.

4. Conclusions

Monitoring the mechanical production of (ligno)cellulose micro/
nanofibers (LCMNFs) at large scale requires a fast, rather inline, char-
acterization system that provides useful information on the fibrils
morphology and suspensions. Rheological measurements could suc-
cessfully fulfil this need, though a deeper understanding on the mech-
anism governing the rheological behavior of such suspensions is
required. In this work, a complete set of 20 types of LCMNFs were
prepared combining mechanical refining and high-pressure homogeni-
zation. Each LCMNFs type differed from the other either in fiber source,
fiber pulping treatment, or fibrillation degree. Mainly depending on
these variables, the obtained LCMNFs displayed nanofibrillation yields
in the range of 3-21 wt%, cationic demands around 150-210 peq/g,
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Fig. 7. Evolution of the consistency index k, with the aspect ratio (a) and cationic demand (b).
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water retention values between 1 and 3 g/g and aspect ratios in the
range of 50-230. Relationships between characterization and rheolog-
ical parameters were evaluated both via qualitative and quantitative
ways. Results showed that the entanglement capacity of the fibrils,
mainly dominated by surface fibrillation and rigidity of the fibrils,
imparted a predominant effect on the suspensions’ viscosity. Further,
increasing surface charge due to fibrillation was found decrease the
viscosity of the suspensions by reducing the number of contact points.
Surface charge and water retention capacity of the fibrils played a more
crucial role on defining the shear thinning behavior of the suspensions,
by allowing an easiest disruption of the fibril networks when subjected
to flow. The relationships established between characterization and
rheological parameters are viewed as an interesting starting point to
ease the scale-up, at least in terms of characterization methods, of such
nanostructured lignocellulosic materials.
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strenuous efforts in dewatering and/or drying nanocellulose suspensions to maximize
their consistency without significantly hampering redispersion, which still stands as an
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wet laps of never-dried reinforced pulps, or dried to consistencies over 90% to produce
dry boards, but at the cost of lower strengthening capability. In any case, both wet and
dry reinforced boards succeeded in enhancing the breaking length of a recycled pulp
by up to 62% and 56%, respectively. In light of these results, we proposed a tentative
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e The masterbatch strategy in plastics manufacturing is applied in papermaking.

e Micro-/nanocellulose-enriched pulp boards were produced by dewatering-pressing
and/or heating.

¢ Reinforced pulp boards were used as an effective strengthening agent for packaging
paper.

e This novel approach to distribute lignocellulosic micro-/nanofibers minimizes volume
and cost of transportation.

s  Water recycling is enhanced and CO; emissions in transport/delivery are lowered.
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Abstract

Partly inspired by the concept of masterbatch in plastics manufacturing, we developed a strategy
to improve the technical viability, the economic feasibility, and the environmental performance
of lignocellulosic micro-/nanofibers. Instead of investing strenuous efforts in dewatering and/or
drying nanocellulose suspensions to maximize their consistency without significantly
hampering redispersion, which still stands as an unresolved challenge, we used them in high
proportions (up to 50 wt.%) to reinforce a high-yield pulp. The suspension can be dewatered-
pressed (0.70-1.75 MPa) to obtain wet laps of never-dried reinforced pulps, or dried to
consistencies over 90% to produce dry boards, but at the cost of lower strengthening capability.
In any case, both wet and dry reinforced boards succeeded in enhancing the breaking length of'a
recycled pulp by up to 62% and 56%, respectively. In light of these results, we proposed a
tentative upscaling and subsequent assessment of the process, evaluating different scenarios.
From the technical point of view, reinforced pulp boards are much easier to handle and to
deliver than dilute aqueous suspensions. In economic terms, savings in transportation costs are
worth remarking. Last but not least, this strategy fulfills at least three goals associated with the
concept of cleaner production: water recovery (internal recycling), lower CO; emissions
(especially if transportation takes place by road), and avoiding hazardous chemicals such as

hypochlorite.

Keywords: chemical-free production; lignocellulosic micro-/nanofibers; masterbatch strategy:;

nanocellulose; transport emissions.
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1 Introduction

Pulp and paper manufacturers face the challenge of not only continuously improving the
mechanical and barrier properties of the end product, but also taking steps towards a circular
economy (Tarrés et al., 2018). At the same time, there are serious expectations —undoubtedly
impacting current legislation— that cellulosic materials should replace single-use plastics in the
short term (Aguado et al., 2019; Ahamed et al., 2021; Hoge and Brandéo, 2020). The bulk
addition of cellulosic or lignocellulosic micro- and nanofibers (CMNFs or LCMNFs,
respectively) is often suggested as a solid strategy to accomplish those tasks while fulfilling the
requirements of renewability, biodegradability, and low input of chemicals (Pennells et al.,
2020; Tarrés et al., 2020a). However, despite their promising advantages and the favorable
market prospects (Balea et al., 2020), the path towards a feasible, large-scale production of
micro-/nanofibers is full of uncertainty and difficulties.

One of the major problems of the potential nanocellulose market lies in the large amount of
water that is transported along with LCMNFs or CMNFs. They are produced as very dilute
aqueous suspensions, their consistency being generally lower than 3%, and drying by
conventional methods leads to irreversible agglomeration (Sharma et al., 2020; Sinquefield et
al., 2020). This is why some key players in the paper market, such as Nippon Paper and Stora
Enso, which use nano- and/or microfibers for packaging materials with outstanding properties,
opt for in-situ production (Balea et al., 2020; Abbati de Assis et al., 2018a). Still, even if
dispersed nanocellulose is produced and used in integrated paper mills, their bulk addition
results in increased energy consumption and longer drainage times (Sanchez-Salvador et al.,
2020, Tarrés et al., 2020b). These problems are alleviated if LCMNFs are obtained from a
mechanical or thermomechanical pulp in a chemical-free process (Serra-Parareda et al., 2021a).
Furthermore, there are strong reasons to prioritize the utilization of lignin in consumer goods
over energetic valorization, which is, still as of today, its most frequent fate (Abbati de Assis et
al., 2018b).

Partly due to the Covid-19 pandemic, the graphic paper market received a major blow in 2020

(Liu et al., 2020). Consequently, the total production of pulp among European manufacturers
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(excluding the Russian Federation) decreased from 9.54 million tons in 2019 to 8.32 million
tons in 2020. However, interestingly enough, production of mechanical and semi-chemical
market pulp saw an increase from 999 to 1190 million tons (CEPI, 2021). The choice of these
kinds of pulp helps meeting the goals associated with the concept of cleaner production by
avoiding hazardous chemicals. Likewise, while chemical pretreatments have commonly been
proposed to reduce the energy input during the LCMNF production process (Balea et al., 2020;
Espinosa et al., 2019), the use of hypochlorite, periodate and other troublesome reagents can be
completely avoided, as promising results have been reported for fully mechanical production
(Serra-Parareda et al., 2021a, 2021¢; Zhu et al., 2021).

Besides using a thermomechanical pulp as the starting material and processes that are
completely free of hazardous chemicals, the approach we suggest implies blending a recycled
pulp with a “masterbatch”, following a common strategy in plastics manufacturing (Michaeli et
al., 2011). Mixing different pulps at the wet end of paper stock preparation is a common
practice: most frequently, pulps from different wood sources (Fiserova et al., 2019) or virgin
pulp with recycled pulp (Gulsoy and Erenturk, 2017), but also wood pulp with non-wood pulp
(Abd El-Sayed et al., 2020) and even mechanical and chemical pulps (Koljonen et al., 2003).
This work seeks three goals: 1) overcoming the dewatering problems of nanocellulose in
papermaking, ii) improving the performance of recycled pulps, and iii) contributing to the
economic and environmental feasibility of micro-/nanofiber production and application. For
that, a thermomechanical pulp stock was enriched with LCMNFs, in the presence of an
environmentally friendly retention aid system, so they constituted up to 50% of the total dry
weight. It is hypothesized that LCMNF-enriched pulps, when mixed with conventional pulp
stocks in the headbox of a paper machine, will result in a powerful strengthening additive that is
more feasible than the direct addition of nanocellulose. This suggestion was tested on recycled
pulps for packaging purposes. Overall, the industrial potential of the whole process was
assessed in technical, economic, and environmental terms. As far as authors are concerned, this

1s the first experimentally supported evaluation of an LCMNF-enriched market pulp.
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2 Materials and Methods

2.1 Materials

A bleached thermomechanical pulp (BTMP) from spruce (Picea abies) was kindly provided by
Norske Skog Saugbrugs (Halden, Norway). The chemical composition of BTMP, determined in
a previous work, is detailed as follows: 48.9 wt.% cellulose, 20.5 wt.% hemicelluloses, 29.3
wt.% lignin, 0.8 wt.% extractives and 0.5 wt.% ashes. Other relevant features of the pulp
include a crystallinity index (Crl) of 75.3, ISO brightness of 57.3% (ISO, 2011), Schopper-
Riegler degree (°SR) of 21.5, and average fiber length and diameter of 1.18 mm and 29.8 pm,
respectively (Serra-Parareda et al., 2021b). The pulp was used both as raw material to produce
LCMNF and as substrate for the development of highly reinforced pulps.

The recycled pulp was obtained by mixing 65 wt.% of liner and 35 wt.% of fluting. These two
grades of recycled pulps, at the mentioned weight percentages, mimic the actual composition of
corrugated cardboard, which basically consists of one fluted corrugated sheet between two flat
liner sheets (Filipova et al., 2020). Both commercial fluting and liner recycled pulps were kindly
provided by Saica S.A. (Zaragoza, Spain).

2.2 Experimental procedure

2.2.1  General experimental layout

The BTMP was initially dispersed in water by means of a pilot-scale pulper fitted with a
helicoidal rotor at the bottom, for 20 min at 1,200 rpm. A fraction of the fibrous suspension
ranging between 10 to 50 wt.% was separated and destined to the production of LCMNFs. The
resulting LCMNFs were returned to the process and mixed with the rest of the dispersed BTMP
pulp, in presence of a dual retention agent system based on cationic starch (CS) and nanosilica
(NS). The whole suspension was then subjected to a dewatering-pressing process from which
the resulting pulp reached consistencies around the 40-50 wt.%, being labeled as never-dried
pulps. Dewatering was performed in a modified paper sheet former for fiberboards production,
equipped with a 75 pm mesh at the bottom. Both pressing and hot-pressing was performed in a

hot press machine Lab-Econ 300 (Fountijne Presses, Netherlands). Dried pulps with
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consistencies over 90 wt.% were produced by heating the plates after pressing. The LCMNF-
reinforced BTMP boards were prepared at a basis weight of 2,800 g/m?, which is similar to that
of commercially available kraft pulps. The produced LCMNF-reinforced BTMP were mixed, as
a masterbatch, with a recycled pulp in the adequate proportions to reach a 3 wt.% of LCMNF in
the final blend, finally aiming at improving the mechanical performance of the recycled paper
sheets. No additional retention aids were incorporated. Figure 1 schematically presents the

experimental layout.

Dual retention
agent system

50-90wt.% . ;
BTMP—J 'ﬂrsmn
L
LCMNF
10-50wt.% production

10-50 wt.% LCMNF-reinforced
BTMP pulp boards

Recycled pulp Dispersion

( 3 wt.% LCMNF-reinforced

recycled pulp

Figure 1. General experimental layout.

2.2.2 LCMNF production

BTMP was refined in a PFI mill (NPFI 02, Metrotec S.A.) at 10 wt.% consistency and 10,000
rev. Then, refined fibers were diluted in water to a 1 wt.% consistency and passed through a
Panda Plus 2000 high-pressure homogenizer (HPH) from GEA NIRO, following the next
sequence: 3 passes at 300 bar, 3 passes at 600 bar, and 3 passes at 900 bar. As explained in
previous works, this homogenization sequence may contribute to reach an appropriate
fibrillation degree without excessive energy consumption (Serra-Parareda et al., 2021a, 2021c).
Some relevant features of the produced LCMNF include a nanofibrillation yield of 20.55 wt.%,
water retention value (WRV) of 2.23 g/g, cationic demand (CD) of 214 peq/g, and specific
surface area (SSA), determined by Congo Red adsorption and subsequent spectrophotometry

(Serra-Parareda et al., 2021a), of 152.9 m%/g.
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2.2.3  Adjustment of the dual retention agent system

Retention agents are required to avoid nanofibrils loss during dewatering processes. A dual
retention system based on CS and NS was incorporated to the LCMNF/BTMP suspensions
before the dewatering process. For nanofiber addition levels below 10 wt.%, CS and NS have
offered an effective retention system at doses of 0.5 and 0.8 wt.%, with respect to the total solid
content (Tarrés et al., 2017). Different quantities may be required for higher fractions of micro-
/nanofibers. Therefore, to adjust the dosage of CS and NS, paper sheets were produced from
BTMP and with varying LCMNF contents, from 10 to 50 wt.%. At each paper sheet
formulation, the dual system was applied at doses of 0.5/0.8, 1.0/1.6, 2.0/3.2 and 4.0/6.4
(CS/NS, respectively). It should be noted that the weight ratio between CS and NS was kept
constant. The increment in the breaking length at each LCMNF content was calculated using as
reference the unreinforced paper sheet containing the same amount of CS and NS. Hence,
adjusted values were estimated by plotting the evolution of the breaking length increment
against the retention agent dose, at each LCMNF content.

2.2.4  Production of LCMNF-reinforced BTMP pulps

BTMP and LCMNF were dispersed in a pilot-scale pulper for 60 min at 1,200 rpm. The
previously adjusted amounts of CS and NS were then incorporated to the blending process at
reduced speed of 300 rpm for 20 min. The suspension was discharged from the pulper, and then
vacuum filtered in a sheet former (30 cm diameter) to obtain fiber webs of 2,800 g/m?. Then, the
fiber cake collected from the top of the mesh screen was cut and placed in a mold (25 x 20 cm),
that would be posteriorly introduced into a press machine (model LPB-003, Fontune Presses).
The sequence in the press machine was: 10 min at 60 kN, 10 min at 100 kN and 10 min at 150
kN. The pressed pulp reached consistencies around 40-50 wt.%, whereas dried pulps with
consistencies over the 90 wt.% were prepared by oven-drying at 60 °C the pressed pulps during
2h.

2.2.5 Application of the LCMNF-reinforced BTMP pulps to recycled pulps

The LCMNF-reinforced BTMP pulp boards were mixed with a recycled pulp (65% liner / 35%

fluting) to reach a LCMNF content of 3 wt.% in the final mixture. In this sense, reinforced
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boards play the role of an additive masterbatch in the manufacturing of plastics, but translated
into papermaking. For instance, 94 wt.% of recycled pulp could be mixed with a 6 wt.% of a 50
wt.% LCMNF-reinforced BTMP pulp (on dry weight basis). Firstly, the recycled pulp and
LCMNF-reinforced pulp were dispersed in a laboratory-scale pulper (2 L) at 1.5 wt.%
consistency for 20 min, with no further retention agent addition. Paper sheets were prepared
with basis weight of 75 g/m? in a standardized Rapid-K&then sheet former (PTI, Vorchdorf,
Austria) according to ISO 5269/2 (ISO, 2011). Wet paper sheets were vacuum-dried at 90 °C for
10 min. The breaking length of the paper sheets was measured and compared to unreinforced
recycled paper sheets, from which the technical viability of the method proposed in this work
was evaluated.

2.3 Technical assessment

Once the results obtained at a laboratory scale were evaluated, we developed a tentative
upscaling of the process. This implied building plausible process flux diagrams (PFDs) and
carrying out mass balances in each case. For that, the most crucial calculation is that of the
water needs in dilution stages, or that of the water recovery in thickening and drying operations,
once the desired consistency is decided.

Likewise, the energy input was estimated under the assumption of incompressible flow and
neglecting the influence of gravity. For mechanical energy (pressing), the Bernoulli principle
was used, while the heat duty was calculated as the sum of the latent heat and the sensible heat
required to attain the boiling point. This is developed in more detail in the Supplementary
Information.

Nonetheless, empirical correlations are known to work better than principles of fluid mechanics
when it comes to estimating the power needed by mixers’ electric motors. In this case, upscaling
was carried out on the basis of the Froude number (Mayer-Laigle et al., 2020).

2.4 Economic and environmental assessment

Addressing the manufacturing costs and the carbon or water footprint of LCMNFs along their
whole life cycle is out of the scope of this article. Other than the advantages over chemical

pretreatments that we stressed in previous works (Serra-Parareda et al., 2021a), raw material
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sourcing and product disposal are identical in a conventional case of in situ production and use.
Thus, stages to be assessed include production (i.e., fibrillation, filtering-pressing, heating), use
as a paper bulk additive, and delivery/transport. Once the system boundaries were set, the
increase or decrease of carbon footprint in each case was estimated and expressed in terms of
CO:z emissions, in concordance with the ISO standard 14067 (ISO, 2018). As recommended
therein, information is treated on a product basis. Consistently, the functional unit is 1 tonne of
reinforced packaging paper whose LCMNF content is 3%. In other words, it comprises 967-969
kg of recycled pulp, 30 kg of LCMNFs and 1-3 kg of retention agent.

Some assumptions were made to calculate the mass of CO; required for supplying the electricity
that is, in turn, needed to attain the required values of mechanical energy and heat duty
(Supplementary Information). The first one is that electricity comes from a combined cycle gas
turbine plant where the air blower efficiency is 50-60% and the boiler efficiency is 95%
(Vakkilainen, 2017). The price of electricity for high-consumption industries is considered to be
0.07 USD/kWh, as in the U.S. (Alves, 2021a), although in the U.K. such price may more than
double that value (Alves, 2021b).

Finally, since the main advantage of our suggestion presumably lies in the possibility of sale, as
market pulp, to a non-integrated paper mill, transportation costs were compared to those of a

suspension of micro- and nanofibers of common consistency.

3 Results and Discussion

3.1 Adjustment of the amount of retention agent

The adjusted doses of CS and NS, at each LCMNF content, were determined by the increment
in breaking length with respect to the unreinforced formulation with the same amount of dual
retention agent. Figure 2 presents the evolution of the breaking length increment as a function of
the LCMNF and CS content. Note that the NS percentage is not included in the graph since the

CS/NS weight ratio was kept constant regardless of the LCMNF content.
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Figure 2. Increment of the breaking length of sheets from reinforced BTMP, as function of the

LCMNEF content and cationic starch.

From Figure 2, it is clearly observed that as the LCMNF content increases from 10 to 50 wt.%,
higher percentages of CS are required to attain superior increments in the breaking length
property. This was in part expected since the cationic demand (CD) of the LCMNF was
measured at 214 peq PDADMAC/g, whereas the BTMP possessed a lower CD, around 56 peq
PDADMAC/g. In this sense, increasing the LCMNF content increments the anionic nature of
the suspension, hence leading to larger CS needs. From Figure 2, the adjusted dose of CS at
each LCMNF content was determined from the maximum breaking length increment value.
Then, the NS percentage is given by the constant CS/NS weight ratio (0.5/0.8, respectively).
Table 1 collects the adjusted doses of CS and NS, at each LCMNF content, to be later applied

during the production of the LCMNF-reinforced pulp boards.
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Table 1. Adjusted concentrations of cationic starch (CS) and nanosilica (NC). Percentages are

given on a dry weight basis.

Component Adjusted percentages (wt.%)

BTMP 90 80 70 60 50
LCMNF 10 20 30 40 50
Ccs 0.50 0.70 1.80 202 246
NS 0.80 1.12 2.88 323 394

3.2 Production of LCMNF-reinforced BTMP boards

LCMNF-reinforced BTMP boards were produced at consistencies around 40-50 wt.% in a press
machine, and over 90 wt.% by adding a drying step. The former boards, or wet laps, are named
“never-dried” (ND), while the latter are identified as “dried”. Besides, never-thickened pulps
refer to those suspensions that have undergone neither pressing nor drying processes. In this
work, never-thickened pulps are used as a reference point to assess the potential side effects of
dewatering, either by pressing or drying, on the properties and performance of the pulp boards.
As known, reducing the water content may inevitably lead to micro-nano fiber aggregation, thus
reducing their reinforcing capability and ease of redispersion. Such effects were analyzed by
producing paper sheets from the pulp boards and then measuring the breaking length and
Schopper-Riegler degree (°SR).

As can be seen from Table 2, the breaking length increases steadily up to 20 wt.% regardless of
the type of pulp. The effect of pressing and drying on the properties of the pulps become more
evident as the LCMNF content was increased from 20 wt.% to 50 wt.%. Indeed, it is observed
that the breaking length of sheets made of never-thickened pulps increases linearly throughout
the whole LCMNF content range, whereas those pulp boards submitted to dewatering steps
experience a leveling-off in breaking length at high LCMNF contents. Overall, it is concluded
that the effects of dewatering on the pulp properties can be almost neglected below the 20 wt.%

of LCMNEF, though such effects become more and more pronounced as the LCMNF content

10
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increased up to 50 wt.%. Besides, the °SR did not experience significant changes regarding the

different LCMNF concentrations and types of pulps.

Table 2. Production of never-dried and dried LCMNF-reinforced BTMP pulp boards. The

breaking length and Schopper-Riegler degree correspond to handsheets obtained from the

resulting pulps.
oD o™ Nomaure S
100/0/0/0 Never-thickened 0_NT 2791 £ 44 22+1
ND 0_ND 2813 + 69 22+2
Dried 0D 2709 £ 75 21+0
90/10/0.50/0.80 Never-thickened 10_NT 3623 £ 113 43+
ND 10_ND 3691 £ 185 44+ 1
Dried 10D 3657 £ 131 44+2
80/20/0.70/1.12 Never-thickened 20_NT 4184 £ 100 50+2
ND 20_ND 4144 £ 178 55+1
Dried 20D 4067 + 179 56+2
70/30/1.80/2.88 Never-thickened 30_NT 5173 £ 174 61+0
ND 30 _ND 4770 £ 72 66+ 1
Dried 30D 4140 £ 87 65+2
60/40/2.02/3.23 Never-thickened 40 NT 5509 + 63 17240
ND 40_ND 5076 £ 215 72+0
Dried 40 D 4496 £ 65 65+2
50/50/2.46/3.94 Never-thickened 50_NT 6111+ 161 82+2
ND 50_ND 4907 + 96 T5+1
Dried 50 D 4369 = 128 T3+1

3.3 Technical evaluation of never-dried and dried LCMNF-reinforced BTMP pulp boards

As in the case of the direct addition of LCMNFs, both ND and dried LCMNF-enriched pulp

boards were proved to enhance the mechanical properties of the recycled pulp. The breaking

length and °SR of paper sheets produced from the reinforced-recycled blends are displayed in

Table 3. Since the reinforced pulps contain BTMP besides LCMNF, a negative control test was

also performed by mixing solely BTMP with the recycled pulp at the same weight proportions.
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The properties of the recycled pulp and the pulp supplied with 3 wt.% of LCMNFs (direct bulk
addition) are also presented in Table 3 and considered as reference values. The increment of
breaking length after adding the masterbatch with respect to the unreinforced recycled pulp is
clearly illustrated in Figure 3. The corrected values subtract the effect of the BTMP from the

properties of the recycled pulp.

Table 3. Addition of LCMNF-reinforced BTMP pulp boards to a recycled pulp. 3 wt.% of

LCMNEF to the final mixture.

Recycled pulp LCMNF-reinforced BTMP pulp LCMNF Breaking length Schopper-Riegler degree

(WE%) (Wt.%) Wt%)  (m) ©

100 Reference 0 2562 + 118 35+1
97.0 Reference 3 4017 =85 440
925 7.5wt.% 0_ND 0 2586 £ 135 351
925 75wt% 0 D 0 252976 35+2
94.0 6 wt.% 0 _ND 0 2536 = 87 34+0
94.0 6wt¥% 0 D 0 2579 = 108 35=1
925 7.5 wt.% 40 _ND 3 385170 40+ 0
925 7.5wt.% 40 D 3 3456 £ 79 38+1
94.0 6 wt.% 50_ND 3 3723+ 36 40+ 1
94.0 6wt.% 50 D 3 3264 +92 39+0
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m Neat increments

50 = Corrected increments
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30 -
20 -
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04 : : : :

3wt% 75wt% 75wt% 6wt% 6 wt.%
LCMNF ND40 Dry40 ND50 Dry50

Breaking length icnrement (%)

Figure 3. Breaking length increments after 3 wt.% LCMNF bulk addition by means of never-

dried and dried LCMNF-reinforced BTMP pulp boards.

The direct addition of LCMNFs increased the breaking length by 57%. Their incorporation as
masterbatch, however, achieved slightly lower enhancements. For instance, the addition of the
ND reinforced pulp to the recycled pulp reaches a breaking length of 3,851 m (+50%).
Comparatively, the increments in the breaking length were somewhat higher for the ND pulps
than dried pulps, due to what papermakers call hornification, 1.e., the non-reversible bonding
between cellulose fibrils when bound water is excluded. Likewise, breaking length increments
were higher for the 40 wt.% LCMNF-enriched pulp than for the 50 wt.% ones. Such behavior
was in part expected owing to the effects of high LCMNF contents and dewatering processes on
the micro-nanofiber aggregation. Note that the presence of BTMP does not significantly affect
the breaking length of recycled paper. It is then assumed that the increments after adding the
masterbatches are exclusively due to the presence of LCMNEF. Despite being lower than those
obtained by adding the LCMNF alone, strengthening achieved by reinforced pulps deserves due
consideration, given the volume reduction and the ease of handling that they attain. On top of
that, the possible agglomeration of the micro-nanofiber is somehow turned into a positive effect,
taking into account the improved drainability as reflected in the Schopper-Riegler degree. In this
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285 sense, a 3 wt.% addition of LCMNF (reference) yields a °SR of 44, whereas the use of
286  reinforced boards returns °SR around 38—40. This implies only a slight, but significant,

287  enhancement of the drainage rate.

288  Fortunately, a 57% increase in breaking length, as in the reference case, is also possible by
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292 Table 4.
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293  Table 4. Required amount of the produced LCMNF-reinforced BTMP pulp boards to achieve a
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294  breaking length of 4017 m (+ 57 %).
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34 8.5 wt.% 40_ND 91.5 3947 £ 61 (+ 54%) 42+£1
39 9.8 wt.% 40 D 90.2 3987+ 166 (+ 56%) 40+£0
3.9 7.7 wt.% 50 _ND 92.3 4167 + 108 (+ 62%) 40£0
4.5 8.0 wt.% 50 D 92.0 3848 £ 104 (+ 50%) 39+1
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4  Assessment

4.1  Basic engineering

In what we could call “conventional case” (within a still unconventional process), micro- and
nanofibers are either used in-situ or transported to a paper mill. A PFD encompassing these two
possibilities is shown in Figure 4. All in all, this scenario corresponds to the direct bulk addition
of LCMNF/CMNF, as usually described in the literature [22-24].

As aforementioned, fibrillation is typically performed at very low consistency (stream 004), so
water needs to be partially removed by pressing and/or drying. In this example, the consistency
accomplished is 8%, taking in account that excessive dewatering, besides requiring an
extraordinary energy input, may cause fiber collapse, shrinkage, hornification, hindered
redispersion, and severe loss of strengthening potential. Still, consequences of oven drying on
reinforced pulps were less severe than on micro- and nanofibers suspensions. For nanocellulose
to be properly redispersed in the pulp stock, alternative and generally expensive drying
methods, such as electrodewatering and supercritical CO; drying, are needed (Sinquefield et al.,
2020).

Once LCMNFs are redispersed along with the retention aid (RA) system and recycled fibers
(stream 010), the suspension is filtered, thickened, pressed and dried along a paper machine.

Any kind of finishing (e.g., calendering) is ignored in Fig. 4.
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Figure 4. PFD for the direct application of LCMNFs. In the case of in-situ production, the

dashed line and the transportation stage should be ignored.

The production of the “masterbatch™ we propose in this work is schematized in the upper part

Figure 5. Overall, this diagram depicts the whole manufacturing process for packaging paper

of

that is reinforced, via a masterbatch strategy, with distributable wet laps that contain micro- and

nanofibers. As performed in the laboratory, BTMP is mixed with LCMNFs made from the same

pulp. The dilute LCMNF suspension is then mixed in an appropriate industrial blender, such as

a drum pulper, a hydropulper or a paddle mixer, with the rest of the pulp and with the RA dual

system. Then, it is extensively dewatered by filtering-pressing, recovering most of the water that

was supplied by stream 102. Moreover, the bulk addition of wet laps is depicted in the bottom
part of Fig. 5. Considering their water content, it is assumed that one mixing stage (from

streams 110, 111 and 112) is enough.
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Figure 5. PFD for the production of a LCMNF-reinforced BTMP masterbatch in the form of

wet laps, and transportation thereof towards a paper mill.

The process for manufacturing a reinforced pulp masterbatch to be distributed as dry boards is
shown in Figure 6. It is easy to see that, while the ND reinforced pulp attains better performance
as strengthening agent, dry boards are advantageous for transportation, since the volume per
tonne of product is minimized. Whether this savings in transportation are enough to compensate
the energy input required for drying is discussed below. Besides, it should be noted that a
redispersion step (streams 204 and 206) is unavoidable in the case of the dried reinforced TMP

batch (bottom part of Fig. 6).
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Figure 6. PFD for the production of a LCMNF-reinforced BTMP additive, in the form of dry

pulp boards, to be delivered to a paper mill.

Besides the aforementioned diagrams, the Supplementary Information hosts the complete tables
for mass and energy balances (Tables S1 to S10). Likewise, section S3 provides readers with a
detailed description of the upscaling of mixers, which is based on keeping the Froude number
constant. Then, the power required by the impeller was calculated from empirical correlations of
the power number (or Newton number) (Sirasitthichoke and Armenante, 2017). For that, the
apparent viscosity of dilute LCMNF suspensions, which is a function of the shear stress, was
obtained from a previous work of ours (F. Serra-Parareda et al., 2021b). Regarding the

upscaling of the homogenizer’s pump, the flow coefficient was kept constant (Timar, 2005).
Table 5 displays the main inputs and outputs from the different processes, considering the two
percentages of LCMNFs that we highlighted in reinforced pulp boards or wet laps (40% and

18

171



O~ gy 0 D

R R R R R LRGN IS T BT, RS S S S-S S - S JU Ry U SO R URR FURN FURR PURN PR FURN UG B NG SO B N O T N SO S By oy P
MBE WM, oL dn U e WRNRFRFOWD Ja 0 &EWNERPOWBLWIGWEWRNEOWW-oWEWNEOWmM-IoWEWNEFROW

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

Ferran Serra Parareda
2022

50%, wt.), in a no-integration case. The calculation of energy inputs can be found in the
Supplementary Information (Tables S6 to S10).

When it comes to the paper mill, many different operations may require electricity and a fair
part of the process is virtually identical in all cases. Hence, electric consumption is expressed as
a required addition to the Standard Electricity Consumption (SEC). In this context, the need for

redispersion of the dry pulp boards is evidenced as a major drawback.

Table 5. Amounts of water, pulp, mechanical energy, electricity, and heat that are required

and/or produced per tonne of reinforced packaging paper.

Conventional case ND reinforced Dried reinforced

Battery Utility B'I;MP . B'I;MP .
limits gll-fesrsll:ll: Evaporating i%/;*INF i?:;:INF i%imr i?:ll'/:INF

Water input (m?/t) 2.97 3.38 3.24 3.38 3.24

Water output (m/t) 2.63 3.28 3.17 3.37 3.23
LCMNF Water in/out ratio 1.131 1.030 1.022 1.003 1.003
production  pregs work (kJ/t) 2796 0 3726 3484 3726 3484

Heat duty (MJ/t) 0 6592 0 0 2863

Electricity (kWh/t) 838 992 1008 992 1008

Recycled pulp input 0.970
Paper mill  (t/t)
Electricity (kWh/t) SEC SEC+0 SEC+345 SEC+245

0.925 0.940 0.925 0.940

4.2 Economic evaluation

Unless there is previously a heat surplus that could be recycled (e.g., underused heat from lignin
combustion), we advise against heating as a method for water removal. In terms of the
production of micro-/nanofibers for direct addition (conventional case), the energy input for
dewatering-pressing is lower than that for evaporating by two orders of magnitude (Table 5).
Moreover, the heat duty for raising the consistency of wet laps to 90%, 2.8 GJ, is nothing short
of expensive. Assuming a cost of low-pressure (6.2 barg) steam of 4.54 USD/GJ (Turton et al.,
2018), the manufacturing of 1 t of packaging paper reinforced with dry BTMP/LCMNF boards
would imply an additional cost of $13 (Table 6). These calculations imply that low-pressure

steam is produced from the combustion of natural gas (NG). It should be noted that such
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dispense, when compared to wet laps, is not compensated by transportation savings unless the
trip is extremely long (over 3,000 km).

Even if papermakers remove as much water as possible by air-drying (generally cheaper), at
some point heating will be necessary. Furthermore, redispersion would require high-power
repulpers. For a production of 600 kg/h of paper, the mill would need at least one additional
stirrer of ca. 252 thousand USD (Turton et al., 2018).

However, dry reinforced BTMP has also important advantages. The most remarkable one lies in
transportation savings. Let us figure, for instance, the shipping of a full 20’ standard container,
whose volume is 33 m® and whose maximum weight is 30.48 t, in a Feedermax vessel, from
Portsmouth International Port to the Port of Bilbao. Freightos’ free tool for air and sea shipping
costs (Freightos, 2021) estimates a price range of $956—1500 and a transit time of 1-2 days.
Now, the reader is asked to consider what these 30.48 t allow for in each case:

mycmnrs(kg) = [30.48 t — Tare(t)] - Consistency(%) - %LCMNF - 107 (1)

Where mycynrs 1s the mass of micro- and nanofibers on the basis of dry weight and the Tare of
this standard container is 2.2 t. The answer is as follows: 2.26 t of LCMNFs in suspensions at 8
wt.% consistency, up to 6.36 t of LCMNFs in ND reinforced BTMP (wet laps), orup to 12.73 t
of LCMNFs in dried reinforced BTMP (dry pulp boards). In terms of the end product, i.e., per
tonne of LCMNF-enriched packaging paper, transportation savings somehow compensate the
higher energy requirements, which are due to the additional mixing step in the LCMNF
production site. In fact, given that the price of transportation of containers has increased
significantly for a variety of reasons (The Economist, 2021), transportation savings might
definitely be much larger than the extra energy costs.

Gains in delivery are not exclusively located in transportation itself, but could further expand
along the whole logistic distribution network, more notoriously for dry boards. However,
although these boards account for the greatest volume savings, it may be pointed out that wet
laps (ND reinforced BTMP) not only were found to be better for strengthening, but also grant

lower electricity consumption and do not need heat supply.
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Finally, owing to the non-nanoscale fibers of this masterbatch, the required input of recycled
pulp may be reduced from 0.97 to 0.925 t per tonne of reinforced paper (Table 5). Overall,
considering both advantages and drawbacks, a compromise needs to be reached encompassing

strengthening performance, electricity consumption, water recycling, and transportation costs.

Table 6. Economic assessment: utilities, costs of utilities, and transportation costs, expressed

per tonne of packaging paper produced, and additional equipment requirements.

C tional ND reinforced Dried reinforced
Battery il “onventional case BTMP BTMP
limits Ly Pressure E i 40% 50% 40% 50%
filtering Vaporag 1 cMNF LCMNF  LCMNF  LCMNF
LCMNF Steam (USD/t) - 29.93 -- -- 13.00
production  Electricity (USD/t)"  58.66 69.45 70.57 69.45 70.57
Add_iliona] - - 252 thousand
... equipment (USD)
Paper mill SEC+24.1
Electricity (USD/t)© SEC SECH) 5 7 SECH17.50
Shipping by sea, GBPME-
ESBIO (USD/t) 16.28 7.24 5.79 3.62 2.89
Road transport, KCMO-FKNVA 17.69 786 6.29 393 315

(USD/t)

“Electricity prices are based on U.S.A. For the U.K_, e.g., a rough estimation consists of doubling these

values.

4.3 Environmental impact assessment

Most relevantly from the goal of circular economy, dried reinforced pulp boards allow for high
water recovery within the LCMNF production site, as the ratios between inlet water and outlet
water are the lowest of Table 5. In the conventional case, 3,450 L of water leave the production
site along with only 30 kg of LCMNFs, on the basis of 1 t of product. By combining these
fibrils with BTMP and drying the resulting reinforced boards, nearly the totality of water can be
recycled. Unfortunately, the aforementioned heating needs for dried pulp boards outweigh the
benefits of water recovery, accounting for CO: emissions as high as 0.53 t per tonne of
packaging paper if natural gas (NG) is used to produce low-pressure steam (Turton et al., 2018).
In general, the most relevant impact comes from the consumption of electric power by the high-
pressure pump of the homogenizer. This stage is common to all scenarios. Nonetheless, the

requirement of additional blending steps in masterbatch strategies results in 11-12 t CO; per
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tonne of paper above the conventional case (Table 7), provided that energy is supplied by
combined cycle facilities based on NG:

Consumption(kWh/t) -10* 1.86 kg CO,
m kg/t) = : 2
CGZ( g/ ) Hng (kWh Nm™NG)nplowerNboiler 1 Nm? NG ( )

The intervals of the CO, emissions listed in Table 7 depends on the blower efficiency in the gas
turbine power plant, the upper limit being 60% and the lower limit being 50%.

There may be several possible strategies to relieve the high levels of carbon footprint that
homogenizers indirectly cause. One of them is replacing the combined cycle with renewable
energy sources (or, far from optimal, nuclear energy). Indeed, Table 7 shows not only the
estimations from this bottom-up approach, but also the emissions taking into account the
different energy mix of seven nations. Emission factors were obtained from Carbon Footprint
(Carbon Footprint, 2020). The Australian case accounts for the largest footprint, given the
extensive use of coal. Poland would present the same numbers. In contrast, the French energy
mix leaves little room for fossil fuels.

An enzymatic pretreatment could reduce the requirements of mechanical energy (Q. Tarrés et
al., 2017), but at a high economic cost. Most likely, the best approach and the biggest challenge
would be providing a major part of the large mechanical energy input to go from 1 to 90 MPa
by means other than electric. Indeed, it should be noted that the supply of mechanical energy in
Table S has not been addressed in economic/environmental terms because of two reasons: their
relatively low order of magnitude and the broad spectrum of possibilities to attain it. These
include not only electricity-driven pumps but also plate & frame filter-presses, screw presses,
hydraulic presses, air-driven pneumatic presses, etc. Nonetheless, none of them could replace a
homogenizer by themselves. Perhaps, the most efficient approach to date is that of twin-screw
extruders (Espinosa et al., 2019).

It has been mentioned that one of the most important advantages of the LCMNF-enriched
market pulps that we propose lies in transportation. As it is known, shipping by sea results in a
much better environmental performance than doing so by land, since a Feedermax vessel, for

instance, can transport up to 3,000 containers like the one suggested. This is why the unitary
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CO; emissions, although notoriously advantageous for the masterbatch strategy, are in all cases
below 1 t per tonne of product. A Feedermax vessel uses up 60.74 liters of marine diesel oil per
km (Doukas et al., 2021), and burning this fuel generates 2.9 kg CO2/L, but our container would
account for only a 3,000™ part of this emission.

However, this notorious advantage is turned into a huge advantage when considering the
transport of the same container by road, e.g., from Kansas City (KCMO) to Franklin (FKNVA).
The distance between these two cities is similar to that between Portsmouth and Bilbao, but the
unitary CO2 emissions become as high as 15 t per tonne of packaging paper. In other words,
transporting just 30 kg results, in average, in the emission of 15 t CO,. Even if the distance was
lower by ten times, e.g., from Hanoi to Haiphong, transportation would still be, by far, the
operation that is responsible for the largest carbon footprint in the whole process. And this is
where the masterbatch strategy plays a major role. Fuel consumption and CO; emissions are
reduced by a factor of 5.6 in the case of dry pulp boards, or by a factor of 2.2 in the case of the
ND reinforced pulp that possessed the best strengthening capability. Furthermore, this does not
take into account the carbon footprint of fuel production, which, depending on the refinery
processes, may account for an additional 15-40% (Masnadi et al., 2018).

Finally, a sensitivity analysis is displayed in Figure 7. Not unlike other studies undertaking a
techno-economic and environmental assessment of a proposal for the paper industry (de Assis et
al., 2017), different responses are plotted against a varying factor. In this case, the factors of
choice are two technical decisions: the proportion of micro-/nanofibers in never-dried reinforced
pulps (Fig. 7a) and the ratio of dry boards to never-dried laps (Fig. 7b). Environmental
responses include the minimum requirement of freshwater, assuming that recycled water can be
regenerated, and greenhouse effect. They are always expressed as the percentage reduction over
the case labeled as “conventional”. Economic responses encompass production, which is in all
cases more expensive than the base scenario, and delivery, which implies notorious savings. In
the latter case, reduction percentages are nearly equal for maritime and road transportation, even

though their costs in absolute terms are very different. Overall, either opting for wet laps, for
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dry boards or for intermediate solutions, the percentage of LCMNFs should not be lower than

20%.

Table 7. CO; emissions from the combustion of natural gas, from the energy mix of different

countries, from marine diesel and from ultra-low sulfur diesel, expressed per tonne of packaging

paper produced.
. ND reinforced BTMP  Dried reinforced BTMP
Purpose Conventional T 0%
case o o 0 a
LCMNE LCMNF 40% LCMNF 50% LCMNF
. Upto . .
Heating 12140.06 No additional heating ~ 0.53+0.03
100% NG 0.35+0.03 0.42+0.04 0.57+0.05 0.53+0.05
China PR mix 0.37 0.44 0.60 0.56
India mix 0.47 0.57 0.77 0.71
Australia mix 0.53 0.63 0.86 0.80
Electricity
UK. mix 0.16 0.19 0.25 0.23
Spain mix 0.15 0.18 0.24 0.22
France mix 0.03 0.03 0.04 0.04
U.S.A. mix 0.29 0.35 047 0.44
%‘;‘;}(I%?ME‘ 0.66 0.29 0.23 0.15 0.12
Transport
or delivery
Road (KCMO-
FKNVA) 15.0 6.9 55 34 2.7
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Figure 7. Sensitivity analysis: influence of the proportion of LCMNFs in wet laps (a) and the
ratio of dry boards to never-dried laps (b), for which the percentage of LCMNFs is 40%, on the

economic and environmental outcome.

5 Conclusions

A masterbatch strategy for an environmentally-friendlier use of micro-/nanofibers in
papermaking was envisaged, experimentally tested and scaled up. As in the case of a direct
addition of LCMNFs (3 wt.%), their indirect addition as part of a previously prepared blend
with a high-yield pulp (50-60 wt.% BTMP, 40-50 wt.% LCMNF) granted valuable
strengthening to a recycled pulp. Even though LCMNF-reinforced BTMP fell slightly shorter
than never-thickened LCMNFs in terms of strengthening, the same performance (+57%) was

achieved simply by a minor increase in the proportion of recycled pulp. After obtaining these
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successful results, we designed an industrial process in terms of basic engineering. The
economy of the process was found to be mainly driven by electricity consumption, which was
estimated to be as high as 1.0 MWh per tonne of end product —i.e., only to produce the mass of
reinforced pulp boards that contain 30 kg of LCMNFs on the basis of dry weight. Nonetheless,
this drawback is common to both the masterbatch approach and the conventional case, for
which consumption is only slightly lower (0.8 MWh per 30 kg of LCMNF35). As it is well-
known, mechanical fibrillation in a high-pressure homogenizer is energy-intensive, and further
research is encouraged to find solid alternatives. In any case, this apparent setback is
outweighed by the advantageous transportation, either by sea or especially by road, of LCMNF-
reinforced market pulps. This way, CO2 emissions could be reduced by factors ranging between
2.2 and 5.6. Furthermore, the minimum flow of freshwater that a LCMNF production site needs
decreased from 345 L per 30 kg of LCMNFs to roughly 10 L by concentrating the BTMP-

LCMNEF blends as much as possible.
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S1. Mass balances

Once the process is defined, an arbitrary value, namely 100 kg, is given to the mass of
BTMP as a basis of calculation. Then, in the conventional case, there are 0 degrees of
freedom around the dilution node. In the masterbarch approach, however, there are 0
degrees of freedom on the splitter (01/03/04) node and 1 degree of freedom on the dilution
(02/04/05) node. Generally speaking, the equation for the mass balance depends on the
operation, as follows.

Balance to splitter:
Fouti = Fin - Percentage to i (%)/100 (S1)
Fout,j = Fin - Fout,i (82)
Balance to dilution:

100 - Z Fsolids

Fout,water in pulp/LCMNF = CDHSiS‘[EI‘le('%-) - Z anlids (83)

Finwater stream = Foutwater in pulp/LcMNF — Finwater in pulp/LCMNF (S7)
Balance to mixers/blenders:
Fout = X Fin (S5)
Balance to the homogenizer:
FoutLcmnr = Fprmp (S6)

Balance to drying, dewatering and to the press and drying sections of the paper machine:
S3 and S7.

Fout,water stream — Fin,water in pulp/LCMNF — Fout,water in pulp/LCMNF (S?)

Losses through the wire/press are neglected in all cases. Results for different scenarios
are presented in Tables S1 to S5.

Finally, the change of basis of calculation, in order to express each weight (batch) or mass
flowrate (continuous) per tonne of packaging paper, requires deciding how much
%LCMNF there will be in the end product:

Py (Cepeper) = Fi (oo wrwee) 10 LOMNF (00000 < 90HPH (i) - (59

Where %HPH is the percentage of BTMP that passes through the high-pressure
homogenizer.

Table S1. Conventional case and paper mill.

001 002 003 o004 005 006 007 008 010 013 012+014

BTMP 100 0 100 0 0 0 0 0 0 0 0
LCMNF 0 0 0 100 100 0 0 0 100 0 0
Water 900 9000 9900 9900 1150 8750 7.9e5 2.9e4 83e5 3ed 8e5
Recycled pulp 3233 3233 0 0
Packaging paper 3333 0
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Table S2. Never-dried reinforced BTMP, 40% LCMNF.
101 102 103 104 105 106 107 108 109 110 111
BTMP 100 0 60 40 40 0 0 60 0 60 60
LCMNF 0 0 0 0 0 40 0 40 0 40 40
CS 0 0 0 0 0 0 2.01 2.01 0 2.01 2.01
Si0; 0 0 0 0 0 0 322 322 0 322 322
Water 900 3600 540 360 3960 3960 0 4500 4378 122 122
Total 1000 3600 600 400 4000 4000 5.23 4605 4378 227 227
Table S3. Never-dried reinforced BTMP, 50% LCMNEF.
101 102 103 104 105 106 107 108 109 110 111
BTMP 100 0 50 50 50 0 0 50 0 50 50
LCMNF 0 0 0 0 0 50 0 50 0 50 50
CS 0 0 0 0 0 0 252 252 0 252 252
Si0; 0 0 0 0 0 0 4.02 4.02 0 4.02 4.02
Water 900 4500 450 450 4950 4950 0 5400 5278 122 122
Total 1000 4500 500 500 5000 5000 6.54 5507 5278 229 229
Table S4. Dried reinforced BTMP, 40% LCMNEF.
101 102 103 104 105 106 107 108 109 110 112 113 114
BTMP 100 0 60 40 40 0 0 60 0 60 60 60 0
LCMNF 0 0 0 0 0 40 0 40 0 40 40 40 0
CS 0 0 0 0 0 0 201 201 0 201 201 201 0
Si0: 0 0 0 o0 0 0 322 322 0 322 322 322 0
Water 900 3600 540 360 3960 3960 0 4500 4378 122 122 11 111
Total 1000 3600 600 400 4000 4000 5.2312 4605 4378 227 227 116 111
Table S5. Dried reinforced BTMP, 50% LCMNEF.
101 102 103 104 105 106 107 108 109 110 112 113 114
BTMP 100 0 50 50 50 0 0 50 0 50 50 50 0
LCMNF 0 0 0 0 0 30 0 50 0 50 50 50 0
cS 0 0 0 0 0 0 252 252 0 252 252 252 0
Si0: 0 0 0 o 0 0 402 4.02 0 402 402 402 0
Water 900 4500 450 450 4950 4950 0 5400 5278 122 122 11 111
Total 1000 4500 500 500 5000 5000 6.539 5507 5278 229 229 118 111

188



Produccion, caracterizacién y aplicacién de nanofibras procedentes de pulpas de alto

rendimiento con elevado contenido en lignina

S2. Energy balances

There are basically three kinds of operations along the whole process: heat transfer
operations, momentum transfer operations in which mechanical energy can be supplied
by means other than electric, and momentum transfer operations for which, considering
the current state of the art, electricity seems mandatory.

For heat-driven drying, it is considered that: (i) LCMNFs exit the homogenizer at 40 °C,
given the unavoidable dissipation of energy and the non-isothermic nature of the
compression; (ii) the specific heat of water is 4.18 kJ/(kg K) up to 60 °C, 4.19 kJ/(kg K)
from 60 to 80 °C, and 4.20 kJ/(kg K) from 80 to 100 °C; (i1i) the enthalpy of vaporization
1s 2260 kl/kg. Table S6 presents the results.

Table S6. Calculations of sensible and latent heat duty on the basis of 1 t of dry LCMNF-
reinforced packaging paper.

Mass of water to  Sensible Latent Heat duty

Streams be removed (t/t heat (MJ/t heat (MJ/t (MJ/t
paper) paper) paper) paper)

004-005 2.62 660 5932 6592

112-113 11.4 287 2576 2863

At a laboratory scale, pressing took place in three stages. Upscaling assumes the need of
all those three stages, the same area/volume (or area/mass) ratio, and the same relative
pressure.

The density of cellulosic suspensions can be calculated as the weighted average between
the solid phase (~1500 kg/m?) and the liquid phase (1000 kg/m?). While pulp suspensions
could be modeled as multiphase incompressible flows, density increases as water is
removed from the pulp. This is taken into account in Tables S7 and S8.

Table S7. Mechanical energy balance for the dewatering of pulp boards with 40 wt.%
LCMNFs.

Increment Consistency Force Relative Water Density Unitary  Total Work
(%) (kN) pressure removed  (kg/m®) work mass (kJ)

(kPag) (kg) (ki/kg)  (kg)

0 1.82 0 0 0 1009.1 5507
1 21.59 60 702 2639 1108.0 0.633 2868 2652
2 34.54 100 1170 1583 1172.7 0.997 1285 2071
3 45 150 1754 1056 1225 1.432 229 1084
Total 5278 For 100 kg of 5807

reinforced pulp:
Pertof 3484

paper:
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Table S8. Mechanical energy balance for the dewatering of pulp boards with 50 wt.%
LCMNFs.

Increment Consistency Force Relative Water Density Unitary  Total Work
(%) (kN) pressure removed (kg/m3) work mass (kJ)

(kPag) (kg) (kl/kg)  (kg)

0 5.26 0 0 0 1026.3 4605
1 19.87 60 702 2189 1099.4 0.638 2416 2241
2 31.79 100 1170 1313 1159.0 1.009 1103 1775
3 45 150 1754 876 1225 1.432 227 952
Total 4378 For 100 kg of 4968

reinforced pulp:

Pertof 3726
paper:

The upscaling of pulpers, repulpers or blenders of other kinds is less straightforward.
Once the Froude number is kept the same, as mentioned in the article, the angular velocity
(N, rpm) can be easily calculated from the ratio between the lab-scale diameter and the
up-scaled diameter, which in turn is given by geometrical relationships. Then, viscosity
parameters, the ratio between the radius of the impeller and the radius of the vessel (which
is also kept constant) and the type of stirrer were then used to find a suitable power
number by means of publicly available empirical correlations, as cited in the article.

Table S9. Upscaling of mixers or blenders on the basis of a constant Froude number.

Stage Plausible implementation Dof N P E pert
each (rpm) (kW) paper
(m) (kWh)
Dilution (conventional) 5 units in parallel with a scale-up factor 1.86 556 602 301
of 100
Dilution (40%) 2 units in parallel with a scale-up factor 1.86 556 356 178
of 100
Dilution (50%) 3 units in parallel with a scale-up factor 1.74 575 485 194
of 83
Blending - 1st step 3 units in parallel with a scale-up factor 1.8 566 546 246
Blending - 2nd step of 92, plus 3 units in series 1.8 141 210 315
(+RA)
Redispersion (40%) 1 unit 1.14 1088 207 345
Redispersion (50%) 1 unit 0.88 1239 147 245

Balances to estimate CO; emissions caused by the LCMNF production site or the paper
mill assume that both steam and electricity ultimately come from natural gas. Energy
balances, then, depend not only the heat of combustion, but also of reasonable efficiency
values for the boiler efficiency and the air blower efficiency in combined cycle facilities.
Finally, for the economic and environmental assessment, the process was extended to one
last, but not less important, stage: transportation.

Table S10 shows the data used to estimate CO; emissions in general.
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Table S10. Data related to the energy requirements for estimating CO> emissions. LP:
low pressure. NG: natural gas.

Unit Value Per
Steam GJ 1.698 1000 kg LP steam
NG GJ 2.575 1000 kg LP steam
CO; kg 0.436 kWh
NG Nm? 0.084 kWh
CO; kg 5.190 m? NG
Ship fuel L 60.74 km
CO, t 2.88 m® marine diesel
Diesel L 38 100 km
CO: t 2.7 m’ diesel
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4. Discusidn general de resultados

4.1 Caracterizacion de la materia prima (articulos 2, 3 y 4)

La pulpa de alto rendimiento utilizada en la presente tesis fue una pulpa termomecanica
blanqueada de abeto (Picea abies), la cual fue abreviada como BTMP. La pulpa fue subministrada
por Norske Skog Saugbrugs (Halden, Noruega). En el articulo 3 de la presente tesis se estudio su
composicion quimica, dando lugar a los resultados que se muestran en la Tabla 1.

Tabla 1. Composicion quimica de la pulpa BTMP

Celulosa Hemicelulosa Lignina Klason  Lignina insoluble Extractivos Cenizas
(%) (%) (%) (%) (%) (%)
48,9+0,4 20,5+0,2 25,910,2 3,4+0,1 0,8+0,1 0,5+0,1

Se constata que la pulpa BTMP, aun habiendo sido sometida a una etapa de blanqueo,
presenta un elevado contenido de lignina y hemicelulosa, cercano al 50%. Por lo contrario, la
pulpa presentd un bajo contenido de celulosa en comparacidn con otras pulpas, como es el caso
de las obtenidas mediante el proceso kraft. A titulo de ejemplo, en el articulo 3 se proporcionan
datos bibliograficos de la composicidn quimica de una pulpa kraft de abeto no blanqueada [136]
y una blanqueada [325]. En esta comparativa, se aprecia que el proceso kraft reduce
drasticamente el contenido de lignina y hemicelulosa, siendo dicha reduccién todavia mas
severa al afadir una etapa posterior de blanqueo.

Habitualmente, las pulpas de alto rendimiento comerciales, como la BTMP, se someten a
secuencias de blanqueo para eliminar los grupos cromoforos y aumentar asi la blancura de la
pulpa. Estas etapas de blanqueo logran reducir el contenido de extractivos, sin embargo, su
impacto sobre las macromoléculas de celulosa, hemicelulosa y lignina es minimo. En efecto,
Wang et al. [326] determinaron una composicidn quimica para la madera de abeto (Picea abies),
siendo ésta muy similar a la de la pulpa BTMP.

La Tabla 2 recoge las caracteristicas morfoldgicas y fisicas mas relevantes de la pulpa BTMP.
La longitud y didametro medio de las fibras de BTMP fueron de 1178 y 29,8 um, respectivamente,
unos valores situados en linea con los obtenidos en otras pulpas de madera blanda, y
ligeramente por encima que en algunas pulpas de madera dura [122,327,328]. Por otro lado, el
porcentaje de finos obtenido (51,9% en longitud) fue relativamente elevado en comparacion
con pulpas obtenidas mediante procesos kraft. Esto se debe al impacto causado por el proceso
de desfibrado mecdnico durante la fabricacién de pulpas termomecanicas, generando en
consecuencia una alta proporcidn de finos. El elevado contenido de finos podria justificar el valor
ligeramente alto de °SR. En este contexto, los finos presentan mayor libertad de movimiento

que las fibras y, por lo tanto, son capaces de bloquear mas eficientemente el paso de agua a
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través de la pulpa, disminuyendo su capacidad de drenaje. Igualmente, los finos, debido a su

reducido tamafio, presentan una superficie especifica (SSA) mayor que las fibras, lo que a su vez

contribuye a la retencién de agua.

Tabla 2. Propiedades morfoldgicas y fisicas de la pulpa BTMP

Propiedad Valor
Morfologia Longitud media, IF 1178 £ 42 um
Didmetro medio, df 29,8+0,2 um
Relacién de aspecto, (If/ d) 39,5
Porcentaje de finos (% en longitud), fi 51,9+1,1
Porcentaje de finos (% en peso), fp 12,0%0,9
Propiedades fisicas Grado de polimerizacién, DP 3250+ 93
Superficie especifica con Rojo Congo, SSAcr 2,87 +£0,12 m?/g
Superficie especifica con PolyDADMAC, SSArolypaomac 1,64 m?/g
Demanda catidnica, CD 56,3 peq/g
Contenido de grupos carboxilos, CC 45,7 ueq COO'/g
Water Retention Value, WRV 0,29 g H.0/g
Grado Schopper-Riegler, °SR 21,5

Atendiendo a la mayor SSA de los finos, cabe esperar que la BTMP posea una SSA elevada.
En la Tabla 2 se aprecia que la SSA determinada mediante la adsorcién con Rojo Congo (SSAcr)
fue de 2,87 m?/g, mientras que a partir de la adsorcion con PolyDADMAC (SSApoipapmac) Se
obtuvo una SSA ligeramente inferior, de 1,64 m?/g. Las diferencias entre ambos métodos de
determinacidn de la SSA eran en parte esperables pues, segin se ha comentado anteriormente,
la molécula de CR posee una capacidad de difusion mayor que la macromolécula de
PolyDADMAC. Cabe destacar que las fibras lignocelulésicas son materiales altamente porosos,
especialmente en medio acuoso. Esto les confiere una elevada SSA interna a la cual pueden
tener accesos adsorbentes de bajo peso molecular como el CR. En este sentido, el valor de SSA
puede diferir en funcion del adsorbente que se utilice para su determinacion. No solo eso, sino
que las condiciones a las cuales se lleve a cabo esta adsorcidn también tendran un efecto sobre
el estado de la molécula de adsorbente. Estos aspectos se discuten en mayor profundidad en los
subsecuentes apartados de la presente tesis doctoral.

4.2 Pretratamiento mecanico

4.2.1 Pretratamiento mecanico con pila Valley (articulos 3y 4)

Previamente el proceso de homogenizacidon a alta presion (HPH), la pulpa BTMP fue
sometida a un pretratamiento mecanico con pila Valley, aplicando tiempos de refinado de 50,

60, 100 y 150 min. Los efectos del pretratamiento sobre la pulpa BTMP se muestran en la Tabla
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3, donde también se indica, de forma cualitativa, la aptitud de las fibras al proceso de HPH, esto

es, sin obturar las cdmaras de presién ni los canales del equipo.

Tabla 3. Efecto del pretratamiento con pila Valley sobre la pulpa BTMP

Pila Valley (min) 0! 50! 60 ? 100! 150!

IF (um) 1178 +42 1064 +32 821+34 790 +51 682 + 29
df (um) 29,8+0,2 28,8+0,1 289+08 285+0,2 28,6 +0,3
fi (%) 51,9+1,1 59,0%+0,5 62+2 65,2+1,3 79,5+0,8
fo (%) 12,009 24,6+1,9 - 31,8+2,2 40,6 £1,3
DP 3250+93 3150*51 - 2690+94  2540+71
SSAcr (m?/g) 29+0,1 6,7+0,1 - 12,5+0,2 16,0+ 0,2
SSAroiypapmac (M?/g) 1,6 4,1 - 9,8 14,2
CD (peq/g) 56,3+1,6 72,4+23 - 109,5+2,4 137,6+3,0
Tendencia de obturacién en el HPH Alta Media Baja Baja Nula

'Resultados correspondientes al articulo 3
2Resultados correspondientes al articulo 4

Se observa que el pretratamiento con pila Valley redujo eficazmente la longitud media de
las fibras desde 1178 um hasta 682 um tras aplicar 150 min de refinado, lo cual representa una
reduccidn del 42%. La reduccidn de la longitud de las fibras con el tiempo de refinado presentd
una respuesta practicamente lineal y, a medida que se incremento el efecto de corte, la aptitud
al proceso de HPH se vio favorecida. Tras el estudio cualitativo, se establecié que 60 min de
pretratamiento se correspondia con el minimo aceptable para poder homogenizar
correctamente las pulpas, pues la tendencia de obturacion del HPH se considerd baja en este
punto. Por lo contrario, aplicando un pretratamiento de 150 min se consiguié eliminar por
completo el fendmeno de obturacién. Consecuentemente, se seleccionaron dos
pretratamientos, uno menos severo a 60 min (articulo 4), y otro mas intenso a 150 min (articulo
3), como etapas previas al proceso de HPH. Una duracién similar de 180 min en la pila Valley fue
aplicada por Spence et al. [125] en una pulpa termomecdnica de madera blanda.

El efecto de corte producido por la pila Valley sobre las fibras se vio igualmente reflejado
en una disminucién del grado de polimerizacion (DP), desde 3250 (inicial) hasta 2540 (150 min).
La longitud de las fibras decrecid linealmente con el DP con un coeficiente de correlacién de R?
=0,993. Por otro lado, el didametro medio de las fibras no se vio significativamente afectado por
el pretratamiento, constatando el efecto de corte de la pila Valley. El refinado con pila Valley
incrementd notablemente la proporcion de finos hasta un 40,6% en peso (79,5% en longitud) a
150 min. EI mayor contenido de finos, juntamente con otros cambios morfoldgicos,
repercutieron en la SSA de la pulpa. La SSAcr incrementd desde 2,87 hasta 16,01 m2/g mientras
los valores de SSAroinapmac fueron ligeramente inferiores. El incremento en la SSA provocé que
la CD de las muestras refinadas aumentara desde 56,3 hasta 137,6 peq/g. De hecho, ambos
parametros, CD y SSAcg, evolucionaron linealmente con los distintos tiempos de refinado, con

un coeficiente de correlacidn de R*> = 0,9876.
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En los articulos 1y 2 de la presente tesis se optd por un pretratamiento con molino PFI, en

lugar de pila Valley. En este caso, los efectos del pretratamiento con molino PFI se evaluaron a
intensidades de 0, 5000, 10000, 20000, y 30000 rev. Los efectos producidos sobre la pulpa BTMP

se muestran en la Tabla 4.

Tabla 4. Efecto del pretratamiento con molino PFI sobre la pulpa BTMP

Molino PFI (rev.) 0 5000 10000 20000 30000

IF (um) 1178+42 847+35 664 +51 601 + 29 519 + 25
df (um) 29,8+0,2 289+0,1 28,8+0,1 29,1+0,2 29,4+0,2
fi (%) 51,9+1,1 684+2,1 725+1,6 79,2+1,9 81,7+1,4
fo (%) 12,0+09 27,0+09 380+0,6 48,7+1,9 59,3+1,2
WRYV (g/g) 0,29 0,72 1,11 1,30 1,48
SSAcr (m?/g) 29+0,1 10,4+0,1 159+0,2 19,4+05 22,1+0,3
CD (uea/g) 56,3+1,6 955+3,3 124,5+2,6 140,9+1,4 154,1+2,0
°SR 21,5 58,5 77,8 91,3 95,5
Tendencia de obturacién en el HPH Alta Media Baja Nula Nula

De un modo similar al observado con la pila Valley, el pretratamiento con molino PFl redujo

considerablemente la longitud media de las fibras desde 1178 hasta 519 um (30 mil rev.). Las

fibras presentaron una buena predisposicién al proceso de HPH a partir de 10000 rev.

Generalmente, al menos en pulpas kraft, el pretratamiento con pila Valley suele impartir un

efecto de corte mayor que el molino PFI [113]. No obstante, la alta proporcién de lignina en las

fibras termomecdnicas incrementa su rigidez, haciéndolas altamente susceptibles al corte y

proporcionando un efecto de corte efectivo en ambos equipos de refinado. La Figura 20

proporciona una distribucion de longitudes a cada intensidad de refinado.
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Figura 20. Distribucién por rango de longitudes en las muestras pretratadas con molino PFI
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Se observa que la pulpa BTMP inicial contiene un alto porcentaje de fibras,
aproximadamente un 25%, en un rango de longitud superior a 2000 um. Asimismo, el proceso
de refinado desplazé la campana hacia rangos de longitud inferiores entre 200 y 770 um. El
didmetro medio de las fibras no se vio significativamente afectado por el refinado con molino
PFl, observando incluso un ligero aumento desde 28,9 um (5000 rev.) hasta 29,4 um (30000
rev.). Este incremento podria atribuirse al hinchamiento de las fibras a causa de su fibrilacion
interna. Brevemente, la fibrilacién interna se define como el reemplazamiento de los enlaces
intermoleculares fibra-fibra por enlaces fibra-agua, lo cual aumenta la capacidad de hidratacion
de las fibras y provoca su hinchamiento (swelling). Dicha capacidad de hidratacidn de las fibras
puede evaluarse a través del parametro Water Retention Value (WRV). De hecho, varios autores
han sugerido el uso del parametro WRV como medida indirecta de la fibrilacién interna de las
fibras [251,329]. En la Tabla 4 se aprecia que el WRV incrementé durante el pretratamiento
mecanico desde 0,29 (inicial) hasta 1,48 (30000 rev.), sugiriendo la fibrilacién interna de las
muestras refinadas. Cabe destacar que la debilitacion de los enlaces intermoleculares debido la
fibrilacion interna puede favorecer también la desestructuracion mecdnica de las fibras en el
HPH.

El refinado con molino PFl, al igual que con pila Valley, generé elevadas cantidades de finos,
alcanzando un porcentaje del 59,3% en peso a 30000 rev. La alta proporcion de finos generada
durante el refinado mecanico disminuyd considerablemente la capacidad de drenaje de la pulpa,
alcanzando valores °SR superiores a 90. Igualmente, la alta proporcion de finos y mayor estado
de fibrilacion interna y externa contribuyd a la SSA y CD de la pulpa. La relacién entre la SSAck y
CD en las pulpas pretratadas con pila Valley y molino PFI se aprecia en la Figura 21.

25 -
= Pila Valley R?=0,993 &
20 = Molino PFI @
= R2= 0,988
— . i
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> - -'::::.
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40 60 80 100 120 140 160 180
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Figura 21. Evolucién de la SSAck con la CD para las pulpas refinadas con molino PFl y pila Valley

La Figura 21 confirma la correlacion entre la SSAcr y CD en las pulpas pretratadas con pila

Valley y molino PFl. Se observa ademas que, para un mismo valor de CD, la pulpa refinada con
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molino PFl posee una mayor SSAck. Esta diferencia podria atribuirse a un mayor grado de
fibrilacion interna en las pulpas refinadas con molino PFI, permitiendo una difusién mas eficaz
del CR através de la estructura de la fibra. De hecho, se acepta que el PFl pueda tener un impacto
mayor sobre la fibrilacidn interna que la pila Valley [113]. Considerando la buena correlacion
entre la SSA y CD en las pulpas pretratadas, el siguiente apartado desarrolla un estudio en
profundidad basado en la determinacién numérica de la SSA a partir de los valores de CD.
Ademas de mantener una estrecha correlacion con la SSA, la CD incrementa linealmente con el
°SR (R?=0,988), WRV (R?=0,998) y porcentaje de finos (R = 0,975).

4.2.3 Estimacién de la SSA de las pulpas refinadas (articulo 2)

Durante el andlisis de la CD, una fraccién del PolyDADMAC consumido se adsorbe
superficialmente mediante fuerzas de Van der Waals sobre los grupos hidroxilos (-OH) de la
fibra, mientras el resto del polielectrolito interactla idnicamente (ion-dipolo) con los grupos
carboxilos (COO). Entonces, la diferencia entre la CD y grupos carboxilos correspondera a la
cantidad de PolyDADMAC adsorbido fisicamente sobre las fibras. Conociendo la superficie
ocupada por una macromolécula de PolyDADMAC, se podra estimar la SSA de la muestra. Los
mecanismos de interaccién entre el PolyDADMAC y la fibra se han discutido anteriormente en

la Figura 17.

El peso molecular del PolyDADMAC juega un papel determinante en su grado de interaccion
con las fibras. En un reciente trabajo desarrollado por Zhang et al. [286], se evalud la influencia
del peso molecular del PolyDADMAC en su capacidad de difusion a través de la estructura de las
fibras. Los autores sugirieron que los PolyDADMAC con peso molecular superiores a 100 kDa,
como en el presente caso (107 kDa), interactian Unicamente con la superficie mds externa de
la fibra. Por lo contrario, los PolyDADMAC de peso molecular inferiores a 15 kDa, u otros
adsorbentes de bajo peso molecular, como por ejemplo el CR, presentan una capacidad de
difusién mayor a través de la estructura interna de las fibras. Por ejemplo, la molécula de CR,
con un peso molecular de 696,7 Da, puede alcanzar dimensiones de poro de entre 40y 45 A de
didmetro [330]. La capacidad de difusién del adsorbente en funcién de su peso molecular se
sustenta en la teoria de difusién Fickiana o pseudo-Fickiana, la cual concuerda con que el
coeficiente de difusién es inversamente proporcional al radio hidrodindmico del soluto
(adsorbente) y, hasta cierto punto, de su peso molecular [331]. Cabe destacar que el CR presenta
una fuerte afinidad por las fibras lignoceluldsicas y por este motivo puede utilizarse para la
determinacidn de la SSA. De un modo similar al PolyDADMAC, el CR interactua idénicamente (ion-
dipolo) a través de sus grupos sulfonato, amino y azo, con los grupos hidroxilos de la fibra [332].
Se asume entonces que la principal diferencia entre el PolyDADMAC y CR en cuanto su capacidad

de adsorcion recae en los diferentes pesos moleculares.

El hecho que el PolyDADMAC de alto peso molecular pueda adsorberse Unicamente en las
superficies mas externas de las fibras no necesariamente debe ser visto como un inconveniente.
Tradicionalmente, en sectores como el papelero, los polielectrolitos de alto peso molecular (p.

ej., PolyDADMAC, CPAM) se han empleado para evaluar la carga superficial de las fibras, lo cual
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es de especial interés en procesos de drenaje, retencidon de particulas coloidales y floculacion de
las fibras, entre otros [276,333]. De este modo, la determinacién de la SSA mediante
PolyDADMAC podria proporcionar una aproximacién mas exacta de los grupos hidroxilos y
carboxilos realmente disponibles en la superficie de las microfibras, los cuales seran los

encargados de interaccionar con otras fibras [334,335].

La Tabla 5 muestra la demanda catidnica (CD) y contenido de grupos carboxilos (CC) de las
muestras refinadas con molino PFI. A partir de la diferencia entre ambos pardmetros, se define
la cantidad de PolyDADMAC adsorbido superficialmente y, seguidamente, se estima la SSA de
las fibras (SSAroiypabmac). Los valores obtenidos son comparados con los determinados mediante

la adsorcidn con Rojo Congo (SSAcs).

Tabla 5. Superficie especifica de las fibras (SSA) calculada mediante la adsorcién con Rojo Congo (SSAcr)
y PolyDADMAC (SSApolypADMAC)

Molino PFI (rev.) 0 5000 10000 20000 30000
CD (pea/g) 56,3+1,6 955%2,7 1245+26 1409+1,4 154,1%2,0
CC (neq COO/g) 45,7+0,9 485+1,2 446+25 469+22 450+28
PolyDADMAC adsorbido (peq/g) 10,6 47,0 79,9 94,0 109,1
SSApolypabmAc (M?/g) 1,6 7,3 12,4 14,6 16,9
SSAck (m?%/g) 29+0,1 10,4+0,6 159402 19,4+0,5 22,1%0,3
SSAcr — SSArolypapmAC (M?/g) 1,3 3,1 3,5 4,8 5,2

Tal y como se ha hipotetizado anteriormente, los valores de SSAc son ligeramente
superiores a los de SSApoypaomac debido a la mayor capacidad de difusidn de la molécula de CR,
lo cual provoca que esta pueda interaccionar con cargas a las cuales el PolyDADMAC no tiene
acceso. Adicionalmente, se observa que las diferencia entre los valores de SSAcg Y SSApolypabmAc
incrementa con la intensidad del refinado mecanico. Esto podria deberse a un mayor estado de
fibrilacidon interna de las fibras, lo cual favoreceria Unicamente la difusidon del CR a través de
ellas. Por lo contrario, la adsorcion del PolyDADMAC no se veria significativamente afectada por
un mayor grado de fibrilacién interna, pues la capacidad de difusién del polielectrolito se
considera muy limitada. En este caso, el incremento en la SSAroypabmac S€ explicaria por un mayor
contenido de finos y fibrilacién superficial de las fibras. Se podria considerar, hasta cierto punto,
que el grado de fibrilacién interna justifica las diferencias entre los valores de SSAcr Yy
SSApolypaomac. La Figura 22 muestra que la diferencia entre los valores de SSAcr Y SSAroiypabmac S€
corresponde linealmente con el pardmetro WRV (R? = 0,9726) que, como se ha comentado

anteriormente, se considera un buen indicador de la fibrilacién interna.
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Figura 22. Evolucién del WRV con la diferencia entre la SSAcr y SSArolypabmac

Anteriormente se ha comentado que los finos, debido a su tamafio reducido, contribuyen
mas que las fibras a la SSA de las muestras refinadas. En este sentido, se realizé un estudio para
evaluar la SSA de fibras y finos, por separado, y su evolucién a través del refinado. Por este
motivo, se clasificaron los finos y las fibras, diluyendo las muestras hasta un 1% de consistencia,
y seguidamente filtrando la suspension a través de una malla metdlica nim. 200 (75 pum) y un
equipo Bauer McNett. Se consideraron finos aquellas particulas que pasaron a través de la malla.
Posteriormente, se determind la SSA de fibras y finos mediante los métodos de adsorcién con

CR y PolyDADMAC, para cada tiempo de refinado. Los resultados se muestran en la Figura 23.

(a)

20 ~
:_z:n" B Rojo Congo
E 45 1  mPoyDADMAC
8
2
Y— 10 -
w
m
[(}]
T 5 4
<
5]
w

0 -

5000 10000 20000 30000
PFl rev.

40 - (b)
§ ERojo Congo
‘:‘E 30 @ PolyDADMAC
wn
o
=
'; 20 ~
o
S

10
<
w
7))

0 -

5000 10000 20000 30000
PFl rev.

Figura 23. Superficie especifica de las fibras (a) y finos (b)
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Segun muestra la Figura 23, la SSA de las fibras aumenté progresivamente con el refinado
mecanico, siendo estos incrementos mds pronunciados mediante la adsorciéon con CR (5 — 17
m?/g) que con PolyDADMAC (2 — 6 m?/g). En cualquier caso, la SSA de los finos (22 — 25 m?%/g)
fue superior que la SSA de las fibras, lo cual justificaria que una mayor cantidad de finos
incrementa la SSA de la pulpa. No obstante, contrariamente a la tendencia observada en las
fibras, la SSA de los finos permanecié casi invariable a través de las distintas etapas de refinado,
y diferentes métodos de adsorcion. Solamente en el caso de las fibras se aprecid la influencia
del PolyDADMAC y CR en los valores de SSA. Este comportamiento podria atribuirse a la
capacidad de difusidon del adsorbente en funcidn, no solamente de su propio tamafio, sino
también del tamafio del adsorbato. En la Figura 24 se proponen de forma esquematizada los
mecanismos de adsorcion y difusion del CR y PolyDADMAC en fibras y finos, respectivamente.
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Figura 24. Esquema representativa y simplificada de la difusién del CR y PolyDADMAC a través de la
estructura de fibras (a) y finos (b) [281]
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En el caso de las fibras, se asumio una estructura cilindrica, donde la difusidon del adsorbente
(CR o PolyDADMAC) es exclusivamente radial (una dimension) [336,337], por lo cual el peso
molecular del adsorbente sera clave en su capacidad de difusidn y penetracion (Figura 24.a).
Consecuentemente, la molécula de CR, con un tamafio menor que la cadena de PolyDADMAC,
podra difundirse mas eficazmente a través de la estructura de la fibra. Ademds, a medida que
incrementa la fibrilacién interna debido el refinado, esto contribuye mas a la difusién del CRy
ensancha las diferencias entre la SSAcr Y SSAroypaomac. Por lo contrario, los finos poseen un
tamanio significativamente menor que las fibras y, en este caso, la difusion puede ocurrir en mas
direcciones, no solo radialmente. Esto provoca que el peso molecular del adsorbente tenga una
influencia menor sobre la cantidad que interaccione con el adsorbato. Por este motivo, el

consumo de ambos adsorbentes, PolyDADMAC y CR, puede ser similar al aplicarse sobre finos.

Cabe recalcar que la presencia de lignina y hemicelulosa en fibras de alto rendimiento puede
actuar reduciendo la porosidad de las fibras, mientras que en pulpas quimicas, la eliminacion de
las respectivas fracciones de lignina y hemicelulosa puede dar lugar a mayores porosidades
[338]. Consecuentemente, cabria esperar que el CR se difundiera mas eficazmente en pulpas

guimicas, generando mayores diferencias entre ambos métodos de adsorcion.

Otros factores, como por ejemplo el pH y conductividad, pueden afectar a la capacidad de
adsorcién del PolyDADMAC. Dichos efectos se obvian a escala de laboratorio, pues la CD se
determina en condiciones de pH neutro y en medio desionizado. No obstante, en circuitos
industriales estas condiciones pueden variar. Por ejemplo, en el proceso productivo de papel el
pH puede oscilar entre 5y 9. Por otro lado, las agua de proceso pueden contener ciertas especias
residuales que afecten a la conductividad del medio [121]. Por este motivo, se estudiaron los
posibles cambios en la CD de la pulpa BTMP en funcién del pH (pH de 5, 7 y 9) y conductividad
(0,0,01, 0,05y 0,1 M de NaCl). Los resultados se muestran en la Figura 25.
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Figura 25. Influencia del pH (a) y concentracién de NaCl (b) en la CD de la pulpa BTMP

La Figura 25.a muestra una variacion de la CD desde 54 peq/g (pH 7) hasta 61 peqg/g (pH 5)
y 72 peqg/g (pH 9), respectivamente. Esto indica que, en condiciones acidas y basicas, la cantidad
de PolyDADMAC consumido es mayor que a pH neutro. Esto ocurre en base a fendémenos como
el hinchamiento de las fibras (swelling) a pH bdsico y acido, provocando una mayor exposicion

de la estructura de la fibra y facilitando la difusion del PolyDADMAC a través de ella.
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Adicionalmente, los valores de CD en medio bdasico son ligeramente superiores que en medio
acido. Esto podria deberse a una mayor polarizacion de los grupos hidroxilos de las fibras en
medio basico, incrementando asi su atraccidn por el amonio cuaternario del PolyDADMAC. Por
otro lado, los valores de CD aumentan con la conductividad del medio (expresada como un
incremento en la concentracidn de NacCl), segin muestra la Figura 25.b. Se sugiere que un
incremento en la fuerza iénica del medio podria disminuir la rigidez de la cadena de
PolyDADMAC (considerada rigida en medio desionizado). En este contexto, la macromolécula
de PolyDADMAC podria pasar de un estado de barra rigida a un enrollamiento aleatorio a
medida que incrementa la conductividad del medio, disminuyendo su longitud de persistenciay
su superficie efectiva [290]. En este escenario, es de esperar que se adsorba una mayor cantidad
de polielectrolito por una misma unidad de superficie. Es posible también que, al arrugarse la
cadena de PolyDADMAC, existan ciertas partes de ella que no estén en contacto directo con la
superficie de la fibra, alejdndonos de la suposicidn de una adsorcion monocapa. Por este motivo,
a medida que aumenta la concentracion de sal también lo hace la cantidad de PolyDADMAC
adsorbido.

4.3 Homogenizacién a alta presion (HPH)

Las pulpas seleccionadas para el proceso de HPH fueron las pretratadas con pila Valley a 60
y 150 min, y con molino PFl a 10, 20 y 30 mil rev. La Tabla 6 proporciona una nomenclatura para
cada muestra homogenizada en funcidn del pretratamiento (especificando equipo e intensidad)

y tratamiento (nimero de pasadas y presion por el HPH).

Las secuencias de HPH establecidas se basaron en un incremento progresivo en el nimero
de pasadas (entre 1y 12 pasadas) y presiéon (entre 300 y 900 bar), durante el cual parte de la
muestra fue extraida en diferentes estadios para su caracterizacion. El motivo por el cual se
aplicé un secuencia progresiva de HPH fue evitar el deterioro o damnificacion de las fibrillas, lo
cual puede ocurrir al someterlas repentinamente a elevadas presiones [339]. Por otro lado, se
considerd relevante aplicar secuencias de HPH similares a las distintas pulpas pretratadas con el
objetivo de comparar las prestaciones y propiedades finales en funcion del pretratamiento
aplicado. Solamente en la pulpa pretratada con pila Valley a 60 min no se mantuvo la misma
secuencia de homogenizacion que en las otras pulpas, pues en este caso no se alcanzaron las 6
pasadas a 900 bar en el HPH. La pulpa pretratada a 60min con pila Valley corresponde al articulo
4 de la presente tesis. En los articulos anteriores (articulo 1 y articulo 3) se observd que la
aplicacion de 6 pasadas a 900 bar por el HPH no era necesaria en términos técnicos y

energéticos, siendo suficiente 3 pasadas a 900 bar.

Las suspensiones derivadas del proceso de HPH presentaron una gran heterogeneidad
morfoldgica, con presencia de micro y nanofibras. En ningin caso el rendimiento de
nanofibrilacion superd el 50%, considerando oportuno denominar los materiales obtenidos

como micro/nanofibras lignoceluldsicas (LCMNF).
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Tabla 6. Nomenclatura utilizada para la designacion de las LCMNF
num. de pasadas por
Intensidad del el HPH Nomenclatura Articulo

pretratamiento

300 600 900
bar bar bar

utilizada

referenciado

3 0 0 LCMNF_PV60_300
3 1 0 LCMNF_PV60_310
Pila Valley (PV) 60 min 3 3 0 LCMNF_PV60_330 Articulo 4
3 3 1 LCMNF_PV60_331
3 3 3 LCMNF_PV60_333
3 0 0  LCMNF_PV150_300
3 3 0  LCMNF_PV150_330
Pila Valley (PV) 150 min Articulo 3
3 3 3 LCMNF_PV150_333
3 3 6 LCMNF_PV150_336
3 0 0 LCMNF_MP10_300
3 3 0  LCMNF_MP10_330
Molino PFI (MP) 10000 rev.
3 3 3 LCMNF_MP10_333
3 3 6 LCMNF_MP10_336
3 0 0 LCMNF_MP20_300
3 3 0 LCMNF_MP20_330
Molino PFI (MP) 20000 rev. Articulo 1
3 3 3 LCMNF_MP20_333
3 3 6  LCMNF_MP20_336
3 0 0 LCMNF_MP30_300
3 3 0 LCMNF_MP30_330
Molino PFI (MP) 30000 rev.
3 3 3 LCMNF_MP30_333
3 3 6  LCMNF_MP30_336

4.3.1 Produccién de LCMNFs mediante pretratamiento con pila Valley

(articulos 3y 4)

En este apartado se evaltan las LCMNFs producidas mediante pretratamiento con pila

Valley y HPH. Cabe recalcar que el proceso de HPH se realizé diluyendo las fibras pretratadas a

una consistencia del 1%. La Tabla 7 proporciona una caracterizacién completa de las LCMNFs en

base a parametros como el rendimiento de nanofibrilacion (n), demanda catiénica (CD),

transmitancia a 600 nm (Teoonm), Water Retention Value (WRV), y superficie especifica con Rojo

Congo (SSAcR).
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Tabla 7. Propiedades de las LCMNFs (pretratamiento con pila Valley)

LCMNF n Teoonm cD WRV SSAck
(%) (%) (neq/g) (g H20/g) (m?/g)
LCMNF_PV60_300 2,9+0,3 4,1+0,1 156 + 2 1,28 +0,12 -
LCMNF_PV60_310 6,0+0,4 4,7+0,2 173+3 1,35+ 0,09 -
LCMNF_PV60_330 11,6+0,4  7,0+0,1 185+ 1 1,43 +0,10 -
LCMNF_PV60_331 15,6+0,3 9,7+0,0 199 +2 1,69 + 0,05 -
LCMNF_PV60_333 206+0,6 11,9+0,1 214 +2 2,23 +0,05 -
LCMNF_PV150_300 4,6+0,3 3,840,0 179+6 1,5+0,1 117,8
LCMNF_PV150_330 11,9+03  8,1+0,1 205 + 4 1,8+0,1 134,4
LCMNF_PV150_333 24,1+0,2 14,5+0,1 233+2 2,6+0,2 145,2
LCMNF_PV150_336 286+0,4 17,2+0,2 240 +3 3,1+0,1 150,3

El rendimiento de nanofibrilacién (n) aumentd con el nimero de pasadas y presion a través
del HPH. Para las muestras pretratadas a 150 min con pila Valley, se alcanzé un rendimiento de
nanofibrilacion del 28,6% en el Ultimo estadio de HPH, mientras que, en aquellas muestras
pretratadas a 60 min, el rendimiento de nanofibrilacién se situé en un maximo de 20,6%. En
términos generales, aquellas pulpas pretratadas a 150 min presentaron un rendimiento de
nanofibrilacion mayor, en un mismo estadio de HPH, que aquellas pretratadas a 60 min. En
general, los rendimientos de nanofibrilacion no superaron el 30%, lo cual contrasta con otros
grados de CNFs obtenidos mediante pretratamientos enzimaticos o TEMPO, donde el parametro
puede alcanzar valores superiores al 40% y 95%, respectivamente [108]. Con el propdsito de
comprender la heterogeneidad de las muestras, asi como corroborar los rendimientos
obtenidos, la Figura 26 proporciona imagenes SEM de las LCMNFs en el primero y ultimo estadio

de HPH.
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Figura 26. imagenes SEM de las LCMNFs en el primer y ultimo estadio de HPH
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Las imagenes SEM de la Figura 26 evidencian una morfologia muy heterogénea y con
estructuras irregulares, donde es posible apreciar la presencia de micro y nanofibras. Ademas,
se observa un elevado grado de fibrilacidn superficial, muchas veces en el dominio nanométrico.
Comparativamente, en el ultimo estadio de HPH, el fenémeno de fibrilacién superficial es mas
acentuado, e incluso es posible detectar algunas nanofibras completamente liberadas de las

microfibras originales.

Los valores de transmitancia también pueden emplearse como medida, aunque indirecta,
del grado de nanofibrilacidn. Esto se debe a que la presencia de nanofibras en suspension acuosa
minimiza la dispersion de la luz, incrementando asi la transmitancia de la suspension. De hecho,
ambos parametros, rendimiento y transmitancia, presentan un coeficiente de correlacion lineal,
cercano a 1, lo cual indica la estrecha relaciéon entre variables. La tendencia ascendiente
observada en parametros como el rendimiento de nanofibrilacién y transmitancia se mantuvo
en parametros como la demanda catidnica (CD) y Water Retention Value (WRV). En el caso de
la CD, los valores obtenidos oscilaron en un rango aproximado de 150 y 240 peq/g, mientras que
los valores de WRYV se situaron entre 1,3 y 3,1 gH,0/g. Adicionalmente, se determind la SSAcr de
las suspensiones homogenizadas y pretratadas a 150 min, obteniendo valores entre 117 y 150
m?/g. En términos generales, los valores obtenidos en la Tabla 7 se sitdan en linea con otros
grados de CMNFs/LCMNFs producidos mediante secuencias enteramente mecanicas
[117,174,176,340]. Las relaciones entre los pardametros de caracterizacién se estudiaron en la
Figura 27, donde se muestra la evolucién de la CD y WRV, con el rendimiento de nanofibrilacidn
y SSA.
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Figura 27. Evolucidn de los parametros de CD y WRV con el rendimiento de nanofibrilacién (ay c,
respectivamente) y SSA (b y d, respectivamente)
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En la Figura 27 se constata que tanto el rendimiento de nanofibrilacién como la SSA
evolucionaron linealmente al incrementar la CD. Adicionalmente, durante la etapa de refinado
mecdanico, también se ha determinado la capacidad de la CD para correlacionarse con
pardmetros como el °SR y la SSA (Figura 21). En este sentido, la CD podria ser un buen indicador
del nivel de desestructuracion de las fibrillas durante las etapas de pretratamiento y
tratamiento, sugiriendo asi su potencial como pardmetro de monitorizaciéon del proceso
productivo. Cabe recalcar que el pardmetro puede ser Util especialmente para monitorizar
procesos de produccidn mecanicos, ya que la CD puede variar ostensiblemente en procesos en
los cuales se modifique quimicamente la superficie de la celulosa. Por ejemplo, el
pretratamiento TEMPO introduce cargas negativas (COO’) en la superficie de las fibras, lo cual
modifica drdsticamente los valores de CD [95]. Asimismo, este método quedaria totalmente
descartado en CNFs de naturaleza catidnica.

Por lo contrario, en la Figura 27 se observa que la evolucidn del WRV con el rendimiento de
nanofibrilacion y SSA dista de ser lineal, adquiriendo en este caso una tendencia polindmica de
segundo orden. El WRV depende principalmente del grado de fibrilacion y composiciéon quimica
de la muestra. En este contexto, la no linealidad entre parametros podria sugerir cambios en la
composicion quimica de la muestra durante el proceso de HPH. Por ejemplo, la lignina puede
desprenderse de la estructura de la fibra durante el proceso de HPH debido las fuerzas
mecanicas, tal y como ha sido previamente argumentado por otros autores [341,342]. Por otro
lado, las elevadas temperaturas que alcanzan los equipos de HPH podria causar la
despolimerizacidon de la lignina, incluso dando lugar a compuestos de bajo peso molecular
solubles en agua [343].

En pulpas kraft, blanqueadas o no blanqueadas, las cantidades de lignina son escasas e
inaccesibles en comparacién con pulpas de alto rendimiento [125]. Por este motivo, es de
esperar que la composicién quimica de las pulpas kraft no varie durante el proceso de HPH. En
este caso, tal y como informaron Gu et al. [261], el WRV puede ser un buen indicador del grado
de fibrilacion. No obstante, la lignina en pulpas termomecdanicas estd mds expuesta y puede
desprenderse con mas facilidad al someter las fibras a tratamientos mecdanicos intensos. La
disminucién del contenido de lignina puede contribuir a la hidrofilicidad de las LCMNFs y, por lo
tanto, a su capacidad de retencién de agua (mayor WRV) [344]. Asi pues, en procesos de HPH
donde coexistan cambios morfolégicos y quimicos, el WRV puede no representar

adecuadamente el grado de fibrilacién de las muestras.

Las posibles variaciones en el contenido de lignina de las LCMNFs fueron evaluadas
mediante un analisis de lignina Klason. En paralelo, se determind el indice de cristalinidad (Crl)
de las muestras. El Crl se calculdé a partir de la difraccion de rayos X (Figura 28) sobre las
muestras, siguiendo el método de Segal [345]. Los resultados de lignina Klason y Crl se recogen
en la Tabla 8.
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Figura 28. Difraccién de Rayos X de la pulpa BTMP inicial, pulpa pretratada y suspensiones

homogenizadas

Tabla 8. indice de cristalinidad (Crl) y contenido de lignina Klason de la pulpa BTMP inicial, la pulpa
pretratada y suspensiones homogenizadas

Lignina Klason

indice de cristalinidad (Crl)

Muestra

(%) (%)
BTMP 25,9+0,2 75,3
BTMP (pila Valley) 25,9+0,3 76,1
LCMNF_PV150_300 243+0,3 70,6
LCMNF_PV150_330 23,4+0,1 71,9
LCMNF_PV150_333 22,1+0,2 75,1
LCMNF_PV150_336 21,0+£0,2 75,7

La Tabla 8 muestra que, durante el pretratamiento con pila Valley, el contenido de lignina
Klason no se vio afectado, manteniéndose constante en un valor de 25,9%. No obstante, el
proceso de HPH disminuyd el contenido de lignina Klason desde un 25,9% hasta un 21% en el
ultimo estadio de HPH. Esto corroboraria la hipdtesis planteada anteriormente y explicaria la no
linealidad observada en la Figura 27 entre los pardmetros de WRYV, SSA y rendimiento de
nanofibrilacion. También se aprecia un decrecimiento considerable en el Crl en el primer estadio
de HPH (secuencia 300), desde 76,1 hasta 70,6%. Esto podria deberse a la transformacién de
parte de la celulosa cristalina a celulosa amorfa a causa de las fuerzas de cizalla y friccion en el
HPH, reduciendo asi la cristalinidad de la muestra [346,347]. A partir de este punto, el Crl
incremento a través de los estadios de HPH debido una reduccidn progresiva en el contenido de
lignina.

Se concluye que el proceso de HPH afecta al contenido de lignina de la pulpa BTMP.
Consecuentemente, algunos parametros de caracterizacion altamente sensibles a la
composicion quimica, como por ejemplo el WRV, pueden experimentar variaciones dificilmente
predecibles en el transcurso del proceso de fibrilacidn. Alternativamente, parametros como la

CD permiten un seguimiento eficaz sobre el grado de fibrilacién de las LCMNFs. De hecho,
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algunos estudios constatan que los valores de CD pueden mantenerse constantes a lo largo de
un rango de numero kappa de 40 a 105 [280]. Otra via de monitorizacion podria basarse en el
comportamiento reoldgico de las suspensiones que, ademas de ser una herramienta facilmente
adaptable al proceso productivo, puede proporcionar informacidn util sobre estado morfoldgico
y estructural de las LCMNF.

4.3.1.1 Estudio reoldgico de las suspensiones homogenizadas (articulo 4)

Para monitorizar el proceso productivo de LCMNFs es necesario conocer las relaciones entre
el pardmetro que se desee monitorizar y las propiedades, o alguna propiedad en particular, del
nanomaterial. Esto permite que mediante el pardmetro de monitorizacién se pueda conocer
alguna caracteristica del material. Por ejemplo, anteriormente se ha sugerido la capacidad de Ia
CD para controlar el grado de fibrilacion de las LCMNFs. No obstante, el comportamiento
reoldgico de los materiales nanoceluldsicos es complejo, lo cual dificulta la concrecion de

relaciones Utiles entre los parametros reoldgicos y las propiedades de los nanomateriales.

En este contexto, la presente tesis plantea un estudio basado en diferentes tipos de pulpas,
refinadas y homogeneizadas bajo las mismas condiciones, para dilucidar de forma entendedora
las posibles relaciones entre el comportamiento reolédgico y las propiedades morfoldgicas,
superficiales y quimicas de las CMNFs/LCMNFs. Consecuentemente, se emplearon cuatro tipos
de pulpas distintas, siendo estas la pulpa BTMP, una pulpa termomecanica de pino (TMP), una
pulpa kraft no blanqueada de pino (UKSP) y una pulpa kraft blanqueada de pino (BKSP). Las
pulpas fueron seleccionadas para poder comparar entre fibras procedentes de diferentes
materias primas, aunque obtenidas mediante el mismo pulpeado (BTMP y TMP), y misma
materia prima pero distinto pulpeado (TMP, UKSP y BKSP). La seleccién de estas pulpas no fue
arbitraria, formando parte del Atlas de nanofibras de celulosa resultante del proyecto
NANOPROSOST (CTQ2017-85654-C2-1-R). Todas las pulpas fueron inicialmente refinadas con
pila Valley a 60 min. En la Tabla 9 se constata el efecto del pretratamiento sobre la morfologia
de las pulpas. Adicionalmente, la Figura 29 recoge imagenes de microscopia éptica de las pulpas
iniciales y pretratadas.

Tabla 9. Morfologia de las pulpa BTMP, TMP, UKSP y BKSP iniciales y pretratadas con pila Valley 60 min

Pulpa Pretratamiento If df fi Relacién de aspecto
BTMP - 1178 + 42 29,8+0,2 52+0 39,5
BTMP Pila Valley (1h) 821+34 28,9+0,8 62+2 28,4
T™MP - 808 + 66 31,1+0,7 301 26,0
T™MP Pila Valley (1h) 377+ 26 29,3+1,1 55+2 12,9
UKSP - 837162 26,1+0,4 34+4 32,1
UKSP Pila Valley (1h) 430+ 35 20,7+0,5 46+ 1 20,8
BKSP - 1691 + 48 24,7+0,7 12+2 68,5
BKSP Pila Valley (1h) 449 + 40 21,8+1,1 33+0 20,6
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Figura 29. Microscopia 6ptica de las pulpas de BTMP, TMP, UKSP y BKSP iniciales y pretratadas con pila
Valley 60 min

El pretratamiento con pila Valley redujo considerablemente la longitud de las fibras,
especialmente en las pulpas de pino TMP, UKSP y BKSP, siendo el efecto de corte menos severo
en las fibras de BTMP. Por otro lado, el didmetro experimenté una ligera disminucién en las
pulpas kraft (UKSP y BKSP), mientras en las pulpas de alto rendimiento este parametro no se vio
significativamente alterado. El efecto de corte producido sobre las fibras se puede contrastar
con las imagenes dpticas de la Figura 29, donde se aprecian unas fibras iniciales mucho mas
uniformes e integras que las obtenidas tras la etapa de refinado. Las pulpas pretratadas se
sometieron a un proceso de HPH segln las condiciones y nomenclatura especificadas en la Tabla
10.

Tabla 10. Nomenclatura de las suspensiones homogenizadas de BTMP, TMP, UKSP y BKSP

Secuencia de HPH

n.2 de pasadas x presion “bar” BTMP T™P Uksp BKSP
3x300 LCMNF_PV60_300 TMP_PV60_300 UKSP_PV60_300 BKSP_PV60_300
3x300+1x600 LCMNF_PV60_310 TMP_PV60_310 UKSP_PV60_310 BKSP_PV60_310
3x300+ 3 x600 LCMNF_PV60_330 TMP_PV60_330 UKSP_PV60_330 BKSP_PV60_330
3x300+3x600+1x900 LCMNF_PV60_331 TMP_PV60_331 UKSP_PV60_331 BKSP_PV60_331
3 x300+ 3 x600+3x900 LCMNF_PV60_333 TMP_PV60_333 UKSP PV60_333 BKSP_PV60_333

Se obtuvieron un total de 20 suspensiones homogenizadas procedentes de diferentes
materias primas y con grados de fibrilacidn distintos. El analisis reolégico de las suspensiones
homogenizadas se realizd6 mediante un reémetro de Couette (Figura 18). La velocidad de cizalla
(shear rate “y”) se incrementé desde 0 hasta 100 s, intervalo en el cual se evalué en diferentes
puntos la viscosidad aparente (n) de las suspensiones. La Figura 30 presenta el comportamiento
reoldgico de las suspensiones expresado como la relacién logaritmica entre la viscosidad
aparente y la velocidad de cizalla. Los valores obtenidos en los graficos fueron ajustados a la ley
de la potencia, o relacion Ostwald-de Waele, para obtener el indice de consistencia (k) y indice
de fluidez (n), Los valores de k y n se incluyen en la Figura 30, juntamente con el coeficiente de

correlacion (R?).
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Figura 30. Comportamiento reoldgico de las muestras homogenizadas de BTMP (a), TMP (b), UKSP (c) y
BKSP (d). Valores k, n y R? obtenidos segun la relacion Ostwald-de Waele
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A simple vista, se observa que las muestras mas homogenizadas presentaron valores de
viscosidad ligeramente superiores. Adicionalmente, a medida que incrementaba la velocidad de
cizalla, disminuyd la viscosidad de las suspensiones, lo cual denota el comportamiento
pseudopléstico de las suspensiones. Por otro lado, los coeficientes de correlacién obtenidos (R?)
fueron relativamente altos, lo cual indica un correcto ajuste de los valores a la relacidon Ostwald-
de Waele y, por lo tanto, valida el uso de los indices k y n para evaluar cuantitativamente el
comportamiento reoldgico de las suspensiones. En general, los valores de k pueden usarse como
medida general de la viscosidad de la suspensiéon [348]. Por ejemplo, las muestras
homogenizadas de BTMP y TMP proporcionaron valores de k relativamente bajos, lo cual denota
la baja viscosidad de las respectivas suspensiones. Asimismo, los valores de k incrementaron
notablemente en las muestras de BKSP y UKSP, en este orden. Por otro lado, los valores de n
pueden usarse para evaluar del grado de comportamiento pseudopldstico de las suspensiones.
En este sentido, cuando n equivale a uno, el fluido es Newtoniano, mientras que a medida que
los valores de n se alejan por debajo de 1, el fluido deviene mas pseudoplastico. Se podria decir
entonces que el comportamiento pseudoplastico incrementa con el proceso de HPH en todos
los casos. Comparativamente, el comportamiento pseudoplastico es ligeramente superior en las
muestras de BKSP, siendo similar en las muestras de UKSP y TMP, e inferior en las muestras de
BTMP.

El comportamiento reoldgico de los materiales nanocelulésicos no modificados
quimicamente depende en gran medida de la tendencia o capacidad de las fibrillas a
entrelazarse unas con otras [317]. Las estructuras mas entrelazadas poseeran menor movilidad
y opondran una mayor resistencia al aplicarles un esfuerzo. Consecuentemente, estas
suspensiones serdan mas viscosas. Por lo contrario, aquellas fibrillas menos entrelazadas se
deslizardn y moveran mas facilmente, proporcionando una mayor fluidez a la suspension
correspondiente [306]. Este fendmeno es descrito por algunos autores como floculacién, e
incluso mediante el nimero de puntos de contacto (crowding factor), aunque en la presente

tesis doctoral se emplea preferiblemente el termino de entrelazamiento [316].

Segun indican algunos estudios, la capacidad de entrelazamiento de las fibrillas depende
principalmente de aspectos morfoldgicos tales como la longitud y el didametro [310]. Es incluso
posible encontrar algunos modelos matematicos capaces de predecir importantes rasgos
morfoldgicos, como la relacién de aspecto, a partir del comportamiento reolégico, aunque estas
relaciones normalmente se adecuan mas a grados de NC modificados quimicamente [349].
Considerando la importancia de la morfologia en el comportamiento reolégico de las
suspensiones, se estudié la relacion de aspecto de las diferentes muestras homogenizadas
siguiendo la metodologia del gel point [350]. Los resultados de relacidn de aspecto de las
muestras homogenizadas se observan en la Figura 31. Adicionalmente, se proporcionan
imagenes TEM en la Figura 32 para evaluar cualitativamente la morfologia de las

micro/nanofibras.
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Figura 31. Relacion de aspecto de las muestras homogenizadas de BTMP, TMP, UKSP y BKSP
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Figura 32. Imagenes TEM de las suspensiones homogenizadas de BTMP, TMP, UKSP y BKSP

La relacion de aspecto (Figura 31) incrementd con el proceso de HPH, especialmente en las
muestras de BKSP, desde 70 hasta 230. Los incrementos fueron menos pronunciados en las
muestras de TMP y UKSP, entre 40 y 103, mientras en las muestras de BTMP, la relacion de
aspecto no varid significativamente, situdndose entre 50 y 70. Aunque las muestras

homogeneizadas de BKSP presentaron mayores relaciones de aspecto que las de UKSP, las

215



Ferran Serra Parareda
2022

imagenes TEM de la Figura 32 denotan una apariencia mas fina, con aparentemente menores
didmetros en estas Ultimas. Las diferencias morfoldgicas entre las muestras de UKSP y BKSP
podrian atribuirse a la presencia de lignina residual en las primeras. Dicha lignina residual
favoreceria la separacién de las fibrillas axialmente, dando lugar a menores didmetros. La
presencia de lignina residual en las muestras de UKSP podria igualmente promover al efecto de
corte sobre las fibrillas, finalmente disminuyendo su longitud y relacién de aspecto [173,351].
En el caso de las muestras de BTMP y TMP, el elevado contenido del lignina y hemicelulosa
puede ocasionar la ruptura de las fibrillas indistintamente en diferentes zonas, contribuyendo a

morfologias muy heterogéneas y relaciones de aspecto bajas.

Ademas de la relacién de aspecto, la tendencia de entrelazamiento de las fibrillas puede
variar en funcién de su flexibilidad [352]. Por ejemplo, las fibrillas mas flexibles estardn mas
dispuestas a entrelazarse que aquellas mas rigidas [353]. En este contexto, las fibrillas con alto
contenido de lignina, como las obtenidas a partir de las pulpas BTMP y TMP, se consideran
mucho mas rigidas que aquellas procedentes de pulpas kraft (UKSP y BKSP). Adicionalmente, el
desfibrado mecdnico durante el pulpeado de alto rendimiento puede ocasionar dafios en la
pared celular, disminuyendo aun mas la flexibilidad de las fibrillas. En cualquier caso, el elevado
contenido de lignina en pulpas de alto rendimiento se postula como el principal responsable
para la obtencién de fibrillas con bajas relaciones de aspecto y elevada rigidez, lo cual
contribuiria a suspensiones poco viscosas. Por este motivo, los valores de k en las muestras de
BTMP y TMP son notablemente menores que en las de UKSP y BKSP. Las diferencias entre las
composiciones quimicas de las pulpas BTMP, TMP, UKSP y BKSP se aprecian en la Tabla 11.

Tabla 11. Composicién quimica de las pulpas BTMP, TMP, UKSP y BKSP

Pulpa Celulosa Hemicelulosa Lignina Extractivos Cenizas
(%) (%) (%) (%) (%)
BTMP 489+0,4 20,5+0,2 29,3+0,2 0,8+0,1 0,5+0,1
TMP 48,5+0,5 18,3+0,3 30,5+0,6 0,6+0,2 2,1+01
UKSP 73,8+0,4 16,0+0,2 9,2+0,2 <0,3 0,8+0,1
BKSP 85,3+0,5 8,2+0,2 4,0+£0,3 0,7+0,1 1+0,1

Las dos pulpas termomecanicas (BTMP y TMP), con una composicién quimica similar,
presentaron un contenido de celulosa notablemente inferior al de las pulpas kraft. Por el
contrario, el pulpeado kraft (UKSP y BKSP) redujo drasticamente el contenido de lignina,
mientras que en el caso de la pulpa BKSP, la etapa de blanqueo provocé una reduccidon aiin mas

significativa en el contenido de hemicelulosa y lignina en comparacion con la pulpa UKSP.

En resumen, la composicion quimica y método de pulpeado afecta directamente a la
flexibilidad de las fibrillas, lo cual provoca que las pulpas kraft y pulpas de alto rendimiento
adquieran valores de viscosidad muy distintos. Al comparar entre las propias pulpas kraft, la
flexibilidad de las fibrillas puede variar en funcién de su didmetro [354,355]. Agnihotri et al. [356]

expusieron que a medida que disminuia el didmetro de unas fibras kraft, su flexibilidad
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aumentaba. Schenker et al. [318] afirmaron que el didmetro era un parametro clave para
entender la flexibilidad de las fibrillas y su capacidad de formar estructuras entrelazadas.
