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Abstract 

Cellulose nanocrystals (CNCs) are nanorods, which are derived from bio-based 

resources. They are considered sustainable high-performance building blocks for 

multiple applications in advanced materials; and they receive increasing attention based 

on their remarkable properties in academia and industry. For example, CNCs have great 

potential as reinforcing filler in polymer nanocomposites, if they are well-dispersed. 

Furthermore, they are constituted as important materials platform in biomedical devices, 

electronics and sensors, and emulsions and foams. CNCs are commonly isolated from 

biomass by sulfuric acid-catalyzed hydrolysis, yielding highly crystalline and 

electrostatically stabilized nanoparticles in colloidal suspension. Current challenges, 

which limit their use, originate from their propensity for lateral agglomeration, 

susceptibility to cluster formation in high ionic strength environments, intrinsically broad 

particle size distribution, and complex characterization, among others. Thus, the 

objectives of this thesis were to explore agglomeration behavior of CNCs in the presence 

of secondary sulfates, as well as effects of ultrasonication on particle size distribution 

and colloidal stability of CNCs. Furthermore, salt containing CNCs were applied to 

polymeric materials to improve their barrier properties and mechanical properties. 

In the first part of this thesis, agglomeration and individualization of CNCs were 

investigated. It was found that electrostatic charge screening, cluster formation, and 

matching affinities control CNC agglomeration in the presence of sulfates. Critical salt 

concentrations—at CNC agglomeration and peptization—were identified for four 

different sulfates, and, subsequently, used for process design, based on neutralization 

of reactant solutions. This was an effort to accelerate product separation at low reactant 

consumption for overall efficient CNC production. Furthermore, particle size distribution 

and stability of CNCs were modified by applying ultrasound treatment to purified CNC 

suspensions. It was found that increasing ultrasound energy input facilitates CNC cluster 

dispersion. Simultaneously, long-term stability increased with increasing ultrasound 

energy input. In the same study, multi-detector asymmetrical flow field-flow fractionation 

(AF4) was used to determine CNC properties in their native never-dried state. 

In the second part of this thesis, CNCs from neutralization-based isolation were applied 

onto hydrophobic polymer films and incorporated into hydrophilic nanocomposites to 

determine effects of residual salt on processing and performance. In both use cases, 

advanced materials based on salt containing CNCs showed improved performance, 

compared to CNC-free materials, and thereby proved good spreadability and 

dispersibility. 

The work overall presented in this thesis yields new insight into CNC processing and 

properties at different stages of production and application. For example, studying 

ultrasonication in combination with multi-detector AF4 provides expanded knowledge on 

a critical and, so far, deficiently investigated unit operation during CNC isolation. 

Furthermore, successful application of salt containing CNCs in polymeric materials 

provides foundation for future process development, from which a variety of advanced 

materials can be produced; and it is proof of concept toward process development of 

low-cost and efficient CNC production. 
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Kurzzusammenfassung 

Cellulose-Nanokristalle (CNCs) sind stäbchenförmige Nanopartikeln, die aus 

nachwachsenden Rohstoffen isoliert werden. Sie haben ein vielseitiges physikalisch-

chemisches Eigenschaftsprofil und werden als nachhaltige, leistungsfähige Bausteine 

für eine Vielzahl von Anwendungen in neuen Materialien betrachtet. Aufgrund ihrer 

hohen mechanischen Festigkeit besitzen CNCs beispielsweise großes Potential als 

verstärkender Füllstoff in Polymer-Nanokompositen—vorausgesetzt, sie sind in der 

Matrix gut dispergierbar. Gegenwärtige Herausforderungen, die den Einsatz von CNCs 

einschränken, ergeben sich aus ihrer Anfälligkeit zur Clusterbildung in Umgebungen mit 

hoher Ionenstärke. Intrinsisch breite Partikelgrößenverteilungen (PGV) und 

Schwierigkeiten bei deren Charakterisierung stellen weitere Einschränkungen dar. In 

diesem Kontext richten sich die Forschungsziele dieser Arbeit auf das 

Agglomerationsverhalten von CNCs in Anwesenheit von Sulfaten. Des Weiteren wurde 

der Effekt von Ultraschallbehandlung auf die PGV und Suspensionsstabilität untersucht. 

Außerdem wurden salzhaltige CNCs in polymeren Materialien verarbeitet mit dem Ziel, 

deren Barriere- und mechanischen Eigenschaften zu verbessern. 

Im ersten Teil der Arbeit wurde das Agglomerationsverhalten von CNCs untersucht. Es 

zeigte sich, dass Sulfate durch elektrostatische Ladungsabschirmung und Prinzipien der 

chemischen Verwandtschaft von Sulfatgruppen und Gegenionen Clusterbildung 

initiieren. Kritische Salzkonzentrationen, bei denen Agglomeration oder Peptisierung 

eintrat, wurden ermittelt, um einen effizienten Isolationsprozess zu entwerfen. Dieser 

basiert auf Neutralisierung der Reaktionslösung, um das Produkt mit geringem Zeit- und 

Ressourcenaufwand abzutrennen. In einer weiteren Studie wurde Ultraschall eingesetzt, 

um PGV und Suspensionsstabilität zu manipulieren. Es wurde festgestellt, dass ein 

höherer Energieeintrag die Dispersion von CNC-Clustern erleichtert. Zudem nahm die 

Langzeitstabilität der Suspensionen zu. Zur Untersuchung der Agglomeration von CNCs 

in ihrem nativen, suspendierten Zustand wurde asymmetrische Fluss-Feld-Fluss-

Fraktionierung (AF4) mit optischen Detektoren gekoppelt. 

Im zweiten Teil der Arbeit wurden CNCs isoliert und mittels Neutralisation abgetrennt. 

Anschließend wurden die Partikeln auf hydrophobe Polymerfilme aufgetragen und in 

hydrophile Nanokomposite eingearbeitet. Besonderes Augenmerk lag auf dem Einfluss 

des Restsalzgehalts auf die Prozessierbarkeit und die Anwendungseigenschaften. In 

beiden Fällen zeigte sich, dass die Leistungsfähigkeit der CNC-haltigen Materialien im 

Vergleich zu CNC-freien Pendants verbessert wurde. Dies wurde auf gute 

Prozessierbarkeit und Dispergierbarkeit der Suspensionen zurückgeführt. 

Die vorgestellten Arbeiten liefern neue Einblicke in die Herstellung, Verarbeitung und 

Eigenschaften von CNCs. Dazu wurden verschiedene Prozessschritte untersucht und 

praktische Anwendungen in neuen Materialien demonstriert. Beispielsweise wurde der 

Einfluss der Ultraschallbehandlung zur Individualisierung von CNCs untersucht. Obwohl 

homogene und reproduzierbare Produkteigenschaften maßgeblich durch diesen 

Prozessschritt bestimmt werden, wurde ihm in der Literatur bisher nur wenig Beachtung 

geschenkt. Die erfolgreiche Leistungssteigerung von polymeren Materialien durch 

Zugabe von salzhaltigen CNCs bietet außerdem eine nachhaltige Basis zur Entwicklung 

einer Vielzahl neuer Materialien mit geringem ökologischem Fußabdruck. 
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1. Introduction and objectives 

1.1. Scientific framework 

Cellulose nanocrystals (CNCs) are bio-based nanorods with diameters ranging from 3 to 

50 nm and high aspect ratio (1). CNCs have unique or enhanced properties, similar to 

other advanced materials (AdMs); and they are superior to conventional materials or 

provide unusual properties to a product. CNCs can be utilized as sustainable building 

blocks to improve performance of numerous materials. Potential fields of application are 

polymer nanocomposites, gas barrier films, electronics and sensors, biomedical devices, 

emulsions, foams, and rheology modifiers, among many more (2, 3). 

CNCs’ impact on performance of AdMs highly depends on the way CNCs are produced. 

Conceptualizing such a process, from a chemical-engineering perspective, requires 

comprehension of mutual relation of process, structure, properties, and performance of 

a material (4–6) (Figure 1): Nowadays, a process for manufacturing AdMs not only has 

economic constraints. Furthermore, rising awareness of environmental aspects 

demands environmentally friendly, sustainable, safe, and healthy process design, 

yielding recyclable products and byproducts at low consumption of raw materials. 

Tailoring material structure and properties on the nano- and mesoscale requires careful 

process design and control over multiple length and time scales: operating conditions 

and design parameters of the process are applied at the macroscale; however, structural 

changes, which determine product properties, occur at the micro-, meso- and nanoscale. 

In addition, transport phenomena may affect conversion kinetics over multiple time 

scales. Required performance of AdMs, as structural or functional building blocks in 

actual engineering applications, determine their properties and, therefore, the whole 

process chain reciprocally. 

 

Figure 1: Graphical representation of interrelationship of process, structure, properties, and performance in materials science and 
engineering (5). 

This dissertation investigates process conditions during CNC production for better 

comprehension of the process-structure and the structure-property relationship. In this 

context, it aims at an economically feasible process design, which provides well-

dispersed CNCs at high yield. Furthermore, effects of CNCs in gas barrier films and 

polymer nanocomposites were demonstrated to emphasize their beneficial effect on 

advanced materials’ performance. 
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1.2. Overview 

Throughout the 20th century, global use of materials has increased eightfold to almost 

60 ∙ 109 tons per annum, driven by rapid population and economic growth (7). Today, 

more than 70% of total materials consumption is satisfied by nonrenewable materials 

(8). Raising concerns about consumption of nonrenewable petroleum-based materials 

and accruing nondegradable plastic wastes trigger political, scientific, and industrial 

action on a global scale; toward an increasing use of renewable materials and 

sustainable processes for development of AdMs. Consequently, environmentally 

compatible bio- and nanomaterials, and eco-friendly processes have been identified to 

play substantial roles in at least three of the 17 Sustainable Development Goals of the 

United Nations (9). Among these goals, more efficient use of Earth’s resources and 

improvement of quality of life until 2030 involves industry, innovation, and infrastructure 

(goal 9); sustainable cities and communities (goal 11); and responsible consumption and 

production (goal 12). Similarly, the European Union has set goals for a knowledge-based 

bio-economy, in which sustainable materials and processes play an integral role (10, 11). 

 

Figure 2: Bibliometric analysis of peer-reviewed original research articles. From left to right: advanced materials, nanomaterials, 
and biomaterials. The evolution of annual publication number is shown at the top. Publication distribution across different subject 
categories and their proportion associated with more than one category is shown at the bottom. All data was retrieved from the 
Web of Science Core Collection (WoS-CC) (12) on 15 August 2021. Subject categories were derived from research areas on the 
journal level, according to Clarivate Analytics (13). Data processing is outlined in section 9.1. 

  



 

10 

In accordance with these political goals, interdisciplinary scientific interest on AdMs and, 

particularly, on nanomaterials and sustainable biomaterials, has gained momentum over 

the past 20 years. Figure 2 (a-c) display the evolution of the annual number of peer-

reviewed original research articles, involving each of these material classes. Steady 

increase of annual publication number emphasizes their increasing scientific relevance.a 

Figure 2 (d-f) illustrates the annualized publication distribution across different scientific 

subject categories. Research on each material class was mainly driven by engineering 

and technological studies, as well as the physical sciences. It comes as no surprise that 

the fields of life sciences and biomedicine play an important role in research on 

biomaterials. Ongoing endeavors to utilize nanomaterials in consumer products and, in 

particular, medical applications, is reflected in the increasing publication number in the 

fields of life sciences and biomedicine, which addressed development of manufactured 

nanomaterials (MNMs), as well as their impact on human health and environment. 

Interdisciplinary research on each material class was mainly found between technology 

and physical sciences. 

Contributions of MNMs toward sustainable development and economic benefits have 

mainly been associated with their prospective performance (14). However, for 

comprehensive assessment of MNMs in terms of sustainability, it is necessary to reveal 

their cumulative environmental impact of their full life cycle (15, 16). Life-cycle 

assessment (LCA) methodology is defined in ISO 14044 (17–19); it comprises goal 

definition, inventory analysis, impact assessment, and respective interpretation. Thus, 

all stages of MNMs—from initial extraction of raw materials through to end-of-life disposal 

of the final product—need to be considered. In the context of an LCA, it has been shown 

that cellulose has great potential as starting material for development of sustainable 

processes and MNMs with low environmental impact (20). 

Many of cellulose’s inherent material functions, which it has in its native surroundings, 

are desired in high-value material applications: it is produced by plants and animals as 

structural components, membranes, and protective barriers around cells. Furthermore, 

it functions as energy storage and contributes to metabolic bioprocesses (21). Therefore, 

cellulose is traditionally actively used in many technological fields, such as paper 

products, fibers, consumables, building materials, pharmaceuticals, and in biofuel 

conversion. Cellulose is also utilized as precursor for chemically modified synthetic 

fibers, for example nitrocellulose and rayon, in various industrial and textile applications. 

Abundance of cellulose makes it an almost inexhaustible raw material. It has been 

estimated that every year 1011–1012 t of biomass are produced by photosynthesis (22, 

23). 40% of produced biomass were the polysaccharides cellulose (33%) and starch 

(7%) (24). However, only about 3% of these was used in non-food applications (25). 

 

a Bibliometric indicators are explained in Appendix 9.1. It is assumed that the actual publication number on 
each material class is higher, and there is a significant overlap between them. However, infometric analyses 
unveiled a qualitative lack of comprehensive keyword indexing and keyword normalization. This may not be 
the indexing database operator’s fault, but rather caused by transferring errors from the journals’ databases 
to the indexing database, and authors’ limited use of appropriate keywords. 
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Figure 3: Bibliometric analysis of (a) peer-reviewed original articles on CNCs and (b) granted patents and applications on CNCs. 
All data in (a) was retrieved from the WoS-CC (12) on 15 August 2021. Data shown in (b) was retrieved from The Lens (26) on 
15 August 2021. (c) Research areas of peer-reviewed original research articles on the journal-level were extracted for data, which 
was retrieved from the WoS-CC and peer-reviewed original research articles cited in patents. 

Over the past decade, scientific interest emerged on cellulose nanomaterials (CNMs) 

and, in particular, cellulose nanocrystals (CNCs). CNCs feature high strength, low 

density, high absorbency, and self-assembly properties in colloids and thin films. Their 

physical and chemical properties make them attractive building blocks in high-

performance applications as reinforcing filler in nanocomposites, stabilizer in emulsions 

and gels; and in mesoporous photonic films, electronic materials, and prospective 

biomedical and pharmaceutical use cases (27). Figure 3 (a) illustrates evolution of the 

annual number of original research articles on CNCs. Research dominantly referred to 

CNC isolation methods from biomass and utilization of new cellulose sources, chemical 

derivatization techniques, application of CNCs in nanocomposites, and characterization 

techniques. This research has mainly been performed in the fields of polymer science, 

chemistry, and materials science; within the physical sciences and technological 

research (Figure 3 (c)). 

Abundancy of feedstock, auspicious performance in advanced materials, and potentially 

low environmental impact are favorable premises for industrial endeavors toward CNC 

commercialization. Demand for adoption of CNCs can be derived from efforts of 

pioneering companies to protect intellectual property. Only 25 entities filed 25% of all 

patents involving CNCs, and the next 25% of patents were submitted by 96 other entities. 

Evolution of the annual patent application number and granted patents involving CNCs 

is illustrated in Figure 3 (b). Over the past five years, patent-to-publication ratio (PPR) 

leveled around ~0.5, and it was greater than 0.75 between 2010 and 2012.b Patents, and 

original research articles cited by patents, predominantly addressed CNC isolation, 

chemical derivatization, and their application in nanocomposites (29). Therefore, focus 

of scientific research and industrial efforts indicate great extent of harmonization, 

between academia and industry. While CNCs are considered as ready for products (30, 

 

b PPR represents corporate activity on a specific topic. Low values indicate focus on academic research and 
development of knowledge, whereas high values indicate industrial attention on application of knowledge 
(28). Exemplarily, polyethylene, as well-established material, had a PPR of 18.9 in 2019. In the same year, 
advanced nanomaterials, such as graphene, carbon nanotubes, and aerogels, had PPRs of 1.0, 1.8, and 
4.3, respectively. Lithium ion technology, instancing advanced platform technologies, had a PPR of 4.9 in 
2019. 
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31), and beneficial market projections have been made (32, 33), some challenges remain 

to bridge the gap between academia and their future commercial implementation (34): 

Current CNC production processes lack competitive cost effectiveness, are too low in 

scale, and require transition from batch to continuous design (30, 31, 35–39). LCA of 

CNCs, involving environmental and health impacts, is object of equally prioritized 

research (20, 30, 31, 38, 40–44). Providing CNCs with functional properties by chemical 

derivatization could expand their compatibility further and, therefore, facilitate 

implementation in high added-value products (36, 38). These goals are accompanied by 

efforts for regulation and standardization of CNCs (1, 35, 45–49), and development of 

techniques for their complex characterization (42, 44, 45, 48). These challenges were 

overall equally put forth in roadmaps of industrial associations, involved in economic 

utilization of CNMs and CNCs; namely, the Alliance for Pulp & Paper Technology 

Innovation (APPTI) (50), the Bio-based Industries Joint Undertaking (BBI JU) (51), the 

Nanocellulose Forum (NCF) (52), and the Technical Association of the Pulp and Paper 

Industry (TAPPI) (53). 

1.3. Thesis objectives 

As an emerging bio-based nanomaterial, CNCs have potential use cases as building 

blocks in numerous applications. However, further development of these applications 

necessitates deeper understanding of the impact of CNC production process on 

particles’ structure and properties. Moreover, successful commercial adoption of CNCs 

requires comprehension of the structure-property relationship of CNCs, to tailor 

performance of advanced materials. Therefore, the overall objective of this thesis was to 

investigate impacts of unit operations during CNC production—namely neutralization 

and ultrasonication—on structure and properties of aqueous CNC suspensions. 

Furthermore, effects of processing on CNC structure and, therefore, suspension 

properties, as well as performance in advanced materials, was elucidated. The specific 

goals of this work were as follows: 

(I) Develop efficient downstream processing strategy, based on CNC 

agglomeration behavior. Electrostatically stabilized CNCs in aqueous 

suspension are susceptible to agglomeration, already at low ionic strength. While 

particle agglomeration is unwanted in the product, it can be exploited for efficient 

product separation during downstream processing. This work aimed at 

understanding CNC agglomeration behavior in the presence of sulfates, and 

targeted use of particle agglomeration in process design was evaluated. 

(II) Thoroughly characterize effects of ultrasonication on CNC suspension 

properties. Ultrasound is commonly applied to CNC suspensions to individualize 

nanoparticles and to tailor their properties. Therefore, it is essential to understand 

the treatment’s effect on CNC size distribution and stability in their native 

suspended state. Herein, colloidal CNCs were characterized by asymmetrical flow 

field-flow fractionation, regarding short-term and long-term effects of 

ultrasonication on suspension properties. 
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(III) Demonstrate CNC performance in advanced materials. Based on the structure-

property relationship, CNC performance depends on their state of agglomeration, 

which is governed by ionic strength, among others. In this work, process design 

from goal I was implemented to produce CNCs, which contain residual salt. 

Subsequently, polymer films were coated with CNCs and polymer nanocomposites 

reinforced with CNCs were manufactured. Oxygen barrier performance and 

mechanical reinforcement effects of CNCs were linked to nanoparticle suspension 

processability. 

1.4. Thesis outline 

This thesis is cumulative and composed of four peer-reviewed papers. Its aim is to 

contribute toward better comprehension of the interrelationship of process, structure, 

properties, and performance of CNCs, for their use in advanced materials. 

Chapter 2 – Background and literature review. This chapter provides a thorough 

examination of concepts and literature relevant to structure, properties, and performance 

of cellulose, CNMs, and CNCs. The complete process chain—from raw material to 

CNCs, which are implementable in advanced materials, along with characterization 

techniques—is introduced, based on extensive literature review. Contemporary 

challenges, related to CNC processing and performance assessment, are presented.  

Chapter 3 – Actionable goals and methods. This chapter highlights actionable issues 

to overcome the limitations of CNCs, which are presented in chapter 2, and it constitutes 

the comprehensive motivation of the thesis. Furthermore, an overview of applied 

methods for CNC production and characterization is presented, along with methods for 

processing and characterization of CNC-based nanocomposites. 

Chapter 4 – Results. This chapter contains copies of each peer-reviewed paper, along 

with brief summaries on respective motivation, hypotheses, and findings. Additional 

subject-specific knowledge and detailed descriptions of used materials and methods, as 

well as supporting information, is provided in each paper. 

Chapter 5 – Concluding remarks. This chapter discusses and summarizes major 

contributions of this thesis. Potential future work toward improved understanding of 

process, structure, properties, and performance of CNCs, along with use in advanced 

materials, are presented. 
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2. Background and literature review 

2.1. Cellulose 

2.1.1. Cellulose structure 

Biomass has evolved in plants, animals, and algae with several chemical and structural 

mechanisms over multiple length scales, to avert microbial or enzymatic degradation 

(54). Concerning cellulose, recalcitrance against chemical and biological hydrolysis is 

determined by its structure on the molecular level. Native cellulose is a semi-crystalline 

polycarbohydrate of β-D-glucopyranose monomers, with theoretical density of 1.6 g cm−3 

(55). Cellulose chains are formed by β-1,4-glycosidic linkage between C1 and C4 atoms 

of two consecutive glucose monomers through polycondensation (Figure 4). Since 

condensation reactions release a water molecule, these monomers are referred to as 

anhydroglucose units (AGUs). The glycosidic bond undergoes spontaneous hydrolysis 

at a very low rate, giving it a half-life of 5–8 ∙ 106 years under neutral conditions (56, 57). 

Repeated units of cellulose are referred to as AGUs, with the chemical formula 

(C6H10O5)n (58). Furthermore, each cellulose chain has a reducing end group with the 

chemical formula C6H10O6, which is a β-D-glucopyranose unit in equilibrium with the 

aldehyde function. Each chain is terminated by a non-reducing end, with an anomeric C 

atom and chemical formula C6H10O5. 

 

Figure 4: Molecular cellulose structure, with the number of AGUs corresponding to chain length, 𝑛; and numbering of the six 
carbon atoms, where C1 is part of an aldehyde group. 

Intra- and intermolecular forces determine chain configuration and supramolecular 

structure of elementary fibrils (59, 60). Hydrogen bonds of the primary hydroxy functional 

group at C6 and both secondary hydroxy functional groups at C2 and C3, between AGUs 

and adjacent chains, form a network, in which only oxygen atoms of glycosidic bonds 

take no part in (Figure 5). The intramolecular hydrogen bond between the hydroxy group 

at C3 and the ring oxygen atom of the consecutive AGU determines relative orientation 

of both monomers, and contributes to chain rigidity (61). AGUs are twisted by 26° to each 

other (62), making cellulose chains cylindrical helixes with two-fold screw axis symmetry 

(63–66). Chain twist propagates structural chirality and chiral interaction of cellulose in 

supramolecular elementary fibrils (67, 68). Another intramolecular hydrogen bond occurs 

between hydroxy groups at C2’ and C6. Extended chains and inherently rigid glycosidic 

bonds favor formation of fibrous cellulose structures (69). Spatial ordering within 

elementary fibrils is established, when van der Waals forces induce two-dimensional 

sheet formation of parallelly arranged chains (70, 71). Chains within each sheet are 

linked via intermolecular hydrogen bonds between C3’’ and C6, and short-range order is 

established (62, 72). Crystalline elementary fibrils are then formed by convergence of 

ordered regions. Cohesion of crystalline cellulose is determined by intermolecular 
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hydrogen bonds and attractive London dispersion forces (70, 73–76). The bond network 

accounts for absence of cleavage planes and contributes to mechanical strength of 

crystalline cellulose. Furthermore, surface hydroxy groups are involved in interfacial 

phenomena, and they determine swelling, wetting, degradation, and thermal properties 

of cellulose (77). 

 

Figure 5: Intra- (=) and intermolecular (=) hydrogen bond network in a cellulose I sheet. 

Native cellulose (cellulose I) occurs in two crystalline modifications, Iα and Iβ, which 

coexist in arbitrary segments, and also within the same microfibril (55, 78, 79). The Iα-to-

Iβ ratio depends on cellulose’s origin (80). While the single-chain triclinic space group (Iα) 

is the more dominant modification in bacterial cellulose and cellulose from algae, higher 

plants and tunicates predominantly form the double-chain monoclinic Iβ modification of 

cellulose (59, 60). Cellulose I is thermodynamically metastable and can be converted to 

three other non-native cellulose polymorphs, namely II, IIII, and IIIII (81). A schematic 

representation of unit cells is shown in Figure 6. Cellulose II is irreversibly formed by 

mercerization, when cellulose I is treated with sodium hydroxide, or by regeneration of 

cellulose from solution (82). Both processes lead to reorganization of the hydrogen bond 

pattern inside cellulose crystals. In contrast to cellulose I, polarity of adjacent chains in 

cellulose II is anti-parallel, with reducing ends present at both ends of the elementary 

fibril (83, 84). Due to chain rearrangement, cellulose II forms a three-dimensional 

hydrogen bond network (85). Celluloses IIII and IIIII are reversibly formed from celluloses 

I and II, respectively, through treatment with supercritical ammonia or diamines (86–88), 

and subsequent evaporation of ammonia (89–92). In cellulose III modification, hydrogen 

bonds also occur between crystal sheets (93). Heat-treated cellulose III in glycerol has 

long been considered the cellulose IV polymorph (94); however, it has been found that it 

is only a distorted form of cellulose Iβ (95, 96). Structural differences between cellulose 

polymorphs are reflected in their differing physicochemical properties; for example, 

surface hydration and orientation of cellulose crystals influences enzyme binding. 

Therefore, enzymatic hydrolysis is accelerated, when cellulose I is converted to 

celluloses II and III (97, 98). Furthermore, configuration of the hydrogen bond network 

and London dispersion forces determine cellulose accessibility to reactants (75). 

Additionally, cellulose Iβ has the highest elastic modulus, among cellulose polymorphs 

(99, 100), which is estimated to be 110–173 GPa in axial direction of ideal crystals (101). 
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Figure 6: Schematic of primary unit cells of cellulose I, II, and III, according to Elias (102). 

Hydrogen bonds and hydrophobic interactions not only play a significant role in 

crystalline cellulose formation, but also in its solubility in polar and nonpolar solvents 

(103). Cellulose is a rather polar molecule, having many hydroxy groups, and it features 

intrinsically good hydrogen bonding ability (104). However, while glucose is highly 

soluble in polar solvents, cellulose is insoluble in polar and most organic solvents. It has 

been hypothesized that the hydrogen bond network and hydrophobic intermolecular 

interactions result in significant amphiphilic or hydrophobic behavior, considering 

cellulose’s different crystal faces (104). Increasing solubility by any chemical modification 

of cellulose, which alters the bond network structure and, thus, affects crystallinity, 

substantiated this hypothesis (105). To date, development of solvents for cellulose has 

been performed empirically. Nevertheless, there is scientific consensus that amphiphilic 

systems—such as ionic liquids, and systems with extreme pH levels, which lead to 

ionization of cellulose—are favorable approaches for efficient cellulose dissolution (77). 

2.1.2. Cellulose biosynthesis 

Cellulose synthesis and its assembly to elementary fibrils and microfibrils has been 

observed in various biological organisms, such as higher plants, bacteria, algae, and 

tunicates (Figure 7) (23, 24, 106, 107). In nature, cellulose occurs primarily in 

lignocellulosic materials, with wood as major source (81). In wood, cellulose is formed at 

the extracellular matrix by terminal cellulose synthase complexes (TCs) from glucose, 

which is previously produced by photosynthesis (108, 109). Morphology of elementary 

fibrils is determined by TC arrangement (110), which is characteristic for each organism, 

and varies from 3 to 15 nm in diameter (111). Largest fibrillar diameters have been found 

in tunicates and algae, with diameters of up to 15 nm. Each elementary fibril is composed 

of several hundred parallelly arranged cellulose chains (110, 112). Single elementary 

fibrils of higher plants are composed of 18 cellulose chains, which are arranged in 

diamond-shaped pattern and they have a diameter of 3 nm (113). However, average 

chain number per elementary fibril is usually overestimated due to their tendency for 

lateral aggregation without crystalline continuity. In most plants, fibrillar aggregation is 

promoted by lignin and hemicelluloses, which are, aside of cellulose, incorporated into 

cell walls, to form a microfiber composite (114). Lignin is a crosslinked phenolic polymer, 

which provides stiffness to cell walls. Hemicelluloses are mixtures of mostly branched 

polysaccharides, which provide an interface to cellulose and lignin (115, 116). 

Aggregated bundles of elementary fibrils in woody plants can have diameters of  

10–20 nm (117). 
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Figure 7: Schematic of cellulose fibril composition in wood, adopted from Moon et al. (101). (a) Cellulose sheets form from TCs. 
Each rectangle represents a cellulose chain, in cross-sectional view. (b) Sheets assemble to elementary fibrils, which are 
consolidated to microfibrils. These are schematically shown in (c) cross-sectional view and (d) longitudinal view. 

Elementary fibril length depends on cellulose source and ranges from 1000–6000 AGUs 

for cellulose from plants; and they can be as long as 8000 AGUs for bacterial and algal 

cellulose (118). While celluloses in bacterial and algal cell walls show crystalline 

coherence along elementary fibrils (119), celluloses from higher plants have disordered 

regions, which coexist in each fibril cross-section (79, 120–122). It has been 

hypothesized that surface and intracrystalline hemicelluloses disturb the bond network 

inside elementary fibrils and, thus, their axial coherence (117, 123). Disordered regions 

either are of amorphous character, or they contain para-crystalline fringed fibrils with 

varying crystalline dimensions (124). Degree of crystallinity of native celluloses varies 

between 40% and 70% for botanical celluloses; and it can be as high as 80% for bacterial 

and algal celluloses (82). Due to its low solubility in most media, at least the initial phase 

of chemical cellulose processing often involves heterogeneous reactions. Reaction rate 

and degree of conversion of such reactions depends on availability of hydroxy groups at 

AGUs. This accessibility is governed by supramolecular structure, fibrillar arrangement, 

and cellulose’s inner surface availability (120, 125). 

2.1.3. Cellulose isolation 

Comminution of feedstock usually precedes chemical isolation of cellulose from biomass, 

and it aims at complete or partial removal of matrix materials in multiple sequential or 

combined steps. Purity and average chain length of resulting fibrils can be controlled by 

respective process parameters, which also depend on the material’s source. Cellulose 

from wood is mainly isolated by chemical digestion, to remove most of lignin and 

hemicelluloses, followed by bleaching, to eliminate residual lignin (23). By adding an 

acidic or alkaline pretreatment to remove other residuals, similar process conditions can 

be applied to isolated cellulose from other plants (126, 127). However, disordered 

regions of cellulose fibrils are also attacked by chemical treatment and, hence, fibrillar 

length may be reduced by more than 80% (118). In contrast, chemical isolation of 

cellulose from bacterial cellulose, algae, and tunicates has only minor impact on final 

fibrillar length, due to their almost defect-free structure. In tunicates and algae, wall 

matrix materials are usually chemically dissolved by acidic or alkaline pretreatments. 

Then, almost pure cellulose is isolated from tunicates, algae, and bacterial cellulose by 

single or repeated acidic or alkaline treatments, analogously to bleaching, which is 

applied similarly to treatment of wood cellulose (128–133). 
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2.1.4. Cellulose derivatives 

Traditionally, cellulose from wood and plants is used for papermaking and, in its intact 

botanical form, as construction material and natural textile fibers (23). Today, cellulose 

converted to energy and biofuels makes up almost half of harvested biomass (98, 134). 

Furthermore, regarding its abundancy and capacity to participate in diverse chemical 

reactions, cellulose is a beneficial platform for advanced materials development. Specific 

cellulose properties for advanced materials can be targeted by chemical derivatization. 

Such reactions may be performed in either homogeneous or heterogeneous phase, or 

the phases change during processing (135). In total, three hydroxy groups per AGU are 

potentially available for derivatization. However, reactions with the primary hydroxy 

group are thermodynamically preferred, and limited solubility of supramolecular cellulose 

structure in common solvents further reduces reactive sites’ accessibility (82). Utilization 

of dipolar aprotic solvents, and co-solvents in combination with salts and ionic liquids, 

could almost completely eliminate effects of the supramolecular structure, to enable 

homogeneous derivatization (125, 136, 137). To date, however, such processes have 

not been transferred to technical scales, mainly due to economic and ecologic concerns 

toward involved solvents (135, 137, 138). Derivatization of cellulose in heterogeneous 

reactions has recently gained scientific attention, due to its use for manufacturing of 

CNMs with the aim to enhance isolation efficiency. Furthermore, CNM functionalization 

has been applied to change surface hydrophobicity, for improved dispersibility in specific 

solvents and advanced materials (139). A comprehensive list of surface modifications of 

cellulose is shown in Table A8. Reaction mechanisms involved in CNM functionalization 

are analogous to cellulose derivatization reactions in homogeneous and heterogeneous 

processes: they involve either imparting of ionic surface charges, hydrophobization, or 

polymer grafting (101, 139, 140). 

2.1.5. Cellulose nanomaterials 

Nowadays, cellulose’s hierarchical structure is exploited in numerous applications, which 

span from molecular scale to macroscale. Molecular cellulose derivatives, such as 

cellulose acetate, microscale cellulose fibers for paper and packaging, and macroscale 

cellulose particles from wood are broadly used in engineering applications for industrial 

and consumer products (141). CNMs, and AdMs based on them, are anticipated to fill 

the gap that remains on the nano- and mesoscale, between molecular cellulose and 

individual cellulose fibers. CNMs’ structure-property relationship, particularly based on 

intrinsic chemical and physical properties, in combination with their nanoscale 

dimensions, makes them high-performance building blocks for development of 

sustainable AdMs. Due to numerous combinations of cellulose source, manufacturing 

methods, and derivatization techniques, CNM classification based on the structure-

property relationship is the most reasonable approach. In this regard, a published 

standard exists to define CNMs (1), which is derived from ISO/TS 80004-1 (142). A 

hierarchical summary of the standard is shown in Figure 8. 



  

 19 

     
Cellulose 

nanomaterial (CNM) 
     

            

            

  
Cellulose  

nano-object 
    

Cellulose 
nanostructure 

  

            

            

  
Cellulose 
nanofiber 

  
Cellulose 

microcrystal (CMC) 
  

Cellulose  
microfibril (CMF) 

            

            

Cellulose 
nanocrystal (CNC) 

  
Cellulose  

nanofibril (CNF) 
      

Figure 8: CNM classification based on structure; nomenclature and abbreviations according to ISO/TS 20477 (1). 

CNMs are isolated from cellulose fibers by chemical or mechanical treatment, or by a 

combination of both, and can be sub-divided into nano-objects and nanostructures 

(Table 1). Discrete cellulose nano-objects, namely nanocrystals and nanofibrils, with at 

least one external nanoscale dimension, are produced under severe chemical or 

mechanical conditions (143). Cellulose nanocrystals are commonly isolated by 

heterogeneous acid-catalyzed hydrolysis at high acid concentrations, yielding individual 

nanoparticles, which are composed of at least one single elementary fibril. Acid 

hydrolysis rate in disordered regions is higher, compared to crystalline regions. 

Therefore, nanoparticles with high crystallinity result from such a process (144, 145). 

Cellulose nanofibrils (CNFs) are isolated by mechanical delamination with or without 

chemical pretreatment, yielding particles, which are composed of one or more 

elementary fibrils and form stretched aggregates. Chemical pretreatment can be applied 

to achieve more efficient isolation, and to alter particle properties (146). Cellulose 

nanostructures, namely microcrystals and microfibrils, are produced under milder 

chemical or mechanical conditions, compared to cellulose nano-objects. Hence, they are 

composed of inter-related parts, of which at least one part has nano-object features. 

Table 1: Comparison of CNM composition and structure on multiple levels, according to ISO/TS 20477 (1). 

 CNC CNF CMC CMF 

Number of elementary fibrils ≥ 1 ≥ 1 Multiple Multiple 

Standard manufacturing method Chemical 
Mechanical + 

chemical 
Chemical Mechanical 

Particle structure     

 Longitudinal splits No Yes Yes Yes 

 Particle entanglement No Yes Yes Yes 

 Network-like structures No Yes Yes Yes 

Phase composition     

 Crystalline Yes Yes Yes Yes 

 Para-crystalline Yes Yes Yes Yes 

 Amorphous No Yes No Yes 
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Cellulose microcrystals (CMCs) are agglomerates of multiple elementary fibrils. They are 

isolated through heterogeneous acid-catalyzed hydrolysis with dilute mineral acids. 

Cellulose microfibrils (CMFs) are produced by mechanical refinement of cellulose, 

yielding multiple aggregates of elementary fibrils. It has been reported that both chemical 

and mechanical processing of CNMs can be enhanced, or partially replaced, by 

enzymatic treatment (35, 147). 

Based on processing conditions, CNMs have different degrees of splitting, 

entanglement, and network formation. Dimensional placement of CNMs is shown in 

Figure 9. Intrinsic fibrous cellulose structure facilitates top-down production of nano-

objects and nanostructures with high aspect ratio (143). Both CNCs and CNFs have 

minimum cross-sectional diameters, 𝑑, of 3 nm, corresponding to a single elementary 

fibril. Maximum cross-sectional diameter is 50 nm for CNCs, and 100 nm for CNFs. While 

CNCs have aspect ratios between 5 and 50, CNFs’ length-to-diameter ratio is ≥ 10. The 

multifibrillar character of cellulose nanostructures is reflected in CMFs’ cross-sectional 

diameter of 20–100 nm, and microscale particle dimensions for CMCs. CMFs have 

aspect ratios between 25 and 100, whereas CMCs are spherical, or rod-shaped 

agglomerates of elementary fibrils with aspect ratios ≤ 20. 

 

Figure 9: Comparison of CNMs’ lateral scale versus their aspect ratio, derived from ISO/TS 20477 (1). 

In conclusion, CNM properties result from intrinsic cellulose properties, which include 

low weight, high strength, thermal stability, thermal conductivity, optical transparency, 

nontoxicity, and biodegradability. Furthermore, helical structure of crystalline cellulose 

induces chirality and enables spontaneous particle self-assembly in liquid crystalline 

suspensions and in solid state. High surface area and active surface facilitate effective 

derivatization of CNMs. In combination with high surface area, high aspect ratio and 

dimensional stability of CNMs induce low oxygen permeability and particular rheological 

behavior (148). Therefore, potential high-volume industrial applications of CNMs are 

envisaged as reinforcing filler in nanocomposites, gas barrier in packaging, and rheology 

modifier in food applications. Potential low-volume applications include utilization of 

CNMs in medicine, cosmetics, and pharmaceuticals in implants, and as carrier in drug 

delivery. Based on their electrical and photonic properties, applications of CNMs in 

electronics, photovoltaics, and photonic films are conceivable.  
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Comprehensive reviews have summarized properties and potential applications of 

CNMs (139, 2, 3, 149–154) and, in particular, CNCs (39, 42, 155–158). Structure-related 

properties of CNMs are summarized in Table 2. Due to high crystallinity, high 

individualization, and high surface area, these properties are most pronounced in CNCs. 

In contrast, structure of other CNMs mitigate some properties in whole or in part (27). 

Table 2: Properties of cellulose nanomaterials, adapted from Hamad (27). Only CNCs have the full set of properties, while structure 
of other CNMs (Table 1) mitigates some properties. 

Dimensional properties Mechanical properties Physical-chemical properties 

− High aspect ratio 

− High surface area 

− High stress resistance 

− High elastic modulus 

− Active surface 

− Self-assembly 

− Chirality 

− Photonic properties 

− Electromagnetic properties 

− Piezoelectric properties 

2.2. Cellulose nanocrystals 

2.2.1. General considerations of CNC production 

Product properties of particulate materials, including cellulose nanocrystals, depend on 

their chemical composition and dispersity (159, 160). Since CNCs can be isolated from 

numerous natural and, thereby, differently structured cellulose sources, process 

parameters need to be adjusted to the processed material’s composition. It has been 

agreed that CNC performance in advanced materials can be mainly evaluated in terms 

of PSD, crystallinity, and surface charge (39). In this regard, processes for production of 

rod-shaped CNCs aim at particles with diameters of 3 to 50 nm, and aspect ratio of 5 to 

50 (section 2.1.5). CNCs’ crystallinity index is higher, compared to the cellulose source 

material, and their colloidal stability, induced by their surface charge, enables uniform 

dispersions for targetable performance. 

The following sections, 2.2.2 to 2.2.6, address CNC production and processing. CNC 

production involves cellulose isolation from source material during upstream processing 

(section 2.2.2). Thereby, the goal is complete removal of other biomass from cellulose, 

while fibrillar length is preferably unaffected. CNCs are subsequently isolated by 

chemical treatment of purified cellulose. This is mainly done by acid-catalyzed 

heterogeneous hydrolysis with H2SO4 (144, 145, 161–164). Furthermore, CNCs have 

been isolated by oxidative degradation (165), biological degradation (166) and hydrolytic 

decomposition with other dilute and concentrated acids (167–169). An overview on 

alternative pathways for CNC isolation, which find attention in academic research and 

industry, can be viewed in Table A9 and Table A10, respectively. Further discussion in 

this work focuses on CNC isolation through hydrolysis of cellulose with H2SO4, as it is 

the method of choice in this work, and it is the most used production route in academia 

and industry to date (section 2.2.3). CNC isolation is followed by a series of chemical 

and mechanical unit operations, to separate product from reactant solution during 

downstream processing (section 2.2.4). Improved process design for CNC production 

requires knowledge on the structure-property and the process-structure function. This 

has been reported for unit operations during upstream processing (170), CNC isolation 
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(171–181), and downstream processing (171, 173) (section 2.2.5). Post-processing 

procedures aim at CNC drying and subsequent redispersion, and their compatibilization 

with different media and matrices (section 2.2.6). 

2.2.2. Upstream processing of CNC production 

Due to their large natural availability, lignocellulosic sources, such as wood, cotton, or 

grasses, are most commonly used for CNC production (39, 81). This is in accord with 

the anticipation of industrial-scale CNC production as an extension to existing pulp and 

paper industry, where logistical infrastructure would be already in place (30). Active pilot 

plants for CNC production can be viewed in Table A10. They are usually operated with 

softwood and hardwood pulps, woody and agricultural residues, as well as purer 

cellulose, such as dissolving pulp and cotton. However, where ecozones favor different 

compositions of flora over lignocellulosic plants, CNCs can be produced from other 

sources as well. These involve agricultural waste, algae, animals, and bacterial cellulose. 

Most commercial CNC production routes have been stated to be feedstock-agnostic (39). 

However, large-scale use of cellulose sources, other than lignocellulosic biomass, is 

retained and requires further process development (37). A comprehensive overview on 

different cellulose sources available for CNC isolation is given in Table A9. Further 

cellulose sources for CNC production are summarized in comprehensive review articles 

(38, 101, 139, 182). 

General procedure for cellulose isolation from biomass is briefly outlined in section 2.1.3. 

While most research on CNCs and their commercial production starts from preprocessed 

and purified cellulose, some groups started development of CNC isolation procedures 

from, so far, unexploited feedstock. Comminution of biomass to increase cellulose 

accessibility commonly forgoes any chemical treatment. Severity of chemical treatment, 

as well as sequence of involved unit operations must be adjusted to structure and 

composition of each cellulose source. Unit operations involved in upstream processing 

are extraction, digestion, and bleaching. Extraction is used for dewaxing and removal of 

inorganic compounds. Hemicelluloses, lignin, and inorganic impurities are removed by 

alkaline (NaOH; KOH) or acidic (HCl) digestion, or by a combination of both. Throughout 

extraction, process parameters must be chosen to avoid mercerization by structural 

reorganization (section 2.1.1). In addition, extracted cellulose for CNC production is 

usually heavily bleached with chlorine compounds (NaOCl; NaClO2) in an alkaline buffer 

solution, or with chlorine-free oxidative reactants (H2O2) to remove residual lignin. An 

overview on different processing strategies is illustrated in Table 3. When less severe 

bleaching conditions are applied, cellulose’s fibrillar length may remain unchanged (30). 

The most applied route for cellulose isolation involves comminution, followed by 

digestion, and subsequent bleaching (DII). Some cellulose sources have not been pre-

processed due to their initially high purity (Table A9), but the CNC product was bleached 

afterwards (183). Surveyed literature indicated no preference for source-specific 

isolation strategies. On the lab-scale, bleaching has usually been done with NaClO2. 

However, for low environmental impact in the scope of an LCA, and for matching with 

industrial standard, bleaching with H2O2 or ClO2
- should be favored (30). 
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Table 3: Upstream processing strategies for cellulose isolation from biomass for CNC production. 

Process Unit operations References 
 

 Comminuted cellulose             
                

EI 
  

Extraction 
 

Digestion 
 

Bleaching 
     

(184–189) 
         

                

EII 
          

Digestion 
  

(190–192) 
            

                

EIII 
             

Extraction (193, 194) 
             

                

DI 
    

Digestion 
        

(55, 185, 
195–197)             

                

DII 
       

Bleaching 
     

(175, 198–
215)             

                

DIII 
          

Digestion 
  

(216–221) 
            

                

DIV 
             

Extraction (222) 
             

 

2.2.3. CNC isolation 

Chemical cellulose depolymerization and related conversion kinetics to glucose have 

been extensively studied for its utilization for biofuels and bio-based chemicals (223). 

The mainly applied route via acid-catalyzed hydrolysis involves the degradation reaction 

of β-1,4-glycosidic linkage between two consecutive AGUs. The dominant pathway of 

acid-catalyzed cellulose hydrolysis involves three steps, which are illustrated in Figure 

10 (224–227). 

a  b 

 

 

 

   

d  c 

 

 

 

Figure 10: Dominant pathway of acid-catalyzed hydrolysis of cellulose, adopted from Fengel and Wegener (224). 

First, a proton of the catalyzing acid interacts with the glycosidic linkage (a), yielding a 

conjugate acid (b). Subsequently, the C-O bond of the glycosidic linkage is cleaved at 

the C1 or the C4 atom, and an intermediate cyclic carbonium cation is formed (c). The 

cation initiates addition of a water molecule, resulting in a stable product and release of 
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a proton (d). Alternatively, protonation may also occur at the ring oxygen, which results 

in formation of a non-cyclic carbonium cation (224). This process is governed by kind, 

strength, and concentration of acid; as well as temperature, pressure, and pH, under 

which the process is operated (224). 

Starting from native cellulose, acid-catalyzed hydrolysis is a heterogeneous reaction. 

Therefore, it is not only controlled by reaction conditions, but also by physical structure 

of elementary fibrils on the molecular level (228, 229). While upstream processing 

increases overall accessibility of cellulose to the reaction medium, ability to isolate 

cellulose nanocrystals from cellulose is enabled by proton penetration rate of differently 

ordered cellulose fractions (224). Mann and Marrinan found that deuteration of hydroxy 

groups occurred rapidly in disordered regions of cellulose, whereas deuteration was slow 

in ordered regions (230–232). Consequently, protons can penetrate disordered regions 

at a similar rate within fibrils and at the surface, while ordered regions are only laterally 

accessible to protons, progressing from the surface. It is believed that this effect is 

caused—besides the intrafibrillar bond network—by hydrophobic interaction of 

crystalline cellulose sheets, which induce formation of a dense H2O layer in the 

interface’s proximity (233). 

 

Figure 11: Reaction pathways of acid-catalyzed cellulose hydrolysis for CNC production, adapted from Wang et al. (177). 

The reaction pathways involved in acid-catalyzed cellulose hydrolysis is shown in Figure 

11. 𝑘1 is the dominant pathway and represents hydrolysis of disordered fractions of 

native cellulose to CNCs (177, 234). Concurrently, disordered cellulose, which is less 

incorporated into elementary fibrils, is directly hydrolyzed to glucose (𝑘3). Hydrolysis 

kinetics of the ordered cellulose fraction to glucose (𝑘2), and decomposition of glucose 

(𝑘4) to furfural and 5-hydroxylmethfurfural, follow more severe reaction conditions (177, 

235). Further hydrolysis of CNCs, following pathway 𝑘2, is rate-determined by 

oligosaccharide formation. Therefore, it is 2 to 30 times slower than hydrolysis of 

disordered cellulose (177, 223). Albeit cellulose hydrolysis is mostly governed by 

heterogeneous reactions, global kinetics can be described by pseudo-homogeneous 

first-order laws (235–237). Rate constants, 𝑘𝑖, and reaction temperature, 𝑇𝑅, are linked 

by an Arrhenius equation, which additionally account for acid concentration effects, 𝑐𝑎𝑐𝑖𝑑 

(177, 223, 225, 238): 

ln 𝑘𝑖 = ln 𝑘𝑖0 −
𝐸𝐴

𝑅𝑇𝑅
+ 𝑎 ln 𝑐𝑎𝑐𝑖𝑑. (2.1) 

𝑘𝑖0; 𝐸𝐴; 𝑅; and 𝑎 are pre-exponential factor, activation energy, universal gas constant, 

and reaction order with respect to acid concentration, respectively. 

In the 1940s, first CNC production has been reported by Nickerson and Habrle, in their 

research series on “Hydrolysis and Catalytic Oxidation of Cellulose Materials” (228, 234, 

239–242). They investigated decomposition of cellulose to glucose, along pathway 𝑘1 → 

𝑘2, and established the corresponding process-structure relationship. CNCs’ lateral size, 
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which remain after acid-catalyzed hydrolysis with boiling 2.5 N HCl and H2SO4, were 

estimated to be in the same range, as it has been determined by powder X-ray diffraction 

(PXRD) (144, 243). Shortly afterwards, Rånby and Ribi showed stable colloidal 

suspensions of CNCs, isolated through sulfuric acid-catalyzed hydrolysis (145, 161–

164). To this effect, sulfuric acid reacts with cellulose’s surface hydroxy groups 

concurrently to hydrolysis, to form sulfate half-esters (244–247). Introduction of 

multivalent sulfate anions brings in negative surface charges, which induce electrostatic 

particle repulsion. Associated reaction mechanism is shown in Figure 12. There are three 

hydroxy groups per two AGUs, pointing away from crystals’ surface: one at C2, C3, and 

C6, respectively. Therefore, ignoring hydroxy groups at C1 and C4 at opposite chain ends, 

maximal overall possible degree of sulfation is 1.5. It is suggested that reactivity of 

surface hydroxy groups in heterogeneous reactions varies, and follows order  

C2 > C6 > C3 (248, 249). Thus, CNCs with degree of sulfation > 1 are unlikely (140). To 

date, location of sulfate groups on CNC surfaces is not satisfactorily determined (250). 

Nevertheless, CNCs’ bulk lattice structure is preserved during sulfation (145, 163). This 

suggests that the pseudo-homogeneous reaction mechanism proceeds laterally from the 

CNC surface. 

 

Figure 12: Cellulose esterification by sulfuric acid at the C6 hydroxy group, according to Vanderfleet and Cranston (39). 

2.2.4. Downstream processing of CNC production 

When the desired extent of hydrolysis is reached, hydrolysis and concurrent sulfation are 

terminated (39). High ionic strength of the reactant solution, which at this point contains 

CNCs, acid, and byproducts, causes CNC agglomeration (251, 252). At this stage, 

different series of unit operations are implementable, to separate CNCs from reactant 

solution and form stable colloidal suspensions. An overview on different methods is given 

in Table 4. LI represents the primarily used laboratory-scale approach via sedimentation 

and filtration (253). First, the reactant solution is diluted with cold water to particle 

concentrations below the gel point. Concentrations of excess acid and byproducts are 

then reduced by repeated centrifugation and rinsing, which is optionally preceded by 

gravity settling, until peptization of CNCs occurs. Subsequently, residual acid and 

byproducts are removed by either dialysis or a series of diafiltration (DF) and 

ultrafiltration (UF) steps (30, 254, 255). Ions and oligomers, which are trapped in the 

particles’ solvation shell, can be removed through ion-exchange resin treatment (253, 

256, 257). Colloidal CNC suspensions in the resulting protonated form are reportedly 

long-term stable (258); however, surface sulfate esters are strongly acidic in their 

protonated form, which causes autocatalytic depolymerization and chain degradation 

(247, 259, 260). Therefore, if long-term storage is intended, it has been recommended 

to keep product storage temperature low; and exchange counterions of ester groups with 
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inert cations, for which mostly a sodium base is added (H+ → Na+) (253, 257, 260). 

Furthermore, CNCs tend to form lateral agglomerates and clusters of multiple CNCs, 

due to strong interparticle hydrogen bonds (254, 261). Therefore, mechanical treatment, 

such as ultrasound-assisted homogenization (ultrasonication), is needed to individualize 

CNCs (262–265). Eventually, incompletely hydrolyzed cellulosic residues (CSR) and 

aggregates are removed from the product by filtration or centrifugation. 

Table 4: Unit operations involved in downstream processing, ensuing CNC isolation. To date, methods LI and LII are implemented 
on laboratory scale, while CI and CII have been reported in the scope of commercial environments. 

Process Unit operations References 
 

   

Solid-liquid 
separation 

 

Chemical 
post-

treatment 

 

Solid-liquid 
separation 

 

Mechanical 
post-

treatment 

 

Solid-liquid 
separation 

 

                  

             

CNCs in reactant solution          
             

LI 

  

Sedimen-
tation 

    

Dialysis or 
DF→UF 

 

Ultra-
sonication 

 

Sedimen-
tation 

(253) 
        

                

LII 

     

Neutrali-
zation 

 

Sedimen-
tation 

 

Ultra-
sonication 

 

Sedimen-
tation 

(252, 266, 
267) 

        

                

CI 

     

Bleaching 
and neutrali-

zation 

       
Sedimen-
tation and 

UF → DF → 
CF → UF 

(258) 
            

                

CII 

  

Sedimen-
tation 

 Bleaching 
and neutrali-

zation 

       

CF → DF → 
UF 

(268) 
          

 

In scale-up scenarios, solid-liquid separation steps involve neutralization of remaining 

acid before (LII) or after centrifugation (CI, CII), to decrease water usage and reduce 

reactor volume (252, 258, 266–268). Furthermore, neutralization—followed by 

sedimentation—supersedes time-intensive dialysis or filtration and, therefore, 

contributes to an overall rapid production process of colloidally stable CNCs (252). 

Industrial-scale CNC production usually starts from less pure pulps and agricultural 

residues as cellulose source (Table A10). Bleaching is then postponed from upstream to 

downstream processing. Additionally, dialysis is replaced by membrane filtration in 

commercial production plants; involving candle filtration (CF), UF, and DF, which are 

further used to adjust final suspension concentration (30). 

2.2.5. Process improvement for sulfated CNCs 

State-of-the-art processes for production of colloidally stable, sulfated CNCs are still 

based on the principle of Rånby and Ribi; and use hydrolysis and sulfation with H2SO4, 

which is followed by peptization after liquid-solid separation (145, 161–164). Since then, 

process parameters have been improved in many ways, aiming at exploitation of different 

cellulose sources, control over disperse particle properties, and efficient process design 

(269). Generally, high acid concentrations are preferred for rapid CNC isolation (270). 

Furthermore, cellulose’s degree of sulfation and, thus, colloidal stability of CNCs, is 
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predominantly controlled by acid concentration (244). In this context, Mukherjee and 

Woods determined the concentration range of 8.7–10.1 M H2SO4 for CNC isolation in 

modern production processes (271). They monitored extent of hydrolysis at varying acid 

concentrations with X-ray diffraction (XRD); and found that acid concentrations above 

10.1 M H2SO4 result in partial recrystallization of cellulose I to cellulose II. CNCs 

produced under more severe reaction conditions show high enzymatic digestibility, which 

suggests structural degradation; and rapid decomposition complicates process control, 

which has been complementarily reported elsewhere (177, 270). Maximum H2SO4 

concentration for isolation of crystalline cellulose is 12 M, when it further depolymerizes 

to oligomeric and monomeric sugars (177, 272).c In contrast, low reaction severity, at 

sulfuric acid concentrations below 8.7 M, effects only gradual removal of hemicellulose-

cellulose linkages and insufficient cellulose degradation in amorphous regions, yielding 

CNCs with low crystallinity index. Reaction severity of acid-catalyzed cellulose hydrolysis 

has been approximated by Arrhenius temperature behavior (273). Based on the severity 

factor concept of Chum et al. (273), Wang et al. (177) introduced a combined severity 

factor, which accounts for degree of hydrolyzable cellulose, with regard to sulfuric acid 

concentration and reaction temperature. They concluded a preferred acid concentration 

range of 8.7–10.1 M H2SO4 for CNC isolation, which is in conformity with the study of 

Mukherjee and Woods (271). In addition, their kinetic study outlined a temperature range 

of 50–60 °C, in which pathway 𝑘1 is dominant. Further empirical studies on CNC isolation 

established a broader temperature range of 40–70 °C, and hydrolysis times of 40–

120 min; both dependent on cellulose source, as well as reactor scale and design (171, 

177, 254, 262, 274). 

Acid concentration, reaction temperature, and reaction time—all within the given 

ranges—, among other parameters, are revisited as explanatory variables in statistical 

designs of experiments (DoEs), addressing their effect on selected response variables, 

regarding the process-structure relationship. Explanatory variables are process 

conditions, which are applied during upstream processing, such as cellulase 

concentration, 𝑐𝑒𝑛𝑧, for enzymatic pretreatment and mechano-chemical pretreatment 

time, 𝑡𝑚𝑐. Acid concentration, 𝑐𝑎𝑐𝑖𝑑, reaction temperature, 𝑇𝑅, reaction time, 𝑡𝑅, and pulp-

to-acid mass ratio, 𝑚𝑐/𝑚𝑎, are explanatory variables for acid-catalyzed CNC isolation. 

Ultrasonication time, 𝑡𝑈𝑆, has been varied during downstream processing. Response 

variables are directly measurable properties, such as particle size—in terms of length, 𝐿, 

and diameter, 𝑑—, crystallinity index, 𝐶𝑟𝐼, and colloidal stability, regarding the surface 

sulfate group density, 𝜌𝑆. Furthermore, properties, such as hydrodynamic apparent 

particle size, 𝑧-𝑎𝑣𝑔, zeta potential, 𝜁, critical concentration for liquid crystalline phase 

separation, 𝑐𝑐𝑟𝑖𝑡, and suspension viscosity, 𝜂, at given particle concentration, are 

qualitatively characterizable measures for particle size, suspension stability, and product 

performance. Since extraction yield, 𝑌, determines economic feasibility of industrial CNC 

production, it has been assessed, along with mass conversion ratio, 𝑚𝑃/𝑚𝐵, of product 

mass, 𝑚𝑃, and mass of byproduct, 𝑚𝐵. An overview on studies, which comprehensively 

addressed process improvement of CNC production, is given in Table 5 in chronological 

 

c Molar concentration of 2.5 N H2SO4 corresponds to a mass fraction of 11.5 wt.%. The operating window 
determined by Mukherjee and Woods (271) corresponds to a mass fraction of 58–64 wt.%. Reportedly, 
degradation of crystalline cellulose occurs at 72 wt.% (272). Molar concentration of pure sulfuric acid is 
18.7 M. 
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order. Respectively chosen DoEs indicate authors’ objectives. Blocking designs have 

been applied to determine significance of selected explanatory variables, and to screen 

out important variables. In contrast, response surface designs’ purpose, such as 

fractional factorial, full factorial, central composite, and quadratic designs, was to search 

for improved or optimal process conditions and processes’ weak points, and to increase 

process robustness against non-controllable variables. An overview on different DoEs 

can be found in literature (275–278). Beyond works listed in Table 5, other groups carried 

out less comprehensive studies on process improvement of CNC production (279–283). 

Table 5: Studies addressing process improvement for CNC production, utilizing statistical DoEs. References are listed in 
chronological order. 

DoE Cellulose source Catalyst 
Response 
variables 

Explanatory 
variables 

Reference 

Block Cotton H2SO4 𝑌; 𝐿; 𝜌𝑆;  𝑐𝑐𝑟𝑖𝑡 𝑡𝑅; 𝑇𝑅; 𝑡𝑈𝑆 (171) 

Block 
Softwood pulp*; 
hardwood pulp* 

H2SO4 𝐿; 𝑑; 𝜌𝑆; 𝑐𝑐𝑟𝑖𝑡 𝑡𝑅; 𝑚𝑐/𝑚𝑎 (172) 

Fractional factorial CMC H2SO4 𝑌; 𝐿 
𝑐𝑎𝑐𝑖𝑑; 𝑡𝑅; 𝑇𝑅; 

𝑚𝑐/𝑚𝑎; 𝑡𝑈𝑆 
(173) 

Block Softwood pulp* H2SO4 𝑌; 𝐿; 𝜌𝑆; 𝜂 𝑐𝑎𝑐𝑖𝑑; 𝑇𝑅 (174) 

Block Kenaf bast fibers H2SO4 𝑌; 𝐿; 𝑑; 𝐶𝑟𝐼 𝑡𝑅  (175) 

Central composite Hardwood pulp* H2SO4 𝑌; 𝜌𝑆 𝑐𝑎𝑐𝑖𝑑; 𝑡𝑅; 𝑇𝑅 (176) 

Central composite Hardwood pulp* H2SO4 𝑌; 𝑚𝑃/𝑚𝐵 𝑐𝑎𝑐𝑖𝑑; 𝑡𝑅; 𝑇𝑅 (177) 

Central composite Hardwood pulp* H2SO4 
𝑌; 𝐿; 𝑑; 𝜌𝑆; 

𝐶𝑟𝐼 
𝑐𝑎𝑐𝑖𝑑; 𝑡𝑅; 𝑇𝑅 (178) 

Block Softwood pulp*; CMC H2SO4, H3PO4 𝑧-𝑎𝑣𝑔; 𝜌𝑆; 𝐶𝑟𝐼 𝑇𝑅  (179) 

Full factorial Cotton H2SO4 𝑌; 𝑧-𝑎𝑣𝑔; 𝜌𝑆 𝑐𝑒𝑛𝑧; 𝑡𝑅; 𝑇𝑅 (284) 

Central composite Softwood pulp* H2SO4 𝑌; 𝜌𝑆 𝑐𝑎𝑐𝑖𝑑; 𝑡𝑅; 𝑇𝑅 (181) 

Full factorial Cotton H3PO4 𝐿; 𝜌𝑆; 𝜁 𝑐𝑎𝑐𝑖𝑑; 𝑡𝑅; 𝑇𝑅 (180) 

Quadratic Bamboo pulp* H3PW12O40 𝑌  𝑐𝑎𝑐𝑖𝑑; 𝑡𝑅; 𝑡𝑚𝑐 (170) 

*Pulps, as cellulose source, were obtained in their bleached form. 

Even with the use of statistical DoEs, abundance of explanatory variables complicates 

all-encompassing description of the complete CNC production process. Hence, majority 

of authors started their studies on process improvement from preprocessed cellulose, 

such as CMC, ashless cotton, and bleached pulps, and directed their focus on effects of 

process conditions during CNC isolation. During this unit operation, reaction severity has 

been identified as dominant factor, which determines CNC properties. Comprehensively, 

it has been found that both degree of hydrolysis and degree of sulfation increase with 

reaction severity (177). Reaction time had a minor effect, except in early stage of 

hydrolysis. Equal product properties have been obtained through protocols following 

similar process conditions, starting from the same cellulose source (37). Since no 

universally defined CNC target properties have been reported, results from statistical 

approaches have limited transferability. However, basic process-structure relationship 

can be derived from such works. 

Looking at the entirety of literature on CNC production, process development has mainly 

focused on technical feasibility of CNC extraction from different cellulose sources (269). 

Process conditions during CNC isolation were within abovementioned ranges, and 
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commonly implemented protocols were mostly derived from the work of Bondeson et al. 

(173). Remarkably often, information on process development for new cellulose sources, 

as well as information on structure and composition was absent from method description; 

or documented incompletely. Same applies for process conditions during upstream and 

downstream processing. Only secondary, such works aimed at CNCs with high aspect 

ratio, higher crystallinity index than the starting material, and good colloidal stability. 

However, these properties are also dependent on cellulose structure and, thus, co-

determine mechanical and physical-chemical product properties, such as mechanical 

strength, self-assembly, and rheological behavior (Table 2); and, therefore, CNC 

performance in advanced materials. Furthermore, extraction yield and process time were 

rarely covered in general literature on CNC production (39). 

Reportedly, scale-up of sulfuric acid-catalyzed hydrolysis to produce CNCs—from 

laboratory scale to industrial scale—does not require significant changes, up to an 

approximate daily production volume of 10 t (30, 285). At this scale, mainly mixing-

related issues must be addressed. Beyond this scale, switching from batch to continuous 

processing allows shorter set-up times and improved control over reaction conditions. 

Only recently, the first continuous process, involving sulfuric acid-catalyzed hydrolysis 

for CNC production, has been reported (39, 286, 287). Furthermore, substantial attention 

has been given to CNC preparation concepts, involving approaches not based on sulfuric 

acid-catalyzed hydrolysis, over the past years (269). To that effect, chemical resistance 

of crystalline cellulose has also been found for oxidative degradation (165), biological 

degradation (166) and hydrolytic decomposition with other acids at varying concentration 

(167–170, 179, 180). 

2.2.6. CNC target properties 

CNC performance in advanced materials is predominantly governed by particle size, 

crystallinity index, and colloidal stability (39). These properties are determined by 

process conditions during CNC isolation and cellulose structure, which in turn is set by 

cellulose source and cellulose isolation process. An overview on interdependent 

properties of sulfated CNCs is shown in Figure 13 and Table 6. Commonly, effects of 

individual explanatory variables on CNC properties have been assessed by empirical 

screening and DoE approaches, as it is outlined in section 2.2.5. 

Regarding CNC dimensions and morphology, high aspect ratios promote particle 

assembly in liquid crystalline phases and formation of percolated networks. Furthermore, 

increasing surface area with decreasing particle size originates high surface activity for 

chemical reactions and sorption processes. In addition, high aspect ratio, along with high 

surface area-to-volume ratio, facilitates interfacial effects, in terms of emulsion 

stabilization and force transmission in nanocomposites. Crystallinity index indicates 

extent of hydrolysis and is primarily linked to CNCs’ mechanical properties. CNCs’ 

colloidal stability, against agglomeration and sedimentation, is governed by their surface 

chemistry. Colloidal suspensions of sulfated CNCs are stabilized by electrostatic particle 

repulsion, which is induced by negatively charged sulfate groups. High colloidal stability 

provides uniform product properties, along with consistent performance, and it 

determines suspension viscosity. Furthermore, post-processing conditions and product 

shelf life strongly depend on colloidal stability. 
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Figure 13: Dependence of disperse properties of colloidal CNCs on cellulose source, as well as structure and process conditions. 
Unit operations and external factors are shaded in grey and blue, respectively. Visualized interrelationship was compiled from 
references in running text. 

Table 6: Qualitative dependence of application-related CNC properties on cellulose source and intrinsic CNC properties, taken 
from references in running text. 

 
Cellulose 
structure 

Size/ 
aspect ratio 

Crystallinity 
index 

Surface area 
Surface 

chemistry 

Biocompatibility x x   x 

Mechanical strength x x x   

Surface activity x   x x 

Hydrophilicity    x x 

Thermal stability x  x x x 

Piezoelectric properties  x x  x 

Electromagnetic properties  x x  x 

In the context of numerous cellulose sources, from which CNCs are produced under 

varying process conditions, only nomenclature, morphology, and dimensions are 

standardized (section 2.1.5) (1, 142, 264). ISO/TS 20477 (1) defines CNCs as rod-

shaped nano-objects of predominantly crystalline and paracrystalline structure. 

Additional standards outline protocols for assessing CNC crystallinity index and colloidal 

stability (45, 48). However, none of these standards quantifies minimum 𝐶𝑟𝐼 of CNCs to 

be considered nanocrystalline or specifies independently measured properties to assess 

their colloidal stability. This coincides with difficulties to concurrently tailor multiple CNC 

properties, due to their complex interdependence. Thus, authors mainly focused on 

assessing CNC performance in specific use cases, along with extraction yield of the 

applied process. In the following, works listed in Table A9 are screened for particle size, 

crystallinity index, and extraction yield. Furthermore, colloidal stability is discussed, to 

conclude a general view on the structure-property function of fundamental CNC 

properties. 
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Particle size. With regard to particle size, structure of cellulose source and its 

accessibility are most decisive factors (269). A qualitative excerpt on lateral dimensions 

of CNCs from different cellulose sources is shown in Figure 14 (a). All authors applied 

similar process conditions during CNC isolation. However, a wide spread of particle 

lengths, between 28 nm and 10 µm, has been reported. Botanical cellulose sources, 

such as wood, plants and grasses, cotton, and agricultural wastes, yield comparably 

short CNCs, whereas faunal celluloses and celluloses from prokaryotes yield longer 

CNCs. Quantitative meta-analysis of data was unrewarding because cellulose isolation 

protocols were not consistent throughout literature, and information on method 

development was mostly absent. All considered works aimed at chemical purity of 

cellulose source, which, however, was then infrequently evaluated, and potential effects 

of upstream processing on fibrillar length and cellulose structure were disregarded. 

Nevertheless, upstream processing under real conditions cannot remove all non-

cellulosic compounds from complex biomasses. Residual hemicelluloses are source-

specific and affect cellulose accessibility during acid-catalyzed hydrolysis. Therefore, a 

reaction pathway parallel to cellulose hydrolysis must be considered, which involves 

hydrolysis of hemicelluloses to hemicellulosic sugars; and further degradation products, 

complementarily to the reaction pathways shown in Figure 11 (177). Furthermore, 

downstream processing and product handling are differently implemented throughout 

literature, which reduces comparability level of CNC lengths from different cellulose 

sources. Same applies for CNC diameters, which depend on cellulose source and 

process conditions. CNC diameters of 3–10 nm have been reported for botanical 

cellulose sources (171, 197, 288–290), and higher diameters of 10–20 nm have been 

reported for CNCs from faunal celluloses and celluloses from prokaryotes (185, 288, 

291, 292). After isolation, CNCs are usually present as lateral agglomerates of multiple 

particles (261, 288). CNCs can be individualized by ultrasonication during downstream 

processing (264, 293, 294). However, assessing true CNC diameters is often 

disregarded in literature, because of their low dimensions and inevitable agglomeration 

during sample preparation for electron microscopy (EM) or atomic force microscopy 

(AFM) (42, 295, 293). 

 

Figure 14: Qualitative visualization of (a) lateral dimensions and (b) crystallinity index of CNCs, as well as (c) CNC extraction yield 
from different cellulose sources. Data is extracted from references compiled in Table A9, which are abstracted from Vanderfleet’s 
and Cranston’s review (39). Process conditions for CNC isolation were similar throughout all studies. The graphs, however, only 
allow qualitative comparison of attributes, since both upstream and downstream processing were non-uniform, and no 
differentiation has been made between individual measurement methods, which were applied by the respective authors. 
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Crystallinity index. Degree of crystallinity of cellulose and CNCs is expressed as 

crystallinity index, which represents dry mass ratio of crystalline substance in a sample 

(296–298). Native celluloses of botanical origin have a 𝐶𝑟𝐼 of 40%–70%; whereas 𝐶𝑟𝐼 of 

bacterial and algal celluloses can be as high as 80% (82). No minimum 𝐶𝑟𝐼 is defined 

for CNCs to be considered as crystalline material. However, a 𝐶𝑟𝐼 of CNCs of ≥ 80% has 

been suggested to be considered as highly crystalline (39). Qualitative representation of 

𝐶𝑟𝐼 of CNCs from different cellulose sources is shown in Figure 14 (b), which ignores 

pre-treatment of source material and overlooks respective measurement methods. High 

crystallinity indexes have been reported for CNCs from all cellulose sources, where 

average 𝐶𝑟𝐼 of faunal, bacterial, and algal celluloses was higher, compared to 𝐶𝑟𝐼 of 

CNCs from botanical cellulose. However, CNCs’ 𝐶𝑟𝐼 was not deductible from cellulose 

source only. Achievable 𝐶𝑟𝐼 is presumably limited by presence of disordered cellulose 

fractions in CNCs’ interior, which are protected from hydrolytic attack (250). Furthermore, 

upstream processing can affect cellulose structure in terms of crystalline modification 

and structural organization and, therefore, co-determines the product’s 𝐶𝑟𝐼. Similar to 

dimensional assessment of CNCs, quantitative comparison of different studies is 

expendable, due to inconsistent cellulose isolation protocols. 

Colloidal stability. Native cellulose crystals are structurally anisotropic and show three 

lateral crystal faces (section 2.1.1). While two of these display hydrophilic hydroxy 

groups, the crystal plane orthogonal to cellulose sheets displays mostly C-H bonds (288, 

299, 300). Therefore, it has lower surface free energy, resulting in lower hydrophilicity 

than other surfaces, which constitutes overall amphiphilic nature of cellulose crystals. 

During sulfation, negatively charged monovalent sulfate half-esters are introduced to 

CNC surfaces at hydroxy groups at C2, C3, and C6 (section 2.2.3). Note that these surface 

functional groups undergo slow autocatalyzed de-sulfation at ambient conditions (260). 

Sulfate group density depends on CNC structure and process conditions during CNC 

isolation (168, 171, 196, 244). Sulfated CNCs are considered polar nanoparticles, due 

to inability to disperse them in nonpolar solvents and polymer matrices (27, 301). 

However, negative surface charges facilitate electrostatic stabilization of CNCs in highly 

dielectric solvents and polar matrices (174). Electrostatic interaction distance is defined 

as Debye length, 𝜅−1, which depends on dielectric constant, 𝜀𝑠𝑜𝑙, salt concentration, 𝑐𝑠𝑎𝑙𝑡, 

and respective ion valence, 𝑧 (302). Long-range electrostatic repulsive particle 

interactions are opposed by attractive London dispersion forces, which are of short range 

on the molecular level. However, their additive nature expands their range, and 

interaction distance, 𝐻, between two attracted bodies shifts from 𝐻−6 for molecules to 

𝐻−1 for cylindrical particles (303). Particle interactions in dispersions, comprising uniform 

particles—where repulsive electrostatic and attractive London forces predominate—are 

described by the theory of Derjaguin, Landau, Verwey, and Overbeek (DLVO) (304, 305). 

Their theory has been further adapted to orthogonally approaching cylindrical particles 

(306–308). Transferring the essence of these models, colloidal stability in CNC 

suspensions results from complex interactions of numerous independent variables. 

Leaving aside solvent properties and focusing on particle fraction only, repulsive forces 

in CNC suspensions are mostly governed by particle size, concentration, and distance, 

as well as temperature and surface potential; whereas attractive forces are governed by 

particle size, particle distance, and the Hamaker constant (308, 309). Nevertheless, 

comprehensive models only facilitate qualitative description of monovalent systems. 
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Thus, quantitative measured values for CNCs’ colloidal stability are surface charge 

density (257) and zeta potential (42, 310). CNCs’ surface charge ranges between 100–

350 mmol kg−1 and strongly depends on cellulose structure and process conditions 

during CNC isolation. Similarly, corresponding zeta potentials are in the range between 

–20 and –50 mV, which constitutes a range between incipient agglomeration and good 

stability (42, 253). Determination of both measured values strongly depends on 

measurement set-up. However, measurement parameters are mostly absent in 

literature, or results have been acquired by non-uniform methodologies. Thus, only 

limited comparability is given between different published studies. Furthermore, 

downstream processing strongly affects quantification of surface charges (254, 256, 257, 

311); ions trapped in CNCs’ solvation shells and accumulated oligosaccharides at CNC 

surfaces interfere with electrostatic repulsive forces (179). 

Furthermore, recent studies accounted for additional contributions of CNCs’ anisotropic 

structure to their colloidal stability. Affinity of CNCs to numerous solvents and polymer 

systems has been empirically mapped to establish the structure-property relationship, 

based on Hansen solubility parameters (312–314). Additional stabilization mechanisms 

were then proposed, based on solvation-induced interactions (315, 316). 

Extraction yield. Extraction yield, 𝑌, of CNCs from native cellulose is defined as CNC-

to-cellulose mass ratio, 𝑚𝐶𝑁𝐶/𝑚𝑐. Both masses are gravimetrically determined in dry 

state, before and after CNC production. Therefore, 𝑚𝐶𝑁𝐶 is not specific for CNCs, but it 

involves all unevaporated species in the product. A qualitative excerpt on extraction 

yields from different cellulose sources is shown in Figure 14 (c), where yields of up to 

85% for wood cellulose have been reported. Broad range of reported extraction yields 

originates from different cellulose sources and non-uniform processing conditions, 

across different protocols. Furthermore, methodological descriptions on yield acquisition 

is missing from most reported studies. Isolation yield of crystalline cellulose is limited by 

crystalline fraction of the cellulose source, which is 40%–70% for botanical celluloses; 

and it can be as high as 80% for bacterial and algal celluloses (82). Therefore, higher 

yields indicate lower product 𝐶𝑟𝐼 and presumably lower reaction severity during CNC 

isolation. Revisiting the severity concept (section 2.2.3), particle size, degree of sulfation, 

and isolation yield must be considered during process development. 𝑌 is governed by 

competing reactions 𝑘1 and 𝑘2, as function of reaction severity (177). While cellulose 

depolymerizes under low-severity conditions, high-severity conditions cause further 

degradation of crystalline cellulose and, hence, isolation yield decreases. 𝑌 cannot be 

improved independent of CNC properties. Thus, process improvement becomes a trade-

off of product properties and isolation yield. Therefore, Wang et al. (176) suggested 

process improvement not toward maximizing CNC isolation yield, but to focus on 

recovery of incompletely hydrolyzed cellulosic residues for subsequent CNF production, 

aiming at minimal cellulose loss and, thereby, an overall economic process. 

2.2.7. CNC post-processing 

After downstream processing, aqueous suspensions of sulfated CNCs are referred to as 

never dried CNCs. Ideally, such suspensions are agglomerate-free and contain 

individual CNCs with uniform properties, to facilitate predictable performance in 

advanced materials. While CNC processing in advanced materials is mostly started from 

never dried state, dry CNCs are favored for easier storage, transportation, and handling 
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(317). However, fully protonated CNCs are prone to agglomeration and only partially 

redispersible. Furthermore, never dried CNCs show ab initio agglomeration, due to 

strong interparticle hydrogen bonds (261). Thus, more uniform properties of never dried 

and redispersed CNCs have been achieved by individualization or fractionation (261, 

318). Due to their hydrophilicity, sulfated CNCs are only poorly dispersible in nonpolar 

media. Here, surface modification facilitates control of both particle-particle and particle-

matrix interaction, by adding functional groups to CNC surfaces (101). Methods for post-

processing of sulfated CNCs are briefly discussed in the following.  

Drying and redispersion. Dry CNC nanostructures with different degrees of 

agglomeration are achievable by solvent evaporation, lyophilization, or supercritical 

drying in batch processes, or by continuous spray drying (319). During drying, sulfated 

CNCs undergo interparticle attraction, which is promoted by hydrogen bonds between 

hydroxy groups at CNC surfaces. CNC agglomeration is irreversible or, at best, partially 

reversible (320, 321). In this regard, both solvent evaporation and lyophilization induce 

compact CNC structures, which compromise effective redispersion. In contrast to solvent 

evaporation, lyophilization produces less aggregated CNCs (322, 323). Here, CNCs form 

ordered structures along growing ice crystals during the initial freezing step (324, 325). 

Agglomeration occurs during subsequent water sublimation at elevated temperatures. 

Water vapor penetrates the nanocrystalline structure; and induces structural alteration 

and agglomeration, by forming interparticle hydrogen bonds (322, 326). Supercritical 

drying of CNCs involves liquid CO2, which exhibits compressibility similar to a gas, and 

dissolution of solutes similar to a liquid. Diffusivity of supercritical CO2 enables solvent 

extraction, while chemical reactions and structural alterations of CNCs are inhibited 

(327). However, CNCs form highly networked agglomerates during this process, which 

are difficult to redisperse (322). Other than presented batch methods, continuous 

character of spray drying allows high volumetric throughput and produces free flowing 

CNC granules with diameters from less than 1 µm up to above 10 µm (328, 329). Particle 

size and morphology mainly depend on operating conditions, such as flow rate, 

temperature, and nozzle size; and suspension properties, such as particle concentration 

and particle size (322, 330). It has been shown that spray-dried CNCs have good 

redispersibility and, therefore, superior performance in nanocomposites, compared to 

CNCs from other drying techniques (328). 

Commonly, never dried sulfated CNCs only show limited redispersibility after drying 

(263). Nevertheless, agglomeration without any additives or chemical modification 

before drying is partially reversible, when residual moisture content above 4 wt.% is 

retained (329). Furthermore, redispersibility of fully dried CNCs increases, when 

protons—as counterions to sulfate half-ester groups—are replaced through 

neutralization with hydroxides or carbonates (45, 263, 329); or by using appropriate ion-

exchange resins (256). The most commonly available form of sulfated CNCs—the 

sodium form—is produced by neutralization with NaOH or Na2CO3; and it has similar 

disperse properties to original CNC suspensions, after mild mechanical treatment to 

individualize CNCs (45, 263, 329). In addition, neutralized CNCs have lower propensity 

for autocatalyzed de-sulfation at ambient conditions (260). 
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Individualization and fractionation. Generally, individualization of dried CNCs is 

performed through ultrasonication as mild mechanical treatment, which is, furthermore, 

utilizable to tailor suspension properties (171, 262, 264, 329). Similarly, never dried 

CNCs tend to form lateral agglomerates and clusters of multiple nanocrystals, due to 

strong interparticle hydrogen bonds (254, 261). Parallelly oriented CNCs in lateral 

agglomerates are only partially individualizable, because energy input, required for 

individualization, exceeds binding energy of the C-C bond (328). In this regard, the 

preliminary technical specification ISO/CD TS 23151 (264) suggests to select energy 

input during ultrasonication as a compromise between de-agglomeration and sample 

damage. However, depolymerization of CNCs requires application of high-frequency 

ultrasound (331). To date, application of high-frequency ultrasound to CNCs has not 

been reported in literature. In addition, relevant literature suggests that no sample 

damage occurs in the form of de-sulfation, when temperature is kept constant, just above 

0 °C, during ultrasonication (171). It is widely accepted that energy input of ~2000 J g−1 

CNC is sufficient to disperse agglomerated CNCs (171, 329), while effects of 

ultrasonication are permanent and cumulative (329, 332). It has been reported that 

ultrasonication only results in insignificant increase of CNC surface group density (171). 

Regarding particle size, applied ultrasound power finds expression in decreasing 

apparent size with increasing energy input, while absolute energy input and treatment 

time are secondary (171, 254, 293, 294, 333). Note in this context that most literature 

indicated only duration of ultrasonication; while no information is reported on power, 

energy input, or equipment for treatment, to reproduce any of the omitted variables. 

While ultrasonication facilitates CNC cluster dispersion and, therefore, PSD narrowing, 

sulfated CNCs are inherently polydisperse in size, due to non-uniform length of 

crystalline domains, as well as uneven accessibility for acid-catalyzed hydrolysis. CNCs 

with narrow PSD are beneficial for studying their structure-property (318) and 

property-performance relationship (261); and for assessing nanotoxicity (334, 335). In 

this regard, differential centrifugation enables CNC partitioning in different length 

fractions as function of relative centrifugal force, while length distribution of each fraction 

becomes narrower (336). In addition, CNCs with initially broad PSD can be fractionated 

by multi-stage separation with layered filter membranes (337), or by phase separation in 

liquid crystalline state (291, 318). Furthermore, asymmetrical flow field-flow fractionation, 

coupled with multi-angle light scattering detection, facilitates controlled fractionation of 

polydisperse CNCs, and provides quantitative insight into their state of agglomeration 

(261, 265, 338). While chemical composition and crystalline modification remain constant 

among differently sized CNC fractions, their physical-chemical properties and self-

assembly properties diverge (291, 318, 337). It is hypothesized that uniformly sized 

CNCs, with similar physical-chemical properties, show homogeneous accessibility for 

surface derivatization and, thereby, provide improved processability in advanced 

materials, over non-uniformly sized CNCs (337). 

Surface modification. CNC surface modification mainly aims at modulating surface free 

energy (SFE) to improve interfacial compatibility of CNCs, with nonpolar media and 

hydrophobic polymer matrices (140, 339, 340). SFE of cellulose and CNCs is related to 

the Hamaker constant via London dispersion forces, and hydrogen bonding follows 

principles of the Lewis acid-base concept (341). Sulfate half-ester groups and hydroxy 

groups at sulfated CNCs’ surfaces promote high SFE, which induces hydrophilic 
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behavior. However, CNC dispersibility in nonpolar media and polymer matrices requires 

low SFE (157, 184, 342, 339). In this regard, surface modification via physisorption is 

based on electrostatic interactions, between CNC surface and surfactants or 

polyelectrolytes; but migration of physically adsorbed species may occur, when sorption 

equilibrium is disturbed by external factors (343, 344). In contrast, chemical derivatization 

of CNC surface introduces covalently bonded functional groups. Both small molecules 

and macromolecules can be semi-irreversibly attached to CNCs (345); detachment of 

functional groups depends on activation energy of respective bonds. While all chemical 

cellulose derivatization techniques are principally applicable to CNCs (Table A8), surface 

modification based on oxidation (346), carbamation (347, 348), etherification (349, 350), 

and esterification have most commonly been reported. Among these, esterification is the 

method of choice for CNC surface modification, due to its simplicity and versatility (140, 

345). Quantitative assessment of literature regarding different esterification methods—

in terms of reaction efficiency, final CNC structure, and performance—is not feasible, 

due to varying cellulose sources and reagents, differently implemented reaction 

pathways, and inconsistent characterization methods (345). Conclusively, chemical 

derivatization of CNCs must be carried out carefully to preserve CNC structure and 

crystalline modification, while irreversible agglomeration and aggregation decrements 

isolation yield (157, 351, 352). 

2.2.8. Analytical methods for CNC characterization 

Based on high aspect ratio, size polydispersity, and proneness to agglomeration, robust 

protocols for reproducible CNC characterization are currently under development (293, 

353). To date, efforts on standardized analytical methods have been documented in 

technical reports (45, 48), which are provided along with auxiliary specification sheets 

(49). In this context, the National Research Council of Canada (354) supplies certified 

reference materials in the form of spray-dried CNC powders (355, 356) and colloidal 

suspension (357) with uniform properties, and in-depth certificates of analysis. Such 

reference materials are actively used in process development, inter-laboratory metrology 

validation, and benchmarking of different cellulose sources (253, 264, 358). In the 

following, analytical methods for assessing CNC key properties—namely, particle size 

and aspect ratio, chemical composition, surface functional groups, and crystallinity index 

(39, 42, 293)—are briefly introduced. 

Size. Length, diameter, and aspect ratio of CNCs are commonly determined by scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM) (185, 219, 288, 

325, 359–361). Both techniques require vacuum and, therefore, samples must be dried 

prior to analysis. Suitable CNC dispersion on substrates has been achieved by adding 

in dispersing agents, and subsequent solvent evaporation from dilute suspensions with 

CNC concentrations below 0.01 wt.% (42). Furthermore, preparation of so-called sub-

monolayers—corresponding to partial CNC coverage—on atomically flat substrates as 

a preventive of lateral agglomeration, particle overlap, and drying patterns, enable CNC 

particle sizing by AFM (295, 362). However, while each of these techniques is actively 

used for CNC size analyses, nanoscale particle sizing is a method-defined parameter 

(293). Staining effects and tip convolution affect results of electron microscopy and AFM, 

respectively. Thereby, comparability of measurement results between each technique is 

limited (295). With regard to particle size and aspect ratio of dried CNCs, the technical 
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specification ISO/CD TS 23151 (264) describes method development, validation of 

measurement protocols, and assessment of uncertainties in an inter-laboratory 

comparison of TEM and AFM measurements. Furthermore, dynamic light scattering 

(DLS) is addressed for reproducible measurement of hydrodynamic apparent particle 

size, 𝑧-𝑎𝑣𝑔, of colloidal CNCs. 𝑧-𝑎𝑣𝑔 is calculated from scattered light intensity of 

particles undergoing Brownian motion, under the basic assumption that particles have a 

single, constant rate of diffusion (363). However, rod-shaped CNC morphology implies 

different translational diffusion constants parallel and perpendicular to the particle axis. 

Thus, DLS does not provide specific information on CNC length or diameter, but it 

facilitates semi-quantitative assessment of CNC agglomeration and, hence, colloidal 

stability (253, 364, 365). A more detailed determination of colloidal CNCs’ state of 

aggregation is achieved by fractionation through asymmetrical flow field-flow 

fractionation, coupled with DLS or multiangle light scattering (MALS) (261, 265, 338, 366, 

367). Furthermore, AF4-MALS makes quantitative information on particle size and 

morphology available (261, 338). 

Chemical composition. Bulk chemical composition of CNCs, regarding stoichiometric 

ratio of carbon, hydrogen, and oxygen, is fixed to the chemical formula of cellulose. 

Compositional shift of elemental ratio, as well as other elements present in the sample 

can be detected, when functional groups are covalently bonded to CNC surfaces during 

sulfation or derivatization, or when physisorbed moieties are introduced during post-

processing. In this context, elemental analysis of CNCs is mainly used to quantify surface 

modification and chemical purity of samples (368–372). Quantitative analysis of carbon 

linkages, which enables verification of chemical modification in relation to oxygen and 

carbon content, is facilitated by X-ray photoelectron spectroscopy and Auger electron 

spectroscopy (373–375). In addition, both techniques facilitate detection of binding 

energy shifts, depending on elements’ binding state, which provides complementary 

information to verify bulk structure and kind of CNC surface modification. Furthermore, 

energy dispersive X-ray spectroscopy, in combination with SEM, is applied to quantify 

spatially resolved chemical composition of a beforehand visually identified surface (376–

378). Similarly, secondary ion mass spectrometry enables laterally resolved 

quantification of chemical modification at CNC surfaces (379–381). Each technique 

allows at least qualitative detection of impurities and trace elements; however, they are 

mostly limited to heavier elements, or higher elemental concentrations. In this regard, 

atomic emission spectroscopy and mass spectroscopy, both paired with inductively 

coupled plasma, are also applicable to identify metallic or salt compounds in CNC 

samples (382–384). 

Surface functional groups and colloidal stability. Functional groups on CNC surfaces 

are required to provide colloidally stable suspensions with reproducible properties (293). 

Quantification of surface functional groups, such as sulfate half-esters, is facilitated by 

elemental analysis, which detects respective sulfur content. However, other moieties, 

such as carboxyl groups, have no element that is distinct from CNCs’ bulk chemical 

composition. In such cases, surface group density of both negatively and positively 

charged moieties can be determined by conductometric titration with alkaline or acidic 

titrants; premised that surface functional groups promote electrostatic stabilization (45, 

48, 256, 257, 385). However, colloidal stability is not only linked with surface group 

density and, thus, surface charge density; but it is furthermore controlled by suspension 
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properties, such as pH, ionic strength, and temperature. In this regard, zeta potential 

(𝜁)—which corresponds to electric potential in the interfacial double layer surrounding 

CNCs—can be evaluated from electrophoretic particle mobility, and it provides a direct 

measure of colloidal stability (45, 48). 

Solid state properties and crystallinity index. Quantifying solid state properties and 

crystallinity index of CNCs enables understanding of their basic structure to improve 

CNC isolation, and to achieve efficient surface modification without altering bulk 

structure. Commonly, X-ray diffraction is used to estimate CNCs’ 𝐶𝑟𝐼 (386, 387); but 

Raman spectroscopy is suitable as well (250, 388, 389). Particular information on 

contributions of CNCs’ surface structure and atomic structure, including polymorphs, is 

accessible via solid-state nuclear magnetic resonance (79, 390, 391). 

Further state-of-the-art techniques for comprehensive CNC characterization, along with 

existing challenges, have been presented in extensive reviews by Foster et al. (42) and 

Jakubek et al. (293). In addition, general-purpose measurement techniques and 

standardized protocols facilitate assessment of CNC performance in advanced 

materials. Exemplarily, these involve estimation of mechanical properties in 

nanocomposites (392, 393), gas barrier properties in polymeric films (394, 395), 

rheological properties in suspensions and emulsions (396); as well as environmental, 

health, and safety practices for MNMs in general (46, 47). 
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3. Actionable goals and methods 

3.1. Integration of actionable goals 

Chapter 1 of this thesis presents global incentives for green and affordable technologies, 

which prompt academic research on sustainable advanced materials and processes. 

Consequently, scientific interest in cellulose-based and nanoscale materials, involving 

CNMs and CNCs, has rapidly expanded over the last decades (3, 36, 397). The number 

of patents that cite CNCs has similarly increased, which implies strong industrial desire 

for bringing CNC-based products onto the market (29, 398). Concurrently, numerous 

market reports and guides for end users have forecasted potential use cases of CNCs 

(36, 39), which are categorially outlined in Table 7. Since CNCs form stable colloidal 

suspensions in water, applications in aqueous and hydrophilic environments, such as 

emulsions and gels, are key research areas. Furthermore, structure and properties of 

CNCs—in terms of high aspect ratio and distinct mechanical properties—make them a 

prominent reinforcing filler in polymer nanocomposites. Contemporary efforts to predict 

and control CNCs’ properties and performance via the process-structure-property 

relationship are presented in chapter 2 of this thesis, along with challenges and limits of 

existing methods. Additionally, characterization techniques for deeper understanding of 

CNC morphology, stability, and particle-particle interactions are shown. 

Table 7: Importance of CNC properties for performance in advanced materials, qualitatively rated by relevance: + slightly 
important, ++ moderately important, +++ highly important. Ratings were adapted from Vanderfleet and Cranston (39). 

Property 
Effect of 

production 
route 

Importance 

Biomedical 
devices 

Nanocomposites 
Rheology 
modifiers 

Emulsions 
and foams 

Surface chemistry High +++ + - - 

Surface charge density High ++ - + +++ 

Colloidal stability in high 
ionic strength media 

Medium + - ++ + 

Aspect ratio Medium - +++ +++ ++ 

Thermal stability Medium - ++ + - 

Dispersibility (non-
aggregated CNCs) 

Low ++ ++ - + 

Crystallinity Low - +++ - - 

Despite broad academic and industrial interest in CNCs, advanced materials based on 

CNCs have yet to bridge the gap from laboratory to the commodity market (30, 31, 34, 

40, 41, 44, 50, 399). Regardless of application, production of individualized and well-

dispersed CNCs in stable suspension is critical, because agglomeration defeats 

nanoscale effects, reduces surface area, and increases percolation threshold. 

Consequently, development of CNC-based advanced materials necessitates thorough 

understanding of mechanisms involved in particle agglomeration and, furthermore, tools 

for particle individualization. However, while scientific literature on CNCs presents 

various use cases, along with CNC processing, reports largely lack consistency and 

completeness. Hence, protocols are due to be adjusted to specific applications; and shift 

toward knowledge-driven process development is imperative. In this context, the work in 

this thesis represents an effort toward deeper understanding of agglomeration and 
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individualization of CNCs, by characterizing them in their native never dried state. 

Beyond that, effects of processing conditions on CNC performance in polymer 

nanocomposites are addressed, which emphasizes their added value in actual use cases 

for packaging materials with improved barrier and mechanical properties. 

3.2. Methods 

Experiments within the works presented in this thesis are designed with the aim to 

characterize CNCs, and elucidate impacts of particular unit operations on particle size 

distribution and colloidal stability. Moreover, CNC properties are specifically modified, 

and CNC performance in barrier coatings and nanocomposites is assessed to 

demonstrate added value in advanced materials. Therefore, pre-processed cotton 

cellulose (α-cellulose or cotton linters) is used for CNC isolation through sulfuric acid-

catalyzed hydrolysis, while process design follows the principles, which are introduced 

in section 2.2.3. Product separation (section 2.2.4) is performed via route LI or LII, as it is 

shown in Table 4. CNC post-processing is performed in accordance with methods 

outlined in section 2.2.7. Primarily, conventional analytical methods, which are presented 

in section 2.2.8, are used to probe particle size and morphology, chemistry, as well as 

physical properties of CNCs (section 2.2.6). A significant portion of particle 

characterization—performed both process-accompanying and in the product—is 

employed off-line on aqueous CNC suspensions. Thereby applied analytical methods 

comprise optical (dynamic light scattering, electrophoretic light scattering, UV-Vis 

spectrometry, laser diffraction), chemical (conductometric titration), and physical 

(viscosimetry) measurement techniques; to determine particle size, colloidal stability, 

state of agglomeration, and processability. Complementarily, dried CNCs are 

characterized off-line by electron microscopy (transmission electron microscopy and 

scanning electron microscopy) to determine particle size and morphology. CNC isolation 

yield and salt content are quantified by gravimetric dry weight measurements, and ion 

content is also determined by ion chromatography. In addition, less commonly used 

analytical procedures are used to assess particle size distribution and colloidal stability 

of CNCs. Specifically, multiangle light scattering, UV spectrometry, and electrophoretic 

mobility measurements are coupled with (electrical) asymmetrical flow field-flow 

fractionation to determine particle size and shape, as well as colloidal stability. This 

approach is highly modular and precise, which facilitates detailed CNC characterization 

in their native never dried state. CNC performance in barrier coatings depends on 

suspension spreadability on polymer substrates and CNC adhesion after drying. 

Therefore, film coating is accompanied by surface tension measurements and pinhole 

testing of polymer substrates to assess their compatibility with hydrophilic CNCs and ab 

initio permeability. Subsequently, coating quality and barrier performance are 

characterized by optical (reflected-light microscopy, scanning electron microscopy, UV-

Vis spectrometry) and physical (oxygen permeability, water vapor permeability) 

methods. Regarding their mechanical reinforcing effect in nanocomposites, CNC 

performance is determined by dynamic mechanical testing. 
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Design of experiments and applied analytical methods vary among individual studies in 

this thesis. The following figures 15–19 show processing protocols, which are used to 

achieve the thesis objectives (section 1.3). Thereby applied unit operations in 

downstream processing and CNC processing (left and center-left columns), according to 

sections 2.2.3, 2.2.4, and 2.2.7, are accompanied by analytical methods (center-right 

columns), which are presented along with their respective purpose (right columns). In 

the center-left columns, black-framed boxes represent unit operations, and boxes 

shaded in gray represent products and intermediate products. Detailed description of 

used materials and methods, as well as experimental results and discussion of the 

results, is presented in chapter 4. 

(I) Develop efficient downstream processing strategy, based on CNC 

agglomeration behavior 

The first part of Paper I (section 4.1) aims at understanding CNC agglomeration behavior 

in the presence of sulfates. Thereby, sulfated CNCs are isolated from cotton cellulose 

and surface sulfate groups are neutralized by counterion exchange with monovalent or 

divalent cations (Figure 15). Subsequently, secondary sulfates corresponding to the 

neutralizing cation are added in different concentration to determine CNC agglomeration 

behavior as function of ionic strength. CNC suspensions are characterized off-line by 

optical, chemical, and physical methods. 

 

Figure 15: CNC agglomeration behavior in the presence of secondary sulfates was determined on sulfated CNCs from cotton 
cellulose, which were isolated via route LI (Table 4). Detailed methodology and results are shown in Paper I (section 4.1). 

In the second part of Paper I (section 4.1), findings on CNC agglomeration are applied 

to design downstream processing at low reactant consumption. For this purpose, 

neutralized reactant solutions are repeatedly sedimented to reduce salt content, until 

peptization occurs (Figure 16). CNC suspensions are characterized off-line by optical, 

chemical, and physical methods. 
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Figure 16: CNC agglomeration behavior in the presence of secondary sulfates was utilized for process design, conforming to 
route LII (Table 4). Detailed methodology and results are shown in Paper I (section 4.1). 

(II) Thoroughly characterize effects of ultrasonication on CNC suspension 

properties 

In Paper II (section 4.2), CNCs are individualized by incremental ultrasound treatment 

and subsequently separated by (electrical) asymmetrical flow field-flow fractionation 

(Figure 17). Short-term and long-term effects of ultrasonication on particle size 

distribution and stability of CNC suspensions are analyzed on-line and off-line, by optical 

and chemical methods. 

 

Figure 17: Effect of ultrasound treatment on CNC particle size distribution and suspension stability were determined on sulfated 
CNCs, which were isolated from cotton cellulose via route LI (Table 4), through multi-detector AF4. Detailed methodology and 
results are shown in Paper II (section 4.2). 
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(III) Demonstrate CNC performance in advanced materials 

In the first part of Paper III (section 4.3), CNCs are produced by sulfuric acid-catalyzed 

hydrolysis and neutralization, as outlined in the second part of Paper I. Subsequently, 

polymer films are pre-treated and coated with CNC suspensions, which contain residual 

salt from neutralization (Figure 18). CNC processing, coating, and CNC performance in 

barrier coatings is analyzed off-line by optical, chemical, and physical methods. 

 

Figure 18: CNCs were isolated from cotton cellulose via route LII (Table 4) and coated onto polymer substrates, to improve the 
substrates’ barrier performance. Detailed methodology and results are shown in Paper III (section 4.3). 
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In the second part of Paper III and in Paper IV (section 4.4), CNCs are produced by 

sulfuric acid-catalyzed hydrolysis and neutralization, as outlined in the second part of 

Paper I. Subsequently, starch-based nanocomposites are produced, which contain 

CNCs and residual salt from neutralization (Figure 19). Suspension properties and CNC 

performance in nanocomposites are determined off-line by optical and physical methods. 

 

Figure 19: CNCs were isolated from cotton cellulose via route LII (Table 4) and dispersed in a hydrophilic starch matrix, to improve 
the polymer’s mechanical performance. Detailed methodology and results are shown in Paper III (section 4.3) and Paper IV 
(section 4.4). 
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4. Results 

4.1. Agglomeration of cellulose nanocrystals: the effect of 

secondary sulfates and their use in product separation 

Summary. State-of-the-art processes for CNC isolation use sulfuric acid to catalyze 

hydrolysis of amorphous cellulose. Concurrently, negatively charged sulfate half-esters 

are introduced to remaining cellulose nanocrystals’ surfaces (145, 162–164). Colloidally 

stable CNC suspensions are then produced by dialysis or reverse osmosis; to separate 

nanoparticles from the reactant solution, which also contains residual acid and 

byproducts. These techniques implicate high water consumption and large reactor 

design, as well as long processing time (253, 258, 268). Since surface functional groups 

of purified CNCs are fully protonated (R-OSO3H), they are prone to autocatalytic de-

sulfation at high particle concentrations; and they have a propensity for semi-irreversible 

agglomeration during drying (260, 329). Thus, protonated CNCs are commonly 

counterion-exchanged with NaOH or Na2CO3 to improve shelf-life, and to facilitate 

redispersion after drying (263, 269, 329). Furthermore, neutralization of ionic residues 

with said ionic compounds is required in scale-up scenarios, where particularly sulfates 

remain in the product after filtration (258). Formed sulfate salt impacts CNC suspensions’ 

colloidal stability and, thereby, their performance in advanced materials (263). Notably—

while several works address colloidal stability of CNCs in the presence of chlorides with 

varying counterions (251)—, studies on colloidal CNCs’ properties in the presence of 

sulfates are absent in literature. 

In this context, this work aimed at investigating salt-induced CNC agglomeration in the 

presence of secondary sulfates. Protonated CNCs, with mean particle length of 120 nm, 

were produced through sulfuric acid-catalyzed hydrolysis of ashless cotton cellulose. 

Subsequently, (NH4)2SO4, K2SO4, Na2SO4, and CaSO4 were added in different 

concentrations, and the number fraction of colloidally stable CNCs at each concentration 

was monitored via UV-Vis spectroscopy. Each salt promoted different critical 

agglomeration concentration (CAC), which corresponds to the highest salt concentration 

without particle agglomeration. Similarly, critical peptization concentration (CPC), which 

is the minimal salt concentration at which all CNCs are agglomerated, is salt-specific. 

Both CAC and CPC followed the sequence K+ < Na+ < NH4
+ < Ca2+. Differing effects of 

each salt on CNC agglomeration behavior was not only attributable to electrostatic 

charge screening, but it could be tentatively explained by the law of matching affinities 

(251, 400). Soft cations, in terms of charge density (NH4
+ and Ca2+), triggered CNC 

agglomeration with soft sulfate groups already at lower salt concentrations. Colloidal 

stability, in terms of zeta potential, was then determined at salt concentrations between 

CAC and CPC. After initial absolute zeta potential increase, when about half of CNCs 

remained colloidally stable, it decreased to –30 to –20 mV toward CPC, indicating poor 

colloidal stability. Presence of clusters at all salt concentrations between CAC and CPC 

was substantiated by DLS. This study showed that CNCs have similar agglomeration 

behavior in the presence of sulfates, as in the presence of chlorides. 
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In the second part of the study, salt-specific CAC and CPC were used to design a 

neutralization-based downstream process, aiming at low water consumption. After CNC 

isolation, the reactant solution was neutralized with alkaline solutions of NH4OH, KOH, 

NaOH, and Ca(OH)2. Respectively identified stability ranges between CAC and CPC in 

the first part of this study were then used for salt removal in successive centrifugation 

and dilution steps, while dialysis or reverse osmosis was omitted. It was found that CAC 

and CPC are independent of CNC concentration and, therefore, this process can be 

further improved toward lower reactant consumption. Produced CNCs were colloidally 

stable and had similar properties to fully protonated CNCs. While economic feasibility of 

CNC production mainly aims at increasing yield during hydrolytic isolation of CNCs (39, 

178), the proposed process design represents a further approach for lower reactant 

consumption, and more compact reactor design. 

Author’s contributions. The author was lead scientist in all parts of this work and 

conceptualized the study. He designed experiments together with DA. He conducted or 

supervised all data acquisition and performed most laboratory work. He performed most 

of the data evaluation. DA performed preparatory laboratory work and measured part of 

UV-Vis data. SD contributed SEM images and evaluated particle length distribution. HB 

supervised the research. All authors contributed to the discussion and interpretation of 

results. The manuscript was written by the author and discussed with HB, and all authors 

read and approved the final manuscript. 

Acknowledged contributions. Michaela Thalhammer assisted the author with water 

content determination of raw materials. Johann Landauer gave adjuvant input to the 

interpretation of results. 
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4.2. Effect of ultrasonication on the size distribution and stability of 

cellulose nanocrystals in suspension: an asymmetrical flow 

field-flow fractionation study 

Summary. Numerous systematic studies aim at improvement of process conditions 

during CNC isolation from cotton or wood, to tailor their properties and performance in 

advanced materials (171–179, 181, 284). Along with hydrolysis conditions, downstream 

processing and, particularly, ultrasonication further impacts colloidal CNCs’ properties 

(171, 173, 253). Commonly, energy input of 2 kJ g-1 CNC is considered to be sufficient 

for dispersion of agglomerated CNCs (171, 329). CNC individualization by 

ultrasonication results in de-agglomeration and, thus, higher available surface area, 

narrower particle size distribution, and decrease of hydrodynamic apparent particle size, 

with increasing energy input (171, 254, 293, 295, 333). Consequently, ultrasonication 

improves reproducibility of CNC derivatization during post-processing (401), and enables 

control over CNC performance in advanced materials (332, 333, 402). While effects of 

ultrasonication on CNC properties are apparent from their performance, quantification of 

their state of agglomeration is challenging. DLS is applicable to determine hydrodynamic 

particle size; however, 𝑧-𝑎𝑣𝑔 is averaged over the full particle collective and fails to factor 

in particle morphology. In this regard, Guan et al. (366) established AF4, coupled with 

MALS, for fractionation and subsequent quantitative analysis of full CNC particle size 

distributions. Chen et al. (261) determined CNCs’ state of agglomeration from AF4-MALS 

and found that clustered CNCs are still present, when samples were ultrasonicated at 

5 kJ g-1 CNC beforehand. 

The objective of this work was targeted breakage of agglomerated CNCs by 

ultrasonication at energy inputs of up to 40 kJ g-1 CNC and subsequent estimation of 

particle size distribution and stability through multi-detector AF4. CNCs were isolated 

from ashless cotton cellulose through sulfuric acid-catalyzed hydrolysis, separated from 

reactant solution by dialysis. Eventually, cellulosic solid residues were removed by 

centrifugation. Ultrasound was incrementally applied and aliquots at increasing energy 

input were taken from suspension. Each aliquot was split, and one half was successively 

treated with mixed bed ion-exchange resin and strong acid cation ion-exchange resin to 

remove potentially released ions from CNC solvation shells. Suspension properties were 

determined by AF4-MALS, DLS, electrophoretic light scattering (ELS), and 

conductometric titration. All samples were then stored in a benign environment for six 

months, to evaluate stability of ultrasonicated CNC suspensions. 

It was found that that mean particle length decreased logarithmically with increasing 

ultrasound energy input. Concurrently, particle length distribution shifted to shorter 

lengths, and narrowing of length distribution was observed. Furthermore, shorter CNCs 

had higher shape factors and, hence, lower diameters at similar length. Therefore, 

ultrasonication facilitated CNC individualization by dispersing both laterally and axially 

agglomerated clusters. Simultaneously, suspensions’ electrical conductivity increased 

with increasing ultrasound energy input. This effect was attributed to faster diffusion of 

smaller particles and exposure of particle surface, which was trapped in clusters prior to 

de-agglomeration. No release of ionic species from solvation shells or de-sulfation was 

detected. Colloidal stability was not affected by ultrasonication. Long-term impact of 
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ultrasonication on colloidal CNCs’ stability was evaluated after six months, using the 

same experimental set-up. It was found that effects of ultrasonication on mean particle 

length and nanostructure morphology were more lasting for high ultrasound energy 

densities, while CNCs treated at low energy inputs formed lateral agglomerates over the 

course of six months. 

Results of this work are of particular interest, regarding ongoing standardization of CNC 

production and characterization. Furthermore, commercialization efforts require CNCs 

with narrow particle size distribution and, hence, predictive and uniform properties. Multi-

detector AF4 facilitated quantification of properties of full particle collectives in their 

native, colloidal state, which, therefore, emphasizes its capacity for on-line 

characterization during CNC production. 

Author’s contributions. The author had a leading role in this work. He conceptualized 

the study and conducted or supervised most data acquisition and experiments. The 

author prepared all samples and designed the separation strategy. RD performed AF4. 

RD acquired MALS and UV spectroscopy data and supported the author with the 

interpretation of results. HB and FM supervised the research. The author wrote the 

manuscript and discussed the results with all authors. 

Acknowledged contributions. Alexandra Zandt, Jan Stotz, and Johannes Zuber 

performed part of CNC production and conductometric titrations. 
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4.3. Efficiently extracted cellulose nanocrystals and starch 

nanoparticles and techno-functional properties of films made 

thereof 

Summary. Fossil-based polymers are still indispensable in packaging applications, due 

to their low weight, high performance, and low cost, in combination with good 

processability. They meet packaging materials’ requirements for good barrier properties 

against oxygen and water vapor, good mechanical performance, and high transparency 

(403). However, while synthetic polymers are designed for performance and durability, 

most packaging materials are used for less than a week only (404). Furthermore, they 

show limited degradability and recyclability, which causes large amounts of waste. In 

contrast, biodegradable polymers, such as poly(lactic acid) (PLA), are derived from 

renewable resources; and they can be integrated into a sustainable circular economy 

(405). Nevertheless, PLA’s high gas permeability limits its range of applications. In this 

context, CNC barrier films can be applied onto PLA to reduce oxygen transmission rate 

of composite films (406). During drying, CNCs form a complex dense network with 

increased tortuosity, which increases diffusion path within the film (407). Furthermore, 

CNCs’ crystalline structure contributes to improved barrier properties of such films (408, 

409). 

Primary objective of this study was performance assessment of CNC coatings from 

saline CNC suspensions in gas barrier films. CNCs were isolated from cotton linters, 

following the protocol in Paper I, and stable particle suspensions contained residual 

Na2SO4. Compatibilization of hydrophobic PLA and hydrophilic CNCs was achieved by 

air plasma treatment of polymeric substrates to elevate their interfacial tension (410). 

Then, CNC coatings with thickness of 2.6 µm were applied to a PLA film of 26.8 µm 

thickness using a blade. CNC coatings were microscopically inhomogeneous due to 

particle agglomeration during solvent evaporation, but light transmittance was only 

reduced by 10%, compared to bare PLA. CNC coatings reduced oxygen permeability of 

PLA of 515 cm3 m-2 d-1 bar-1 by 75% to 130 cm3 m-2 d-1 bar-1, at a relative humidity of 

50%. No improvement of water vapor barrier of coated PLA was found. For comparison, 

starch nanoplatelets (SNPs) were isolated from corn starch by a similar protocol, 

involving acid-catalyzed hydrolysis and subsequent neutralization. SNP coatings on PLA 

showed lower light transmittance, compared to CNC coatings; but they resulted in similar 

improvement of oxygen permeability when coated onto PLA. Hereby, it was shown that 

neutralization-based isolation of CNCs and SNPs yields colloidally stable nanoparticles, 

which facilitate good oxygen barrier properties on PLA. Therefore, such nanoparticle 

suspensions are suitable for production of sustainable packaging materials with good 

application properties. Furthermore, it was attempted to coat paper substrates with both 

CNCs and SNPs. However, the substrate’s high porosity resulted in pitted coatings, and 

no improvement of barrier properties was achieved. 

Secondary objective of this study was performance assessment of CNCs as reinforcing 

filler in nanocomposites. CNC-based polymeric nanocomposites are one of the most 
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studied fields in academic research on CNCs (411). In this work, CNC and SNP 

suspensions, containing residual Na2SO4, were incorporated into hydrophilic starch 

matrices by solution casting at different concentrations, to estimate reinforcing effects as 

function of nanoparticle loading. However, no significant effect of nanoparticle loading 

on mechanical properties was found. It was assumed that both segregation of the filler 

from the matrix during drying and the measurement set-up compromised accurate 

determination of mechanical properties. 

Author’s contributions. The author had a leading role in this work. He planned and 

coordinated the workflow, performed or supervised all data acquisition, and performed 

data analysis, as well as interpretation. SSa designed and conducted groundwork for the 

coating strategy and performed preliminary analyses on barrier properties. LB carried 

out most of the experiments. ML and SSä supported the author with data evaluation and 

interpretation. HB supervised the research. The author wrote the manuscript and 

discussed all results with HB. 
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4.4. Thermoplastic starch nanocomposites reinforced with cellulose 

nanocrystal suspensions containing residual salt from 

neutralization 

Summary. This study aimed at improvement of mechanical properties of starch 

nanocomposites, by adding CNCs as a reinforcing filler. It followed the inconclusive 

evaluation of mechanical properties of CNC-starch nanocomposites in Paper III. The 

measurement set-up was revisited, and sample holders were identified to introduce an 

irregular stress profile to samples, causing sudden crack extension. Thus, a new sample 

holder was designed, following the guidelines of ISO 527-1 and 527-3 (392, 393). CNCs 

were isolated from ashless cotton cellulose through acid-catalyzed hydrolysis, and then 

neutralized. Product separation followed the protocol, which was presented in Paper I, 

involving incremental centrifugation and dilution, until a stable colloidal suspension 

formed. A product’s portion was then dialyzed, to remove residual Na2SO4. Corn starch 

was plasticized, and four different experimental series were prepared: pure starch films; 

nanocomposite films containing CNCs and residual Na2SO4; nanocomposite films 

containing dialyzed CNCs; and starch films containing Na2SO4, where salt concentration 

matches residual salt concentration in respective nanocomposite film. Adjusted CNC 

concentration was 1–5 wt.%. It was found that an increase of nanoparticle loading 

resulted in an increase of elastic modulus, which corresponds to higher nanocomposite 

stiffness. Concurrently, nanocomposites’ elasticity decreased with increasing CNC 

loading. No significant effect of residual salt on mechanical properties of starch films and 

CNC-starch nanocomposites was found. It was concluded that residual salt did not affect 

CNC dispersibility in the starch matrix at loadings ≤ 5 wt.%. Therefore, neutralization-

based CNC isolation yields nanoparticles with good compatibility in hydrophilic polymeric 

matrices for tailored mechanical properties of advanced materials. 

Author’s contributions. The author had a leading role in this work. He planned and 

designed the experiments and conducted all experiments. He performed all data 

acquisition, evaluation, and interpretation. HB supervised the research. The author wrote 

the manuscript and discussed all results with HB. 

Acknowledged contributions. Sonja Kraus designed the sample holder, according to 

the author’s specifications, and performed preliminary experiments. The workshop under 

Walter Seidl manufactured the sample holder. 
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5. Concluding remarks 

Throughout this work, CNCs were investigated with the aim of developing deeper 

understanding of interactions that control particle agglomeration, forces that facilitate 

particle dispersion, and effects of CNCs on advanced materials’ performance. 

Specifically, agglomeration behavior of CNCs in the presence of salts was probed 

through optical measurement techniques; ultrasound-induced dispersion of CNC 

clusters was analyzed by multi-detector asymmetrical flow field-flow fractionation; and 

technical properties of packaging films, incorporating CNCs, were assessed. Altogether, 

these objectives were accomplished in accordance with the goals outlined in section 1.3: 

(I) Develop efficient downstream processing strategy, based on CNC 

agglomeration behavior. The work within section 4.1 examined behavior of 

colloidal CNCs, which were produced through sulfuric acid-catalyzed hydrolysis of 

cellulose, in the presence of secondary sulfates. Electrostatic particle interaction 

and, thus, agglomeration behavior can be adjusted by adding salt to CNC 

suspensions. Resulting CNC nanostructures can be controlled by surface charge 

density, salt concentration, and species of added salt, among others. Controlling 

these nanostructures enables production of CNC-based advanced materials with 

tailored rheological, mechanical, and optical properties (157, 158). Critical 

agglomeration and peptization concentrations of four secondary sulfates were 

determined. It was found that CNC agglomeration in the presence of sulfates is 

attributable to electrostatic charge screening, cluster formation, and matching 

affinities. Not only does this complement studies on CNC agglomeration, which, so 

far, have only been performed in the presence of chlorides (251, 263, 365, 412, 

413, 402, 414–422). Furthermore, the results are readily translatable to process 

design, involving neutralized reactant solutions during downstream processing 

(section 2.2.4). This contribution is an effort toward control of the structure-property 

relationship of CNC suspensions, and it will help in product separation at low 

reactant consumption, for overall efficient CNC production. 

(II) Thoroughly characterize effects of ultrasonication on CNC suspension 

properties. Advanced materials based on CNCs demand nanoparticles with 

predictive and uniform properties. This is commonly achieved by ultrasound-

assisted dispersion of clustered CNCs, which inherently form agglomerates during 

processing, and upon redispersion after drying (255, 329, 332). However, process 

parameters during ultrasonication are not standardized, and the methodology itself 

is under-reported (423). Furthermore, process monitoring and characterization of 

particle size distribution by common methods, such as DLS, EM, and AFM, cannot 

quantify CNC size in the particles’ native colloidal state. In this regard, on-line multi-

detector AF4 and off-line DLS, ELS, and conductometric titration were performed, 

to elucidate effects of ultrasonication on the process-structure-property relationship 

of CNCs, in terms of particle size distribution and stability (section 4.2). It was found 

that mean particle length decreased with increasing ultrasound energy input and, 

simultaneously, particle length distribution narrowed. Concurrently, colloidal 

stability remained constant at arbitrary ultrasound energy inputs, whereas the 

impact of ultrasonication was more lasting for higher energy inputs. These findings 

are significant for the community, because comprehensive understanding of 
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effects of ultrasonication on colloidal CNCs facilitates production of well-dispersed 

CNCs with uniform properties from different cellulose sources. Furthermore, multi-

detector AF4 was validated as on-line measurement technique to monitor particle 

size and shape of colloidal CNCs. Improved control over CNC properties and use 

of on-line measurement techniques supports standard development on CNC 

processing and characterization and, therefore, aids commercial adoption of 

CNCs. 

(III) Demonstrate CNC performance in advanced materials. In sections 4.3 and 4.4, 

CNC suspensions containing residual salt were prepared by sulfuric acid-catalyzed 

hydrolysis of cellulose and successive neutralization with sodium hydroxide. 

Nanoparticle suspensions were coated onto polymer films to improve barrier 

properties and incorporated into nanocomposites as mechanical reinforcement. 

While CNC coatings and CNC-reinforced nanocomposites have been previously 

reported (61, 184, 200, 403, 406, 424–426), the works herein uniquely examined 

the impact of residual salt from CNC processing—according to process design 

presented in section 4.1—on materials’ performance. It was found that oxygen 

barrier properties were significantly increased, compared to bare polymer films. 

Furthermore, mechanical strength of hydrophilic nanocomposites was improved by 

minor addition of CNCs, and no negative impact of residual salt on mechanical 

properties was found. Therefore, good spreadability and dispersion of salt 

containing CNC suspensions was concluded. These contributions are critical to 

ongoing development of CNC processing in advanced materials because 

neutralization-based CNC production provides low-cost potential to packaging 

applications and, therefore, promotes commercial adoption of CNCs in advanced 

materials. 

Knowledge gained herein deepens understanding of the relationship of process, 

structure, properties, and performance of CNCs in aqueous suspensions and polymer 

nanocomposites. For example, agglomeration behavior in the presence of secondary 

sulfates opens new perspectives to control colloidal stability, aiming at efficient process 

design. Furthermore, it was found that thermoplastic nanocomposites, reinforced with 

salt containing CNCs show improved mechanical properties and, hence, excessive 

purification is not a prerequisite for good CNC dispersion in compatible polymer matrices. 

This is particularly useful for production of low-cost added value nanomaterials with 

improved performance. In addition, effects of ultrasonication on colloidal CNCs were 

quantified. Targeted ultrasonication facilitates control of particle size distribution and 

stability. As a result, products with uniform and predictable properties can be tailored. 

This work overall supports ongoing research activities and standard development on 

CNCs, as sustainable building block in environmentally compatible advanced materials, 

manufactured in eco-friendly processes. 
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6. Outlook and future work 

Worldwide incentives toward more bio-based economies prompt increasing demand for 

sustainable materials and processes on a global scale. In this regard, cellulose 

nanomaterials and, particularly, cellulose nanocrystals have great potential to add value 

to numerous products and provide a materials platform in versatile sustainable 

applications. Sulfated CNCs, which constitute their most used form, are produced by 

sulfuric acid-catalyzed hydrolysis. Reportedly, efforts have been made to control their 

length, aspect ratio, surface chemistry, surface charge density, and crystallinity index, 

among others. However, while sulfated CNCs are most uniform and reproducible in 

properties, adjusting their set of properties to target applications with improved 

performance is yet to be done. Therefore, contemporary research on CNCs is directed 

at comprehensive understanding of particle-particle interactions in complex 

environments to improve dispersibility (414), chemical derivatization to expand their use 

in hydrophobic media and polymeric compounds (427), and drying and redispersion for 

easier storage and handling (323, 328, 329). Research on process scaling (30, 31, 35–

39), on-line characterization in complex environments (42, 44, 45, 48), regulation and 

standardization (1, 35, 45–49, 428), and full life-cycle analysis to assess environmental 

and health impacts (20, 30, 31, 38, 40–44, 335, 429) are considered equally important 

for commercial CNC production. 

From the perspective of this work, future studies may be directed at scaling opportunities 

and full life-cycle analysis of neutralization-based process design, toward resource-

efficient CNC isolation. Since critical agglomeration concentration is independent of CNC 

mass fraction, solid-liquid separation, by centrifugation and concentration, are 

implementable unit operations to further reduce products’ salt concentration. Thereby, a 

lower degree of agglomeration and, hence, improved dispersibility in hydrophilic media 

is anticipated. Minor salt residues in the product favor CNC dispersibility after drying 

(264, 329), and neutralization of surface charges reduces CNCs’ propensity for 

autocatalyzed hydrolysis and de-sulfation (259, 260). Hence, neutralization-based 

process design can be adjusted to control CNC structure and stability, along with other 

CNC properties that depend on ionic strength (263, 417, 430–432). While ultrasonication 

facilitates CNC individualization, combined effects of ionic strength and ultrasound 

treatment on particle size distribution and stability of CNC suspensions are worthwhile 

of investigation, and could facilitate the concept’s implementation to industrial CNC 

production and handling, where they are commonly neutralized by sodium counterions 

(257). Process design, targeting predictable dispersibility and control of CNC structure, 

should be overall aimed at adjusting CNCs’ property set to value-added use cases, to 

make them ready for the market. 
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7.2. Abbreviations 

A 

AdM  Advanced material 

AF4  Asymmetrical flow field-flow fractionation 

AFM  Atomic force microscopy 

AGU  Anhydroglucose unit 

APPTI  Alliance for Pulp & Paper Technology 

B 

BBI JU  Bio-based Industries Joint Untertaking 

C 

CAC  Critical agglomeration concentration 

CF  Candle filtration 

CMC  Cellulose microcrystal 

CMF  Cellulose microfibril 

CNC  Cellulose nanocrystal 

CNF  Cellulose nanofibril 

CNM  Cellulose nanomaterial 

CPC  Critical peptization concentration 

D 

DF  Diafiltration 

DLVO  Theory named after Boris Derjaguin, Lev Landau, Evert Verwey, and Theodoor 

Overbeek 

DoE  Design of experiments 

E 

ELS  Electrophoretic light scattering 

EM  Electron microscopy 

I 

ISO  International Standardization Organization 

ISO/CD  Committee draft of the International Organization for Standardization 

ISO/TS  Technical specification of the International Organization for Standardization 

L 

LCA  Life-cycle analysis 

M 

MALS  Multiangle light scattering 

MNM  Manufactured nanomaterial 

N 

NCF  Nanocellulose Forum 
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P 

PGV  Partikelgrößenverteilung 

pH  Activity of hydrogen ions in solution 

PLA  Poly(lactic acid) 

PPR  Patent-to-publication ratio 

S 

SFE  Surface free energy 

T 

TAPPI  Technical Association of the Pulp and Paper Industry 

TC  Terminal cellulose synthase complex 

TEM  Transmission electron microscopy 

U 

UF  Ultrafiltration 

W 

WoS  Web of Science 

WoS-CC  Web of Science Core Collection 
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7.3. Symbols 

Symbol Description 

𝛼  Alpha phase 

𝛽  Beta phase 

𝜀𝑠𝑜𝑙  Dielectric constant 

𝜁  Zeta potential 

𝜂  Viscosity 

𝜅−1  Debye length 

𝜌𝑠  Surface sulfate group density 

𝑎  Reaction order with respect to acid concentration 

𝑐𝑎𝑐𝑖𝑑  Acid concentration 

𝑐𝑐𝑟𝑖𝑡  Critical concentration for liquid crystalline phase separation 

𝑐𝑒𝑛𝑧  Cellulase concentration 

𝑐𝑠𝑎𝑙𝑡  Salt concentration 

𝐶𝑟𝐼  Crystallinity index 

𝑑  Particle diameter 

𝐷  Dextro conformation of cellulose 

𝐸𝐴  Activation energy 

𝐻  Interaction distance 

𝑘  Rate constant 

𝑘𝑖  Pre-exponential factor 

𝐿  Particle length 

𝑚𝑎  Acid mass 

𝑚𝑐  Pulp mass, or cellulose mass 

𝑚𝐶𝑁𝐶  CNC mass 

𝑚𝑃  Product mass 

𝑚𝐵  Mass of byproduct 

𝑅  Universal gas constant 

𝑡𝑚𝑐  Mechano-chemical treatment time 

𝑡𝑅  Reaction time 

𝑡𝑈𝑆  Ultrasonication time 

𝑇𝑅  Reaction time 

𝑌  CNC isolation yield 

𝑧  Ion valence 

𝑧-𝑎𝑣𝑔  Hydrodynamic apparent particle size 
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7.4. Elements, ions, and compounds 

Symbol or composition Name 

C Carbon 

H+ Proton, or hydron 

NH4
+ Ammonium ion 

Na+ Sodium ion 

ClO2
- Chlorine dioxide 

K+ Potassium ion 

Ca2+ Calcium ion 

H2O Water 

H2O2 Hydrogen peroxide 

H2SO4 Sulfuric acid 

HCl Hydrochloric acid 

CO2 Carbon dioxide 

NH4OH Ammonium hydroxide 

(NH4)2SO4 Ammonium sulfate 

Na2CO3 Sodium carbonate 

NaOH Sodium hydroxide 

NaOCl Sodium hypochlorite 

Na2SO4 Sodium sulfate 

NaClO2 Sodium chlorite 

KOH Potassium hydroxide 

K2SO4 Pottasium sulfate 

Ca(OH)2 Calcium hydroxide 

CaSO4 Calcium sulfate 

R-OSO3H Protonated sulfate half-ester group, where R denominates CNC backbone 
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9. Appendix 

9.1. Bibliometric indicators 

Bibliometry is the objective evaluation and mapping of scientific research, and it 

facilitates systematization of steadily growing scientific output (433). It can be used to 

describe research activity in certain fields, by applying principles of scientometrics and 

infometrics. Scientometrics involve mathematical and statistical methods to determine 

relative associations. Infometrics address quantitative aspects of any information. Most 

bibliometric indicators are derived from simple quantitative aspects. Based on this, a 

bibliometric top-down approach addresses descriptive evaluation of scientific output. 

Advanced bibliometric measures, which include network indicators, are derived from 

citation networks and co-authorships. Such a bottom up approach focuses on evaluation 

of scientific activity for qualitative evaluation of scientific performance (434). 

Export from the Web of Science. Bibliographic data was retrieved from the Web of 

Science Core Collection (12) on 15 August 2021. Both singular and plural forms of each 

keyword were either manually entered, or they were considered via wildcards. Search 

queries for multi-word terms were entered as exact phrases. Search results were refined 

to include only English-language documents, and document types other than articles 

were excluded. Data was exported as plain text. 

Export from The Lens. Patent data was retrieved from The Lens (26) on 15 August 

2021. Keyword entries were handled analogously to the search for academic 

publications on the WoS-CC. Search results were refined to English-language patent 

applications and granted patents. Data was exported in BibTeX format, and it included 

corresponding cited literature. 

Data editing. Data was imported to RStudio (435) and converted to DataFrames, using 

the bibliometrix package (436). The packages tidyr (437) and dplyr (438) were used for 

data editing. 

Data processing. Entries exported from the WoS-CC, which had no DOI assigned and 

no reference list included, were manually removed (439). The DataFrame column, 

containing research areas on the journal level, was split and matched to subject 

categories of the database maintainer Clarivate Analytics (13). Data was then processed 

for quantitative presentation by annual number of publications and publications per 

research area per year. Entries exported from The Lens were processed for quantitative 

presentation by annual number of granted patents and patent applications. Entries, 

existing both as cited academic publications in patents and in search results from the 

WoS-CC, were matched by their DOI, for quantitative presentation.4 

 

4 The Python algorithm for processing DOIs from different databases has been provided by Tiaan Friedrich. 
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9.2. Cellulose surface modification 

Table A8: Surface modifications of cellulose in the context of CNMs, according to Moon et al. (101), Eyley and Thielemans (140), 
and Thomas et al. (139). Surface functional groups are linked to the primary hydroxy groups of the cellulose backbone, R, and 
can contain a substituent, R’. Surface functional groups are presented in charge-balanced state. 

Modification process Modification technique Functional group Reference 

Unfunctionalized  
 

(440) 

Imparting of ionic 
surface charge 

Carboxymethylation 

 

(441) 

Esterification 

 

(442) 

Oxidation 

 

(443) 

Phosphorylation 

 

(444) 

Sulfonation 

 

(162) 

Hydrophobization 

Acetylation 

 

(445) 

Amidation 

 

(446) 

Etherification 

 

(350) 

Silylation 

 

(447) 

Urethanization 

 

(347) 

Polymer grafting-to 

Atom transfer radical polymerization * (448) 

Free radical * (449) 

Reversible addition-fragmentation chain 
transfer 

* (450) 

Ring-opening polymerization * (451) 

Polymer grafting-from Post-polymerization * (452) 

*More complex surface functional groups for polymer grafting can be viewed in listed references. 
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9.3. Biomass sources for CNC production 

Table A9: Cellulose sources for CNC production and representative production routes. The list of methods was adopted from 
Vanderfleet and Cranston (39). 

Feedstock Cellulose source Cellulose isolation CNC isolation Reference 

Agricultural 
waste 

Apple pomace 
Digestion (HCl; NaOH); 
bleaching (NaOCl) 

Hydrolysis (H2SO4); 
mechanical treatment 

(198) 

Banana pseudostem 
Extraction; digestion 
(NaOH); bleaching (H2O2); 
extraction 

Hydrolysis (H2SO4) (193) 

Coconut husk 
Digestion (NaOH); bleaching 
(NaClO2); digestion (HNO3) 

Hydrolysis (H2SO4) (216) 

Coffee husk 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (199) 

Corncob 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (200) 

Garlic straw 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (201) 

Mango seed 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (202) 

Onion skin 
Bleaching (NaClO2); 
digestion (Na2SO3; NaOH) 

Hydrolysis (H2SO4) (217) 

Passion fruit peel Bleaching (NaOH; H2O2) Hydrolysis (H2SO4) (203) 

Pea hull Not reported Hydrolysis (H2SO4) (453) 

Peanut shell 
Extraction; bleaching 
(NaClO2); digestion (NaOH) 

Hydrolysis (H2SO4) (190) 

Pineapple leaf 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (204) 

Pineapple peel 
Bleaching (NaClO2 + HCl); 
digestion (NaOH) 

Hydrolysis (H2SO4) (218) 

Pistacio shell 
Extraction; digestion 
(NaOH); bleaching (H2O2); 
extraction 

Hydrolysis (H2SO4) (194) 

Potato peel 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (205) 

Rice husk 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (206) 

Rice straw 
Bleaching (NaClO2); 
digestion (KOH) 

Hydrolysis (H2SO4) (219) 

Soy hull 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (207) 

Sugarcane bagasse 
Digestion (NaOH); bleaching 
(H2O2) 

Hydrolysis (H2SO4) (208) 

Tomato peel 
Extraction; bleaching 
(NaClO2; H2O2); digestion 
(KOH) 

Hydrolysis (H2SO4) (191) 

Algae 

Cladophora 
Digestion (KOH); bleaching 
(NaCIO2) 

Hydrolysis (H2SO4) (209) 

Gelidium sesquipedale 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (210) 

Microdictyon tenuius Digestion (NaOH; HCl) Hydrolysis (HCl) (55) 

Valonia macrophysa Digestion (NaOH; HCl) Hydrolysis (HCl) (195) 
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Feedstock Cellulose source Cellulose isolation CNC isolation Reference 

Animals Tunicate 
Extraction; bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (184, 185) 

Bacterial 
cellulose 

Komagataeibacter 
xylinus 

Digestion (NaOH) Hydrolysis (H2SO4) (185, 196) 

Cotton 

Cotton cloth (waste) 
Extraction; digestion 
(NaOH); bleaching (H2O2) 

Hydrolysis (H2SO4, 
HCl) 

(186) 

Cotton linter None Hydrolysis (H2SO4) (454) 

Filter aid (ashless) None Hydrolysis (H2SO4) (253) 

Filter paper None Hydrolysis (H2SO4) (455) 

Mercerized cotton None 
Hydrolysis (H2SO4); 
mechanical treatment 

(456) 

Plants and 
grasses 

Bamboo 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (187) 

Elephant grass 
Digestion (NaOH); bleaching 
(H2O2) 

Hydrolysis (H2SO4) (188) 

Flax None Hydrolysis (H2SO4) (183) 

Hemp 
Extraction; bleaching 
(NaClO2); digestion 
(NaHSO4; NaOH) 

Hydrolysis (H2SO4) (192) 

Jute 
Digestion (NaOH); 
extraction 

TEMPO-mediated 
oxidation; mechanical 
treatment 

(222) 

Kenaf 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (175) 

Mengkuang leaf 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (211) 

Miscanthus giganteus 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (212) 

Ramie Digestion (NaOH) 
Hydrolysis (H2SO4); 
mechanical treatment 

(197) 

Sisal 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (213) 

Southern cattail 
Bleaching (NaClO2); 
digestion (NaOH) 

Hydrolysis (H2SO4) (220) 

Sunflower Stalk 
Digestion (NaOH); bleaching 
(NaClO2); digestion 
(NaHSO4; NaOH) 

Hydrolysis (H2SO4) (221) 

Wood 

Eucalyptus kraft pulp 
(bleached) 

None Hydrolysis (H2SO4) (178) 

Microcrystalline 
cellulose 

None Hydrolysis (H2SO4) (173) 

Mulberry branch bark 
Digestion (NaOH; Na2S); 
bleaching (NaClO2) 

Hydrolysis (H2SO4) (214) 

Sawdust waste 
Digestion (NaOH); bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (215) 

Softwood kraft pulp 
(bleached) 

None Hydrolysis (H2SO4) (172, 174) 

Softwood sulfite pulp None 
TEMPO-mediated 
oxidation; hydrolysis 
(HCl) 

(457) 

Spruce bark 
Extraction; bleaching 
(NaClO2) 

Hydrolysis (H2SO4) (189) 
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Feedstock Cellulose source Cellulose isolation CNC isolation Reference 

Wood 

Spruce sulfite pulp 
(microfibrillated) 

None 
Oxidation (NaIO4); 
reduction (NaBH4) 

(458) 

Wood fibers (virgin) None Hydrolysis (H2SO4) (459) 

9.4. Industrial CNC production 

Table A10: Industrial CNC production, current and planned. Adopted from Trache et al. (38), Vanderfleet and Cranston (39), and 
Moon et al. (101). 

Company, 
Country 

Cellulose source CNC isolation CNC surface 
Volume 
/kg d-1 

Reference 

Alberta-Pacific 
Forest Industries 
Canada 

Hardwood kraft pulp, 
softwood kraft pulp, 
dissolving pulp 

Hydrolysis (H2SO4), 
continuous 

Sulfated 500 (286) 

Anomera 
Canada 

Softwood pulp Oxidation (H2O2) Carboxylated 30 (460) 

Blue Goose 
Biorefineries 
Canada 

Dissolving pulp 
(viscose-grade) 

Oxidation, 
transition metal 

Carboxylated 10 (461) 

CelluForce 
Canada 

Softwood kraft pulp 
(bleached) 

Hydrolysis (H2SO4), 
discontinuous 

Sulfated 1000 (462) 

Cellulose Lab 
Canada 

Dissolving pulp, 
commercial pulp, 
cotton, sisal, tunicate 

Hydrolysis (H2SO4), 
discontinuous 

Sulfated or 
derivatized 

10 (463) 

FPInnovations 
Canada 

Chemical wood pulp 
(bleached) 

Hydrolysis (H2SO4; 
H3PO4), 
discontinuous 

Sulfated, 
phosphated 

1.5 (464) 

GranBio 
Brazil/USA 

Eucalyptus chips, 
agricultural residues, 
energy crops 

AVAP (American 
Value Added 
Pulping) process 
with ethanol and 
SO2, continuous 

Unmodified or 
lignin-coated 

500 (465) 

InnoTech Alberta 
Canada 

Hardwood pulp 
(bleached), softwood 
pulp (bleached) 

Hydrolysis (H2SO4), 
continuous and 
discontinuous 

Sulfated 2 (287) 

Melodea 
Sweden/Israel 

Hardwood pulp 
(bleached), softwood 
pulp (bleached) 

Hydrolysis (H2SO4), 
discontinuous 

Sulfated 
30 

(projected) 
(466) 

USDA Forest 
Products 
Laboratory 
USA 

Dissolving pulp 
Hydrolysis (H2SO4), 
discontinuous 

Sulfated 10 (467) 

 


