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“Look again at that dot. That's here. That's home. That's us. On it everyone you love, 

everyone you know, everyone you ever heard of, every human being who ever was, 
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mote of dust suspended in a sunbeam.” 

Carl Sagan in Pale Blue Dot, 1994 
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Abstract 

 

Cellulose is the most abundant, renewable and sustainable biopolymer on the planet, 

having many desirable characteristics that make it a suitable material for many 

applications. Cellulose fibrils from renewable resources have been gaining increasing 

interest due to their sustainable and biodegradable nature, combined with other 

mechanical, optical, thermal, and fluidic properties. Cellulose fibrils are therefore 

attractive for the production of a variety of materials, from composites to porous 

membranes and gels, filaments and films. The investigation developed throughout this 

work aimed to explore both the rheological behavior of nanofibrillated cellulose (NFC) 

suspensions using different liquid media, and mechanical, optical and barrier 

properties of structures produced from this material. 

Regarding the investigation of NFC suspensions’ rheological behavior, the undertaken 

study focused on the morphological effects of the fibrils present in aqueous 

suspensions, on the addition of ethanol or acetone to the medium and on the increase 

of the medium’s ionic strength through the addition of high NaCl concentrations. For 

this purpose, two different NFC suspensions were used: a carboxymethylated NFC 

aqueous suspension obtained from Innventia (Stockholm, Sweden) (NFC-carb); and a 

NFC aqueous suspension produced in the laboratory using a commercial eucalyptus 

bleached sulfite pulp, subjected to a 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) 

mediated oxidation pretreatment in a TEMPO/NaBr/NaClO system, which was 

subsequently subjected to high pressure homogenization at the RAIZ (Institute for 

Research on Forest and Paper) facilities (NFC-TEMPO). The morphological analysis of 

the suspensions through SEM (Scanning Electron Microscopy) and TEM (Transmission 

Electron Microscopy) allowed to infer a higher percentage of nanoelements in the NFC-

TEMPO suspension compared to the NFC-carb. The physicochemical analysis of the 

fibrils on both suspensions was performed: the intrinsic viscosity was 397 ml/g for 

NFC-carb and 85 ml/g for NFC-TEMPO, corresponding to cellulose polymerization 

degrees of 696 and 149, respectively; the quantification of carboxylic groups was 698 

μmol/g for NFC-carb and 1900 μmol/g for NFC-TEMPO. These results confirmed that 

the used suspensions were morphologically and physicochemically very different. 

In order to study the effect of the liquid medium’s characteristics in which the 

nanofibrils are suspended, on the rheology of the suspension, the addition of ethanol or 

acetone to the medium was explored, and concentrations between 2.5 and 40% of 
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ethanol or acetone were investigated, using the NFC-carb. On the other hand, to study 

the effect of increasing ionic strength on the suspensions’ rheological behavior, NaCl 

was added in order to obtain concentrations between 50 mM and 1000 mM, for both 

studied nanofibrils (NFC-carb and NFC-TEMPO). The solids content of both studied 

suspensions was adjusted to 1.3%. The suspensions were subjected to rheological 

measurements in flow and oscillatory modes, using a tension-controlled rheometer, 

equipped with a cone and plate geometry, with either smooth or rough surfaces. In the 

later case, sandpaper with known roughness was attached to the surface of both tools. 

The study of the geometry roughness effect on the NFC-carb suspensions’ rheological 

behavior showed higher shear stresses and viscosity for the rough geometry at lower 

shear rates (0.05 to 5 s-1), but at higher rates (up to 100 s-1) the measurements were less 

influenced by either flow instabilities or the geometry’s roughness, closely representing 

the bulk properties of the suspension. The subsequent rheological measurements were 

carried out with sandpaper with a roughness of 58.5 µm. 

Regarding the study of ethanol or acetone addition effect on the NFC-carb suspension, 

results showed that an addition of 2.5 wt.% of either solvent decreased the viscosity and 

dynamic modulus, while a 40 wt.% addition increased the shear stress for values higher 

than those of the corresponding aqueous suspensions, particularly at low or moderate 

shear rates, indicating higher interfibrillar interaction. The suspension containing 

40wt.% ethanol enabled to further double the storage modulus and allowed the 

extension of the gel-like behavior to higher shear stress values. 

Concerning the effect of ionic strength, increasing the NaCl concentration from 50 mM 

to 100 mM drastically increased the viscosity of both NFC-carb and NFC-TEMPO 

suspensions, while the network’s energy storage modulus the in the elastic region 

linearly increased with the increase of NaCl concentration from 100 mM to 1000 mM, 

suggesting improved interfibrillar interaction with increasing salt concentration. This 

result is in agreement with the expected decrease in electrostatic repulsion between 

fibrils due to salt addition. In practical terms, the suspensions elastic domain was 

extended from 10 Pa to 50 Pa with the addition of 40 wt.% of acetone, and to above 500 

Pa with NaCl addition at a concentration of 1000 mM. 

Despite the much lower cellulose degree of polymerization of the NFC-TEMPO sample, 

compared to that of the NFC-carb (149 vs 696), the NFC-TEMPO aqueous suspension 

without added salt exhibited a markedly higher shear stress over the entire studied 

shear rate range. This result evidences the importance of particle size, as well as specific 
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surface area, on the suspension’s rheological behavior, as the NFC-TEMPO sample has 

a higher nanoelements (nanofibrils) content than the NFC-carb (based on SEM and 

TEM analysis). 

In addition to film production, NFC gel can be used to produce filaments for potential 

applications in the textile industry. In the present work, the effect of suspension’s solids 

content and spinning rate on the mechanical properties of filaments produced via wet 

spinning were studied. For this purpose, two commercial eucalyptus bleached pulps, 

one obtained by a kraft process and the other one obtained by a sulfite process, were 

used as sources of cellulose fibers to produce NFC suspensions. Firstly, both pulps were 

submitted to a refining process in a PFI mill. Then, the refined sulfite pulp was 

subjected to TEMPO-mediated oxidation in a TEMPO/NaBr/NaClO system, while the 

refined kraft pulp was subjected to TEMPO-mediated oxidation in a 

TEMPO/NaClO/NaClO2 system. Both oxidized pulps were subsequently subjected to 

high pressure homogenization in the RAIZ facilities. The initial characteristics of the 

pulps and the different applied oxidative treatments led to products with very different 

degrees of cellulose polymerization. For the sulfite pulp, the cellulose degree of 

polymerization in the NFC-s was 202, while the NFC resulting from kraft pulp (NFC-k) 

had a cellulose degree of polymerization of 848. The highest cellulose degree of 

polymerization of the NFC-k is a consequence of the higher initial value of the pulp and 

also the less aggressive oxidation treatment with the TEMPO/NaClO/NaClO2 system. 

The suspensions’ solids content was adjusted to a range from 2.5 to 3.22 % and were 

used to produce cellulosic filaments via wet spinning, with spinning rates of 0.45 to 1.7 

m min-1 into a 1M NaCl coagulation bath, followed by an ethanol fixation bath. Some of 

the produced filaments were also subjected to an additional water bath, in order to 

wash out the salt still present in the filaments. The filaments ends were pinned, 

maintaining the filaments’ length and were air dried under standard conditions of 

temperature and relative humidity. Subsequently, filaments’ mechanical performance 

was tested. 

The filaments were void-free and had an approximately circular cross section, which 

was not substantially altered by the spinning rate variation in the studied range, nor by 

the reimmersion in the washing bath and second drying. 

The results showed that an increase in wet spinning rate improved the mechanical 

performance of the filaments, indicating some level of fibril alignment. On the other 

hand, the increase in the suspensions’ solids content did not translate into an 

improvement in the filaments’ strength, due to the higher viscosity and reduced 



 xiv 

alignment capacity of the fibrils. The filaments produced from the NFC-s suspension 

exhibited superior mechanical performance, despite the much lower cellulose degree of 

polymerization. On the other hand, the microscopic analysis of the suspension shows a 

higher fibrillation extent and a higher nanoelements content, which again highlights 

the role of fibril morphology in the structure/performance of the filaments. 

After additional washing of the filaments, and as a consequence of removing some 

amount of salt, the linear mass and cross-sectional diameter of the filaments 

significantly decreased, thus a drastic increase in tensile strength, tenacity and 

strength-to-failure was observed due to interfibrillar interaction reestablishment. A 

broader and deeper exploration of filaments production from NFC gels requires a more 

advanced experimental setup, namely one that allows to increase the spinning rate, 

which was not available. 

With regard to cellulose films, in addition to mechanical properties, barrier properties 

are very important in several applications. Thus, at a given stage of the undertaken 

work, the effect of hot calendering on the physical and water vapor barrier properties of 

bacterial and vegetable cellulosic films was studied. The production of bacterial 

cellulose was carried out using Gluconacetobacter xylinus at the University of Minho 

facilities and the films were produced and tested at the University of Beira Interior. To 

produce the films, bacterial cellulose was fragmented in a blender and the solid content 

of the resulting suspension was adjusted to 0.354 %. Part of this suspension was 

subjected to ozonization in order to improve the optical properties of the resulting 

films. 

Films were produced by vacuum filtration from non-ozonized (BC) and ozonized (BCO) 

bacterial cellulose suspensions. After draining the water, the filter cakes were adhered 

to metal discs and pressed between blotting papers using a procedure analogous to 

paper production. Then, the films were dried overnight, between perforated metal rings 

under pressure applied to the ends of the sheets to prevent the films from shrinking, 

under standard conditions of temperature and relative humidity. For properties 

comparison, vegetable cellulose films were also produced from highly refined bleached 

kraft eucalyptus pulp with approximately the same grammage as the bacterial cellulose 

films. To study the calendering effect, some films were subjected to a hot calendering 

process. 

Results showed that BC and BCO suspensions formed much denser films than those 

from vegetable cellulose, forming much more compact and closed structures, in 
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agreement with the smaller dimension of the constituent elements. As a consequence of 

the high density, the Young's modulus and tensile index of BC and BCO films were 

much higher than those obtained for vegetable cellulose. 

Calendering substantially increased the transparency of the films and ozonation was 

effective in increasing the brightness and transparency of the BCO films regarding the 

BC films. However, both processes slightly decreased the mechanical performance of 

the films. The water vapor transfer rate was lower for bacterial cellulose films than for 

vegetable cellulose films and decreased by 70% with calendering. Concluding, hot 

calendering can be used to obtain bacterial cellulose (or nanofibrillated vegetable 

cellulose) films suitable for various applications, where the water vapor barrier 

represents an important functionality. Ozonation can be used as a way to improve the 

optical properties of the films, although it is necessary to establish a compromise 

between the benefits of ozonization and calendering, and the decrease in the 

mechanical performance of the films induced by these processes. 

Subsequently, research was carried out in order to provide hydrophobicity to films 

made from a NFC suspension, through coating with stearic acid (SA) and particles of 

modified precipitated calcium carbonate (PCC). The NFC used in this work, oxidized 

with a TEMPO/NaBr/NaClO system, contained a cellulose with a degree of 

polymerization of 367 and a carboxylic group content of 997 μmol/g. 

An SA aqueous suspension was prepared following a procedure that involved raising 

the temperature of a SA/water mixture and sonicating it, followed by cooling in an ice 

bath. The modification of the PCC was carried out by adding PCC to the priorly made 

SA suspension and subjecting it to ultrasounds. After drying in an oven, the modified 

PCC was collected and manually ground, resulting in a fine white powder. Both the SA 

aqueous suspension and the modified PCC were used as a coatings in the production of 

hydrophobic NFC films. The films were produced by vacuum filtration and later 

surface-modified, resulting in three different sets: a first set of neat, uncoated NFC 

films; a second set coated with a layer of stearic acid (NFC-SA) and a third set coated 

with a layer of stearic acid and an additional layer of modified PCC (NFC-LBL). The 

films were dried overnight, between perforated metal rings under pressure applied to 

the ends of the sheets, under standard conditions of temperature and relative humidity. 

Subsequently, some of the coated films were subjected to heat treatment in an oven at 

68ºC or 105ºC. Next, the films were analyzed in terms of their mechanical 

performance, water vapor and oxygen barrier properties, as well as static/dynamic 

contact angle measurements. 
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The results showed that the coatings and heat treatments did not affect the mechanical 

performance of the films. Heat treatments decreased the water vapor transmission rate 

and oxygen permeability of both NFC-SA and NFC-LBL films. Coating with SA 

rendered hydrophobic films as the measured static contact angle reached 122°. Non-

heat-treated NFC-LBL films achieved a contact angle of up to 150º and a contact angle 

hysteresis of 3.1º. The NFC-LBL films treated at 68°C exhibited near 

superhydrophobicity, with a contact angle of up to 140° and a contact angle hysteresis 

of 5°. The coating of NFC-LBL films without heat treatment was easily removed by 

friction, but the heat treatment turned the films’ coating the hydrophobicity persistent, 

resisting to friction and handling. 

Taking into account that the production of nanofibrillated cellulose films through 

filtration is a slow process, based on previous rheology studies it was decided to study 

the effect of ethanol addition to the suspension on the drainage time during the 

production of NFC films by vacuum filtration and the mechanical, optical and barrier 

properties of the resulting films. For this, aqueous / alcoholic suspensions of NFC with 

an ethanol content up to 75 wt.% were used in the production of films, monitoring the 

drainage progression by measuring the collected filtrate. The films were air-dried under 

standard conditions of temperature and humidity or in an oven at 70ºC for 4 hours. 

Mechanical and optical performance as well as water vapor barrier properties were 

tested. 

The results showed that the filtration time drastically decreased with increasing ethanol 

content, from about 2 hours to 2 minutes for ethanol suspensions with 0 (zero) and 75 

wt.%, respectively. The increase in ethanol content did not significantly affect the 

mechanical performance of air-dried films, despite the increase in the global porosity of 

the structures. On the other hand, oven drying provided the films with tensile 

properties superior to those exhibited by air-dried films, both produced from purely 

aqueous suspensions, despite the increase in elongation at break and the higher value 

of specific light scattering coefficient. The water vapor transmission rate increased for 

films produced from 75 wt.% ethanol suspensions and was even higher for oven dried 

films. The combination of drying the films in an oven and producing the film from an 

alcoholic/aqueous suspension provided the opportunity to manipulate the 

transparency of the film and the water vapor transmission rate, preserving the 

mechanical performance of the films. Briefly, with this study, it was possible to develop 

a relatively fast and simple method to produce NFC films with mechanical and barrier 

properties with potential for several applications, such as membranes, where 

mechanical strength, toughness, low density, controlled permeability and porosity and 
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high specific area are important, fuel cells, liquid purification and filtration, tissue 

engineering, protein immobilization and separation, and protective clothing. 

In short, the investigation carried out throughout this work allowed to prove the great 

potential of cellulosic fibrils in numerous applications, mainly in the manufacture of 

films. Regarding calendering, the present work demonstrated that this unitary 

operation is highly effective in improving the water vapor barrier properties of 

cellulosic fibril films. With regard to the production of films by vacuum filtration from 

highly fibrillated cellulose suspensions, the most reported difficulty by several authors 

referenced in the literature is the fact that this is an extremely slow process, making the 

production of NFC films impractical at the industrial level. The present work presents 

important developments regarding this aspect, suggesting a simple modification from 

the purely aqueous medium of suspensions to a medium with a mixture of 

water/ethanol. This technique, in addition to drastically reducing film formation time 

and using a solvent that is easily and quickly recovered by evaporation, preserves the 

mechanical properties of the produced films. Another aspect that complicates the 

application of NFC in several areas and, consequently, of films made from NFC, is its 

hydrophilic nature. The present work developed methods for the production of NFC 

films with strong hydrophobic properties, resistant to handling and friction, applying 

surface coatings of stearic acid and precipitated calcium carbonate, combined with a 

heat treatment, in an environmentally friendly technique and possibly industrially 

scalable. 
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Resumo 

 

A celulose é o biopolímero mais abundante, renovável e sustentável do planeta, 

possuindo muitas características desejáveis que a tornam um material adequado para 

diversas aplicações. As fibrilas de celulose obtidas a partir de recursos renováveis têm 

vindo a ganhar um crescente interesse devido à sua natureza sustentável e 

biodegradável, combinada com outras propriedades mecânicas, óticas, térmicas e 

fluídicas. As fibrilas de celulose são, portanto, atraentes para o fabrico de diversos 

materiais, desde compósitos a membranas porosas e géis, filamentos e filmes. A 

investigação desenvolvida ao longo deste trabalho visou explorar quer o 

comportamento reológico de suspensões de celulose nanofibrilada (NFC) usando 

diferentes meios líquidos, quer as propriedades mecânicas, óticas e de barreira das 

estruturas produzidas a partir deste material.  

Relativamente à investigação do comportamento reológico de suspensões de NFC, o 

estudo realizado focou-se nos efeitos da morfologia das fibrilas presentes em 

suspensões aquosas, na adição de etanol ou acetona ao meio e no aumento da força 

iónica do meio através da adição de elevadas concentrações de NaCl. Para tal, foram 

utilizadas duas suspensões diferentes de NFC: uma suspensão aquosa de NFC 

carboximetilada obtida através da Innventia (Estocolmo, Suécia) (NFC-carb); e uma 

suspensão aquosa de NFC produzida no laboratório usando uma pasta comercial de 

eucalipto ao sulfito branqueada, submetida a um pré-tratamento de oxidação mediada 

por 2,2,6,6-tetrametilpiperidina-1-oxil (TEMPO) num sistema TEMPO/NaBr/NaClO, 

que posteriormente foi submetida a homogeneização de alta pressão nas instalações do 

RAIZ (Instituto de Investigação da Floresta e do Papel) (NFC-TEMPO). A análise 

morfológica das suspensões através de SEM (Scanning Electron Microscopy) e TEM 

(Transmission Electron Microscopy) permitiu inferir uma maior percentagem de 

nanoelementos na suspensão NFC-TEMPO relativamente à NFC-carb. Foi efetuada a 

análise físico-química das fibrilas presentes em ambas as suspensões: a viscosidade 

intrínseca foi de 397 ml/g para a NFC-carb e 85 ml/g para a NFC-TEMPO, 

correspondendo a graus de polimerização da celulose de 696 e 149, respetivamente; a 

quantificação de grupos carboxílicos foi de 698 μmol/g para a NFC-carb e 1900 μmol/g 

para a NFC-TEMPO. Estes resultados confirmaram que as suspensões usadas tinham 

propriedades morfológicas e físico-químicas substancialmente diferentes. 
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Para estudar o efeito das características do meio líquido em que as nanofibrilas estão 

suspensas sobre a reologia da suspensão, explorou-se a adição de etanol ou acetona ao 

meio, tendo-se investigado concentrações entre 2,5 e 40% de etanol ou acetona, 

utilizando a NFC-carb. Por outro lado, para o estudo do efeito do aumento da força 

iónica no comportamento reológico das suspensões, foi adicionado NaCl com vista a 

obter concentrações entre 50 mM e 1000 mM, tendo-se estudado ambas as nanofibrilas 

(NFC-carb e NFC-TEMPO). O teor de sólidos das duas suspensões estudadas foi 

ajustado para 1,3 %. As suspensões foram submetidas a medições reológicas nos modos 

de fluxo contínuo e oscilatório, usando um reómetro controlado por tensão, equipado 

com uma geometria de cone e prato, com superfície lisa ou rugosa, sendo que, no caso 

da geometria rugosa, papel de lixa com rugosidade conhecida foi colado na superfície 

de ambas as peças. 

O estudo do efeito da rugosidade da geometria no comportamento reológico das 

suspensões NFC-carb evidenciou tensões de cisalhamento e viscosidade mais elevados 

para a geometria rugosa a taxas de cisalhamento mais baixas (0.05 a 5 s-1), mas a taxas 

mais elevadas (até 100 s-1) as medições foram menos influenciadas quer por 

instabilidades de fluxo, quer pela rugosidade da geometria, aproximando-se das 

propriedades do bulk da suspensão. As medições reológicas que se seguiram foram 

realizadas com papel de lixa de rugosidade 58.5 μm. 

Relativamente ao estudo do efeito da adição de etanol ou acetona à suspensão NFC-

carb, os resultados mostraram que uma adição de 2,5% em peso de qualquer destes 

solventes diminuiu a viscosidade e os módulos dinâmicos, enquanto uma adição de 

40% aumentou as tensões de cisalhamento para valores superiores às das 

correspondentes suspensões aquosas, principalmente a taxas de cisalhamento baixas 

ou moderadas, indicando maior interação interfibrilar. A suspensão contendo 40% de 

etanol provocou ainda a duplicação do módulo de armazenamento e permitiu a 

extensão do comportamento do tipo gel para valores de tensão de cisalhamento mais 

elevados. 

Relativamente ao efeito da força iónica, o incremento na concentração de NaCl de 50 

mM para 100 mM aumentou drasticamente a viscosidade de ambas as suspensões 

NFC-carb e NFC-TEMPO, enquanto que o módulo de armazenamento de energia pela 

rede na região elástica aumentou linearmente com o aumento da concentração de NaCl 

de 100 mM para 1000 mM, sugerindo o aumento da interação interfibrilar com o 

aumento da concentração do sal. Este resultado está em concordância com a expectável 

diminuição da repulsão eletrostática entre as fibrilas por efeito da adição do sal. Em 
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termos práticos, o domínio elástico das suspensões foi alargado de 10 Pa para 50 Pa 

com a adição de 40 % de acetona, e para mais de 500 Pa com a adição de NaCl à 

concentração de 1000 mM. 

Apesar do muito menor grau de polimerização da celulose da amostra de NFC-TEMPO, 

face à NFC-carb (149 vs 696), a suspensão aquosa de NFC-TEMPO sem adição de sal 

exibiu uma tensão de cisalhamento marcadamente superior para toda a gama de taxa 

de cisalhamento estudada. Este resultado revela a importância da dimensão das 

partículas, bem como da área específica, sobre o comportamento reológico da 

suspensão, já que a amostra NFC-TEMPO tem um teor mais elevado de nanoelementos 

(nanofibrilas) do que a NFC-carb (com base na análise de SEM e TEM).  

Para além da produção de filmes, o gel de celulose nanofibrilada pode ser usado para 

produzir filamentos para eventuais aplicações na área têxtil. No presente trabalho, 

estudou-se o efeito do teor de sólidos da suspensão e a velocidade de fiação sobre as 

propriedades mecânicas dos filamentos produzidos via wet spinning. Para este efeito, 

duas pastas comerciais de eucalipto branqueadas, uma obtida pelo processo kraft e 

outra pelo processo ao sulfito, foram usadas como fontes de fibras de celulose para 

produzir as suspensões de NFC. Primeiramente, ambas as pastas foram submetidas a 

um processo de refinação em moinho PFI. Seguidamente, a pasta ao sulfito refinada foi 

submetida a oxidação mediada por TEMPO num sistema TEMPO/NaBr/NaClO, 

enquanto a pasta kraft refinada foi submetida a oxidação mediada por TEMPO num 

sistema TEMPO/NaClO/NaClO2. Ambas as pastas oxidadas foram posteriormente 

submetidas a homogeneização a alta pressão nas instalações do RAIZ. As caraterísticas 

iniciais das pastas e os diferentes tratamentos oxidativos aplicados conduziram a 

produtos com graus de polimerização da celulose muito diferentes. Para a pasta ao 

sulfito o grau de polimerização da celulose na NFC-s foi de 202, enquanto que a NFC 

resultante da pasta kraft (NFC-k) apresentou um grau de polimerização da celulose de 

848.  O maior grau de polimerização da celulose na NFC-k é uma consequência do 

maior valor inicial da pasta e do tratamento menos agressivo da oxidação com o 

sistema TEMPO/NaClO/NaClO2. O teor de sólidos das suspensões foi ajustado para 

uma gama de 2,5 a 3,22 %, e estas foram usadas para produzir filamentos celulósicos 

via wet spinning, com velocidades de fiação de 0,45 a 1,7 m min-1 para banho de 

coagulação de NaCl 1M, seguido por um banho de fixação de etanol. Alguns dos 

filamentos produzidos foram ainda submetidos a um banho adicional de água, com o 

intuito de fazer uma lavagem do sal ainda presente nos filamentos. Os filamentos foram 

presos pelas pontas com comprimento fixo e foram secos ao ar em condições padrão de 
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temperatura e humidade relativa. Posteriormente, o desempenho mecânico dos 

filamentos foi testado. 

Os filamentos são maciços e de secção transversal aproximadamente circular, que não 

foi substancialmente alterada pela variação da velocidade de fiação na gama estudada, 

nem pela reimersão no banho de lavagem e segunda secagem. 

Os resultados mostraram que um aumento na velocidade de wet spinning melhorou o 

desempenho mecânico dos filamentos, indicando algum nível de alinhamento das 

fibrilas. Por outro lado, o aumento do teor de sólidos não se traduziu na melhoria da 

resistência dos filamentos, devido à maior viscosidade e menor capacidade de 

alinhamento das fibrilas. Os filamentos produzidos a partir da suspensão de NFC-s 

exibiram um desempenho mecânico superior, apesar do muito menor grau de 

polimerização da celulose. Em contrapartida, a análise microscópica da suspensão 

evidencia maior extensão da fibrilação e maior teor de nanoelementos, o que realça de 

novo o papel da morfologia das fibrilas na estrutura/desempenho dos filamentos. 

Após a lavagem adicional dos filamentos e como consequência da remoção de alguma 

quantidade de sal, a massa linear e o diâmetro da seção transversal dos filamentos 

diminuíram significativamente, pelo que foi observado um aumento drástico na 

resistência à tração, tenacidade e tensão de rotura devido ao restabelecimento da 

interação interfibrilar. Uma exploração mais ampla e profunda da produção de 

filamentos a partir de gel de NFC requer um setup experimental mais avançado, 

nomeadamente que permita aumentar a velocidade de fiação, o que não se encontra 

disponível.   

No que respeita aos filmes de celulose, para além das propriedades mecânicas, as 

propriedades barreira são importantíssimas em muitas aplicações. Assim, numa dada 

etapa do trabalho, foi estudado o efeito da calandragem a quente nas propriedades 

físicas e de barreira ao vapor de água em filmes de celulose bacteriana e vegetal. A 

produção de celulose bacteriana foi levada a cabo usando Gluconacetobacter xylinus 

nas instalações da Universidade do Minho e os filmes foram produzidos e testados na 

Universidade da Beira Interior. Para produzir os filmes, a celulose bacteriana foi 

fragmentada num liquidificador e o teor de sólidos da suspensão resultante foi ajustado 

para 0.354 %. Parte desta suspensão foi submetida a ozonização com o intuito de 

melhorar as propriedades óticas dos filmes resultantes.  
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Foram produzidos filmes por filtração a vácuo a partir das suspensões de celulose 

bacteriana não ozonizada (BC) e ozonizada (BCO). Após o escoamento da água, os bolos 

de filtração foram aderidos a discos metálicos e prensados entre papel mata-borrão 

usando um procedimento análogo à produção de papel. Seguidamente, os filmes foram 

secos durante a noite, entre anéis metálicos perfurados sob pressão aplicada na 

extremidade das folhas para evitar que os filmes encolhessem, em condições standard 

de temperatura e humidade relativa. Para comparação de propriedades, foram também 

produzidos filmes de celulose vegetal a partir de pasta de eucalipto kraft branqueada 

fortemente refinada com aproximadamente a mesma gramagem dos filmes de celulose 

bacteriana. Para estudar o efeito da calandragem, alguns filmes foram submetidos a um 

processo de calandragem a quente. 

Os resultados mostraram que as suspensões de BC e BCO formaram filmes muito mais 

densos que a celulose vegetal, formando estruturas muito mais compactas e fechadas, 

em concordância com a menor dimensão dos elementos que as constituíam. Como 

consequência da alta densidade, o módulo de Young e o índice de tração dos filmes de 

BC e BCO foram muito maiores do que os obtidos para a celulose vegetal. 

A calandragem aumentou substancialmente a transparência dos filmes e a ozonização 

foi eficaz em aumentar a brancura e a transparência dos filmes de BCO face aos filmes 

de BC. No entanto, ambos estes processos diminuíram ligeiramente o desempenho 

mecânico dos filmes. A taxa de transferência de vapor de água foi menor para os filmes 

de celulose bacteriana do que para os filmes de celulose vegetal e diminuiu 70% com a 

calandragem. Concluiu-se que a calandragem a quente pode ser usada para obter filmes 

de celulose bacteriana (ou de celulose vegetal nanofibrilada) adequados para várias 

aplicações, onde a barreira ao vapor de água represente uma funcionalidade 

importante. A ozonização pode ser usada com uma forma de melhorar as propriedades 

óticas destes filmes, mas é necessário estabelecer um compromisso entre os benefícios 

da ozonização e calandragem, e a diminuição do desempenho mecânico dos filmes 

induzido por esses processos. 

Posteriormente, foi realizado trabalho de investigação no sentido de conferir 

hidrofobicidade a filmes feitos a partir de uma suspensão de NFC, através do 

revestimento com ácido esteárico (SA) e partículas de carbonato de cálcio precipitado 

(PCC) modificado. A NFC usada neste trabalho, produzida com base no sistema 

TEMPO/NaBr/NaClO, continha uma celulose com um grau de polimerização de 367 e 

um conteúdo de grupos carboxílicos de 997 μmol/g. 
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Uma suspensão aquosa de SA foi preparada seguindo um procedimento que envolveu 

elevar a temperatura da mistura SA /água e submetê-la a ultrassons, e posterior 

arrefecimento em banho de gelo. A modificação do PCC foi efetuada adicionando PCC à 

suspensão de SA preparada anteriormente e submetendo-a a ultrassons. Após a 

secagem em estufa, o PCC modificado foi recolhido e moído manualmente, resultando 

num pó branco e fino. Tanto a suspensão aquosa de SA como o PCC modificado foram 

usados como revestimento na produção de filmes de NFC hidrofóbicos. Os filmes foram 

produzidos por filtração a vácuo e posteriormente modificados superficialmente, 

resultando em três conjuntos diferentes: um primeiro conjunto de filmes de NFC 

simples, sem revestimento; um segundo conjunto revestido com uma camada de ácido 

esteárico (NFC-SA) e um terceiro conjunto revestido com uma camada de ácido 

esteárico e uma camada adicional de PCC modificado (NFC-LBL). Os filmes foram 

secos durante a noite, entre anéis metálicos perfurados sob pressão aplicada na 

extremidade das folhas, em condições standard de temperatura e humidade relativa. 

Posteriormente, alguns dos filmes revestidos foram submetidos a um tratamento 

térmico em estufa a 68ºC ou 105ºC. Seguidamente, os filmes foram analisados em 

termos da sua performance mecânica, das propriedades de barreira ao vapor de água e 

oxigénio, bem como medidas de ângulo de contato estático / dinâmico. 

Os resultados mostraram que os revestimentos e tratamentos térmicos não afetaram o 

desempenho mecânico dos filmes. Os tratamentos térmicos diminuíram a taxa de 

transmissão de vapor de água e a permeabilidade ao oxigénio de ambos os filmes NFC-

SA e NFC-LBL. O revestimento com SA tornou os filmes hidrofóbicos, uma vez que o 

ângulo de contato estático medido atingiu os 122º. Os filmes NFC-LBL sem tratamento 

térmico atingiram um ângulo de contato de até 150º e uma histerese do ângulo de 

contato de 3,1º. Os filmes NFC-LBL tratados a 68ºC exibiram quasi 

superhidrofobicidade, com um ângulo de contato de até 140º e uma histerese do ângulo 

de contato de 5º. O revestimento dos filmes NFC-LBL sem tratamento térmico era 

facilmente eliminado por fricção, mas o tratamento térmico permitiu a permanência do 

revestimento e persistência da hidrofobicidade, resistindo à fricção e manuseamento 

dos filmes. 

Tendo em conta que a produção de filmes de NFC por filtração é um processo lento, 

com base nos estudos anteriores da reologia decidiu-se estudar o efeito da adição de 

etanol à suspensão sobre o tempo de drenagem durante a produção de filmes de NFC 

por filtração a vácuo e nas propriedades mecânicas, óticas e de barreira dos filmes 

resultantes. Para isso, suspensões aquosas / alcoólicas de NFC com teor de etanol até 

75% em peso foram utilizadas na produção dos filmes, monitorizando a progressão da 
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drenagem por meio da medição do filtrado coletado. Os filmes foram secos ao ar em 

condições padrão de temperatura e humidade ou em estufa a 70ºC por 4 horas. O 

desempenho mecânico e ótico, e as propriedades de barreira ao vapor de água foram 

testados. 

Os resultados mostraram que o tempo de filtração diminuiu drasticamente com o 

aumento do teor de etanol, de cerca de 2 horas para 2 minutos para suspensões de 

etanol com 0 (zero) e 75% em peso, respetivamente. O aumento do teor de etanol não 

afetou significativamente o desempenho mecânico dos filmes secos ao ar, apesar do 

aumento da porosidade global das estruturas. Por outro lado, a secagem em estufa 

proporcionou aos filmes propriedades de tração superiores às exibidas pelos filmes 

secos ao ar ambos produzidos a partir de suspensões puramente aquosas, apesar do 

aumento do alongamento à rotura e do maior valor do coeficiente específico de 

dispersão de luz. A taxa de transmissão de vapor de água aumentou para filmes 

produzidos a partir de suspensões com 75% de etanol e foi ainda maior para filmes 

secos em estufa. A combinação da secagem dos filmes em estufa e da produção do filme 

a partir de uma suspensão alcoólica/aquosa proporcionou a oportunidade de 

manipular a transparência do filme e a taxa de transmissão do vapor de água, 

preservando o desempenho mecânico dos filmes. Em resumo, com este estudo, foi 

possível desenvolver um método relativamente rápido e simples para produzir filmes 

de NFC com propriedades mecânicas e de barreira com potencial para diversas 

aplicações, tais como membranas, onde a resistência mecânica, tenacidade, baixa 

densidade, permeabilidade e porosidade controladas e elevada área específica são 

importantes, células de combustível, purificação e filtragem de líquidos, engenharia de 

tecidos, imobilização e separação de proteínas e roupas de proteção. 

Em suma, a investigação levada a cabo ao longo deste trabalho permitiu comprovar o 

grande potencial das fibrilas celulósicas em numerosas aplicações, principalmente no 

fabrico de filmes. Relativamente à calandragem, o presente trabalho demonstrou que 

esta é uma operação unitária altamente eficaz na melhoria das propriedades barreira ao 

vapor de água de filmes de fibrilas celulósicas. No que diz respeito à produção de filmes 

por filtração a vácuo a partir de suspensões de celulose altamente fibrilada, a 

dificuldade mais reportada por variados autores referenciados na literatura é o facto de 

este ser um processo extremamente lento, tornando a produção de filmes de NFC 

impraticável ao nível industrial. O presente trabalho apresenta desenvolvimentos 

importantes relativamente a este aspeto, sugerindo uma simples modificação do meio 

puramente aquoso das suspensões, para um meio com mistura água/etanol. Esta 

técnica, além de reduzir drasticamente o tempo de formação do filme e usar um 
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solvente fácil e rapidamente removido por evaporação, preserva as propriedades 

mecânicas dos filmes produzidos.   Outro aspeto que complica a aplicação da NFC em 

várias áreas e, consequentemente, dos filmes feitos a partir de NFC, é a sua natureza 

hidrofílica. O presente trabalho desenvolveu métodos de produção de filmes de NFC 

com propriedades fortemente hidrofóbicas, resistentes ao manuseamento e fricção, 

aplicando revestimentos superficiais de ácido esteárico e carbonato de cálcio 

precipitado, combinados com tratamento térmico, numa técnica não prejudicial ao 

meio ambiente e possivelmente aplicável à escala industrial. 
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Chapter 1 - Introduction 
 

In recent decades, natural fibrous materials, namely cellulose nanofibrils, have received 

increasing attention due to their potential to produce filaments and films with high mechanical 

performance, respecting environmental and social requirements. These structures represent the 

building blocks for biomaterials with low environmental impact, low production cost, high 

mechanical performance and susceptible to nanoscale functionalization. On the other hand, 

drawbacks that impair their application in several fields, such as the difficult control over fibril 

alignment, the extremely long time necessary to films formation from cellulosic nanofibril 

suspensions and the intrinsic hydrophilic nature of cellulose nanofibrils represent a challenge. 

In this context, the aim of the present work focuses on the manufacture of filaments and films 

from native cellulosic fibrils (not resorting to the solubilization of cellulose macromolecules) 

searching for alternative and effective techniques of increasing the orientation of the nanofibrils 

in filaments, speed up the production of films and hydrophobicity improvement, while retaining 

the mechanical properties of the structures, using simple, scalable, and environmentally 

friendly processes. 

The main specific objectives of the present work are summarized below. 

Concerning the rheological behavior of nanofibrillated cellulose (NFC) suspensions, the 

objective of the present work was to study the effects of organic solvents addition (namely 

ethanol or acetone) to the NFC suspensions aqueous medium and also the effect of high ionic 

strength on the rheological response of two chemically and morphologically different NFC 

suspensions. 

Delving into structures produced from native cellulose fibrils, and regarding the production of 

filaments, the objective was to investigate the influence of solid content and operating 

conditions on the mechanical performance of filaments produced from aqueous NFC 

suspensions, through a wet spinning technique. Regarding the production of films, this work 

aimed to explore the influence of ozonation on bacterial cellulose and the effect of a hot-

calendering operation on the mechanical, optical–structural, and water vapor barrier properties 

of films produced from bacterial cellulose, using a process similar to papermaking and vegetal 

cellulose fibers as reference. 

It was also an objective of this work to produce NFC films through vacuum filtration of NFC 

aqueous suspensions and study their hydrophobicity improvement through surface coating with 

either stearic acid alone or a layer-by-layer assembly of stearic acid and modified precipitated 

calcium carbonate coatings, combined with heat treatments. 
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Finally, the present work had the objective of investigating the effect of NFC aqueous/ethanol 

suspensions composition on the drainage time during NFC films formation through vacuum 

filtration and its impact on mechanical performance, as well as on the water vapor barrier 

properties of the resulting films. 

Hereupon, this work is organized in five chapters according to the following structure: Chapter 

1 – Introduction, establishes the framework and justification for this work, clarifying the global 

and specific objectives; Chapter 2 – State of the art, provides a contextualization for this work’s 

theme and gives an overview on the most important contributions found in the literature; 

Chapter 3 - Publications and other developed investigation, contains the papers published in 

the course of the developed work as well as other research contributions regarding the 

objectives of the work; Chapter 4 - General conclusions and future perspectives, summarizes 

the main conclusions of the undertaken investigation and the challenges that have yet to be 

faced and issues that need improvement; finally, Chapter 5 – References, lists the accessed 

literature referenced throughout the text. 
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Chapter 2 – State of the art 
 

2.1.   Cellulose  

Since the beginning of mankind, there has been a continuous search for renewable natural 

resources that could be somehow useful. For many decades now, we have been exploring nature 

to find them. The best example of such a resource is cellulose. Cellulose is the most abundant, 

renewable, and sustainable biopolymer on earth (Prabhu and Li, 2015; Rojas et al. 2015). The 

annual biomass production of cellulose is around 1.5x1012 tons, as it is considered an almost 

inexhaustible source of raw materials that can fulfill the increasing demand, due to its large-

scale bioavailability (Poletto and Pistor 2013; Prabhu and Li 2015). 

Apart from its availability, cellulose has many desirable characteristics that make it a suitable 

material for several applications and in a vast array of fields. It is a colorless, odorless, and 

nontoxic solid polymer with a good biodegradability and biocompatibility. It is also highly rigid, 

with great mechanical strength, crystalline, insoluble in common organic solvents, hydrophilic, 

with an alterable optical appearance and it is relatively inexpensive (Prabhu and Li, 2015; Tayeb 

et al. 2018). 

2.2. Structure of cellulose  

 The empirical formula of the cellulose polymer is (C6H10O5)n, where n is the degree of 

polymerization, which can vary between 10 000 and 15 000, depending on the cellulose’s source 

material. Although cellulose may be originated through several ways, this molecule is common 

to all types of cellulose, regardless of their origin. Cellulose is a long chain polymer, and its 

repetition unit is called cellobiose which consists of two anhydroglucose units (AGU) joined by 

the β-1,4 glycosidic bond, shown in Figure 1.1 (Eichhorn et. al., 2010; Chinga-Carrasco 2011; 

Poletto and Pistor 2013). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Molecular structure of a cellulose unit, showing the intrachain hydrogen bonding (dotted lines) 

and the β 1-4 glycosidic bond (Adapted from Poletto and Pistor 2013) 

 

 β 1-4 glycosidic bond 
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Each AGU bears three hydroxyl groups that have the ability to form strong hydrogen bonds. The 

intrachain hydrogen bonding (figure 1) between hydroxyl groups and oxygens of the adjoining 

ring molecules stabilizes the linkage and results in the linear configuration of the cellulose chain 

(Moon et al. 2011). 

The cellulose chains are organized in a supramolecular structure, generating the elementary 

fibrils, where the cellulose chains are arranged in highly ordered structures, which are dubbed 

crystalline regions, and disordered regions, also known as amorphous regions. The ratio 

between amorphous and crystalline structures in cellulose differs according to its source of 

production (O'sullivan 1997; Eichhorn et. al. 2010; Chinga-Carrasco 2011). 

There are four types of cellulose polymorphs which can be the result of wide variation of 

molecular orientation and hydrogen bonding network in the crystalline region. They are 

cellulose I, II, III, and IV. Cellulose I, native cellulose, is the form found in nature, and it occurs 

in two allomorphs, Iα and Iβ. Cellulose II, which is the most stable crystalline form, is the 

regenerated cellulose that emerges after re-crystallization or mercerization with aqueous 

sodium hydroxide. These two forms of cellulose differ essentially in the layout of their atoms 

(parallel and antiparallel packing for cellulose I and II, respectively). Finally, celluloses III and 

IV are obtained though the modification of the previously mentioned ones (Siqueira et al. 2010; 

Mahmud et al. 2019; Zugenmaier 2021). 

2.3.  Sources of cellulose 

Cellulose can either be produced by tunicates, synthesized by bacteria under specific culture 

conditions, or it can be obtained from plants (Eichhorn et. al., 2010). 

2.3.1.  Cellulose from Tunicates 

Although cellulose can also be produced from the cell walls of certain algae and bacteria (Habibi 

et al. 2010), tunicates, members of the subphylum Urochordata, are a group of about 1250 

species of marine animals and are the only known animals that can be a source of cellulose 

(Hirose 2009; Raven et al. 2011). An example of a tunicate is depicted in figure 1.2. 

The name of these ocean animals is derived from their unique integumentary tissue called the 

‘tunic’, which covers the entire epidermis of the animal (figure 2). The tunic has several 

biological functions, such as phagocytosis, impulse conduction, tunic contractility, 

bioluminescence, photosynthetic symbiosis and allorecognition (Hirose 2009). Cellulose is 

synthesized through cellulose-synthesizing enzyme complexes found in the plasma membrane 

of tunicates’ epidermal cells (Kimura and Itoh 2007). 

In order to produce and use the cellulose from tunicates, further treatments must be performed 

so as to isolate and purify the cellulose obtained from the tunic, such as mechanical 

fragmentation, hydrolysis, kraft cooking and bleaching, since it has been reported to contain 
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approximately 60 wt.% cellulose and 27 wt.% nitrogen-containing components, among other 

minor compounds (Zhao and Li 2014; Dunlop et al. 2018). 

 

 

 

 

 

 

 

 

 

 

Figure 2. Halocynthia auranthium, a tunicate also known as the sea peach (a); Diagram of the structure of 

an adult tunicate (b) (Adapted from Raven et al. 2011) 

2.3.2.  Bacterial cellulose 

Bacterial cellulose is often called nanocellulose, because unlike the cellulosic material prepared 

from vegetal sources, this material has a width strictly in the nanoscale. These cellulose 

nanofibers are secreted extracellularly into an aqueous culture medium by specific Gram-

negative bacterial cultures, mainly by Gluconacetobacter genus (figure 3) (Klemm et al. 2011).  

 

 

 

 

 

 

Figure 3. Gluconacetobacter bacteria forming cellulose nanofibers. Secreted nanofibers are marked with 

arrows (Adapted from Virginia Tech, 2008) 

Bacterial cellulose consists of purely randomly assembled, <100 nm wide ribbon-shaped 

cellulose fibrils, composed of 7 to 8 nm-wide elementary nanofibrils aggregated in bundles. It 

exhibits a combination of exclusive properties, such as flexibility, high hydrophilicity and water 

holding capacity, high crystallinity and mouldability of the tridimensional network into 

different shapes (Gorgieva and Trček, 2019). 
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Although this gel-like material has a typical solid content of around one percent, it is composed 

of pure cellulose containing no lignin or other extraneous substances, making its isolation and 

purification a relatively simple process, not requiring energy or chemical intensive treatments. 

Furthermore, its unique fibrillar nanostructure provides it with excellent physical and 

mechanical properties such as high tensile strength and high elastic modulus (Iguchi et al. 

2000; Svensson et al. 2005; Siró & Plackett, 2010; Keshk 2014). Furthermore, the 

biocompatibility of bacterial cellulose makes it suitable for many biomedical applications 

(Wasim, 2020). 

2.3.3.  Vegetal cellulose 

Vegetal cellulose is present in plants and algae. The biggest source of vegetal cellulose is the cell 

wall of wood fibers along with other constituents such as hemicelluloses and lignin. Figure 4 

presents an overview of the general hierarchical structure of a tree. 

 

 

 

 

  

 

 

 

 

 

 

Figure 4. Hierarchical structure of a tree (Adapted from Postek et al. 2011) 

The fibers are composed by a primary wall (P in figure 4) and a secondary wall which is built by 

three layers (S1, S2 and S3 in figure 4) (Fengel and Wegener, 1984). Of these, the secondary 

layer S2 of the wall stands out because it is thicker and because its macrofibrillar structures are 

better oriented and with an alignment closer to the fiber axis (Chinga-Carrasco 2011). 

The space between fibers is called the middle lamella (ML in figure 4) and is filled with a lignin 

matrix. The walls are composed of cellulose macrofibrils with diameters between 8 and 60 

nanometers and these, in turn, are made up of microfibrils, which are composed of elementary 

fibrils: during cellulose biosynthesis, van der Waals bonds and intermolecular hydrogen bonds 
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between hydroxyl groups and oxygens of adjacent molecules (figure 1) promote a parallel 

assembling of multiple cellulose chains forming elementary fibrils, measuring 2–20 nm in 

diameter and about a few micrometers in length, which are the basic structural units. According 

to Habibi et al. (2010), around 36 individual cellulose molecules are assembled together into 

elementary fibrils, which in turn are packed into larger units called macrofibrils (Moon et al. 

2011; González et. al., 2012; Rojas et al. 2015). 

The organization and orientation of the fibrils in the different layers of the fiber provides them 

with different mechanical strengths, which are important in several applications (Chinga-

Carrasco 2011).  

Depending on the origin of the cellulose, the fibers might have different characteristics: this has 

to do with their dimensions and the composition and structure of the cell wall, as well as its 

percentage of cellulose, hemicellulose and lignin. The percentages of these last three 

constituents differ depending on whether the raw material comes from leaved trees (hardwood), 

from coniferous trees (softwood), shrubs or other plant sources (Isogai et al. 2011; Bacakova et 

al. 2019). 

In the case of woody plants such as pine (softwood) and eucalyptus (hardwood), with kraft 

cooking and pulp bleaching, more than half of the hemicelluloses and almost all of the lignin 

can be removed by dissolution. Although cellulose might be partially degraded by these 

processes, it does not dissolve. The content of hemicelluloses in the resulting pulp is an 

important feature: if, on the one hand, hemicelluloses enable the absorption of water or 

reagents because they are very hydrophilic, on the other hand, they hinder the access of these 

same compounds since they produce more compact pulps. In short, they are chemically 

favorable and physically unfavorable to water absorption. As for lignin, if it is not removed it 

will also hinder the access of the reagents to the fiber. All these aspects influence the fibrillation 

capacity of the fibers, as well as the different methods of extraction of the fibrils (Duchesne et. 

al. 2001). 

Other sources of cellulose such as agricultural crops and their by-products such as sugar beet, 

potato tuber, soybean, wheat straw, rice straw, rapeseed and corn fibers have been gaining 

increasing interest since, unlike woody species, they have shorter growing cycles and lower 

lignin contents, leading to easier delignification processes and thus making the mechanical 

fibrillation a less energy demanding process (Dufresne et al., 1997; Dufresne et al., 2000; Wang 

and Sain, 2007; Alemdar and Sain, 2008; Chaker et al., 2014). 

2.4.  Cellulose dissolution 

In order to shape and tailor cellulose-based materials according to design requirements and 

functionality, dissolution of cellulose might be a prerequisite. The relatively high length of the 

cellulose molecular chains and their dense and strong conformation through numerous 
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hydrogen bonds make cellulose dissolution a tough process to achieve. Therefore, the 

development of solvents for cellulose is essential for the successful use of cellulose as a 

component of polymeric materials (Wang et al., 2016b). 

Derivatization and direct dissolution of cellulose have been commonly performed, giving rise to 

regenerated cellulose (Olsson and Westman, 2012; Sayyed et al., 2019). Dissolving pulp, a 

refined bleached pulp with a high cellulose content is commonly used to manufacture 

regenerated celluloses (Paunonen, 2013). Figure 5 shows the systematic classification of 

different cellulose regeneration processes. 

Besides the production of regenerated cellulose by derivatization, other methods are available 

for direct processing of physically dissolved cellulose. The fundamental difference between the 

derivatizing processes and direct dissolution processes is that, in the later, cellulose directly 

dissolves in an organic solvent without the formation of an intermediate compound (Sayyed et 

al. 2019). Having unique structural and chemical features, native and regenerated cellulose can 

be assembled into several nanoscale configurations to meet the required design needs. 

Currently, cellulose‐based structures such as fibers and thin films are developed according to 

the intended application (Wang et al., 2017).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Systematic classification of cellulose regeneration processes (Adapted from Sayyed et al. 2019) 
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2.4.1. Cellulose-based fibers and films 

One of the most common load-bearing architectures found in nature are fibers. This kind of 

building block can be found everywhere from plant cell walls to fibrous tissues of animals. 

Trying to mimic nature, mankind has attempted to manufacture continuous fibers from several 

materials and for a variety of applications, such as composites, filters or textiles, allowing a wide 

flexibility in the design and manufacture, controlling the orientation and the architecture of the 

fibers (Clemons, 2016). 

Man-made fibers can be divided into the two categories: regenerated fibers and synthetic fibers. 

Synthetic fibers such as polyamides (commonly known as nylons), acrylics, polyesters, and 

polypropylene are produced from synthetic high molecular weight polymers obtained through 

the polymerization of the respective monomers (Singh and Bhalla 2017) 

Polymeric fibers are essentially produced through spinning processes, which consist of forcibly 

passing a polymer solution or a polymer melt through a device containing small orifices known 

as the spinneret at a controlled rate. The holes from which the solution or melt is forced through 

are referred to as nozzles. Depending on the solidification or setting method, the process can be 

termed melt spinning (commonly referred to simply as extrusion or melt extrusion), dry 

spinning if a highly volatile solvent is used and the spun filaments are air dried in order to set, 

or wet spinning if the solvent has low volatility and the filaments need to go through solvent 

exchange in contact a liquid phase so as to coagulate (Chen et al. 2014; Imura et al., 2014; 

Mount, 2017). The different spinning processes are depicted in Figure 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Schematic representation of melt, dry, and wet spinning processes (Adapted from Imura et al., 

2014) 
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Several authors have performed a subcategory spinning method dubbed dry jet-wet spinning (or 

simply dry wet spinning), in which the filament leaving the spinneret is stretched in an air gap 

before entering the regeneration bath. This process leads to high molecular orientation and 

improved mechanical performance of the spun fibers (Kim et al., 2005a; Hauru et al. 2014). 

Although synthetic fibers have a low production cost and high production rate and are more 

durable and versatile than natural fibers, they are mostly non-biodegradable and the production 

process is hazardous for both human health and environment (Singh and Bhalla 2017).  

Cellulose-based fibers appear as an alternative to overcome the limitations of synthetic fibers 

(Rose and Palkovits, 2011). However, as cellulose will decompose before melting, a melt 

extrusion process, commonly applied to synthetic polymers, would not be effective for shaping 

the original material in the form of filament. Thus, derivatization aided dissolution and direct 

dissolution of cellulose have been performed as an alternative to melting cellulose and 

regenerate it into filaments (Olsson and Westman, 2012; Sayyed et al., 2019).  

Due to the complex hydrogen bonding network and dense packing, cellulose exhibits a low 

solubility in most common solvents. The derivatizing processes for producing fibers from 

cellulose come up as a solubilization strategy by chemically altering the cellulose into cellulose 

derivative precursors for subsequent dissolution (Rose and Palkovits, 2011; Olsson and 

Westman, 2012). 

While the fibers result from spinning a solution into a coagulation bath through a spinneret, a 

film can be produced from the same material, extruding the solution through a narrow slit into 

a coagulation bath or air-dried in controlled conditions (Paunonen, 2013). Several fields such as 

food packaging, medicine and electronics demand flexible, robust, transparent and thermally 

stable films with good barrier properties, especially gas barrier properties in order to prevent 

deterioration of products. Like synthetic fibers, films made from petroleum-derived polymers 

meet these requirements besides having low manufacturing costs and being easily processed, 

hence they are extensively used. In recent years, however, increased environmental 

consciousness has promoted the exploration of biopolymers such as cellulose to produce 

cellulose based or cellulose composite films (Österberg et al., 2013). Derived celluloses are more 

resistant to microbial attacks and enzymatic cleavage than the native ones. Cellulose is readily 

biodegraded by cellulase-using organisms but cellulose acetate, for instance, requires the 

presence of esterases for the first step of biodegradation, making it more resistant to those 

organisms. Modified forms of cellulose have been gaining much attention, mainly in food 

packaging, where mechanical and barrier properties are crucial to provide structural support to 

the product and increase its shelf life. The applications range of modified celluloses go from 

freestanding wrapping films to edible water-soluble films in direct contact with the food product 

(primary packaging), since modified cellulose can be tuned to have higher mechanical 

performance as well as oxygen, water, carbon dioxide, light, microbes, and grease barrier 
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properties, providing the food item with a superior shelf life. Traditional packaging that are not 

in direct contact with the food product, on the other hand, do not require the use of cellulose 

derivatives. For such purposes, ordinary native or regenerated cellulose-based materials will do 

(Puls et al., 2011; Paunonen, 2013). 

2.4.1.1. Cellulose acetate 

Cellulose acetate is produced trough esterification by reacting cellulose pulp with acetic 

anhydride and acetic acid in the presence of sulfuric acid (Ertas and Uyar 2017). It is then 

subjected to a partial hydrolysis, removing the sulfate and introducing an appropriate number 

of acetate groups, according to the cellulose acetate’s desired properties (Watabe et al., 2018). 

The introduction of acetate substituents inhibits hydrogen bonding to a large extent. During the 

production of cellulose acetate fibers, the cellulose acetate solution is extruded through a 

spinneret and the solvent is subsequently evaporated in controlled conditions. The cellulose 

acetate dry-spun filaments usually have a round cross section but, depending on the 

evaporation rate and on the nozzle’s shape, they can take on irregular cross section shapes 

(Chen et al. 2014; Yang et al., 2019). In combination with appropriate plasticizers, cellulose 

acetate (as well as other cellulose esters such as cellulose butyrate or cellulose acetate-butyrate) 

can be processed like a common thermoplastic (Ganster and Fink, 2013). This material is widely 

used in food packaging industry as a rigid wrapping film (along with cellulose diacetate and 

triacetate, according to the degree of substitution) and it has also been used in other fields such 

as membranes. Commercial freestanding cellulose acetate films are optically clear, printable 

and adequate for mixing with appropriate additives, rendering industrially desired features, 

such as antioxidant or antimicrobial properties (Paunonen, 2013). 

2.4.1.2. Viscose and Cellophane 

Viscose fibers are frequently dubbed viscose rayon as a generic term. The basic fiber forming 

process starts with wood pulp and removal of noncellulosic components (dissolving pulps are 

often used as a raw material) and involves the cellulose regeneration from a cellulose xanthate 

which is a derivative of cellulose and carbon disulfide (Paunonen, 2013; Vecchiato et al., 2017). 

The viscose process is characterized by its high versatility because the modification of process 

parameters in either one or more steps of the process can give rise to wide variety of viscose 

fibers with varying characteristics. Many modifications can be introduced from varying the 

initial’s pulp degree of polymerization, to adding salts to the cellulose solution or controlling the 

operating conditions on the coagulation bath, to stretching during the fibers processing. Thus, 

the operating conditions must be carefully controlled and closely monitored in order to produce 

fibers with the desired end quality and properties such as fiber length, cross-sectional shape and 

coarseness (Bredereck and Hermanutz, 2008; Vecchiato et al., 2017). An outline of the viscose 

dissolution process is shown in figure 7.  
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Figure 7. General scheme of a viscose process (Adapted from Sayyed et al. 2019) 

In a first stage, cellulosic pulp is treated with NaOH (steeping stage on figure 7) thus swelling 

and changing the crystalline structure of the native cellulose (a phenomenon known as 

mercerization) increasing its reactivity and enabling the penetration of carbon disulfide for the 

derivatization process. After steeping, the pulp is pressed and excess NaOH is as much removed 

as it is possible in order to avoid any side reactions with carbon disulfide (which would lead to 

by-products formation). The excess NaOH is usually recovered and returned to the process for 

reuse. The alkali pressed cake is then shredded to crumbles to ensure uniform distribution of 

the NaOH and ease the penetration of the derivatization reagents. At this point the shredded 

material is aged under heat to promote oxidative depolymerization and reduction of molecular 

weight, followed by the derivatization of the cellulose (xantogenation in figure 7), where a 

reaction with carbon disulfide takes place, giving rise to cellulose xanthate. The xantogenation 

step is very prone to by-products formation that cause a yellowing of the viscose, especially at 

higher temperatures: a compromise between reaction temperature and time must be achieved 

at this point. The cellulose xanthate is dissolved in dilute NaOH under high shearing. Before 

spinning, the solution is filtered and aged (ripening in figure 7) to guarantee a more even 

distribution of the substituent groups from the C2 and C3 positions of the anhydroglucose units 

to the position C6. Deaeration is usually performed at this point to remove any dispersed gases 

that might cause bubbles to form as the viscose filaments are extruded. Sulfuric acid is 

commonly used to regenerate the cellulose from the coagulated viscose. The stretching of the 

fibers is maximized by controlling the rates of coagulation and regeneration rates, thus 

orienting, and aligning the cellulose molecules along the fiber axis to get the best mechanical 

properties. (Wilkes, 2001; Bredereck and Hermanutz, 2008; Sayyed et al., 2019). 
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Viscose can yet be chemically modified by adding chemical compounds to the solutions or to the 

coagulation bath and the cross-sectional shape of the fibers can be differently shaped by varying 

the spinneret design (Bredereck and Hermanutz, 2008). 

While the fibers resulting from spinning a viscose solution are referred to as viscose fibers, 

cellophane is the result of extruding the same viscose solution through a narrow slit into an acid 

bath, thus it is the film form of a viscose process. Commercial cellophane films are versatile, 

clear and transparent and are susceptible of chemical surface modification (Paunonen, 2013). 

2.4.1.3. Cuprammonium rayon 

Another commercial regenerated fiber is cuprammonium rayon, which is made from cellulose 

dissolved in a cuprammonium solution. Amongst the commercial regenerated cellulose-based 

fibers, cuprammonium rayon is perhaps the one that most resembles silk fibers, being very thin, 

smooth, and glassy in appearance, for which reason it replaces natural silk, and it is frequently 

referred to as artificial silk (Kamide and Nishiyama, 2001; Rana et al., 2014; Sayyed et al., 

2019). 

In this process, cellulose is dissolved in an aqueous cuprammonium hydroxide solution and is 

wet spun through a capillary into a dilute acid, ethanol, or concentrated cresol bath. At this 

point, cellulose precipitates immediately, giving rise to solid filaments, as copper and 

ammonium are removed into the spinning bath. The produced filaments are subsequently 

stretched in dilute hydrochloric acid. The remaining copper and ammonium present in the 

filaments are chemically reacted to form copper and ammonium chloride, which are easily 

dissolved and removed from the filaments (Kamide and Nishiyama, 2001). 

Although cuprammonium rayon is widely used, the process is expensive and environmentally 

harmful due the release of copper in the waste stream and the use of wasteful auxiliary 

hazardous chemicals, reason why its manufacture is illegal in the United States (Kamide and 

Nishiyama, 2001). 

2.4.1.4. Lyocell 

Although many solvents can be used to directly dissolve cellulose, so far, the most successful 

cellulose direct solvents are the N-methyl morpholine-N-oxide (NMMO) and ionic liquids, 

representing a significant and growing industry for producing textile fibers under the generic 

name Lyocell (Chavan and Patra, 2004; Jiang et al., 2020). 

 

Direct dissolution of cellulose in NMMO was developed as replacement of other polluting 

processes such as the viscose process, since this aqueous solvent is non-toxic and can easily be 

recovered and recycled into the process, which is commonly performed since this reagent is also 

very expensive. This process has been widely used industrially as several companies differently 

branded fibers produced from this technology: Tencel (Lenzing); Alceru (TITK Rudolstadt); 
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Newell (Akzo Nobel); Acelon (Greencell) and Excel (Grasim) (Bredereck and Hermanutz, 2008; 

Sayyed et al. 2019; Jiang et al., 2020). A general scheme of the Lyocell process is shown in 

figure 8. 

 

 

 

 

 

 

 

 

Figure 8. General scheme of a Lyocell NMMO process (Adapted from Sixta, 2016) 

The process of dissolving cellulose in NMMO involves cellulose swelling, during which the 

solvent molecules (NMMO and water) penetrate the inter- and intra-crystalline regions of the 

cellulose structure and bulge the pulp fibers to a certain extent. Due to the high polarity of the 

N—O bond, NMMO has an extremely high dissolving capacity in water and is prone to hydrogen 

bonding with the cellulose, leading to the cleavage of intermolecular hydrogen bonds of 

cellulose chains. The entire crystalline structure of cellulose is destroyed, giving rise to a 

homogeneous solution (Chaudemanche and Navard, 2011; Medronho and Lindman, 2014; 

Sayyed et al., 2019).  

As simple as it may appear, the cellulose dissolution in NMMO is actually a rather troublesome 

process: while cellulose very rapidly dissolves in high-concentration NMMO aqueous solution, 

the resultant solution can be heterogeneous, therefore a low-concentration NMMO aqueous 

solution must be used. Furthermore, high water concentration favors swelling of cellulose 

molecules before dissolution, resulting in a homogeneous spinning dope. The difficulties in 

cellulose dissolution can be attributed to the cellulose narrow solubility region, the accurate 

control of water content solution and the occurrence of thermal decomposition of NMMO 

during preparation of the spinning solutions at 90-110°C and exothermic decomposition at 

130°C (Perepelkin 2007; Jiang et al., 2020). 
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The cellulose solution goes through a dry jet-wet spinning process, where the spun filaments 

leaving the spinneret are pulled in the air gap (enduring extensional stress) and regenerated in 

aqueous NMMO coagulation bath (figure 8). The air gap length, along with the spinning rate, 

are critical factors for the molecular orientation of the lyocell fibers. This oriented assembly is 

fixed once the spun filaments enter the coagulation bath (Sixta, 2016; Jiang et al., 2020). 

Lyocell fibers and viscose fibers differ in structure and morphology. Lyocell fibers are less 

flexible than those obtained from the previously described viscose process due to the high 

orientation achieved during stretching in the air gap. Lyocell fibers have a unique property 

profile though, including high strength, good dyeability and tendency to wet fibrillation: a 

phenomenon characterized by splitting along the fiber axis under the action of swelling, 

mechanics and friction, always in the wet state, which can have many industrially desirable 

purposes (Bredereck and Hermanutz, 2008; Zhang et al., 2018; Jiang et al., 2020). 

Concerning ionic liquids, they have been used either to dissolve the cellulose or to create an 

appropriate media for its functionalization. While ionic liquids are usually composed of 

imidazolium, pyridinium, or organic ammonium cations and anions, the first one displays the 

best performance (Swatloski et al. 2002). 

Unlike dissolution in NMMO, ionic liquid-based lyocell process has not yet been 

commercialized due several processing difficulties: the  presence  of  water  in  the  ionic  liquid  

has to be controlled since its presence decreases the solubility of cellulose, probably through 

competitive hydrogen-bonding (Swatloski et al. 2002); although cellulose solutions in 

imidazolium-based ionic liquids containing a chloride anion lead to spun fibers with high 

tenacity (Kosan et al., 2008), the presence of the chloride anion limits their practical 

application in processing; some ionic liquids require high temperatures for cellulose 

dissolution, which on one hand possibly results in thermal decomposition and on the other 

hand ionic liquids show high temperature corrosion properties, potentially limiting industrial 

applications (Perissi et al., 2006; Cao et al., 2009); adding to this, ionic liquids are typically 

petroleum-derived, going against the desirable greener and environmentally friendly processes 

(Zhu et al., 2009). 

2.4.1.5. Electrospinning 

Electrospinning has been recognized as an efficient technique for the production of polymer 

nanofibers (Huang et al., 2003). This method uses an electrical driving force rather than a 

mechanical one (Frey, 2008). Figure 9 depicts the general scheme of an electrospinning 

process. 
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Figure 9. General scheme of an electrospinning process (Adapted from Ziabari et al., 2009) 

In electrospinning, a high voltage is applied to a droplet of polymer solution, creating a large 

electric field between the spinneret and a grounded electrode (collector). When the charge at the 

droplet’s surface overcomes its surface tension, uniaxial elongation of the droplet takes place, 

forming the often-called Taylor’s cone and a fine electrically charged jet is projected from it, 

traveling in a straight line for a few centimeters as it is drawn, substantially decreasing its 

diameter, before going through a directional instability (convective flow), in which the diameter 

continues to decrease along its trajectory. Finally, the jet is collected, solidifying in the form of 

nanofibers deposited on the collector’s surface (figure 9) (Dersch et al., 2003; Frey, 2008). 

In order to manufacture fibers from polymer solutions through electrospinning, a volatile 

solvent is generally preferred, since solvent evaporation along the jet path is a requirement for 

gathering solid individualized fibers in the collector, although the fiber’s fine diameters 

contribute to a rapid evaporation of the solvent. For this reason, electrospinning can be 

considered a particular case of dry spinning (Clemons, 2016). 

The electrospinning operating conditions, such as the solution composition, degree of 

polymerization, applied voltage, collector type and distance to the spinneret, temperature, 

solvent evaporation rate, as well as post-spinning treatments, are known to affect the 

morphology of the spun fibers (Liu and Hsieh, 2002; Kim et al., 2006). Furthermore, a good 

molecule alignment on the spun fibers is usually achieved though electrospinning, since the 

shear forces compelling the droplet to elongate into a jet, combined with rapid solvent 

evaporation and the extreme confinement in a very small diameter help induce molecular 

alignment (Dong et al., 2012). 
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Several solvents suitable for either wet or dry spinning of cellulose and cellulose derivatives 

have likewise been considered as solvents for cellulose electrospinning. However, due to the low 

volatility of these solvents, an additional step is required to completely remove the solvent from 

the spun fibers. Cellulose acetate in acetone-containing solvents has been spun under a wide 

variety of operating conditions and subsequently deacetylated to form cellulose nanofibers (Liu 

and Hsieh, 2002; Tungprapa et al., 2007; Han et al., 2008; Konwarh et al., 2013). Kim et al. 

(2005b, 2006) have performed electrospinning of cellulose directly dissolved in LiCl/DMA and 

NMMO into collectors at different temperatures, followed by coagulation baths in order to 

efficiently remove the solvents. The previously described approaches use organic solvents for 

electrospinning, which are toxic, expensive, or hard to remove from the nanofibers, limiting the 

application in growing field of research such as biomedicine. Recently, Zhang et al. (2020) have 

managed to produce water resistant electrospun nanosized cellulose fibers using a periodate 

oxidation—adipic acid dihydrazide crosslinking strategy, where the periodate oxidation of 

cellulose generated water-soluble aldehyde cellulose, thus avoiding unfavorable organic solvents 

in the electrospinning process. 

2.5.  Cellulose nanocrystals and nanofibrils 

Nanocellulosic materials have generated great interest from the research community, 

governmental bodies, and the industry over several decades due to several important and 

exciting properties and the possibility of producing the materials from a multitude of 

sustainable resources (Naderi 2017). Depending on the applied pretreatments, two kinds of 

nanocellulosic materials can be extracted from vegetal sources, namely cellulose nanocrystals 

(CNC), also frequently called cellulose nanowhiskers or nanocrystalline cellulose, and cellulose 

nanofibrils (CNF) which, according to the nomenclature found in the literature, can also called 

nanofibrillated cellulose (NFC) or microfibrillated cellulose (MFC) (NFC and MFC terms can 

arguably be used either interchangeably or according the dimension range of the obtained fibrils 

(Sehaqui et al. 2011)). Figure 10 depicts CNC and NFC imaged through Transmission Electron 

Microscopy (TEM).  

 

 

 

 

 

Figure 10. TEM images of a dried dispersion of cellulose nanocrystals (a) (Source Habibi et al., 2008) and 

a dispersion of cellulose nanofibrils (Source Dufresne et al., 1997) 

a. b. 
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CNC exhibits elongated crystalline rod-like shapes, as can be seen in figure 10 with a very 

limited flexibility compared to NFC (Brinchi et al., 2013). While CNCs are usually obtained 

though chemical hydrolysis of the amorphous regions of cellulose, CNFs are obtained by 

subjecting cellulose to a series of mechanical, chemical or enzymatic processes, or a 

combination of these (Rol et al. 2019).  

Concerning the particle size, CNCs are typically 100 to 250 nm long and their diameters range 

from 5 to 70 nm, while individualized NFCs have comparable diameters (5 to 60 nm) but their 

length can reach up to several micrometers (figure 10) (Klemm et al. 2011). 

Figure 11 Shows examples of what NFC and CNC look like at the end of the obtention processes. 

 

 

 

 

 

Figure 11. Appearance of an NFC aqueous suspension (a) (Source: Wise, 2014) and CNC powder (Source: 

Di Giorgio et al., 2020) 

While NFC is usually obtained as a translucent gel (figure 11 a.) with a solid content around 1 

wt.%, whose transparency degree differs according to the carboxyl content and morphological 

features (Besbes et al., 2011), CNC is obtained as a white dry powder through spray dry or 

lyophilization (figure 11 b.) or as a liquid suspension (Brinchi et al., 2013; Di Giorgio et al., 

2020). 

2.6.  Nanofibrillated cellulose obtention 

Cellulose fibers are currently being manufactured from several different cellulosic sources, 

being the lignocellulosic materials the most important industrial source of cellulosic fibers, and 

the main raw material used to produce NFC. Bleached kraft pulp is most often used as a starting 

material for NFC production, followed by bleached sulfite pulp (Klemm et al. 2011). 

The interest in the use of NFC is mainly focused on taking advantage of the crystalline areas of 

this material, since they promote high hardness and resistance. It is for this reason that one 

seeks to break down the fibers through the amorphous zones until obtaining nanofibers with 

high crystallinity (Alila et al. 2013). 

a. b. 
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2.6.1.  Mechanical treatments 

Numerous mechanical treatments have been used to manufacture NFC, depending on the type 

of NFC that is desired or target dimension range of the fibrils. 

2.6.1.1. Microfluidization 

In the microfluidization process, the aqueous suspension is led through thin (in the range 200–

400 μm) z-shaped chambers under high pressure (above 2000 bar). When the pressurized 

product enters the interaction chamber at high speed, the suspension is subjected to very high 

shear rates (up to 107 s-1) due to collisions with the equipment walls and upon itself. Finally, the 

suspension leaves the chamber through a zone of low pressure, in the form of cellulose 

nanofibers and a heater exchanger returns it to ambient temperature (Aulin et al., 2009; 

Siqueira et al., 2010). 

2.6.1.2. High-pressure homogenization 

High-pressure homogenization consists of passing an aqueous cellulose fibers suspension with a 

solid content of 1 to 2 wt.%, in a high-pressure homogenizer. This equipment makes the fibers 

go through two stages where they are subjected to high pressures and collide against a valve that 

opens and closes in rapid succession, so the fibers are subjected to a large pressure drop under 

high shearing forces. This combination of forces promotes a high degree of fibrillation of the 

cellulose fibers (Nakagaito and Yano, 2004; Alcalá et. al., 2013; Kalia et al. 2013; Khalil et al., 

2014a). 

In order to obtain a good degree of fibrillation, the fiber suspension must go through this 

process several times. The number of required passes easily runs to 10 (Taipale et al., 2010) and 

can even reach as high as 30 (Iwamoto et al., 2005).  

 

The final product is a homogeneous gel-like material where the nanocelluloses form a three-

dimensional structure (González et. al., 2012; Nakagaito and Yano, 2004). Although this is an 

efficient method of defibrillation, due to the intense mechanical treatment that the fibers 

undergo in this process, they present a high degree of physical degradation. In fact, Benhamou 

et al. (2014) reported that the number of passes through the homogenizer has a visible effect on 

the crystallinity index of the NFC. The production of NFC through high-pressure 

homogenization requires a considerably high energy consumption because the degree of 

fibrillation that is achieved is directly proportional to the energy consumption (Chauhan and 

Chakrabarti, 2012). Furthermore, there is a high risk of clogging of the valve of the 

homogenizer, hence the pulp should undergo a pretreatment in order to ease the defibrillation 

process (Li et al. 2012).  
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2.6.1.3. Cryocrushing 

The cryocrushing technique consists of freezing the cellulose fibers with liquid nitrogen, and 

then subject them to high shear forces applied through a pestle in order to break the cell walls of 

the fibers to release the microfibrils (Chakrabort et al. 2005). This process becomes more 

efficient if there is a previous refining of the fibers to promote their swelling and delamination 

(Hubbe et al., 2008). 

2.6.1.4. Grinding 

The principle of this process consists of breaking down the cell wall structure due to the 

shearing forces generated between grinding stones: The pulp passes between static and rotating 

grindstones revolving at about 1500 rpm. The nanofibers that compose the cell wall become 

thus individualized. This manufacturing process does not differ much from that using a single- 

or double-disc refiner, except that the gap-clearance is narrower in this case, and that the rotor 

and stator are usually ceramic (Iwamoto et al., 2007). 

Unlike the high-pressure homogenization process, grinding apparently requires fewer passes to 

obtain NFC without requiring any fiber-shortening pretreatment. The grinding method is also 

clog-free and can grind aqueous fiber suspensions at higher solid contents (2-5 wt.%). However, 

this process can degrade the pulp fibers and significantly decrease their length, which might 

affect the reinforcement and physical properties of the final material (Iwamoto et al., 2007; 

Osong et al. 2016). 

2.6.2.  Chemical treatments 

Despite the mechanical treatments being useful and efficient processes because no additives are 

required, if a very intensive method is not used, mostly bundles of microfibrils are obtained, 

rather than individual microfibrils. On the other hand, chemical treatments can aid the 

disintegration of cellulose into individual microfibrils via modification of the surface properties 

(Iwamoto et al. 2009). 

2.6.2.1. TEMPO mediated oxidation 

Several chemical functionalities can be achieved by manipulating the reactive surface of the 

hydroxyl (–OH) groups of cellulosic fibers in order to attain different surface properties (Moon 

et al. 2011). Currently, introducing charged carboxylate groups through TEMPO-mediated 

oxidation (TEMPO = 2,2,6,6-tetramethylpiperidine-1-oxyl) is the more commonly used and 

most promising technique for achieving the surface modification of native cellulose fibers 

(Lavoine et al. 2012). 

TEMPO mediated oxidation is expected to result in NFC systems with smaller and narrower 

particle size distributions when compared to an enzymatic pretreatment process, for instance 
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due to the high number of charges that originate electrostatic repulsion between the fibers, 

leading to an effective delamination in a later mechanical process (Tanaka et al., 2012a). 

TEMPO-mediated oxidation is usually carried out with a pH in the range of 9 to 11, at ambient 

temperature and atmospheric pressure, in the presence of NaBr as an additional catalyst and 

using NaClO as oxidant (TEMPO/NaBr/NaClO system) (Perez et al., 2003; Isogai et al., 2011). 

During the catalytic oxidation, either NaOH is added, or the reaction can be carried out in a 

buffer solution in order to maintain a constant pH (Xu et al. 2012). As the reaction occurs, the 

mixture turns into a yellowish color due to the release of free chlorine (Besbes et al., 2011). 

Figure 12 shows a scheme of TEMPO/NaBr/NaClO system oxidation in water under alkaline 

medium. 

 

 

 

 

 

 

 

 

 

Figure 12. Selective oxidation of C6 primary hydroxyls of cellulose to C6 carboxylate groups by 

TEMPO/NaBr/NaClO system oxidation with alkaline conditions. (Adapted from Isogai et al. 2011) 

This method promotes the selective oxidation of primary hydroxy groups at C6 of the cellulose 

molecules, introducing charged carboxylic and aldehyde functional groups under mild aqueous 

conditions (figure 12). Thus, strong electrostatic repulsions are created between the fibrils, 

facilitating their separation (Isogai et al. 2011). 

Despite de oxidation effectiveness of the TEMPO/NaBr/NaClO system, under alkaline 

conditions, side reactions are inevitable, including a noteworthy depolymerization of cellulose 

(Saito and Isogai, 2004; Shibata and Isogai, 2003). As the cellulose degree of polymerization 

(DP) greatly impacts the strength, length, and flexibility of individual cellulose fibrils, it can also 

affect their properties and applications. Benhamou et al. (2014) also reported that while 

increasing the oxidation time facilitates the extraction procedure, it significantly degrades the 

cellulose, lowering the aspect ratio of the NFC. Furthermore, aldehyde groups are formed to 
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some extent as intermediates, impairing the proper dispersion of individualized fibrils in water 

(due to partial formation of hemiacetal linkages between the fibrils) and remaining in the 

oxidized fibrils, causing discoloration when they are heated or dried at more than 80°C (Saito 

and Isogai, 2004; Saito and Isogai, 2006). 

To overcome this downside, TEMPO-mediated oxidation under neutral or slightly acidic 

conditions using NaClO2 as oxidant instead of NaClO (TEMPO/NaBr/NaClO2 system) has also 

been performed by many authors, successfully preventing significant decrease in cellulose DP 

and favoring the selective oxidation process to carboxyl without leaving residual aldehyde 

groups (Shibata and Isogai, 2003; Saito and Isogai, 2004; Saito et al., 2009). 

Figure 13 Shows a scheme of TEMPO/NaBr/NaClO2 system oxidation in water under neutral 

medium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Selective oxidation of C6 primary hydroxyls of cellulose to carboxylate groups by 

TEMPO/NaBr/NaClO2 oxidation in water with neutral conditions (Adapted from Isogai et al. 2011) 

A TEMPO-mediated oxidation pre-treatment is usually followed by a mechanical treatment, and 

the separation by centrifugation can be used on a laboratory scale to eliminate the incompletely 

fibrillated material (Lavoine et al. 2012). 

2.6.2.2. Carboxymethylation 

Another pretreatment processes that have attained considerable interest in the scientific 

community is carboxymethylation. In this treatment, a solvent exchange to ethanol is firstly 

performed on a pulp suspension. Then the pulp is impregnated with monochloroacetic acid in 
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isopropanol. This acid reacts with the primary O-6 and secondary O-2 and O-3 hydroxyl groups 

of the AGU. Then, the fibers are added to a NaOH alcoholic solution, which acts as a catalyst, 

under high temperature and constant agitation. Finally, the carboxymethylated cellulose fibers 

are washed with water and acetic acid and are subjected to high-pressure homogenization 

followed by ultrasonication and centrifugation to remove the residual non-fibrillated fibers. 

(Wågberg et al., 2008; Rol et al., 2019). 

Figure 14 depicts the general mechanism of cellulose carboxymethylation using 

monochloroacetic acid. 

 

 

 

 

Figure 14. Carboxymethylation of cellulose using monochloroacetic acid (adapted from Nechyporchuk et 

al., 2016) 

This pretreatment increases the anionic charges through the formation of carboxyl groups on 

the surface of the fibrils, facilitating their disentanglement (Wågberg et al., 2008; Lavoine et al., 

2012).  Moreover, Taipale et al., (2010), measured the net specific energy consumption of an 

MFC carboxymethylation and reported a decrease of 60% on the required energy of fluidization 

of a carboxymethylated MFC, against an MFC without such pretreatment. In their turn, Naderi 

et al. (2015) reported 30–50% reduction in energy consumption on repeated homogenization at 

lower pressures, without affecting the fibrils properties. 

The main downsides of carboxymethylation reside in the use of toxic chemicals such as 

monochloroacetic acid and being a rather complex multi steps process (Rol et al., 2019). 

2.6.3.  Enzymatic treatments 

Enzymatic treatment (which can also be referred to as biobeating) is often used as a 

pretreatment in alternative to the use of chemical pretreatment approaches such as TEMPO-

mediated oxidation. This kind of pretreatment improves the accessibility and reactivity of the 

fiber wall (Henriksson et al., 2007; Pääkkö et al., 2007; González et al., 2013). 

Enzymatic treatments are performed with the addition of cellulases in optimum conditions of 

temperature and pH. Cellulases can be divided into two sub-groups: cellohydrolases and 

endoglucanases, which respectively attack the crystalline and amorphous regions of cellulose. 

The most conventional cellulase used as pretreatment for the modification of pulp fibers before 

the main mechanical treatment is endo-1,4-β-D-glucanase (Osong et al. 2016). Besides, 
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cellulose cannot be degraded by single enzymes, hence a set of cellulases is usually involved in 

the process of fiber disruption (Henriksson et al., 2007). 

Depending on the treatment time and enzyme dosage, enzymes can assist the fibrillation of 

wood fibers by enhancing accessibility, reduce fiber clogging, and decrease energy during 

processing (Henriksson et al., 2007; Pääkkö et al., 2007). 

2.6.4. Combined treatments 

The techniques for producing NFC generally combine two or more of the previously described 

methods. Whether due to the low yield of nanofibrillation, inhomogeneous fibril sizes or due to 

the high energy cost, the currently used processes apply a chemical or enzymatic pretreatment 

to the fibers. It is usually only after this pretreatment that the final nanofibrillation takes place 

(Chinga-Carrasco et. al., 2011). 

According to the literature, the more commonly used technique for NFC production is 

mechanical homogenization. It is also possible to perform a homogenization with ultrasounds 

combined with the acid hydrolysis process (Isogai et al., 2011). In the case of mechanical 

homogenization, it is essential to pretreat the fibers in order to have a relatively homogeneously 

sized material and diminish the number of required passages through the homogenizer. 

Furthermore, the pretreatment is crucial to decrease the fibers size and prevent equipment 

clogging (Chauhan and Chakrabarti, 2012; Zhou et. al., 2012). Homogenization is usually 

preceded by TEMPO-mediated oxidation, since increasing the charge density eases the 

delamination of the fibers (Besbes et al., 2011; Klemm et. al., 2011; Benhamou et al. 2014; 

Lindström et al. 2014). 

Enzymatic treatment is often used in combination with mechanical disintegration since it 

enables NFC manufacture with significant reduced energy consumption (Missoum et al., 2013). 

Several authors have reported enzymatic pretreatment as an approach to producing NFC; 

Ankerfors et al. (2013) registered a patent for a method to treat pulp for the manufacture of 

NFC which includes refining the pulp with wood degrading enzymes at a relatively low enzyme 

dosage; Janardhnan and Sain (2011) explored the effectiveness of enzymatic treatment on the 

intermolecular and intramolecular hydrogen bonding in bleached kraft softwood pulp fibers 

(cellulose fibrils were afterwards isolated by high-shear refining); Pääkkö et al. (2007) 

performed enzymatic hydrolysis combined with mechanical shearing and high-pressure 

homogenization on bleached sulfite softwood cellulose pulp, leading to a controlled fibrillation 

down to nanoscale and a network of long and highly entangled cellulose I elements. 

2.7.  Properties and potential applications of cellulose fibrils 

The several available sources of cellulose and the different production techniques result in a 

wide spectrum of NFCs that can be produced with different dimensions and properties and that, 

in turn, might have different applications (Sharma et al., 2019). 
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NFC has potential application in several different areas, such as: 

• Food additives (Lee et al. 2017; Agarwal et al. 2018); 

•  Reinforcing agents in nanocomposites and in paper (Zimmermann et al. 2010; 

González et al. 2012; Lee et al. 2012; Sehaqui et al. 2013; González et al. 2014; 

Lourenço et al. 2017); 

• Films and barriers for food packaging and materials where selective oxygen barrier 

property is important (Fukuzumi et. al., 2009; Lee et al. 2017; Storaenso, 2020); 

• Medical devices, such as wound dressings and new types of bioartificial and bioactive 

implants, including cardiovascular grafts (Wang et al. 2016a; Tappa and 

Jammalamadaka, 2018; Bacakova et al. 2019); 

• Foams and aerogels with superior specific area (Svagan et al. 2008); 

• Paper coatings and additives (Luu et al. 2011; Torvinen et. al., 2012; Brodin et al., 2014; 

Salas et al., 2019); 

• Optically transparent materials and electronics (Besbes et al. 2011; Huang et al. 2013; 

Nogi et al. 2013; Fang et al. 2014) 

The production of nano-scale cellulose fibers and their application in composite materials has 

gained increasing attention due to their high strength and stiffness combined with low weight, 

biodegradability and renewability (Klemm et al. 2011). NFC nanocomposite applications has 

been extensively reviewed (Osong et al. 2016; Siqueira et al., 2010; Siró and Plackett, 2010; 

Moon et al. 2011; Klemm et al., 2011). 

Quite a few studies have been carried out to determine the Young's modulus of cellulose crystals 

and, although there is no absolute value, it is estimated to be around 138 GPa, varying according 

to the technique and / or applied model (Eichhorn et. al., 2010). Table 1 compares the specific 

modulus (Young's modulus / density) of different engineering materials, including crystalline 

cellulose. 

Table 1. Comparison of resistance properties of different engineering materials 

Material Young’s Modulus (GPa) 
Density 

(t m-3) 

Specific modulus (GPa 

t-1 m3) 

Aluminum 69 2.7 26 

Steel 200 7.8 26 

Glass 69 2.5 28 

Crystalline cellulose 138 1.5 92 

Source: Eichhorn et. al., 2010 
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From the values in table 1, it is noticeable that the specific modulus of crystalline cellulose is 

much higher (and thus its mechanical strength is also superior) than that of the other compared 

materials. However, it is very difficult to obtain fully crystalline fibrillar structures. Although the 

practical values might be inferior, they are high enough for an increasing interest in NFC as a 

reinforcement material in different areas (Eichhorn et. al., 2010). 

In addition to the high crystallinity, strength and Young's modulus, NFC has a high specific 

surface (around 30 m2 g-1) and a high aspect ratio (length / diameter) (Spence et al. 2011). 

Theoretically, the performance of reinforced materials relies on the efficiency with which 

mechanical stress is transferred from an external energy source to the reinforcing phase 

through the matrix. The efficiency of transfer is a function of the amount and quality of the 

interfacial area between the reinforcing agent and the matrix. Overall, high-aspect ratio fibers 

have a better ability to sustain mechanical stress uniformly over the matrix than short fibers 

(Klemm et al., 2011). Some studies demonstrated that the incorporation of cellulose 

nanomaterials in polymeric matrices leads to an increase in the rigidity and mechanical 

resistance of these materials (Samir et al., 2005; Siqueira et al., 2009; Eichhorn et. al., 2010). 

2.8. Water interactions of cellulose 

Due to its intrinsic hydrophilicity, cellulose is sensitive to water interactions while being 

simultaneously water insoluble, which is mostly related to the previously mentioned strong 

intra- and intermolecular hydrogen bonding and crystallinity. Thus, the surface of cellulose 

fibers consequently builds an interface in contact with water (Samyn, 2013). 

Figure 15 portrays the transition between cellulose and surrounding layers of water building 

over a cellulose fiber. 

 

 

 

 

 

 

 

 

Figure 15. Layered adsorbed water forms on top of cellulose fibers (adapted from Bechtold et al., 2013) 

Bulk water 

Freezing bound 
water 

Non-freezing 
bound water 

Capillary water 

Between fibers 

Inside fiber 
pores 

Cellulose 



27 

 

For any chemical modification of cellulose to take place the surface coverage mechanism with 

water must be considered, since the access of reagents will require replacement of strongly 

adsorbed water molecules, allowing the reagents to approach the reactive hydroxyl groups 

(Bechtold et al., 2013). In this context, strongly adsorbed or bound water (freezing and non-

freezing bound water in figure 15) is defined as the water molecules which break the 

intermolecular hydrogen bonding and then become closely attached to each hydroxyl group of 

the cellulose (Nakamura et al., 1983). While bulk water does not significantly differ in its 

melting/crystallization temperature and enthalpy from capillary of free water (figure 15), 

freezing bound water is less closely associated with the polymer chains than non-freezing water, 

but it exhibits a crystallization phase transition and a melting point lower than 0°C, 

distinguishing it from the bulk water. Non-freezable bound water, on the other hand, does not 

show first-order phase transitions calorimetrically: it does not crystallize even when cooled 

down to − 100 °C (hence the designation). This implicates that when the dimensions of the 

pores and/or cavities of the cellulosic matrix do not exceed several Ångströms, the 

crystallization of water is very difficult or even impossible. Concomitantly, it is also difficult to 

attain a completely dry state of the cellulosic matrix (Talik and Hubicka, 2018). 

Concerning the reactivity of the different hydroxyl groups at the surface of cellulose fibers 

towards solvents, it does not just correlate with adsorbed water but also with the degree of 

organization and conformation of the macromolecular cellulose chains as well as that of 

crystalline and amorphous sites (Mazeau and Heux, 2003; Samyn, 2013). For instance, in case 

of a perfect assembling or in a in highly crystalline cellulose (as bacterial cellulose, for example) 

some of the hydroxyl groups in the molecular side chains would be hydrogen bonded to the 

oxygen atom of the adjacent glucose ring, rendering these hydroxyl groups inaccessible for 

water penetration or solvent interaction. This is not the case, however, in cotton for instance, 

which has a much less organized molecular structure (Samyn, 2013). 

2.8.1. Wettability of cellulose surfaces 

As previously stated, cellulose is intrinsically hydrophilic. Hydrophilicity is intimately related 

with a concept dubbed wettability which can be generally described as the tendency of a liquid 

to make contact with a solid surface. Accordingly, unmodified cellulosic surfaces are 

intrinsically water wettable. The more spread out the water becomes on the surface, the more 

water wettable it is (Samyn, 2013; Hubbe et al., 2015).  

The most common way to assess wettability is to evaluate the contact angle (θ) of the system 

which is defined as the angle between the tangent to the liquid interface and the tangent to the 

solid interface at the contact line between the three phases in a thermodynamic equilibrium 

between the interfacial tension forces: solid/liquid (γSL), solid/vapor (γSV), and liquid/vapor 

(γLV) (Marmur, 2006; Hubbe et al., 2015). The described θ determination approach is known as 

the sessile drop method. Although it is the most frequently used due to its convenience, other θ 

measurement methods can used as well (Marmur, 2006), such as the captive bubble, which 
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involves a fluid bubble floating in a liquid underneath the solid surface (Zhang and Hallström, 

1990), or the Wilhelmy plate, involving a thin solid plate partially immersed vertically in liquid 

(Ramé, 1997).  

A schematic illustration of the sessile drop method is depicted in figure 16. 

 

 

 

 

 

 

Figure 16. Schematic illustration of a liquid drop on a solid substrate: γSL, γSV and γLV are the 

solid/liquid, solid/vapor and liquid/vapor interfacial tension forces, respectively; θ is the contact angle 

(adapted from Soleimani-Gorgani, 2016) 

It is noteworthy that there are many other possible configurations of systems for which the θ is 

measurable, such as a liquid inside a porous medium, or a solid particle floating on a liquid-

fluid interface (Marmur, 2006; Hubbe et al., 2015). 

From a thermodynamic equilibrium point of view, it is possible to distinguish two distinct 

wetting regimes: complete wetting and partial wetting. In the complete wetting regime, the θ is 

zero and the liquid forms a thin film on the surface of the solid. On the other hand, partial 

wetting occurs when the θ reaches a greater than zero finite value. In such regime, if the contact 

angle exceeds 90º, a non-wetting situation is considered and the solid is said to be hydrophobic 

should the liquid be water. Otherwise, the lower the θ, the more affinity to water it has and solid 

is said to be hydrophilic (de Coninck et al., 2001; Law, 2014). 

The three-phase wetting system illustrated in figure 16 was first described by Young through the 

following equation: 

γSV = γSL + γLV cos (θ) 

Although the most acknowledged definitions in surface science are hydrophobicity and 

hydrophilicity, the scientific community has come to accept the definition that a surface is 

hydrophobic when its water θ is >90° and is hydrophilic when θ is <90°. The driving force for 

switching from hydrophilicity to hydrophobicity is the high surface tension of the water. The 

surface is said to be superhydrophobic if the θ reaches or exceeds 150º, although this later 

definition appears only by popular convention, having no technical rationalization to support it 

(Law, 2014). 
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As it will be further discussed, a chemical modification of cellulose with nonpolar moieties can 

render a given cellulose-based surface hydrophobic, but in order to attain a highly hydrophobic, 

or superhydrophobic surface, in addition to this chemical contribution, a complementary 

morphological component must be impacted on the surface: the development of micro- or/and 

nano-sized roughness (Gandini and Belgacem, 2015). 

According to the early models there are two wetting regimes of a rough surface, first described 

by Wenzel (1936) and Cassie and Baxter (1944). Figure 17 shows a schematic representation of 

the Wenzel model opposed to the Cassie-Baxter model.  

 

 

 

 

Figure 17. Different wetting models of rough surfaces: Wenzel model (a.) and Cassie-Baxter model (b.) 

(Adapted from Bhushan and Nosonovsky, 2010) 

Both models predict that the surface roughness affects the water θ but, while the Wenzel model 

describes a homogeneous regime with a two-phase solid-water interface (figure 17 a.), Cassie-

Baxter model describes a non-homogeneous or composite regime with a three-phase solid-

water-air interface (figure 17 b.), since air pockets are trapped between the solid surface and 

water (Bhushan and Nosonovsky, 2010). 

As a matter of fact, several biological surfaces, such as those of the lotus leaves, have a 

hierarchically structured surface roughness (i.e., the entire microtextured area is covered with 

nanoscale roughness), a characteristic that is optimized for superhydrophobicity through 

natural selection (Yang et al., 2006; Cha et al., 2010). 

Figure 18 depicts the micro- and nano-scaled hierarchically structured surface roughness of a 

lotus leaf. 
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Figure 18. Photo of water droplets on a lotus leaf (a.) and SEM micrographs at three magnifications of the 

lotus (Nelumbo nucifera) leaf surface, consisting of a microstructure formed by papillose epidermal cells 

covered (b., c.) with a nanostructure of epicuticular wax tubules (d.) (Adapted from Koch et al., 2008; Liu 

et al., 2009) 

Liu et al. (2009) found out that despite the surface roughness usually contributing for 

improving surface hydrophobicity at ambient temperature, it might actually also improve the 

wettability of a solid surface to hot water (50 to 80ºC) due to a decrease in the water surface 

tension with increasing temperature, leading to lower surface tension and thus making it a 

better wetting agent. In this case, the authors acknowledge that there is a transition of the 

wetting state from the aforementioned Cassie-Baxter state to the Wenzel state, in which the 

water gets into the pores and fissures of rough surfaces rather than bridging them with surface 

tension (figure 17 b.), which emphasizes the crucial role of surface free energy on water 

repellency. 

Apart from static θ measurements (as it is the case for sessile drop method) which are employed 

to assess the wetting mechanism of a given surface, dynamic θ measurements, i.e., advancing 

angle (θA) and receding angle (θR) of a droplet on a tilted surface are commonly used to study 

wetting/dewetting and adhesion (the pull-off force when the probe droplet and the surface 

separate after making contact) characteristics of these surfaces, respectively. The difference 

a. 

b. 

c. 

d. 
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between these angles constitutes the θ hysteresis. (Law, 2014). Figure 19 depicts the dynamic 

contact angles of a liquid droplet on a tilted surface.  

 

 

 

 

Figure 19. Schematic of a droplet on a tilted substrate showing the dynamic θs (Adapted from Bhushan 

and Nosonovsky, 2010) 

Instead of measuring the dynamic θ on a tilted surface, one can perform these measurements by 

placing a probe drop on a resting horizontal surface and increase de volume of the drop by 

having some more liquid steadily injected by a syringe, using a needle-in-drop method, until the 

contact line advances: the θA can be measured when the contact line is just set in motion. In a 

similar manner, the steady partial withdrawal of liquid from the probe drop will make the 

contact line recced, in which case the θR can be measured. While tilting the sample will make the 

probe drop with different dynamic θ on each side (figure 19), the needle-in-drop method 

performed on a homogeneous surface will provide us with the same θA or θR on both sides 

(McHale et al., 2004: Huhtamäki et al., 2018). 

The roll-off angle (α), i.e., the minimum inclination angle necessary for a surface droplet to roll 

off the surface, is also an important indicator of superhydrophobicity, mainly in the on growing 

field of self-cleaning surfaces which exhibit a so-called lotus leaf effect (θ greater than 160º and 

very low α) (Zhang et al., 2016). 

Despite that fact that the Young’s equation is widely used to calculate θs, there is a catch: this 

equation was developed for ideal solid surfaces, which are defined as smooth, rigid, chemically 

homogeneous, insoluble, and non-reactive. According to the Young’s equation, the θ would 

depend only on the physical-chemical nature of the three phases, and would be independent of 

gravity, for instance, which affects the shape of the liquid-vapor interface (but not the θ, as it is 

well known) (Marmur, 2006; Marmur, 2008). Solid surfaces such as wood, paper or cellulose-

based films are examples of non-ideal surfaces since the wetting mechanism is affected by 

surface roughness due to uneven particles and porosity, capillary action, in addition to chemical 

heterogeneities. In such surfaces, rather than a single well defined θ, there exists a range of 

apparent θs (Wolansky and Marmur, 1999; Missoum, 2013). Alternative techniques which 

supply an average, more reliable θ have been developed: Rodríguez-Valverde et al. (2002) came 

up with a combined technique for determining the average θ of two non-ideal surfaces (wood 

and stone), where the axisymmetric top view diameter of a sessile drop and the axisymmetric 

side view shape of a captive bubble are analyzed. However, the authors asserted that the 

Air 

Solid 

Liquid 

θA 

θR 
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equilibrium θ cannot be measured due to the existence of metastable states and a strong 

dependence of θ on the drop size. 

Nevertheless, the apparent θ on a nano-roughened surface equals the equilibrium θ if the line 

tension (that accounts for the three-phase molecular interactions at the contact line) is 

negligible, since the line tension is usually only significant when the scale of roughness is over a 

few micrometers (Modaressi and Garnier, 2002). 

2.9.  Nanofibrillated cellulose surface modification 

Given the high strength, dimensional anisotropy, and natural sourcing the use of NFC as a 

functional and renewable building block for hydrogels, as well as a reinforcing agent for 

polymer composites has attracted significant research interest (de France et al., 2017). 

As stable dispersity of NFC in non-polar media is a prerequisite for achieving reproducible 

results in composite manufacturing, the NFC’s surface charge density is an important factor 

influencing the dispersity of the fibrils. The surface charge density of an NFC depends on the 

preparation and modification methods used. It can be harvested to both promote high 

dispersibility in a polar matrix and interact with other components via electrostatic or hydrogen 

bonding, lowering the effective threshold for NFC gelation, or to tune the physical properties of 

hydrogels. Nevertheless, the charged nature of cellulose fibrils interface, in addition to their 

tendency to aggregate in non-polar media, has made challenging the efficient incorporation and 

dispersion of cellulose fibrils in most conventional polymeric materials, reason why it is still 

difficult to develop commercial cellulose nanomaterials (de France et al., 2017; Tang et al., 

2017; Foster et al., 2018). 

It is possible to obtain relatively homogeneous NFC dispersions and to prepare hydrophobic 

polymer/NFC nanocomposites using solvent exchange with a suitable solvent/dispersant to 

obtain a wet NFC precursor containing a thermoplastic or polymerizable resin. However, it is 

more efficient to introduce surface charge or long chain molecules to increase either the 

electrostatic repulsion or steric hindrance between fibrils. Proper surface modification based on 

the properties of specific media, aiming to change the surface hydrophilicity and improve 

compatibility, is an effective way to improve the dispersity of NFC (Khalil et al., 2014b; 

Plummer et al., 2015; Thomas et al., 2018; Chu et al., 2020). In this context, low interfacial 

adhesion between the nanofibrils and the polymeric matrix of the composite leads to a decrease 

in the mechanical performance and other properties of the final product (Hubbe et al., 2008). 

In short, surface modification allows to introduce new functionality and therefore make way 

towards new applications, while improving cellulose fibrils compatibility with hydrophobic 

matrices in composites manufacture (Missoum et al., 2013). 
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Nonetheless, while surface modification can decrease the hydrophilicity of the NFC while 

maintaining the crystalline structure of the cellulose fibrils intact, the drying process builds up 

another challenge, which should be considered for incorporation of NFC in polymers because it 

can change the size of these materials after drying and may compromise their final properties 

due to the formation of irreversible hydrogen bonds between adjacent fibrils upon drying, a 

phenomenon known as hornification  (Diniz et al., 2004; Khalil et al., 2014a; Islam and 

Rahman 2019).  

The characterization of a chemically modified cellulosic material is usually done by Fourier 

transform infrared spectroscopy (FTIR). FTIR is a qualitative/comparative nondestructive 

technique based on the irradiation of infrared light on a given sample. The involved device 

measures the amount of light that absorbed, transmitted and / or reflected after interaction 

with the sample and reports the absorbance or transmittance as a function of the wave number, 

providing information on molecular vibrations, which can be used to identify the presence or 

absence of  specific functional groups on the sample, reason why it is frequently used to validate 

the efficiency of the chemical modification, aiming functionality (Mohamed et al., 2017; 

Hospodarova et al., 2018). 

2.9.1. Molecular grafting 

The surface of cellulose nanofibrils can be modified and tuned by using a chemical approach to 

achieve covalent bonds between cellulosic substrates and a grafting agent. In this context, two 

general routes can be considered: molecular grafting and polymer grafting (Missoum et al., 

2013). Figure 20 gives an overview of some reagents used in NFC molecular grafting strategies. 

 

 

 

 

 

 

 

 

 

 

Figure 20. Molecules used in cellulose surface modification through molecular grafting (adapted from 

Missoum et al., 2013) 

 

a. Chlorodimetylisopropylsilane; b. Acetic anhydride; c. Butyric anhydride; d. 3-

aminopropyltriethoxysilane; e. Iso-butyric anhydride; f. propargyl amine; g. 3-

glycidoxypropyltrimethoxysilane; h. hexanoic anhydride; i. Hexamethyl disilazane; j. Palmitoyl acid; k. n-

octadecylisocyanate; l. 5-(dimethylamino)-N-(2-propyl)-1-naphthalenesulfonamide. 

Molecular grafting 

a. b. 
c. 

d. e. f. 

g. 

h. 

i. 

j. k. 

l. 
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One of the most frequent approaches to cellulose surface modification by molecular grafting is 

silylation. Silylation consists of introducing silane-based coupling agents onto the surface of 

cellulose fibrils (figure 20 a., d., and g.). The silylation process turns the hydrophilic surface of 

NFC into hydrophobic by attaching silyl groups to the −OH groups in the cellulose. While in the 

absence of water, even at high temperatures, no reaction happens between the silyl groups and 

the OH groups of cellulose (although they do react with lignin's phenolic OH), the presence of 

moisture allows this reaction to happen at high temperatures (Hubbe et al., 2008). 

By manipulating the degree of substitution, some authors have reported improved dispersion of 

cellulose fibrils in organic solvents in a non-aggregating manner (Goussé et al., 2004). Other 

authors have successfully obtained hydrophobic structures from silylated cellulose fibrils 

(Andresen et al., 2006; Zhang et al. 2014; Zhao et al., 2015; Samarasekara et al., 2018). Apart 

from silylation of cellulose fibrils, this technique can be performed to alter the characteristics of 

previously manufactured NFC-based structures: Chinga-Carrasco et al. (2012) have performed 

silylation on the surface of carboxymethylated NFC films to improve their hydrophobicity, 

achieving contact angles of 90º. Ifuku and Yano (2015) also used a silylation method to improve 

the mechanical properties of NFC-reinforced polymer composites, increasing their Young’s 

modulus to 1.5 GPa, against 0.8 GPa determined for the neat NFC-based composites, due to 

better dispersion and compatibility. 

Another molecular grafting method commonly performed on cellulose is acetylation (figure 20 

b.). The principle of acetylation is the organic esterification reaction with acetic acid, 

introducing acetyl functional groups CH3-C(=O)- onto the surface of cellulose which cause 

plasticization of the cellulosic fibrils (Bledzki et al., 2008). 

Esterification of cellulose fibrils is commonly performed to decrease their hydrophilicity and 

enhance their dispersibility and affinity to a nonpolar solvent by reducing the interfibrillar 

hydrogen bonding (Lavoine et al., 2012). Yetiş et al. (2020) performed surface acetylation on 

high hemicellulose and lignin content MFC to significantly decrease its polarity and provide 

good dispersibility in (polylactic acid) PLA for biocomposites fabrication via a solvent casting 

method. Tingaut et al. (2010) have also acetylated MFC to improve its compatibility with a PLA 

matrix. They introduced acetyl groups onto the inner crystalline regions of the MFC and 

reported that an acetyl content above 4.5% promotes significant changes in the MFC’s 

crystalline structure. Furthermore, they also reported that the acetylation prevented 

hornification of the material upon drying which can be a desirable feature in industrial-scale 

production and storage. Several researchers have suggested acetylation of cellulose fibrils 

rendering hydrophobic characteristics (Jonoobi et al., 2010), improving dispersion and 

compatibilization with nonpolar solvents (Ashori et al., 2014) and enhancing mechanical 

and/or barrier properties (Kim et al., 2002; Bulota et al., 2012; Cunha et al., 2014, Mashkour et 

al., 2015) as well as optical properties (Nogi et al., 2006; Yang et al., 2018) of cellulose fibrils-

based structures. 
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It is noteworthy that, although the electrostatic repulsion arising from the introduction of 

functional groups on cellulose fibrils’ surface aids the NFC dispersion, it can easily be affected 

by the ambient conditions, such as pH, temperature, salt concentration, among others (Qi et al., 

2015). 

Modification of cellulose has also been performed in another approach that takes advantage of a 

self-reinforced effect to manufacture mono-component cellulose-based composites. This 

strategy has been carried out in several different ways: by partially dissolving the outer layers of 

cellulose, using ionic liquids, followed by cellulose regeneration  (Li et al., 2018) or pre-

dissolving cellulosic fibers and introducing untreated fibers into the resultant solution (Nishino 

et al., 2004); by performing oxypropylation (Gandini et al., 2005: de Menezes et al., 2009) or 

esterification (Matsumura et al., 2000; Freire et al., 2006)  limited to the outer layers of 

cellulose fibers.  Rather than being converted entirely with the corresponding functional groups, 

the cellulosic substrate is treated in order to be only partially converted. Thus, the mechanical 

properties of the material can be tuned depending on the degree of substitution. Hot-pressing 

can then be used to merge the two phases into one material, in which the modified cellulose 

constitutes the matrix, and the unmodified cellulose fibers make up the reinforcing elements of 

a novel composite made up entirely from cellulose (Missoum et al., 2013; Gandini and 

Belgacem, 2015). 

The critical facet of this process, however, is the cautious control of reagents penetration and 

modification extent, to avoid the total transformation of cellulose, keeping the nanofibrillar 

structure so as to modify only the surface of the cellulosic chains, reason why a non-swelling 

media is typically used in this mechanism in order to maintain the structure and properties of 

the cellulosic fibers. Ideally the system results in an inner core of fibrous cellulose with its 

mechanical properties untouched, and an outer sleeve of modified material (Missoum et al., 

2013; Gandini and Belgacem, 2015). This kind of composites are featured by their good 

interfacial compatibility due to the same cellulosic composition of the matrix and reinforcing 

phase, biocompatibility and biodegradability, as well as superior mechanical, optical and barrier 

properties (Li et al., 2018). The Young’s modulus and tensile strength of these kind of 

composites can, in some instances, surpass 10 GPa and about 100–500 MPa, respectively, 

which is well above those of the cellulose-reinforced thermoplastics (Gandini and Belgacem, 

2015). 

2.9.2.  Polymer Grafting 

As previously mentioned, polymer grafting is another commonly performed cellulose surface 

modification approach. It consists of the immobilization of long neural polymer chains onto the 

surface of cellulose aiming to modify its surface and hence achieving stable NFC dispersions. 

These grafted polymer chains tend to expand away to gain configurational entropy, generating 

steric or entropic repulsion between the fibrils which then have their possible steric 

conformations reduced. This steric repulsion is much more prone to resist environmental 
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interference than electrostatic repulsion, therefore leading to more stable NFC dispersions 

(Stenstad et al., 2008; Azzam et al., 2010; Harrisson et al., 2011). 

Figure 21 summarizes polymers used in NFC polymer grafting approaches. 

 

 

 

 

 

 

 

 

 

Figure 21. Polymers used in cellulose surface modification through polymer grafting (adapted from 

Missoum et al., 2013) 

Polymer grafting comprises two main routes: “grafting onto” and “grafting from”: the “grafting 

onto” approach, while extensively performed on cellulose fibers or CNC, it has not been used for 

NFC tough. This method consists of mixing the cellulose substrates with the grafting polymer 

and a coupling agent or else activating either the cellulose substrates or the polymer and 

grafting either one onto the other. The main advantage when following this strategy is the 

control of the resulting material’s properties since one can characterize the polymer in terms of 

molecular weight beforehand. However, high grafting densities are usually not expectable due 

to steric hindrance brought up by the polymeric chains (Missoum et al., 2013; Gandini and 

Belgacem, 2015; Rol et al., 2019). On the other hand, this polymeric hindrance can be harvested 

to limit cellulose nanoparticles aggregations and improve their dispersion or control their 

assembly (Azzam et al., 2016; Lin et al., 2019). 

The “grafting from” approach consists of mixing activated cellulose substrates with both a 

monomer and an initiator agent to induce a polymerization process directly from the substrate’s 

surface to the outward direction. Contrary to the “grafting onto” strategy, this method is an 

effective route for generating high grafting densities, due to the lower medium viscosity and 

limited steric hindrance arising from a lower degree of polymerization. Hereupon, the precise 

determination of the grafted polymer’s molecular weight, as well as the quantification of the 

non-grafted polymer as difficult tasks to achieve (Hansson et al., 2012; Missoum et al., 2013; 

Gandini and Belgacem, 2015; Rol et al., 2019). 

Polymer grafting 

a. Poly (glycidyl methacrylate); b. Poly (2-hydroxyethyl methacrylate); c. Poly (methyl methacrylate); d. 

Poly (ethyl acrylate); e. Poly (butyl acrylate); f. Poly (ε-caprolactone). 

a. b. 

c. 
d. e. 

f. 
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Another often referred to strategy in the literature is polymer grafting on a previously molecular 

grafted or polymer grafted cellulosic substrate, allowing further functionalization. For instance, 

Stenstad et al. (2008), apart from being the first to polymer graft NFC by means of a “grafting 

from” strategy performing radical polymerization of glycidyl methacrylate (figure 1.21, a.), 

reported modification of NFC with isocyanate followed by grafting anhydrides. Anhydrides 

introduce alkenyl groups that can support even further grafting. Yeo and Hwang (2014) grafted 

aminopropyl triethoxysilane-modified NFC to polypropylene-graft-maleic anhydride NFC 

aiming to not only improve the NFC dispersion, but also to increase the interfacial adhesion 

between the NFC and a polypropylene matrix as a way to upgrade the resulting composites’ 

mechanical performance. Li et al. (2011) modified NFC surface using 2-bromoisobutyryl prior 

to grafting poly(butyl acrylate) (figure 21 e.) with a technique that controls the length of the 

grafted chains, rendering highly hydrophobic NFC with a by-layered structure with a hard core 

and a soft outer layer, increasing the affinity of the NFC towards poly(propylene) and providing 

the resulting composites with enhanced mechanical properties. 

2.9.3.  Physical adsorption 

Surface modification of cellulose fibrils by adsorption is less complex and more environmentally 

friendly than grafting in the sense that it does not usually require organic solvents and can be 

performed in a non-hazardous aqueous media. Moreover, this strategy is easily scalable: the 

adsorption of commercial polymers for instance, is a well-known methodology that has been 

employed in pulp and paper industry for centuries (Hatton et al. 2015). 

 While grafting involves the establishment of covalent bonds between the fibril’s surface and 

grafted fragments, surface modification by adsorption on the other hand involves noncovalent 

interactions such as van der Waals interactions, hydrogen bonds, ionic interactions or other 

affinities to cellulose (Gandini and Belgacem, 2015; Rot et al., 2019). 

Figure 22 presents some compounds commonly used in NFC’s surface adsorption strategies. 

 

 

 

 

 

 

 

 

 

Figure 22. Compounds used in cellulose surface modification through physical adsorption (adapted from 

Missoum et al., 2013) 

Physical adsorption 

a. Poly(diallyldimethylammonium chloride); b. Polyethylenimine; c. Barnched polyethylenimine; d. 

Perfluoro-octadecanoic acid; e. Cetyltrimethylammonium bromide; f. Triethylmethylammonium bromide; g. 

Dihexadecyl ammonium bromide 

a. 

e. f. d. 

b. 
c. 

g. 
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Physical adsorption on NFC surface has received growing attention amongst the scientific 

community not only as fibril dispersion aiding strategy in nonpolar media, but also as a way to 

develop viable bioengineering interactions (Siró and Plackett, 2010; Klemm et al., 2011). 

Modification of cellulosic substrates surface through physical adsorption has been reported for 

polyelectrolytes i.e., polymers that multiple charges along their chain, and non-polyelectrolytes, 

that despite being uncharged, have binding ability though van der Waals interactions or 

hydrogen bonding. Some biopolymers have also been reported to have a specific binding affinity 

for cellulose, such as hemicelluloses and some chemically modified celluloses, as carboxymethyl 

cellulose (Hatton et al. 2015). 

The deposition of polyelectrolytes has been extensively applied to NFC (Larsson et al., 2013) 

and CNC (Podsiadlo et al., 2005; Cranston et al., 2006). However, cationic polyelectrolytes are 

commonly applied to chemically modified cellulose such as carboxymethylated cellulose, due to 

the highly negatively charged surface, binding through electrostatic interactions (Wågberg et 

al., 2008; Chi and Catchmark, 2018). Aarne et al. (2012) chose Poly(diallyldimethylammonium 

chloride) (PDADMAC) (figure 22 a.) and another cationic polyelectrolyte dubbed polybrene, for 

successfully reduce the swelling properties of the carboxymethyl cellulose treated fibers, due to 

their known ability to neutralize the anionic charge either exclusively on the surface or in the 

whole fiber, respectively. 

When adsorbing polyelectrolytes on a substrate, the type of polyelectrolyte, its charge density 

and charge distribution along the polymer chain, are features that have to be taken into account, 

since investigations in the field have shown that the charge density and distribution as well as 

presence of salts largely affect the binding ability of the polyelectrolyte to the substrate. Thus, 

the ionic strength of the media can be used as a way of tuning adsorptivity of the polyelectrolyte 

onto the substrate (Wågberg, 2000; Galván et al., 2015). Adsorption of polyelectrolytes have 

also been applied to NFC as a way of facilitating flocculation and water drainage, besides 

developing novel nanocellulose-based composite applications (Raj et al., 2015; Raj et al., 2016). 

Layer-by-layer (LBL) assemblies have become a popular strategy of exploiting electrostatic 

interactions between oppositely charged molecules or polyelectrolytes. Cellulose has been 

employed in LBL assemblies with polyelectrolyte multilayers being constructed from a cellulose 

surface (Lingström et al., 2007). In other approaches, CNC and NFC has been incorporated in 

LBL assemblies as an anionic polyelectrolyte themselves, in combination with cationic 

polyelectrolyte multilayers (Cranston and Gray et al., 2006; Wågberg et al., 2008) and were 

also investigated for the formation of NFC-based thermoresponsive nanocomposites with 

important applications on controlled release drug delivery systems, sensors, or membrane 

permeability control (Utsel et al., 2010; Larsson et al., 2013). 
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Surfactants have been likewise extensively used to modify the surface of cellulosic substrates in 

order to control suspension stability, hydrophilicity and interfacial interaction. Surfactants are 

usually amphiphilic organic compounds, i.e., simultaneously containing both hydrophobic 

groups (tails) and hydrophilic groups (heads) (Missoum et al., 2013). 

 

Xhanari et al. (2010) used cationic surfactants with different chain lengths (cetyltrimethyl-, 

didodecyl- and dihexadecyl ammonium bromide, figure 22, e., f., g., respectively) to modify the 

surface of NFC. The results suggest the possibility of using cationic surfactants to systematically 

control the degree of water wettability of NFC. Kaboorani and Riedl (2015) used 

hexadecyltrimethylammonium bromide, a cationic surfactant, to modify CNC surface. Results 

showed that the adsorption of the surfactant on the CNC could be used to control the stability 

and dispersibility of CNC suspensions, while maintaining the crystalline structure intact. In 

more recent approaches, surface modification of CNC with cationic surfactants adsorption 

improved their barrier properties against moisture, aiming to manufacture corrosion protective 

nanocomposite surface coatings (Ly and Mekonnen, 2020; Mekonnen et al. 2021). 
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Chapter 3 - Publications and other developed 
investigation 

 

3.1. Paper 1 - Nanofibrillated cellulose Rheology: 

Effects of morphology, ethanol/acetone addition and 

high NaCl concentration 

 

Vera L.D. Costa, Ana P. Costa and Rogério M. S. Simões. 

BioResources, Vol. 14 No. 4, 7636-7654, 2019 

DOI 10.15376/biores.14.4.7636-7654 
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3.1.1. Supplementary investigation 

Additional controlled rate flow essays were performed on a 1.3 wt.% NFC-carb suspension 

containing 1000 mM of NaCl in order to determine the effect of smooth vs roughened surfaces 

on the rheology of the suspension. Figure 23 shows the previous and resulting appearance of the 

suspension during the flow essay with smooth and roughened surfaces. 

 

 

 

 

 

Figure 23. Initial (a.) and final appearances of an NFC-carb suspension with 1 M of NaCl after a controlled 

rate flow essay performed with smooth (b.) and roughened (c.) surfaces 

After a controlled rate flow essay performed with smooth surfaces, phase separation of the 

suspension could be perceived (figure 23 b). This instability manifested by a gradual phase-

separation (de-watering of the sample) and accelerated by an external force has been reported 

by Naderi and Lindström (2015) on a 2 wt.% enzymatically pre-treated NFC sample, after 

insertion in a smooth surfaced plate-plate geometry. Furthermore, although NFC suspensions 

are inherently prone to flocculation, Saarikoski et al. (2012) using smooth surfaced concentric 

cylinders geometries, also reported high-pressure homogenization pretreated 1 wt.% NFCs 

suspensions increased tendency to flocculate in the presence of NaCl in concentrations of 10-3 M 

and higher, due to the decrease in interfibrillar repulsion. 

On the other hand, after essays performed with roughened surfaces, filament-like aggregations 

could be easily spotted (figure 23 c). These results are in good agreement with those obtained by 

Gallier et al., (2014) which demonstrated that surface roughness and inter-particle friction can 

significantly contribute to flocculation within sheared suspensions. 

In order to study the structural changes in 1.3 wt.% NFC-carb suspensions with NaCl (100, 300 

and 1000 mM) under shear and the formation of the filament-like aggregates, controlled rate 

time essays were performed at two constant shear rates: 10 and 100 s-1. The essays were stopped 

at 3, 10, 30, 60 and 180 seconds and pictures of the resulting samples’ appearance were 

gathered. The outcome is portrayed in table 2. 

 

 

a. 
 

b. 
 

c. 
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Table 2. Appearance monitorization of NFC-carb samples with different NaCl concentrations during 

controlled rate flow essays 

NaCl (mM) 100 300 1000 

Shear 
rate 
(s-1) 

Essay 
time 
(s) 

10 100 10 100 10 100 

3 

      

10 

      

30 

      

60 

      

180 

      

 

As we can infer from in table 2, the fibrils collided and entangled to form filament-like 

aggregates under specific flow conditions. When suspensions of elongated particles like 

cellulose fibrils in NFC suspensions are exposed to flow, there is a preferential orientation and 

the fibrils tend to align in the direction of the flow (Hubbe et al., 2017), in this case twisting 

around and aggregating to form the perceived filaments. According to Saarikoski et al., (2012), 

under shear, the initial fiber network breaks gradually, and at sufficiently high shear rates, the 

suspension can flow as individual aggregates. 

A lower shear rate favored the formation of these filament-like aggregates, as so did less time 

under shear, since the flow breaks down the aggregates by eroding their surfaces or by splitting 

them in smaller pieces (Karppinen et al., 2012; Saarikoski et al., 2012). Thus, a lower shear rate 

induced larger aggregates. These results are in good agreement with those reported by 

Karppinen et al. (2012) who studied the flow induced flocculation of microfibrillated cellulose 

suspensions at constant shear rates with a concentric cylinder geometry and image monitoring 
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throughout the essays. According to these authors after constant shear, the floc size was 

dependent on the preceding shear interval, and a lower shear rate induced larger flocs. 

It is also possible to notice from table 2 that, despite the perceptible formation of aggregates in 

the first 10 seconds, there was a gradual redispersion of the suspension over time, mainly at 

higher shear rates and lower NaCl concentration. The same kind of behavior was also reported 

by Chen et al. (2002) who studied the flocculation of pulp and polyethylene terephthalate fiber 

suspensions with a parallel-plates type rheometer. 

Higher concentrations of NaCl also favored the formation of aggregates even at a higher shear 

rate, which makes sense, since the aggregate strength is determined by the number of contacts 

and cohesive forces present between the fibers and, as has been previously mentioned, the 

increase of the NaCl in the suspension decreases the electrostatic repulsion between the fibers, 

causing their collapse. 

In the table 2 it is also noticeable that the essays performed with suspensions with 300 and 

1000 mM of NaCl at a shear rate of 100 s-1 and for 60 and 180 seconds, apart from filament-like 

aggregates, also present some distinct spherical aggregates. Similar results were obtained by 

Saarikoski et al. (2012) which studied the flocculation process by performing imaging 

monitored flow rheological measurements with a concentric cylinder geometry on 

microfibrillated cellulose suspensions with added NaCl. These authors have realized that, at low 

shear rates, the loosened flocs flowed in a chain-like formation and at higher rates, the floc 

chains buckled and then separated into individual, spherical flocs. The individual spherical floc 

size was inversely proportional to the shear rate. 
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3.2. Effect of NFC suspensions solid content and 

spinning rate on the mechanical properties of wet-

spun filaments 

 

Abstract 

Commercial bleached sulfite and kraft eucalypt pulps were subjected to beating and to different 

TEMPO mediated oxidation systems prior to the production of nanofibrillated cellulose aqueous 

suspensions through high pressure homogenization. The fibrils from both resulting suspensions 

were morphologically characterized and the suspensions with solid contents from 2.5 to 3.22% 

were used to produce cellulosic filaments through wet spinning, at spinning rates ranging from 

0.45 to 1.7 m min-1 into a 1M NaCl coagulation bath, followed by an ethanol fixation bath. Some 

filaments were subjected to an additional cleaning water bath. All filaments were dried in 

standard conditions of temperature and relative humidity and were tested for mechanical 

performance. Results showed that an increase in spinning rate improved the mechanical 

performance of the filaments, indicating that some level of fibril alignment, while increasing 

solid content did not, due to higher viscosity and lower capacity for fibril alignment. More 

fibrillated cellulose exhibited higher mechanical properties denoting the important role of 

fibril’s morphology in the filament’s assembly despite the lower cellulose degree of 

polymerization. An additional cleaning water bath increased the mechanical performance of the 

filaments due to the removal of the residual NaCl. The wet spinning system enabled the 

production of cellulosic filaments with a tensile strength up to 223 MPa and an elastic modulus 

up to 11.7 GPa using a 3 wt.% nanofibrillated cellulose, despite the low spinning rate of 0.85 m 

min-1. 

Keywords 

Nanofibrillated cellulose; wet spinning; filaments; mechanical performance. 
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Introduction 

In recent decades, natural fibrous materials like cellulose fibrils have been receiving increasing 

attention due to their potential to produce high mechanical performance filaments, while 

respecting industrial, environmental, and social requirements. These fibrils constitute the basic 

blocks to construct low environmental impact and low production cost biomaterials, with high 

mechanical performance and susceptible to nanoscale functionalization (Bledzki, 1999; 

Håkansson et al., 2014). 

The obtention of cellulosic filaments from lignocellulosic materials and their transformation 

into yarns with uniform characteristics, through "green" and energetically sustainable processes 

is challenging. In order to produce a uniform material, it is necessary to deconstruct the 

cellulosic fiber structure into cellulose nanofibrils and rebuild them in the form of filament or 

macrofiber, under such operating conditions that lead to uniformity and consistency of 

properties (Håkansson et al., 2014). The potential of these filaments when applied as 

reinforcement in advanced composites, for instance, is ultimately limited by the intrinsic 

properties and the natural variability of the fibers that gave rise to them (Adusumali et al., 

2006). 

The highly hydrophilic nature of cellulose and its absence of melting transition prevents the 

application of melt spinning as a way to manufacture filaments made out of 100% cellulose 

nanofibrils, although this spinning method can be applied when cellulose nanofibrils are added 

to either natural or synthetic polymers, giving rise to composite filaments (Clemons, 2016; 
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Spinning of continuous filaments from NFC is an interesting option because it has the potential 

to effectively use the very fine dimensions of the fibrils while maintaining its Cellulose I native 

structure (Clemons, 2016). In addition, the crystalline structure of regenerated cellulose 

(referred to as Cellulose II) is different from that of cellulose in its native state (i.e., Cellulose I). 

While reported values for the mechanical performance of these two types of crystalline 

structures vary considerably depending on the measurement technique, the values for Cellulose 

I are reported as considerably higher (Moon et al., 2011). 

The production of neat NFC filaments via either dry or wet spinning has been accomplished by 

several authors. Ghasemi et al. (2017) studied the influence of different NFC suspensions 

starting properties and drying temperature on the mechanical properties of filaments produced 

through dry spinning. Their results showed that, while the drying temperature had no 

substantial influence on the mechanical properties of the produced NFC filaments, the fibrils 

morphological properties played an important role in that matter, since the mechanical 

performance of the filaments improved with increasing grinding time of the starting material, 

which can be attributed to increased internal hydrogen bonding. 
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While the morphology of the fibrils is a key aspect related to the overall performance of the spun 

filaments, several studies indicate that so is the overall fibrils orientation and assembly in the 

resulting filament: due to the relatively low aspect ratio, NFC cannot be drawn during spinning 

as easily as dissolved polymers. Hence, alternative approaches are required for creating the 

extensional flow necessary for effective fibril alignment (Lundahl et al., 2016a). 

Iwamoto et al., (2011) reported the production of wet-spun NFC filaments from TEMPO-

mediation oxidized wood pulp and tunicate cellulose, varying the spinning rate in order to 

promote nanofibril alignment. According to the authors, the mechanical properties of the spun 

filaments were affected by the orientation of the cellulose nanofibers, as increased spinning rate 

promoted nanofibril alignment along the filaments axis. The wet spun filaments showed higher 

Young’s moduli than natural and regenerated cellulose fibers. 

Walther et al. (2011) have performed wet spinning of NFC suspensions into neat NFC filaments 

with decent mechanical performance, but they hypothesized that the mechanical properties 

could be further increased by post drawing processes, promoting additional alignment to the 

nanofibrils. Indeed, tensile strength and stiffness are typically improved with high draw ratios 

as a result of the enhanced alignment (Lundahl et al., 2016a; Kim et al. 2019). Torres-Rendon et 

al. (2014) reported a strain-rate controlled wet-stretching of rehydrated NFC and chitin 

filaments as a way of inducing fibril alignment. This approach consisted of immersing dry 

filaments in water and taking advantage of the wet filaments’ plasticity to stretch them slowly, 

improving their Young’s modulus by more than 300% (from 8.2 to 33.7 GPa) and their tensile 

strength by close to 150% (from 118 to 289 MPa), regarding unstretched filaments. 

Håkansson et al. (2014) reported a flow-focusing system where an NFC dispersion ran through 

a core flow while two additional NaCl solution sheath flows collided with it from the sides. 

Because these sheath flows have higher velocities than the core flow, they create an extensional 

flow in the core inducing fibril alignment while promoting gel transition of the NFC dispersion, 

which locks the aligned fibril structure prior to fixation through solvent exchange in acetone. 

While air drying, the filaments were not further drawn, nor they were allowed to shrink. 

Filaments spun through this flow focusing technique attained a Young’s modulus up to 18 GPa 

and a tensile strength up to 490 MPa. 

Although both systems enhance fibril alignment, a comparison between wet-stretched and flow 

focused NFC filaments allows to realize that wet-stretching increases mainly the Young’s 

modulus whereas flow-focusing improves more specifically the tensile strength and ductility, 

effectively contributing to uniformly pack the NFC. This can be the reason why flow-focused 

filaments avoid the brittleness associated to wet-stretched filaments (Lundahl et al., 2016b). 

Apart from the production of filaments from neat NFC, the addition of cellulose nanofibrils to 

composites was found to improve the mechanical and thermal properties of produced 

composite filaments. Several authors have also reported the production of composite filaments 
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through wet spinning, combining NFC and poly(vinyl alcohol) (PVA): Fahma et al. (2019) have 

accomplished wet spinning of biocompatible composite NFC-PVA filaments from palm oil by-

products derived NFC; Endo et al. (2013) have also performed wet spinning of composite 

filaments from a TEMPO-mediation oxidized NFC combined with PVA. These authors have 

further performed a hot drawing technique (with a drawn ratio of 20), promoting the 

orientation of amorphous PVA regions in the filaments to which small amounts of NFC had 

been added. The maximum Young’s modulus of the obtained composite drawn filaments 

reached 57 GPa, which is far higher than that of commercial neat PVA drawn fibers. 

Considering the influence of the solid content on the fibril’s mobility in the suspension and 

apparent viscosity, the objective of this study was to investigate the influence of NFC 

suspensions solid content and wet spinning operation conditions on the mechanical 

performance of the wet-spun filaments. 

 Materials and methods 

NFC production 

Dried commercial bleached sulfite and kraft eucalypt pulps were used as sources of cellulose 

fibers to produce NFC aqueous suspensions. Both pulps were subjected to beating in a PFI mill 

according to the ISO 5264-2:2011 standard, for 4500 revolutions at 1.66 N/m. After beating, the 

sulfite pulp was further subjected to 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) 

mediated oxidation (TEMPO/NaBr/NaClO system) using a method adapted from Saito et al. 

(2007). The treatment took place at room temperature and at a consistency of 1 wt.% in the 

presence of 0.016 g of TEMPO/g cellulose and 0.1 g of NaBr /g cellulose. 33.3 mL of 13 wt.% 

NaClO/g cellulose were introduced in the reaction medium in four increasingly larger additions 

in one-hour intervals, under continuous agitation. The pH was continuously monitored and 

kept at around 10.5 with small additions of a 1M NaOH solution. After the last NaClO addition 

the reaction was allowed to continue for an hour and the treated pulp was vacuum filtrated and 

washed with distilled water. The treated sulfite pulp will henceforth be designated NFC-s. 

The kraft pulp was subjected to a different TEMPO mediated oxidation using a 

TEMPO/NaClO/NaClO2 system based on Tanaka et al. (2012a). This method involved the 

addition of 0.9 g of NaClO2/g cellulose, 0.5 mL of 13 wt.% NaClO/g cellulose and 0.016 g 

TEMPO/g cellulose to the pulp immersed in a 0.1 M and pH 6.8 phosphate buffer at a 

consistency of 1 wt.%. The treatment lasted for 24 hours at a temperature of 60ºC. Then, the 

system was brought to room temperature, the treated pulp was vacuum filtered and washed 

with distilled water. The treated kraft pulp will from now on be referred to as NFC-k. 

After the TEMPO mediated oxidations, both oxidized pulps were resuspended in distilled water 

at a solid content of 1.5 wt.% and were subjected to high pressure homogenization in 2 

successive passes (500 bar and 1000 bar), using a GEA Niro Soavi (Panther NS3006L; GEA, 

Parma, Italy). 



71 

 

Cellulose degree of polymerization 

The limiting viscosity ([η]) of the original and TEMPO oxidized pulps was determined according 

to the ISO 5351 (2012) standard, with a cupriethylenediamine (CED) solution as a solvent and 

using a capillary viscometer. The resulting [η] and DP are presented in table 1. The degree of 

polymerization (DP) was calculated using the following equations [1, 2] (Henriksson et al., 

2008). 

[η] = 0.42×DP; DP<950  [1] 

[η] = 2.28×DP0.76; DP≥950  [2] 

Where is [η] is the limiting viscosity (mL/g) and DP is the degree of polymerization. 

Table 1. Limiting viscosity and degree of polymerization of the original and TEMPO oxidized pulps 

NFC suspension 
Before TEMPO mediated oxidation After TEMPO mediated oxidation 

[η] (mL/g) DP [η] (mL/g) DP 

NFC-s 587 1486 85 202 

NFC-k 824 2322 356 848 

 

Fibrils morphological characterization 

After homogenization, the NFC-s and NFC-k suspensions were diluted to a solid content of 0.1 

wt.% and were dispersed in an ultra-sound bath for 5 minutes. A drop of the diluted suspension 

was allowed to dry overnight at room temperature on a microscope sample holder.  Microscopy 

observations were performed using scanning electron microscopy (SEM) (Hitachi S-2700) 

operated at 20 kV. All the samples were previously gold sputtered by cathodic spraying. For 

transmission electron microscopy (TEM) imaging, aqueous NFC suspensions were diluted to 

0.001 wt.% and sonicated. Drops of the suspensions were deposited on carbon coated electron 

microscope grids and negatively stained with 2 wt. % uranyl acetate. The grids were air dried 

and observed with a Hitachi HT – 7700 TEM operated at an acceleration voltage of 80 keV. 

Wet spinning set-up 

NFC-s and NFC-k suspensions were used to produce cellulosic filaments through wet spinning. 

The original suspensions (with an initial solid content of around 1 wt. %) were let to evaporate 

at room temperature with occasional mixing until the desired solid content was reached. The 

NFC-s was adjusted to 3.0 wt. % and the NFC-k was adjusted to 2.5 and 3.22 wt. %. 

The wet spinning set-up consisted of a syringe filled with NFC suspension (assembled in a 

syringe pump) that ejected filaments through a 2.5 cm long blunt needle, with an inner 

diameter of 1.5 mm, at three different flow rates: 800, 1500 and 3000 μL min-1, (which 

correspond to spinning rates of 0.45, 0.85 and 1.7 m min-1, respectively) into a 1M NaCl 

coagulation bath, promoting gelation by decreasing the electrostatic repulsion between the 
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Syringe with NFC suspension 

Pump 

Coagulation bath 

Wet-spun 
NFC filaments 

Blunt 
needle 

nanofibrils. Figure 1 provides a schematic representation of the wet spinning setup put together 

for this study. 

Figure 1. NFC suspensions wet-spinning setup 

The wet-spun filaments remained in the coagulation bath for 30 minutes and were then 

transferred to an ethanol fixation bath for an additional 30 minutes. Then, they were allowed to 

air dry at room conditions, with fixed length, preventing them from shrinking during drying. As 

a post-treatment, some of the produced filaments were afterwards submerged in a water bath 

for 5 minutes, in order to enable the electrolyte diffusion out of the filaments. Finally, the 

filaments were air dried once again. 

 

Mechanical characterization of the wet-spun filaments 

The diameter of the filaments was measured through optic microscopy against a glass slide with 

a measuring scale, assuming a circular cross section. The produced filaments were conditioned 

overnight in standard conditions (22ºC and 50% relative humidity), before testing. Tensile tests 

were carried out using a universal testing machine (Thwing-Albert Co, EJA series) in the same 

standard environment. The essays were performed at a rate of 0.2 mm/min with a 50 N load 

cell and at 5 cm span length. A minimum of 6 essays were performed for each type of filament 

and the arithmetic average is presented for each parameter. 
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Results and discussion 

The fibrils morphology on the suspensions was investigated through SEM and TEM imaging. 

Figure 2 gives an overview of the morphologic features of NFC-s and NFC-k. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. SEM (a, c) and TEM (b, d) images of the NFC-s (a, b) and NFC-k (c,d) suspensions 

As it can be seen in figure 2, the fibrillation of the materials appears to be not uniform. Although 

fine fibrillar structures with diameters in the nanometer range can be spotted, bigger cellulose 

fibrils with dimensions in the microscale are also clearly visible for both NFC suspensions. 

Despite that, the NFC-s appears to be more fragmented than the NFC-k, with much more 

particles on the smaller side (figure 2 a vs c), although no major difference between the two 

materials could be noted at nanoscale (figure 2 b vs d).  

The treatments underwent by the NFC-s caused a decrease of 86.4% on the polymerization 

degree (from 1486 to 202), while in the NFC-k case the polymerization degree declined 63.5% 

(from 2322 to 848), relatively to the initial untreated materials, denoting the grater severity on 

the NFC-s treatment. This agrees with what is described in the literature for 

TEMPO/NaBr/NaClO vs TEMPO/NaClO/NaClO2 systems, in which the latter is reported to be 

effective for the preparation of TEMPO-oxidized hardwood celluloses with higher DP values 

(Tanaka et al. 2012b). 
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Figure 3 shows the resulting NFC-k (2.5 wt. %) wet-spun filaments produced with a spinning 

rate of 1.7 m min-1 and air dried under tension. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Appearance and dimensions of NFC filaments produced through wet spinning 

Figure 4 shows SEM images of wet spun filaments from NFC-k and NFC-s suspensions at a 

spinning rates of 1.70 and 0.85 m min-1, respectively, after an additional 5-minute water bath.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. SEM images of filaments wet-spun from a 3.22 wt. % NFC-k suspension at a spinning rate of 1.70 

m min-1 (a, b) and a 3 wt. % NFC-s suspension at a spinning rate of 0.85 m min-1 (c, d) along their length 

(a, c) and razor cut cross sections (b, d), after a water bath and drying 
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The produced filaments appear to be void free and their cross section appear to be fairly circular 

in shape, even after reimersion in a 5-minute water bath and second drying, as can be seen in 

figure 4 b and d.  

The regular cross-sectional shapes of the wet-spun filaments were not significantly affected by 

the change in spinning rates, unlike what was described by Iwamoto et al. (2011), who reported 

irregular shapes of wet-spun filaments produced from wood nanofibers in an acetone 

coagulation bath and dried at 105ºC, for spinning rates between 0.1 and 1 m min-1 and even 

show a hollow structure at spinning rates above 10 m min-1, probably due to cylindrical 

coalescence of fibrils sheets during spinning. 

 

Table 2 shows the mechanical performance of all the tested wet-spun filaments. They have been 

evaluated regarding the maximum force, tensile strength, strain-to-failure, and elastic modulus. 

Table 2. Wet-spinning operating conditions and mechanical properties of the produced filaments 

NFC 

susp. 

Solid 

content 

(wt. %) 

Spinning 

rate 

(m min-1) 

Filament 

diameter 

(μm) 

Filament 

density 

(g cm-3) 

Additional 

washing 

 

Linear 

mass 

(dtex) 

Tensile 

strength 

(MPa) 

Max. 

force 

(N) 

 

 

Tenacity 

(cN/dtex) 

Strain-

to-

failure 

(%) 

Elastic 

modulus 

(GPa) 

NFC-k 

2.5 

0.45 199 1.67 No 5.2 109.3 3.4 65.4 4.5 6.8 

0.85 204 2.02 No 6.6 129.4 4.2 63.6 6.0 7.1 

1.70 221 1.41 No 5.4 139.0 5.3 98.1 7.7 8.2 

3.22 
1.70 295 1.17 No 8.0 84.0 5.7 71.3 2.73 7.5 

1.70 246 1.43 Yes 6.8 148.5 7.6 111.8 7.16 6.6 

 

NFC-s 

 

3.0 

0.45 210 1.87 No 6.5 123.1 4.3 66.2 6.24 7.7 

0.85 187 2.08 No 5.7 148.2 4.1 71.9 5.98 9.1 

0.85 161 2.06 Yes 4.2 223.0 4.5 107.1 6.29 11.7 

 

Table 2 shows that, in general, an increase in the spinning rate improved the resistance 

parameters of the wet-spun filaments, which might indicate that some level of fibril alignment is 

being achieved. This result is in good agreement with what has been reported in the literature 

(Iwamoto et al., 2011; Håkansson et al., 2014) although in the current investigation the 

filaments have been spun at much lower rates. The increase in the strain-to-failure is also a 

good indication on fibril alignment. 

Unsurprisingly, an increase in the NFC-k suspension solid content, from 2.5% to 3.22%, caused 

an increase in the linear mass of filaments produced with the same spinning conditions, from 

5.4 to 8.0 dtex (g/10 000m), respectively. However, this did not translate into superior 

mechanical performance of the filaments. For instance, for a spinning rate of 1.7 m min-1 and no 

additional waching, the tensile strength decreased from 139.0 to 84.0 MPa with the increase of 

the suspensions solid content, and the tenacity decreases from 98.1 to 71.3 cN/dtex. These 
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results agree with the ones obtained by Lundahl et al. (2016b), who attribute this behavior to 

the coexistence of higher hydrogel viscosity and hydrogel apparent density as well as lower 

capacity for fibril alignment upon filament formation in systems with lower water volume 

fraction. The same authors reported that improved quality of spun filaments can be achieved at 

low hydrogel concentrations due to flow-induced alignment, with an optimum at 2% solids 

content, which is not far from the range of solid contents employed in the present study.  

Considering the significant decrease of the filament’s density from 1.41 (NFC-k, 2.5% solid 

content) to 1.17 (NFC-k, 3.22% solid content), we can suggest that this parameter can play an 

important role, as would be expected, probably also indicating lower packing, as a consequence 

of lower fibril alignment. 

To further analyze these results, the filaments’ densities were estimated based on the linear 

mass and the filaments diameters. The results were included in table 2. The values are, in 

general, higher than those of cellulose (1.5 g cm-3), which suggests that a significant amount of 

NaCl remains in the filaments. 

The effect of an additional filament washing with water was also studied. Filaments produced 

under the same conditions but submitted to an additional washing (Yes or No, Additional 

washing column in table 2) exhibited enhanced mechanical properties, mainly in the tensile 

strength, probably due to the removal of the residual NaCl whose presence might weaken the 

fibril-fibril interaction. In fact, in figure 5 a. it is possible to perceive NaCl crystals from the 

coagulation bath completely covering the surface of the filament, while a water bath and 

successive drying completely cleared the filament’s surface (figure 5 b.) A water bath as short as 

5 minutes proved to be effective in removing the NaCl from the previously fixed filaments, 

increasing the tensile strength from 84.0 to 148.5 MPa for NFC-k spun at 1.70 m min-1 and from 

148.2 to 223.0 MPa for NFC-s spun at 0.85 m min-1 (table 2). Additional studies revealed that 

increasing the water bath residence time did not improve the mechanical performance of the 

filaments. Actually, longer residence times in the water bath (as long as 15 minutes) damaged 

the filaments integrity and the structures fell apart. As a consequence of the NaCl removal, both 

the linear mass and the cross-section of the filaments significantly decreased; the linear mass 

decreased 15% and 26% and the filaments diameter also decreased 17% and 14% for NFC-K and 

NFC-s, respectively. Because of these modifications, a drastic increase in tensile strength, 

tenacity and strain-to-failure was observed. 

Regarding the effect of the NFC characteristics, filaments produced from NFC-s at a solid 

content of 3.0 wt. % had higher tensile strength than those produced from NFC-k at 2.5 wt. % 

(148.2 and 129.4 MPa respectively) for a spinning rate of 0.85 m min-1, despite the fact that the 

NFC-s displayed a much lower degree of polymerization when compared to the NFC-k (202 vs 

848). Therefore, we can hypothesize that fibril morphology and assembling alignment have a 

much more important role than the degree of polymerization of the cellulose in the material. 
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This also strongly suggests that the interfibrillar binding is the weak point in the structure, at 

this level of strength.  

   

 

 

 

 

Figure 5. SEM images of a filament wet-spun from a 3 wt. % NFC-s suspension at a spinning rate of 0.85 m 

min-1 before (a) and after (b) a 5-minute water bath 

Iwamoto et al. (2011) obtained wet spun filaments from a TEMPO-oxidized 2 wt.% NFC 

suspension using a regular wet spinning system where the filaments were directly spun into a 

fixation acetone bath and air-dried without drawing. At a spinning rate of 1 m min-1, the authors 

achieved filaments with a tensile strength and Young’s modulus of 192 MPa and 11.6 GPa, 

respectively, which are in the same order of magnitude of those produced in this study, for 

similar spinning rates. These authors also increased the spinning rate up to 100 m min-1, leading 

to an increase of the tensile strength and Young’s modulus to 321 MPa and 23.6 GPa, 

respectively, putting in evidence the role of the increased spinning rate in the fibril orientation 

in the spun filament, although no major increase of the mechanical performance, especially the 

tensile strength, was achieved by increasing the spinning rate from 10 to 100 m min-1. 

Lundahl et al. (2016b) reported the manufacture of 2 wt.% TEMPO-oxidized based wet spun 

filaments with a tensile strength of 297 MPa and an elastic modulus of 21 GPa, using once again 

a simple wet spinning assembly with an acetone fixation bath. These results were achieved at a 

spinning rate of 7.5 m min-1. 

In resume, the wet spinning system assembled for the present study enabled the production of 

cellulosic filaments with a tensile strength up to 223 MPa and an elastic modulus up to 11.7 GPa 

using a 3 wt.% NFC-s, despite being produced at a spinning rate of just 0.85 m min-1.  

Nevertheless, in the context of using NFC based spun filaments to replace industrially produced 

regenerated cellulose fibers, thus reducing the environmental footprint, the mechanical 

properties of the spun NFC filaments are still not yet comparable to those of viscose and Lyocell, 

for instance, which can attain tensile strengths of 340 and 790 MPa, and Young’s modulus of 

10.8 and 30.5 GPa, respectively (Adusumali et al. 2006). 

10 μm 
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Adjustments need yet to be undertaken on the operating conditions to further improve the fibril 

orientation during the spinning process, and consequently enhance the mechanical 

performance of the spun NFC filaments, namely increasing the spinning rate while figuring out 

suitable conditions for coagulation in other to be able to manufacture resilient continuous 

filaments, adjusting the solid content and viscosity of the initial NFC suspension and optimizing 

the drying conditions. 

Conclusions 

NFC filaments were successfully wet spun from two types of NFC suspensions into a NaCl 1M 

coagulation bath. After fixation in an ethanol bath and air drying, the filaments had smooth 

appearance and circular cross-sectional shapes.  

The mechanical performance of the obtained filaments has been evaluated regarding the 

maximum force, tensile strength, strain-to-failure and elastic modulus. 

Even for the studied low spinning rate range (0.45 to 1.70 m min-1), an increase in the spinning 

rate improved the resistance parameters of the filaments, which might indicate that some level 

of fibril alignment is being achieved. The increase of solid content from 2.5 to 3.22 % did not 

improve the mechanical performance of the filaments, probably due to a combination of higher 

hydrogel viscosity and lower capacity for fibril alignment upon filament formation. Fibril’s 

morphology also has an important role in the fibrils assembling in the filament because the 

more fibrillated NFCs exhibit significantly higher mechanical properties, despite their much 

lower cellulose degree of polymerization. 

An additional filament washing with water and consecutive air-drying led to an increase in the 

mechanical performance of the filaments, mainly in the tensile strength probably due to the 

removal of the residual NaCl which might weaken the fibril-fibril interaction. 

Despite some improvements on the filaments’ mechanical properties have been achieved, 

nanofibril morphology, hydrodynamic nanofibril alignment, additional treatment and drying 

conditions have yet to be optimized. 
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Chapter 4 - General conclusions and future 
perspectives 
 

Cellulose is the most abundant, renewable, and sustainable biopolymer on earth, having many 

desirable characteristics that make it a suitable material for several applications. Cellulose 

nanofibrils harvested from renewable resources have recently gained attention owing to their 

sustainable and biodegradable nature, combined with other mechanical, optical, thermal, and 

fluidic properties. Cellulose nanofibrils are thus appealing in the fabrication of several materials 

ranging from composites to porous membranes and gels, filaments, and films. The investigation 

undertaken throughout this work was divided in five sections that focus on exploring either the 

rheologic behavior of cellulose nanofibrils in different liquid media or the mechanical, optical 

and barrier properties of structures produced from this material. 

In the first section, the effects of morphology, ethanol/acetone addition and NaCl concentration 

on nanofibrillated cellulose suspensions’ rheology were studied. Either ethanol or acetone in 

concentrations of 2.5 up to 40 wt.% were added to a carboxymethylated and a 2,2,6,6-

tetramethylpiperidine-1-oxyl oxidized nanofibrillated cellulose suspensions and the ionic 

strength was increased by adding 50 to 1000 mM of NaCl. Rheological measurements were 

performed on the suspensions at a solid content of 1.3%, using a stress-controlled rheometer 

equipped with cone and plate geometry. Results showed that a 2.5 wt.% addition of either 

ethanol or acetone decreased the viscosity and the dynamic moduli, while a 40 wt.% addition 

increased the viscosity to values higher than those of the aqueous suspensions, doubled the 

energy storage modulus, and extended the gel-like behavior. An increment on NaCl 

concentration from 50 to 100 mM drastically increased viscosity while energy storage modulus 

in the elastic region linearly increased with increasing NaCl concentration from 100 to 1000 

mM, suggesting increased interparticle bonds with NaCl addition.  

In the second section, two 2,2,6,6-tetramethylpiperidine-1-oxyl oxidized nanofibrillated 

cellulose suspensions obtained from two different eucalypt pulps, with solid contents from 2.5 to 

3.22% were used to produce cellulosic filaments through wet spinning, at spinning rates ranging 

from 0.45 to 1.7 m min-1 into a 1M NaCl coagulation bath, followed by an ethanol fixation bath. 

The filaments were dried in standard conditions of temperature and relative humidity and their 

mechanical performance was tested. Results showed that an increase in spinning rate improved 

the mechanical performance of the filaments, indicating some level of fibril alignment. On the 

other hand, increasing solid content did not improve the filament’s resistance, due to higher 

viscosity and lower capacity for fibril alignment. Higher mechanical performance was exhibited 

by more fibrillated cellulose meaning that fibril’s morphology plays an important role in the 

filament’s assembly, despite the lower cellulose degree of polymerization of the more fibrillated 

cellulose. 
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In the third section, the effect of hot calendering on optical–structural, mechanical, and barrier 

properties of bacterial cellulose films was studied and compared with those of highly beaten 

vegetal cellulose films. The Young’s modulus and tensile index of the bacterial cellulose films 

were much higher than those obtained for vegetal cellulose. Calendering substantially increased 

the transparency of bacterial cellulose films. Ozonation enhanced the brightness and 

transparency of bacterial cellulose films, but slightly decreased their mechanical performance. 

The water vapor transfer rate was lower for bacterial cellulose films than for vegetal ones and 

decreased by 70 % with calendering. Calendering could be used to obtain films suitable for food 

packaging applications, as a good alternative to plastics. 

In the fourth section, nanofibrillated cellulose films were produced and coated with either a 

layer of stearic acid or stearic acid and precipitated calcium carbonate, in a layer-by-layer 

assembly. Some films were treated at 68ºC and 105ºC. Structural and physical analysis of the 

films, barrier properties and static/dynamic contact angle measurements were performed. 

Results showed that the coatings and heat treatments did not affect the films’ mechanical 

performance. Heat treatments decreased the water vapor transmission rate and oxygen 

permeability of both stearic acid and layer-by-layer coated films. Stearic acid coating rendered 

the films hydrophobic, with static contact angle up to 122º. Layer-by-layer coated films attained 

a contact angle up to 150º and a contact angle hysteresis of 3.1º with no heat treatment. 

Rubbing and handling resistant quasi superhydrophobicity was obtained for layer-by-layer films 

treated at 68ºC, with a contact angle up to 140º and a contact angle hysteresis of 5º. 

Finally, in the fifth section, nanofibrillated aqueous/ethanol cellulose suspensions with an 

ethanol content up to 75 wt.% were used to manufacture films through vacuum filtration, 

monitoring the draining progression by measuring the collected filtrate. The films were either 

dried in standard conditions of temperature and humidity or in an oven at 70ºC for 4 hours. The 

resulting films were tested for mechanical and optical performance and water vapor barrier 

properties. Results showed that filtrating time decreases drastically with the increase of the 

suspension ethanol content, from about 2 hours to 2 minutes for 0 (aqueous suspension) and 75 

wt.% ethanol/aqueous suspensions, respectively. Increasing the ethanol content in the fibril 

suspension did not affect the mechanical performance of standard dried films, despite the global 

porosity increase. On the other hand, oven drying provided the films with tensile properties 

higher than those exhibited by air-dried films produced from purely aqueous suspensions, 

despite the increase in elongation and light scattering coefficient. Water vapor transmission rate 

increased for films produced from 75 wt.% ethanol suspensions and was further increased for 

oven dried films. 

In resume, the different approaches put in evidence the huge potential of nanofibrillated 

cellulose for several applications, namely for film production. Regarding the NFC film 

production, the important issue is the prohibitive time for film formation from highly fibrillated 

cellulose. This work makes a positive contribution in this respect, showing that the film 
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formation time can be strongly reduced by modifying the suspension medium with ethanol, 

which is an easily recovered solvent. In addition, the mechanical properties of the corresponding 

films are well preserved. 

Another issue that impairs other NFC applications is the hydrophilic nature of the fibrillated 

cellulose and its corresponding films. In this work, a green and scalable procedure based on 

stearic acid and precipitated calcium carbonate was proposed to produce strongly hydrophobic 

NFC films. Appropriate heat treatment of the coated films provided rubbing and handling 

resistance. 

As future perspectives, following the studies already carried out, the work to be developed may 

include the following aspects: 

• In the context of producing NFC based filaments to replace industrial regenerated 

cellulose fibers, although some level of fibril orientation and enhanced mechanical 

resistance were achieved, the mechanical properties of the spun NFC filaments are not 

yet comparable to those of viscose and Lyocell. Thus, adjustments on the operating 

conditions need to be undertaken to further improve the fibril alignment during the 

spinning process, such as increasing the spinning rate while figuring out suitable 

conditions for coagulation, adjusting the initial NFC suspension morphology, solid 

content and viscosity, and optimizing the drying conditions in other to spin resilient 

continuous filaments, suitable for several applications. 

 

• Although a layer-by-layer assembly using stearic acid and modified PCC particles, 

combined with a heat treatment turned out to be a simple, environmentally friendly and 

effective way of providing persistent hydrophobicity to NFC films, some measures may 

be carried out to optimize the production conditions and further enhance the 

hydrophobicity of the films, namely optimize the proportions of stearic acid and PCC in 

the PCC modification process as well as ajust the operating conditions so as to control 

the modified PCC particle size, and consequently architecting the micro and nanosized 

roughness of the coated films in order to enhance the hydrophobicity. 

 

•  The addition of ethanol to aqueous NFC suspensions proved to be an efficient way of 

considerably reducing the filtrating time during the production of NFC films, without 

compromising the mechanical resistance. Therefore, applying on these films the 

aforementioned hydrophobization techniques through stearic acid/ modified PCC 

deposition and oven drying may be an interesting way of achieving permanently 

hydrophobic and resilient NFC films in a very fast and simple manner. 
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