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The superior rheological properties (e.g., 
viscosity, yield stress, shear-thinning 
behavior, thixotropy, and viscoelasticity) 
of cellulose nanomaterials (CNMs) have 
enabled them to be effective rheology 
modifiers. The dependence of CNM rheol- 
ogy on a wide spectrum of parameters and 
the application of CNMs as rheology modi- 
fiers in several emerging industrial sectors 
are systematically described. 
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1. Introduction 

In recent years, to minimize environmental health and safety 
concerns, the development of nanotechnology in a sustainable, 
environmentally friendly manner has been highly desired.[1,2] 

One of the most promising strategies for sustainable develop- 
ment involving nanotechnology is the isolation and utilization 

 
 

 
 

of nanomaterials from green, low-cost, 
abundant, renewable, and biodegradable 
natural resources. One such attractive 
bioresource is cellulose, the most abun- 
dant biopolymer on earth, which is widely 
present in various forms of renewable bio- 
mass, such as trees, plants, tunicates, and 
bacteria. 

Structurally, cellulose is a linear, high 
molecular weight polysaccharide with 
repeating glucose units linked by 1–4 
glycosidic bonds. Owing to the presence 
of hydroxyl groups, those linear chains 
of glucose units link together through 
van der Waals forces and intermolecular 
hydrogen bonding to form elementary 
fibrils, which are further packed into 
larger aggregates known as microfi- 
brils.[3] Cellulose fibrils consist of disor- 
dered (amorphous) regions and highly 
ordered (crystalline) regions. In the 
crystalline regions, cellulose chains are 
closely packed together in highly ordered 
fashion (parallel to the direction of fibril 
length), dictated by the intricate intra- 
and intermolecular hydrogen bonding; 
whereas in the amorphous regions, cel- 
lulose chain stacking is less   ordered 
and not as closely packed. Therefore, 

the amorphous regions are more vulnerable to both physical 
disintegration and chemical hydrolysis in comparison with 
crystalline regions. When cellulose is prepared in nano-scale 
fibrillar or crystalline forms, it is broadly referred to as cellu- 
lose nanomaterials (CNMs). 

The isolation, characterization, modification, and application 
of CNMs are currently receiving much attention. Understanding 
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Cellulose nanomaterials (CNMs), mainly including nanofibrillated cellulose 
(NFC) and cellulose nanocrystals (CNCs), have attained enormous interest 
due to their sustainability, biodegradability, biocompatibility, nanoscale 
dimensions, large surface area, facile modification of surface chemistry, 
as well as unique optical, mechanical, and rheological performance. One 
of the most fascinating properties of CNMs is their aqueous suspension 
rheology, i.e., CNMs helping create viscous suspensions with the for- 
mation of percolation networks and chemical interactions (e.g., van der 
Waals forces, hydrogen bonding, electrostatic attraction/repulsion, and 
hydrophobic attraction). Under continuous shearing, CNMs in an aqueous 
suspension can align along the flow direction, producing shear-thinning 
behavior. At rest, CNM suspensions regain some of their initial structure 
immediately, allowing rapid recovery of rheological properties. These 
unique flow features enable CNMs to serve as rheological modifiers in 
a wide range of fluid-based applications. Herein, the dependence of the 
rheology of CNM suspensions on test protocols, CNM inherent properties, 
suspension environments, and postprocessing is systematically described. 
A critical overview of the recent progress on fluid applications of CNMs 
as rheology modifiers in some emerging industrial sectors is presented as 
well. Future perspectives in the field are outlined to guide further research 
and development in using CNMs as the next generation rheological 
modifiers. 
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the processing–structure–property relationship is essential to 
be able to design and produce CNMs with suitable properties 
for various emerging applications. The methodologies and cel- 
lulosic sources used for CNM production as well as properties 
of CNMs have been well documented.[3,4] The morphology and 
characteristics of CNMs, e.g., crystallinity, elastic modulus, 
thermal stability, colloidal behavior, liquid crystallinity, self- 
assembling, optical effects, and barrier properties, are greatly 
dependent on the origin of cellulose and production methods. 
CNMs possess an abundance of hydroxyl groups, providing a 
facile platform for modification and functionalization of their 
surfaces through various chemical and physical strategies.[5–7] 

Those techniques not only offer solutions to many challenges 
of CNMs facing practical applications, but also enable fabrica- 
tion of CNM-based products with high added values. During 
the past decade, CNMs have been explored for potential appli- 
cations as functional fillers, templates or building blocks in a 
large variety of emerging areas, reflected in recently published 
review articles on polymer composites,[8,9] hydrogels and aero- 
gels,[10,11] water treatment,[12] food science,[13,14] catalysis,[15] liquid 
crystal template,[16] electronics,[17] and energy devices.[18–20] More 
recently, the rheological aspects of CNM suspensions (e.g., 
viscosity, yield stress, shear-thinning behavior, thixotropy, and 
viscoelasticity) have attracted significant interest.[21–23] In par- 
ticular, at appropriate concentrations, CNMs can form highly 
viscous suspensions in aqueous medium due to the occurrence 
of percolation networks and chemical interactions (e.g., van 
der Waals forces, hydrogen bonding, electrostatic attraction/ 
repulsion, and hydrophobic attraction) as well as entanglement. 
Under continuous shearing, CNMs orient along the flow direc- 
tion, producing profound shear-thinning behavior, i.e., viscosity 
decreasing with increased shear rate. At rest, CNMs regain 
much of their initial structure in a short time (i.e., good thixo- 
tropic performance), allowing rapid recovery of steady-state vis- 
cosity and viscoelastic properties. These attractive flow features 
allow CNMs to serve as effective rheological modifiers in a wide 
range of applications, whereas a comprehensive review in this 
topic is missing. 

Herein, we focus on the recent progress of rheological 
behaviors of CNM suspensions and using CNMs to formulate 
advanced fluids and materials for different emerging appli- 
cations (Figure 1). The differences in cellulosic sources and 
production methods account for the diverse morphology and 
surface chemistry of CNMs, and directly impact the rheology 
of CNM suspensions. Accordingly, a brief overview on the 
sources, production methods, and general characteristics of 
CNMs is outlined in Section 2. Section 3 provides a brief out- 
line of rheology principles in relation to CNM suspensions, 
as well as a comprehensive summary of the flow behaviors, 
and their dependence on test protocols, CNM inherent prop- 
erties, suspension environments, and post processing. In Sec- 
tion 4, a critical overview of recent progress in applications of 
CNMs as rheological modifiers in: i) inks for 3D printing, ii) 
materials for oilfield and construction services, iii) food addi- 
tives, iv) coatings, and v) cosmetics and personal care products 
is outlined. Finally, future perspectives are provided to fur- 
ther guide research and development in using CNMs as the 
next generation rheological modifiers for diverse industry 
applications. 

 

 
Figure 1. An overview of key factors in cellulose nanomaterial (CNM) rhe- 
ology and their influence on CNM’s emerging applications. At the center 
is the morphology of two typical CNMs (i.e., fiber-like NFC and rod-like 
CNCs), which are the focus of this review paper. Several governing fac- 
tors, including test protocols, inherent CNM properties, suspension envi- 
ronment, and post processing, affect the rheological properties of CNM 
suspension (i.e., viscosity, yield stress, viscoelasticity, shear thinning, 
thixotropy, water retention, and emulsion stabilization) that must be fur- 
ther tailored for use in the given CNM’s emerging applications (i.e., 3D 
printing inks, personal care products, food products, coating and paints, 
enhanced oil recovery or EOR fluids, cementitious products, and oilfield 
service fluids). 

 
2. General Characteristics of CNMs 
“CNMs” is a general term designated by the International Stand- 
ards Organization (ISO) to describe a class of cellulose-based 
particles that have at least one dimension in the nano-size scale 
(1–100 nm). There are many different varieties of CNMs, pre- 
senting a wide spectrum of particle morphologies (e.g., shape, 
size, and aspect ratio), properties and surface chemistries, all of 
which affect the rheology, colloidal behavior, and self-assembly 
of CNM suspensions, colloids, and mixtures. As a result, when 
working with CNMs, it is critical to have a comprehensive and 
accurate characterization of the particle morphology, size, sur- 
face characteristics, and rheological properties prior to investi- 
gating potential applications of CNMs as rheological modifiers. 

Variations in CNMs arise from three main factors: i) cellu- 
lose source material, ii) isolation or production method, and 
iii) surface chemistry. The influence of cellulose source on the 
resulting CNMs arises from the cellulose biosynthesis process, 
which is highly specific to the cellulose-producing organism, 
affecting the cellulose chain stacking and bundling that make 
up CNMs and subsequently govern the degree of crystallinity, 
particle aspect ratios, lengths, widths, and cross-sectional mor- 
phologies. A wide variety of cellulose source materials (e.g., 
trees, plants, algae, bacteria, tunicate) have been used to pro- 
duce CNMs.[3,24–27] The focus here is on CNMs produced from 
trees and plants. 
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The processes for producing CNMs typically consist of pre- 

treatment and refinement steps that are tailored for the specific 
cellulose source. Pretreatments (e.g., mechanical, chemical, or 
enzymatic) typically purify and homogenize the starting mate- 
rial so that it reacts more consistently to facilitate fragmenta- 
tion of the cellulose source material during the refinement step. 
There are two main refinement approaches to fragment cellulose 
source materials into nanosized particles: mechanical shear and 
acid hydrolysis.[28] Refinement by mechanical shear tears apart 
the cellulose source material (e.g., fibrillating the material),[27] 

creating nano-sized particles with fibril-like morphologies (e.g., 
microns in length, nanometers in width, and often branched). 
In contrast, refinement by acid hydrolysis preferentially dissolves 
the disordered regions of the material,[29] creating nano-sized 
particles with spindle-like morphologies (e.g., nanometers in 
length and width, with tapered ends). As a consequence of the 
large differences in particle morphology from these two refine- 
ment approaches, they subsequently define two classifications of 
CNMs, nanofibrillated cellulose (NFC) and cellulose nanocrystals 
(CNCs). The term cellulose nanofiber (CNF), as designated by 
the ISO nomenclature, can be regarded as a synonym for the tra- 
ditionally established term NFC.[30] 

The surface chemistry of CNMs can critically affect how they 
interact with the environment, controlling such things as dis- 
persion in solvents or polymers, rheology, self-assembly, and 
agglomeration. The surface chemistry can result as an artifact 
from a given CNM production method, or after subsequent 
chemical modification. A wide variety of chemistries and modi- 
fication routes have been explored.[5–7] 

With large differences in particle morphology of NFC 
versus CNCs, it is necessary that their rheological behaviors 

be discussed separately, as being done throughout this 
review. By comparing and contrasting NFC and CNCs, fur- 
ther insight on the role of CNM morphology on rheology can 
be gained. Additionally, not all NFC or CNCs are the same, 
and considerable variation in particle morphology and sur- 
face chemistry can result from differences in the produc- 
tion/refinement process. Sections 2.1 and 2.2 provide some 
additional description on the processing and morphologies of 
NFC, and CNCs, respectively. 

 
 

2.1. NFC 
 

In general, NFC refers to cellulosic particles that have fibril- 
like morphology (e.g., microns in length, nanometers in width, 
with aspect ratios usually greater than 50), are flexible, semic- 
rystalline, nanosized, and often exhibit longitudinal splits (e.g., 
branching), and form entanglements between cellulose fibrils 
(e.g., network-like structures). However, it is necessary to appre- 
ciate that there is an extremely wide spectrum in the degree 
of fibrillation and branching of these objects.[25,27,31–35] They 
can range from fine isolated fibrils of ≈4–10 nm in width, to 
coarse materials (20–100 nm wide) with extensively branched/ 
interconnected network structures, and most typically they lie 
somewhere in between (Figure 2). In this review, NFC is used 
to generally refer to particles produced via mechanical refine- 
ment to fibrillate wood and plant cellulose.[30] It should be 
noted that such materials have been named as nanofibrillated 
cellulose, microfibrillated cellulose, cellulose microfibrils, 
cellulose nanofibers, cellulose microfibers, and highly refined 
cellulose in the literature. 

 
 

 
Figure 2. Morphology of cellulose fibers and NFC from various processing approaches. a–c) By comparing: a) bleached kenaf bast pulp, b) bleached 
kenaf bast pulp after cryocrushing and refining; and c) UN-NFC from bleached kenaf bast pulp through cryocrushing, refining, and HPH using a homo- 
genizer; it is apparent that finer size-scale of the cellulose fibrils were produced as a result of increased mechanical refinement. a–c) Reproduced under 
the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[40] Copyright 2009, The 
Authors, published by BioResources. d–f) Contrasting results were obtained for: d) UN-NFC, e) E-NFC, and f) TO-NFC from commercial wood pulp. 
d–f) Reproduced with permission.[41] Copyright 2014, American Chemical Society. Note: a,b) SEM images; c–f) TEM images. 
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The fibrillation process from wood and plant cellulose 
typically results in a complex mixture of particles of various 
shapes, morphologies, and sizes, encompassing nanoscale 
particles, nanofibrillated fibers, microfibrillated fibers, and 
residual micron to millimeter sized fibers. As a result, it has 
been extremely difficult to quantify or systematically describe 
the morphology (e.g., aspect ratio, degree of fibrillation, level 
or branching, etc.) and the distributions produced from a given 
fibrillation process. Approaches are outlined by Desmaisons 
et al., and Kangas et al. that offer some guidance on the use 
of multiple characterization methods to gain a more collective 
description of the objects produced (e.g., fractionation, light 
scattering, rheology, crystallinity, water retention, specific sur- 
face area, surface chemistry, etc.).[36,37] 

The challenge here is that the NFC’s rheological behavior 
is highly dependent on the NFC morphology (and its distribu- 
tion), and thus it is challenging to link changes in NFC prepa- 
ration parameters to changes in NFC morphology and then to 
the resultant rheological behavior. This hinders efforts to link 
mechanisms to the differences (or similarities) in rheological 
behavior when comparing results. This is made even more 
challenging when comparing results in the published litera- 
ture, where the details of NFC particle characterization can 
vary substantially. An approach to partially deal with this is to 
broadly subcategorize NFC, which could be based on coarse- 
ness of structure (e.g., cellulose nanofibrils, cellulose microfi- 
brils), differentiation in processing, and/or surface chemistry. 
Though not ideal, as there is still a high level of ambiguity, such 
an approach makes it possible to identify similar or dissimilar 
comparisons in the NFC literature, but extreme caution is 
needed to avoid over-stating the relevance of such comparisons. 
In this review we have subcategorized NFC based on whether it 
has undergone mechanical refinement alone compared to NFC 
that underwent various types of pretreatments (e.g., enzymatic 
or chemical) prior to mechanical refinement. We have done this 
to inform the reader about differences in processing of the NFC 
material, and the reader should infer the potential for differ- 
ences in the resulting NFC morphology and surface chemistry, 
and thus differences in rheological behavior. We define each 
NFC subcategory and distinguish them with one or two letters 
preceding NFC; for example, mechanical refinement without 
pretreatments, i.e., untreated, is represented by UN-NFC. 

The resulting NFC morphology is influenced by i) pretreat- 
ments, ii) mechanical disintegration techniques and processes 
used, and iii) the extent of the mechanical fibrillation (i.e., 
energy input, or number of cycles). Prior to mechanical dis- 
integration, there are three general approaches to pretreating 
cellulose source materials for NFC production: mechanical, 
enzymatic hydrolysis, and chemical. Mechanical pretreatments 
(e.g., refining, cryocrushing) reduce the length of the cellulose 
fibers and also delaminate fiber surface layers, thus facilitating 
the fibrillation (Figure 2a–c). The enzymatic pretreatments 
degrade the cellulose using a set of cellulases (e.g., exoglu- 
canases and endoglucanases).[38] NFC produced with enzymatic 
pretreatments prior to mechanical disintegration are referred to 
as E-NFC. Certain chemical pretreatments alter cellulose fibers 
to provide abundant ionic charges on the surface, leading to the 
formation of strong repulsion forces between cellulose fibers, 
which are beneficial for subsequent mechanical disintegration. 

The most commonly reported chemical pretreatment is car- 
boxylation via TEMPO oxidation,[39] but there are many other 
chemical pretreatment options (e.g., periodate−chlorite oxida- 
tion, carboxymethylation, sulfonation and cationization).[27,31] 

NFC produced with TEMPO, periodate−chlorite oxidation, car- 
boxymethylation, sulfonation and cationization pretreatments 
prior to mechanical disintegration are referred to as TO-NFC, 
PC-NFC, CM-NFC, S-NFC and CA-NFC, respectively. TO-NFC 
and CM-NFC are carboxylated forms of NFC, referred to as C-
NFC. It should be noted that the chemical pretreatments not 
only alter NFC morphology, but also change NFC’s surface 
chemistry and charges. 

Three of the more prevalent mechanical disintegration 
approaches used to fibrillate cellulose materials to NFC are high- 
pressure homogenization (HPH), grinding, and ultrasonication. 
As shown in Figure 2d–f, NFC morphology (e.g., thickness and 
length) is influenced by different pretreatments and mechanical 
disintegration methods. UN-NFC, E-NFC, and TO-NFC have 
large, moderate, and small sized (diameter) nanofibril, respec- 
tively. In general, the production method (e.g., pretreatment and 
mechanical fibrillation) has a more profound influence on the 
dimension of resultant NFC than the cellulosic source. 

 
 

2.2. CNCs 
 

CNCs have a spindle morphology (e.g., rod-like, nanometers in 
length and width, aspect ratios less than 50, tapered ends, no 
branching, and no entanglement). CNCs are rigid and highly 
crystalline nanoparticles extracted from wood, plants, algae, 
bacterial and tunicate cellulose source materials.[3,4] There 
are various isolation methods to produce CNCs, including 
hydrolysis with mineral acid, organic acid, enzyme, and sub- 
critical vapor, treatment through oxidation, ionic liquids, deep 
eutectic solvents, mechanical forces, and their combinations.[26] 

Mineral acid hydrolysis with sulfuric acid is the predominant 
process. The resulting CNC morphology is influenced by i) cel- 
lulose source material, ii) pretreatments, and iii) acid hydrolysis 
parameters (e.g., type of acid, concentration, time, tempera- 
ture). The resultant surface chemistry and charge are also deter- 
mined by the acid hydrolysis conditions.[26,42] Independent of 
any differences in processing, the current International Stand- 
ards Organization (ISO) nomenclature standard for CNMs has 
grouped this under a single name of CNCs.[30] Herein, CNCs 
hydrolyzed using sulfuric acid, hydrochloric acid, phosphoric 
acid, and formic acid are referred to as S-CNCs, H-CNCs, P-
CNCs, and F-CNCs, respectively. 

The effect of sulfuric acid hydrolysis parameters, including 
time, temperature, acid concentration, and acid-to-cellulose ratio 
on the dimension, crystallinity, surface characteristics, and yield 
of CNCs has been widely studied.[43–45] The amount of sulfate 
groups has been found to gradually increase as the acid concen- 
tration is increased,[43] but is relatively independent of hydrolysis 
time.[45] In addition, lower temperatures were shown to favor a 
higher number of sulfate groups, whereas at higher tempera- 
tures, de-esterification of the sulfate groups occurred.[44] One 
major disadvantage of S-CNCs is that sulfate group catalyzes the 
thermal decomposition of cellulose, resulting in poor thermal 
stability.[46] The use of other acids to hydrolyze CNCs can 
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produce different negatively charged groups on the CNC surface, 
leading to increased thermal stability of CNCs. For example, P-
CNCs isolated from cotton using phosphoric acid showed 
superior thermal stability compared with that of S-CNCs.[47] 

Cellulosic source origin for CNCs can have a large influ- 
ence on their dimensions and crystallinity, as shown in 
Figure 3. CNCs hydrolyzed from wood (Figure 3a) and plants 
(Figure 3b,c) are generally 5–20 nm in width and 50–350 nm 
in length,[42,48,49] whereas those from bacteria (Figure 3d), algae 
(Figure 3e), and tunicates (Figure 3f) can possess widths of 
10–50 nm and lengths up to several micrometers.[46,50,51] 

 
 

3. Rheological Behaviors of CNM Suspensions 
Due to diverse morphology and surface chemistry of CNMs, 
their suspensions exhibit very complicated flow behaviors. 
A fundamental understanding of the principle of rheology 
becomes critically essential for a better interpretation of the 
complex rheological responses of CNM suspensions. When 
CNMs are suspended in an aqueous medium, NFC and CNCs 
show flocculation and lyotropic phase behaviors, respectively. 
Upon continuous shearing, both NFC and CNCs can gradually 
align along the flow direction, exhibiting typical shear-thinning 
behavior. The flocculation of NFC, lyotropic phase of CNCs, 
and shear-induced orientation behaviors are critically relevant 
for their rheological properties. 

 
 

3.1. Principle of Rheology in Relation to CNM Suspensions 
 

Fluids such as CNM suspesnions can be generally classified into 
Newtonian and non-Newtonian fluids (Figure 4a,b). Newtonian 

 
fluids exhibit a constant viscosity, while the incorporation of a 
dispersed phase into a Newtonian fluid can lead to the occur- 
rence of several types of non-Newtonian behaviors, i.e., Bingham 
plastic, Bingham pseudoplastic, shear thinning (pseudoplastic), 
and shear thickening (dilatant). Bingham plastic fluids behave as 
rigid solids until a yield value of shear stress, and above this value 
they flow as Newtonian fluids. Bingham pseudoplastic fluids 
also exhibit a yield stress, but they show shear-thinning behavior 
above the yield stress. The viscosity of shear thinning fluids grad- 
ually decreases with increased shear rate. Conversely, shear thick- 
ening fluids show increased viscosity with increased shear rate. 
Non-Newtonian fluids also include thixotropic and rheopectic 
fluids. A thixotropic fluid is a time-dependent shear thinning 
fluid, which becomes less viscous over time after being sheared, 
shaken, or agitated. A rheopectic fluid is a time-dependent shear 
thickening fluid, which becomes more viscous or even solidified 
over time after being sheared, shaken, or agitated. 

The viscoelatic behavior of fluids such as CNM suspesnions 
can be determined by oscillatory shear measurements as func- 
tions of strain, γ, (strain sweep) and frequency, ω, (frequency 
sweep). In the linear region, the strain sweep curve of CNM 
suspensions generally exhibits stable G′and G′′ independent of 
the applied strain under a fixed frequency (Figure 4c). Above 
a critical strain (γ c), a nonlinear region appears, in which 
the dynamic moduli become a function of the strain (i.e., in 
most of cases, the dynamic moduli decresase with increase in 
strain).[52] It is worth noting that overshoots in G″ have been 
reported in specific cases, particularly in electrolytes.[53,54] The 
decrease in G′and G′′ beyond the critical strain (γc) is attributed 
to the structural breakdown under high deformation. The value 
of γ c is therefore widely used to contrast the stability of struc- 
ture for different samples. The shape of the frequency sweep 
curves depends on the microstructure of viscoelastic materials 

Chemical Society. e) Reprod  
American Chemical Society. 

Figure 3. TEM morphology of S-CNCs isolated from different cellulosic sources. a) Wood; b) ramie fibers; c) cottonseed hulls; d) bacterial cellulose; 
e) green algae; f) tunicate. a) Reproduced with permission.[42] Copyright 2015, Springer Nature. b) Reproduced with permission.[48] Copyright 2008, 

Royal Society of Chemistry. c) Reproduced with permission.[49] Copyright 2016, Elsevier. d) Reproduced with permission.[46] Copyright 2004, American 
ced with permission.[50] Copyright 2012, American Chemical Society. f) Reproduced with permission.[51] Copyright 2007, 
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Figure 4. a–d) Typical rheological curves for different types of fluids: a) shear stress and b) viscosity curves as a function of shear rate; and c) viscoe- 
lasticity curves as functions of strain, and d) frequency. The lines of black solid, red dash, and blue dot in (c,d) represent storage modulus (G′), loss 
modulus (G′′), and tan δ, respectively. 

 

(Figure 4d). For viscoelastic solids, G′ is independent of the fre- 
quency, whereas G′′ is linearly proportional to the frequency 
(G′ ≈ ω0, and G′′ ≈ ω). For gel-like materials, both G′ and 
G′′ are independent of the frequency (G′ ≈ ω0, and G′′ ≈ ω0). 
For viscoelastic liquids, G′ and G′′ gradually increase as the 
frequency increases (G′ ≈ ω2, and G′′ ≈ ω). 

Rheological properties of fluids are generally governed by 
shear rate, time, temperature and physicochemical properties 
of included particles. For rod- and fibril-like CNMs, shear rate 
and aspect ratio are the most two critical governing parameters. 
Numerous rheological models have been used to describe the 
complicated flow behavior of CNM suspensions (Table 1). 

In general, shear rate-dependent models can be classified into 
two-parameter[55–57] and three-parameter[58–65] models. The two- 
parameter models are simple to use, but they can lead to inaccu- 
rate results for simulating complex fluids such as CNM suspen- 
sions (especially for NFC suspensions with physically entangled 
network). For example, the Bingham plastic model[55] assumes 
that a fluid behaves in Newtonian manner after the yield stress 
is exceeded. However, CNM suspensions exhibit strong shear- 
thinning behaviors above the yield stress.[63] The power-law 
model[56] can only accurately fit the shear thinning region with a 
constant logarithmic decrease in viscosity as a function of shear 
rate, and it cannot capture Newtonian viscosity plateaus at low 
(zero shear) or high shear rates of NFC suspensions.[73] On the 

other hand, models with three or more parameters have been 
applied to describe the complex   relationship   between 
shear stress and shear rate of CNM suspensions as well 
as their fluid mixtures with other components.[74–79] These 
include Herschel–Bulkley,[58] Sisko,[59] Heinz–Casson,[60] 

Mizrahi–Berk,[61] Robertson–Stiff,[62] Vocadlo and Young,[63] Vom 
Berg,[64] and Ellis[65] models (Table 1). Among these models, the 
Herschel–Bulkley model, combined Bingham plastic and power- 
law models, is popularly used to derive yield stress, i.e., the 
minimum stress applied to fluid before it starts to flow. However, 
the model described the flow curves of NFC suspensions well 
only when the shear rate was above 20 s−1, and it did not fit the 
transition in the middle of flow curve.[74] For water-based drilling 
fluids (WDFs) containing S-CNCs, polyanionic cellulose (PAC) 
and bentonite (BT),[78] the Sisko model was shown to yield the 
most accurate fitting results among various models as the flow 
curves for S-CNC/PAC/BT-WDFs consisted of a power-law region 
at low and intermediate shear rate region and an infinite plateau 
at high shear rate region. The Sisko model was also reported to 
well describe the flow behavior of S-CNC suspensions at very 
high shear rates ranging from 104 to 106 s−1, suggesting a shear 
thinning behavior (represented by the flow index, n) followed 
by transition to a high shear Newtonian viscosity plateau.[80] For 
cement pastes containing S-NFC,[79] the Vom Berg model was 
shown to perform the best in accurately capturing yield stress 
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Table 1. Common rheological models for describing the flow behavior of 
CNM suspensions as functions of shear rate, aspect ratio and volume 
fraction (Note: τ is shear stress, τ0 is yield stress, µp is plastic vis- 
cosity, K is flow consistency coefficient, n is flow behavior index, µ0 is 
zero-shear viscosity, τ1/2 is value of shear stress at 0 , µ∞ is viscosity 
at infinite shear rate; [µ] is intrinsic viscosity, µr is relative viscosity, v is 
the number density of CNMs, L is the CNM length, β is a measure of 
the release of the CNM tube constraints, ε is a parameter indicating the 
degree of “log-jamming,” D is the rotational diffusion coefficient, φ is 
volume fraction, φm is maximum packing fraction, which is dependent 
on f of CNMs. The φm has been estimated as a function of f of CNMs 
(i.e., φm = 96f−2).[71] 

 
Parameters Rheological models 

 
 

Name Equation 
 

 

strong electro-viscous effects, which caused a non-negligible 
increase in the [µ]. As a result, the Simha model led to much 
higher f than that determined from microscopic techniques 
(e.g., AFM and TEM). The presence of a small amount of salt 
is an effective approach to screen the electric double layers of 
S-CNCs, leading to remarkable reduction in the [µ].[85] With the 
Batchelor equation and revised [µ], the derived f value was close 
to that determined by TEM. The Onsager and Simha models 
were also used to describe the [µ] of UN-NFC suspensions as 
a function of f, and simulation results showed that these two 
models provided almost the same fitting results.[84] In the semi- 
dilute regime, the hydrodynamic and particle–particle interac- 
tions are not negligible. The model developed by Wierenga and 
Philipse[69] is more applicable. In the concentrated regime, the 

Shear rate 
(γ  ) 

Bingham 
plastic[55] 

Power law[56] 

Casson[57] 

Herschel– 
Bulkley[58] 

Sisko[59] Heinz–

Casson[60] 

Mizrahi–Berk[61] 

Robertson–Stiff[62] 

Vocadlo[63] 

τ = τ 0  + µpγ  

 
τ = Kγ n 

τ 0.5  = τ 0  + Kγ 0.5
 

τ = τ 0 + Kγ n 

 
τ = µ∞γ  + Kγ n 

τ n   = γ n  + Kγ n 

τ 0.5 = τ o + Kγ n 

τ = K(γ 0 + γ )n 

τ =(τ 1/n + Kγ )n 

particle–particle interaction becomes dominant, the Krieger– 
Dougherty[70] and Sato–Teramoto[86] models can well describe 
the relationship between relative viscosity (µr) and f. In compar- 
ison with Wierenga–Philipse model, the Sato–Teramoto model 
performed better in fitting the µr of the S-CNC suspension in 
the concentration range from 1.3 to 8.0 vol%.[87] Furthermore, 
the viscosity of S-CNC suspensions at volume fraction less 
than 10% increased much faster with concentration increase 
than the simulated results by Batchelor and Krieger–Dougherty 
models for spherical particles due to the higher f of S-CNCs, 
highlighting the need for selection of proper f values to obtain 
accurate fitting results.[88] 

Vom Berg[64] τ = τ 0 
+ b sinh−1

γ  
  

 
Ellis[65] τ =       µ 0γ   

  τ n−1 1+ τ 1/2 

 

3.2. Flocculation and Shear-Induced Orientation Behaviors 
of NFC Suspensions 

  
Because of extremely long fibrils and stiff inter-fibrillar inter- 

Aspect 
ratio (f) 

Onsager[66] [µ] = 4 f 2
 

15ln f actions, NFC tends to become highly entangled, forming floc- 
culated microstructures. The formation of NFC flocs and 

Simha[67] [µ] = 
f 2 + f 2 + 14 

15[ln(2 f )− 1.5] 5[ln(2 f )− 0.5] 15 
shear-induced orientation governs the rheological behaviors 
of NFC suspensions both at rest and under steady shearing 

[68] [µ] = 8 f 2 ln(2 f )+ 0.64 +    1.659  
 

 

conditions. 
Batchelor 

45ρ ln(2 f ) ln(2 f )− 1.5 
[ ln(2 f )]2 


 To monitor microstructure changes in situ of NFC flocs 

Wierenga– [69] 
µr = 

 
+   π  vL3 +      π  

vL3)3 90 ln f 30 ln f 
during shear rheology testing, different techniques, including digital imaging,[89,90] optical coherence tomography,[91,92] ultra- 

Philipse  

   π        3 
 

     π  

 

vL3 2 sonic speckle velocimetry,[34]  magnetic   resonance   imaging 3 velocimetry,[93] and a photoelastic modulator,[73] became critical. 
Sato– 

Teramoto[86] 

µr = 1+   
90 ln f 

vL + 
30β ln f 

1+
 β 0.5(1− ε 2  vL

 For example, Saarinen et al.[89] and Karppinen et al.[90] probed 

µ   =   
−  φ  −2.5φm the relationship between the microstructure of UN-NFC flocs 

Krieger– 
Dougherty[70] 

r       1 
 φm  and their rheological behavior by digitally imaging the fluid in 

a cylindrical, transparent test geometry. The microstructural 
changes of flocs were well associated with the alterations in 

and shear thinning response over the broadest range of compo- 
sitions and shear rates. 

Depending on the volume fraction (φ) and aspect ratio (f) of 
CNMs, CNM suspensions can be classified into three regimes: 
i) dilute regime, φ ≤ f−2; semi-dilute regime, ii) f−2 ≤ φ ≤ f−1; and 
iii) concentrated regime, φ ≥ f−1.[81] In the dilute regime, the 
hydrodynamic forces and particle–particle interaction are neg- 
ligible, and the relationship between intrinsic viscosity [µ] and 
f follows the Onsager,[66] Simha,[67] and Batchelor[68] equations. 
Among these models, the Simha equation has been widely used 
to predict the f of CNMs using [µ] of CNM suspensions.[72,82–84] 

However, the negative charge on the surface of CNCs created 

shear stress with increase in shear rate (Figure 5a–d). With the 
ultrasonic speckle velocimetry (USV) coupled to rheometry, the 
2D spatial and time-resolved characterization of the shear flow 
of NFC suspensions was realized.[34] For E-NFC suspensions, 
the spatial velocity maps recorded at different times were very 
erratic (Figure 5e), suggesting the presence of flocs and change 
in the microstructure of flocs under shearing. For TO-NFC 
suspensions, although the velocity was also heterogeneous, its 
spatial and temporal variations were smoother and much less 
erratic (Figure 5f), confirming the absence of mesoscale flocs 
at the micrometric scale. These differences were ascribed to the 
distinctively different dispersion states of E-NFC and TO-NFC 
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Figure 5. Concentration-dependent flocculation and shear-induced orientation behaviors of NFC in an aqueous suspension. a) Shear stress versus 
shear rate curves for TO-NFC suspension measured using the transparent (empty circles) and metal (filled circles) cups. b–d) The corresponding 
microstructures of NFC flocs at shear rates of 0.1, 4 and 63.1 s−1, respectively. a–d) Reproduced under the terms of the CC-BY Creative Commons 
Attribution 4.0 International license (http://creativecommons.org/licenses/by/4.0/).[90] Copyright 2012, The Authors, published by Springer. e,f) Spatial 
velocity maps taken at different times for E-NFC suspension and TO-NFC suspension, respectively. e,f) Reproduced with permission.[34] Copyright 
2015, Royal Society of Chemistry. g,h) Optical coherence tomography images showing microstructure of flocs in UN-NFC suspension with the shear 
stress and scan count of 3.8 Pa & 1000 and 11.2 Pa & 430, respectively. g,h) Reproduced under the terms of the CC-BY Creative Commons Attribution 
4.0 International license (http://creativecommons.org/licenses/by/4.0/).[92] Copyright 2018, The Authors, published by MDPI. g,h) The image size in 
(g,h) is 120 µm × 290 µm. In all images, NFC flow from left to right. 

 
suspensions. Due to the highly charged surface, TO-NFC sus- 
pensions are more homogeneously dispersed, and thus they 
do not display evident flocculation. The combined uses of an 
optical coherence tomography device and a rotational rheom- 
eter[91] or a pipe rheometer[92] to examine the flocculation 
dynamics and rheological properties of UN-NFC suspensions 
were also reported. The highly elongated flocs flowed along 
the shearing direction below the yield stress (Figure 5g). Above 
the yield stress, the flocs became almost spherical (Figure 5h). 
The size of spherical flocs was monotonically reduced as the 
shear stress was increased. Assuming that the birefringence of 
the fibrils is the same as CNCs, the birefringence can directly 
indicate the alignment of the fibrils.[73] Through in situ meas- 
uring of the birefringence using a parallel-plate geometry 
associated with a photo-elastic modulator, the shear-induced 

orientation of fibrils in TO-NFC suspension was confirmed. 
The fibrils became aligned almost parallel to the flow direction 
in the intermediate shear rate range from 30 to 40 s−1. 

 
3.3. Lyotropic Phase and Shear-Induced Orientation Behaviors 
of CNC Suspensions 

 
CNC suspensions display concentration-dependent lyotropic 
phase behavior.[44,94] With a gradual increase in CNC concen- 
tration, the dispersion microstructure of CNCs readily transits 
from isotropic to biphasic containing both isotropic and liquid 
crystalline, to fully liquid crystalline, and ultimately to a gel. 
Aspect ratio and surface chemistry are two important para- 
meters governing the lyotropic phase formation. Furthermore, 
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CNCs are more prone to align along the shear direction in sus- 
pension compared with NFC due to their smaller dimensions 
and moderate aspect ratios, which notably affect the rheological 
behaviors of CNC suspensions. 

The formation of a liquid crystalline phase in a CNC sus- 
pension as a function of CNC concentration can be observed 
using polarized optical microscopy (POM). For example, cross- 
polarized microscopy images of S-CNCs from cotton cellu- 
lose[94] showed that the transition from isotropic to biphasic 
occurred at concentrations of 4.2 wt%, 4.05 wt% and 4.5 wt% at 
4 °C, 20 °C and 45 °C, respectively, agreeing well with the crit- 
ical concentration reported by Dong et al.[95] With an increase 
in the S-CNC concentration, the portion of liquid crystalline 
phase gradually increased (Figure 6a). The POM images fur- 
ther revealed that a biphase of isotropic and liquid crystalline 
(Figure 6b), entirely liquid crystalline phase (Figure 6c) and gel 
microstructure (Figure 6d) gradually appeared with increases 
in the S-CNC concentration. Through optical microscopy in 
crossed polarization geometry, Bercea and Navard observed the 
first birefringent liquid crystalline domains in S-CNC suspen- 
sion at an extremely low concentration of around 0.8 wt% (or 
0.53 vol%).[81] Using the rigid rod approximation, the critical 
transitions of S-CNC suspension from dilute regime to semi 

dilute regime and from demi dilute regime to concentrated 
regime were predicted to be at volume fractions of f−2 and f−1, 
respectively. 

The shear-induced orientation of CNCs in suspension was 
intuitively confirmed through several techniques, including 
small angle X-ray scattering (SAXS),[96] small angle neutron 
scattering (SANS),[97] small angle light scattering (SALS),[98] 

scanning electron microscopy (SEM),[99] and POM[100] observa- 
tions. Ebeling et al. used SAXS to characterize the alignment 
of 6.9 wt% S-CNCs in a colloidal aqueous suspension at dif- 
ferent shear rates.[96] At a lower shear rate of 0.05 s−1, an iso- 
tropic ring pattern was observed from the radial position 
(Figure 6e); whereas when the shear rate was increased to 
500 s−1, anisotropic interference peaks along the lateral arcs 
appeared (Figure 6f), indicating the alignment of S-CNCs 
along the shear direction. The azimuthal tracing results from 
scattering patterns further demonstrated that when the shear 
rate was higher than 5 s−1, alignment along shear direction 
occurred, which was evidenced by the development of two 
peaks at 90° and 270° (Figure 6g). The shear-induced orienta- 
tion of S-CNCs was also confirmed through SEM observations 
(Figure 6h,i).[99] S-CNC suspensions were cast into a 50 mL 
glass vial, which was rotated horizontally at a speed of 500 rpm. 

 

 
Figure 6. Concentration-dependent lyotropic phase and shear-induced orientation behaviors of CNCs in an aqueous suspension. a) Cross-polarized 
photos showing phase separation of S-CNC suspensions at different concentrations. b–d) POM of S-CNC suspensions at 4.3, 6.8 and 10.2 wt%, respec- 
tively. a–d) Reproduced with permission.[94] Copyright 2011, American Chemical Society. e,f) 2D scattering patterns of S-CNC suspension collected at 
0.05 and 500 s−1, respectively. g) Azimuthal traces from scattering patterns at different shear rates. e–g) Reproduced with permission.[96] Copyright 
1999, American Chemical Society. h,i) SEM images of S-CNC films prepared from S-CNC suspension without and with rotation treatment at 500 rpm 
for 12 h, respectively. h,i) Reproduced with permission.[99] Copyright 1997, American Chemical Society. j,k) POM images of S-CNC suspension at shear 
rates of 0.01 and 1 s−1, respectively. j,k) Reproduced with permission.[100] Copyright 2012, American Chemical Society. 
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After 12 h of rotation, a gel layer was created and then dried to 
obtain S-CNC film. SEM observations confirmed that S-CNCs 
were highly oriented along to the rotation direction on the 
surface of dried film (Figure 6i). More recently, the alignment 
of S-CNCs in suspension was in situ monitored as a function 
of shear rate during rheological tests through POM observa- 
tion.[100] At a shear rate of 0.01 s−1, a birefringent microstructure 
was observed, indicating the uniform dispersion of S-CNCs at 
a lower shear rate (Figure 6j). With increase in the shear rate 
to 1 s−1, notable alignment of ordered domains along the shear 
direction appeared (Figure 6k). 

 
 

3.4. Aspects Governing the Rheological Properties of CNM 
Suspension 

 
Many factors, including test protocols (e.g., rheometer geo- 
metry, shear rate, and time), CNM   inherent   properties 
(e.g., concentration, morphology and surface characteristics), 
suspension environments (e.g., ionic strength, pH, tempera- 
ture, magnetic and electric strength and water-soluble polymer 
interactions), and post processing (i.e., drying and redisper- 
sion), govern the flow behaviors of CNM suspensions. These 
aspects are crucial for understanding the CNM’s diverse rheo- 
logical behaviors, making it possible to more effectively utilize 
CNMs as rheological modifiers in a wide range of applications. 

 
 

3.4.1. Rheometer Geometry 
 

Common geometries for rotational rheometers include parallel 
plate, cone- and-plate, serrated plate, concentric cylinder, and 
concentric vane (Figure 7a). Parallel plate and cone-and-plate 
geometries are usually used for measuring small volume sam- 
ples with intermediate to high viscosity. Concentric cylinder 
geometry is for measuring larger volume samples with low 
viscosity; this geometry has less sensitivity to particle settling 
and solvent evaporation effects, assuming that appropriate geo- 
metry and gap size are employed. 

The rheological properties of NFC suspensions have a strong 
dependence on the rheometer geometry types and sizes.[101] The 
cone-and-plate geometry with a much smaller gap (especially 
diminutive near the tip of the cone) constrains the mobility of the 
fibrils more profoundly, and hence yields higher G′ for UN-NFC 
suspensions (Figure 7b). With a cone and plate geometry, the 
maximum particle size in the fluids should be less than approx- 
imately 10% of the gap height between the truncated cone and 
bottom plate. With a parallel plate geometry, the measured G′ pro- 
gressively increases with decreasing measurement gap, which is 
contradictory to the viewpoint that wall depletion effects become 
more dominant as the measurement gap declines, resulting in 
a reduction in the measured viscosity.[89,109,110] Therefore, some 
other factors, e.g., geometrical constraint and gap-dependent floc 
size, might be more dominant, especially for thick fibrils. 

In general, when fibrous suspensions undergo a contin- 
uous shearing with a smooth geometry, heterogeneous flows 
(e.g., wall depletion and shear banding) take place.[89,102,110–112] 

Wall depletion is a phenomenon in which the particles in sus- 
pension are susceptible to migrate away from the wall of the 

measurement device, leaving a suspending medium layer with 
a lower particle concentration and thus a much lower viscosity 
than the bulk viscosity. This phenomenon originates from 
various forces, including steric, hydrodynamic, chemical, vis- 
coelastic and gravitational forces being exerted on the disperse 
phase immediately adjacent to smooth boundaries.[109] In other 
words, it is energetically favorable to have a low-viscosity layer 
in the proximity of geometry wall. The wall depletion can fur- 
ther induce shear banding—the occurrence of fast and slow 
flowing regions despite loading under the same shear rate. 
These flow instabilities cause inaccurate measurement of the 
rheological properties. Solid-depleted areas are likely to be 
present not only at the walls but also at other points within a 
sheared CNM suspension. 

The use of serrated plate or concentric vane can help mini- 
mize the wall depletion effects, producing more accurate vis- 
cosity and G′ values.[113,114] For a bucket vane viscometer with 
a wide gap, high stress near the vane edge maintained a good 
contact to fibrils, while low stress at the cup edge prevented 
the slippage.[115] The presence of a profiled surface in a concen- 
tric cylinder was shown to yield substantially higher values of 
both viscosity and moduli of 2 wt% CM-NFC suspensions due 
to elimination of wall slippage.[116] Comparative studies with 
smooth and serrated cone-plate and concentric cylinder geome- 
tries showed that the serrated concentric cylinder was the most 
suitable geometry to measure the rheology of TO-NFC suspen- 
sion (Figure 7c).[102] In addition, microcapillary viscometry has 
also been applied to help mitigate the effects of wall slippage 
and turbulent flow that may be observed at high rates in rota- 
tional geometries, although viscous heating effects became a 
concern at shear rates >105 s−1.[80] Overall, although the use of 
serrated geometry is essential to reduce wall slippage, the com- 
plete elimination of the slippage depends on types of serrated 
geometry and NFC, NFC concentration and shear rate. 

 
 

3.4.2. Shear Rate 
 

CNM suspensions exhibit typical shear-thinning behavior, i.e., 
decrease in viscosity with increase in shear rate. For UN-NFC 
suspensions, shear-thinning curves often can be divided into 
four distinctive regions, corresponding to the gradual changes 
in microstructure of UN-NFC flocs as a function of shear rate 
(Figure 7d).[72] At low shear rates, shear-thinning behavior is 
significant (Region I) due to the breakdown and orientation of 
UN-NFC flocs. At intermediate shear rates, a plateau can be 
observed (Region II) because of the formation of more entan- 
gled UN-NFC flocs, which prohibits the continuous decrease 
in viscosity. With further increase in shear rate, more severe 
shear-thinning appears (Region III), due to the breakdown of 
the entangled flocs as well as the orientation of small flocs par- 
allel to the shear direction. At high shear rates, the viscosity 
becomes less dependent on the shear rate with most of entan- 
gled flocs disintegrated and oriented (Region IV). 

For S-CNC suspensions, the pattern of shear-thinning curves 
is highly dependent on the S-CNC concentration (Figure 7e).[103] 

In the dilute (or isotropic) regime, the flow curves include a 
Newtonian plateau at low shear rates, a shear thinning region 
at intermediate shear rates, and another plateau at high shear 
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Figure 7. Rheological properties of CNM suspensions. a) Five typical geometries used in the rotational rheometer. b) G′ of UN-NFC suspensions 
measured using three different smooth geometries of concentric cylinder (CC), parallel plate (PP), and cone-and-plate (CP). b) Reproduced with permis- 
sion.[101] Copyright 2009, Nordic Rheology Society. c) Shear stress of TO-NFC suspensions measured using smooth/roughened CC and CV geometries 
at concentrations of 0.5, 1.0, and 1.5 wt%. Reproduced with permission.[102] Copyright 2015, Springer Nature. d) Viscosity of UN-NFC suspensions 
as functions of shear rate and concentration. Reproduced with permission.[72] Copyright 2015, American Chemical Society. e) Viscosity of S-CNC sus- 
pensions as functions of shear rate and concentration. Reproduced with permission.[103] Copyright 2014, Springer Nature. f) Thixotropic behavior of 
TO-NFC influenced by sonication. Reproduced with permission.[73] Copyright 2008, Springer Nature. g) Viscosity of UN-NFC suspensions produced 
using a grinder or high shear homogenizer with different passes. Reproduced with permission.[104] Copyright 2014, Springer Nature. h) f-dependent 
viscosity curves of 1 wt% S-CNC suspensions based on 10 typical literature reported previously.[21,49,72,88,98,103,105–108] i) Prediction on f of S-CNCs from 
intrinsic viscosity using the Simha model. i) Reproduced with permission.[72] Copyright 2015, American Chemical Society. 

 
rates. In the semi-dilute (or liquid crystal) regime, the steady- 
state flow curves consist of a shear-thinning region at low shear 
rates, a plateau at intermediate shear rates, and another shear- 
thinning region at high shear rates. In the concentrated (or gel) 
regime, only a single shear-thinning region is observed. More 
detailed discussion on this subject is presented in Section 3.3.4. 

3.4.3. Time 
 

CNM suspensions show thixotropic behavior, i.e., a time- 
dependent rheological phenomenon. After being shaken, agi- 
tated, or sheared, CNM suspensions become less viscous, and 
time is needed for the fluids to recover the lost viscosity. The 
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presence of highly entangled networks in TO-NFC suspen- 
sions is responsible for their thixotropic behavior,[73] and ultra- 
sound treatment that disrupts TO-NFC network can lead to 
less thixotropic behavior (Figure 7f). For CNC suspensions, the 
thixotropic behavior is dependent on surface charge and con- 
centration.[83] The lack of charges on the surface of H-CNCs 
led to formation of aggregates, and therefore the thixotropic 
behavior appeared when the concentration was higher than 
0.5% (w/v). No thixotropic behavior was observed for S-CNC 
suspension even at a much higher concentration. 

 
 

3.4.4. CNM Concentration 
 

Concentration is considered as one of the most important 
factors governing the rheological properties of CNM sus- 
pensions. For example, it was shown that the increase in the 
concentration from 0.25 to 1.5 wt% led to a gradual increase 
of both viscosity and G′ for UN-NFC suspensions, suggesting 
the formation of a strong network (Figure 7d).[72] The G′ was 
independent of ω and always higher than G″ for the UN-NFC 
suspensions studied. These observations revealed that the UN-
NFC suspensions created gels even at the lowest concen- 
tration of 0.25 wt%. Similar results were observed for E-NFC 
suspensions,[117] forming gel structure at a concentration of 
0.125 wt%. The extremely high aspect ratio and superior water 
retention ability enabled E-NFC to create highly entangled 
networks at an extremely low concentration. 

The relationship between G′ and concentration of NFC 
(C) often follows a power law, i.e., G′ = kCn, in which k 
depends on the characteristics of fibril, and n indicates the 
concentration-dependent network in the NFC suspensions. 
High n values show more concentration dependence of NFC 
network. For UN-NFC suspensions prepared from fresh sugar-
beet, the relationship between G′ and C was expressed as G′ = 
235.5C2.58.[118] For E-NFC suspensions prepared from Kenaf 
pulp, the relationship between G′ and C was expressed as G′ = 
8.71C3.03.[114] Interestingly, this exponent value of 3.03 is very 
close to that reported by Paakko et al.,[117] for E-NFC from 
bleached sulfite softwood cellulose pulp. Chemical pre- 
treatments change the surface characteristics of NFC, resulting 
in a broad range of the exponent values, e.g., 2.5,[119] 3,[120] 

4.1,[121] 4.5,[122] 4.6,[123] 4.51,[124] and 4.62[124] for TO-NFC, as well 
as 2.4[125] and 5.2[126] for CM-NFC. The presence of repulsive 
forces among charged nanofibrils generates distinctive bond 
dynamics, leading to different concentration-dependent net- 
work in NFC suspensions.[121] Moreover, the dimension 
(Section 3.3.5) and surface charge density (Section 3.3.6) of 
NFC significantly influences the obtained exponent values. 

For S-CNC suspensions, two transitions were shown to 
take place with a gradual increase in S-CNC concentration 
from 1 to 15 wt% (Figure 7e).[103] The first transition concen- 
tration (C*) from isotropic to liquid crystal occurred between 
3 and 5 wt%, and the second transition concentration (C**) 
from liquid crystal to gel occurred between 10 and 12 wt%. In 
the isotropic (or dilute) regime (e.g., 1 and 3 wt%), the steady- 
state flow curves consisted of a Newtonian plateau at low shear 
rates, a shear thinning region at intermediate shear rates (due 
to the shear-induced orientation of individual crystals), and 

another plateau at high shear rates (due to the complete ori- 
entation of individual crystals). In the dilute region, Brownian 
diffusion was dominant; the extent of the Brownian diffusion 
can be detected by calculating the rotary Peclet number (Perot). 
Since the Perot is proportional to the shear rate (γ  ), a Newtonian 
plateau at low shear rates is observed due to the predominant 
Brownian diffusion. A nearly Newtonian plateau over the shear 
rates from 0.1 to 100 or 1000 s−1 at low concentrations was also 
seen.[72,127,128] In the liquid crystal (or semi dilute) regime (e.g., 
5, 7, and 10 wt%), the steady-state flow curves consisted of a 
shear-thinning region at low shear rates, a plateau at interme- 
diate shear rates, and another shear-thinning region at high 
shear rates, which is attributed to the disassociation of liquid 
crystal clusters into individual crystals and subsequent orien- 
tation of individual crystals along the shear direction. This is 
known as the three-region shear behavior, a typical feature for 
many liquid crystals.[129,130] In the gel (or concentrated) regime 
(e.g., 12 and 15 wt%), only a single shear-thinning region was 
observed. The single shear-thinning behavior can be well 
described by the power law as well, deriving the flow consist- 
ency coefficient (K) and the flow behavior index (n).[94,127] 

The formation of gels in S-CNC suspensions at higher con- 
centrations was further confirmed through dynamic viscoe- 
lastic measurements.[103] At the concentrations of 7 and 10 wt%, 
S-CNC suspensions showed higher G′′ than G′, indicating fluid-
like behavior. At a concentration of 12 wt%, G′ and G′′ were 
overlapped, demonstrating the onset of gel formation. At a 
concentration of 15 wt%, G′overtook G′′, suggesting the crea- 
tion of stiff gel. Therefore, with the dynamic viscoelastic meas- 
urements, the critical concentration for gel phase formation 
was also determined at 12 wt%, which was in a good agreement 
with the steady-state flow measurements. 

Additionally, the Cox−Merz rule was applied to correlate the 
viscosity from steady-state flow measurement with complex vis- 
cosity obtained from oscillatory measurement.[94,100,128] It was 
found that the applicability of the Cox−Merz rule for S-CNC 
suspensions is also concentration-dependent. When the S-CNC 
suspension is isotropic, the Cox−Merz rule applies, i.e., the 
complex and steady shear viscosities of S-CNC suspensions 
are almost identical. When the S-CNC suspension is aniso- 
tropic, the Cox−Merz rule is only applicable after a shift factor 
is included. 

 
 

3.4.5. CNM Morphology 
 

The morphology of CNMs is another important factor deter- 
mining the rheological properties of CNM suspensions. UN-
NFC and E-NFC are extensively branched with a high degree of 
entanglement, where there are filaments that extend off the 
central core of the fibril. The enhanced degree of fibrillation by 
mechanical disintegration and enzymatic pre- treatment thus 
causes more entangled networks, leading to higher viscosity 
and viscoelastic properties. However, vigorous treatment can 
result in fibril shortening and lower degree of entanglement, 
which reduces the viscosity and viscoelastic properties. TO-
NFC and S-CNCs, due to repulsion between negative charges 
and minimal branching, are expected to have lower viscosity 
and viscoelasticity. To the extent that their 
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effective length in suspension is proportional to their measured 
length, their rheological properties are directly proportional to 
their length divided by their width, i.e., their aspect ratio. The 
relationship between the intrinsic viscosity, [µ], and aspect ratio, 
f, of CNMs can be described using the Simha model, high- 
lighting the critical role of morphology on the rheological prop- 
erties of CNM suspensions. 

The sources and production methods have significant influ- 
ence on the morphology of NFC, as discussed in Section 2.1. For 
UN-NFC suspensions, increased number or time of grinding and 
HPH treatment (up to 5–8 passes) resulted in a higher degree 
of fibrillation, yielding a stronger NFC network and higher vis- 
cosity of the suspension (Figure 7g).[104] Similarly, for TO-NFC 
suspensions, their viscosity gradually increased with increased 
Waring Blender treatment time.[73] For E-NFC suspensions, G′ 
increased as the homogenizing pressure increased from 500 
to 1000 bars during the HPH process as well.[116] In contrast to 
the above studies, Shogren et al. reported the maximum G′ of 
UN-NFC suspensions produced after only 2 passes through the 
HPH treatment, and G′ decreased asymptotically with subse- 
quent passes.[131] This behavior was attributed to the strong inter- 
action of large fibrillar aggregates (microns in size) in the fluids, 
which were broken up into smaller fibrils and fragments with 
additional HPH passes, resulting in lower G′. Thus, there is a 
strong need to characterize the NFC morphology across different 
length scales, so that one can be aware of the presence of large- 
scale agglomerates that may skew the results. 

Enzymatic pretreatments not only enhanced the degree of 
fibrillation, but also reduced the fibril length. The fibril length 
reduction had a predominant influence on the rheological 
properties, impairing the entangled network of E-NFC suspen- 
sions. Therefore, G′ of E-NFC suspensions was progressively 
decreased as the dosage of enzymes increased, although the 
degree of fibrillation was increased.[111] In comparison with 
the enzyme FiberCare R (a monocomponent endoglucanase), 
the enzyme Celluclast 1.5 L (an enzyme mixture containing 
endoglucanases,    exo-glucanases,    cellobiohydrolases,    and 
β-glucosidases) produced weaker NFC networks through the 
strong decomposition of fibril. The exo-glucanases and cello- 
biohydrolases brought about the decomposition of amorphous 
or crystalline regions, yielding di- and tetrasaccharides, and 
β-glucosidases, which further converted the di- and tetrasaccha- 
rides into monomeric glucose.[27] Overall, it can be concluded 
that rheological properties of NFC suspension depend on 
both NFC diameter and length (i.e., f). Unfortunately, because 
NFC generally is extremely long and highly flexible, an accu- 
rate determination of the length for f calculation remains a big 
challenge. 

The rod-like CNCs have much smaller dimensions, and their 
f can be more easily estimated through morphological analyses 
such as AFM and TEM observations. Several studies have 
demonstrated the f-dependency of CNC rheological properties, 
e.g., 1 wt% S-CNC suspensions with a notable f-dependency 
(Figure 7h). The data suggest a critical f value of around 30, 
above which the pronounced shear-thinning behavior appeared 
together with relatively high viscosities at low shear rates. The 
f-dependent viscosity of S-CNC suspensions in a wide range 
from 10−3 to 102 Pa s allows them to be utilized as tunable rheo- 
logical modifiers in distinctive commercial applications. 

The relationship between the intrinsic viscosity and f of rod- 
like particles has been well established using several theoret- 
ical models. For rod-like CNCs, the Simha model is applied to 
predict the f of CNCs from their intrinsic viscosity.[72,82–84] For 
example, the Einstein equation was used to derive the intrinsic 
viscosity, and the data were used with the Simha equation to 
calculate f of both S-CNCs and H-CNCs.[83,84]    For S-CNCs, 
the predicted f was in a good agreement with TEM measure- 
ment, whereas much higher f was derived for H-CNCs due to 
severe aggregation in the longitudinal direction arising from the 
absence of charges on the surface. Huggins and Kraemer equa- 
tions were applied to obtain the intrinsic viscosity, which was 
used in the Simha equation to predict the f of S-CNCs with dif- 
ferent f and sulfate group density (Figure 7i).[72] The theoretically 
predicted f values of S-CNCs with higher f and lower sulfate 
group density were within the range of f determined from TEM. 
For S-CNCs with lower f and higher sulfate group density, the 
strong electroviscous effects caused a non-negligible increase 
in the intrinsic viscosity, and thus the derived f was much 
higher than that determined from TEM. To overcome the elec- 
troviscous affects, a small amount of NaCl was used to screen 
the electric double layers of S-CNCs, remarkably reducing the 
intrinsic viscosity.[85] Using the Batchelor equation, the pre- 
dicted f of S-CNCs was very close to that determined by TEM. 

 
 

3.4.6. CNM Surface Chemistry Characteristics 
 

The CNM surface chemistry characteristics (e.g., sign of 
charge, charge density, functional groups, hydrophilicity and 
hydrophobicity) affect rheological properties by altering chem- 
ical interactions (e.g., electrostatic attraction, electrostatic repul- 
sion, hydrogen bonding, van der Waals attraction, hydrophobic 
attraction, etc.) and physical interactions among neighboring 
CNMs. As presented in Section 2, CNMs with different surface 
chemistries (Figure 8a) can be manufactured depending on the 
isolation or production method. Effects of changes in attrac- 
tive or repulsive forces between cellulose surfaces in a suspen- 
sion on rheology vary, depending on a contiguous structure of 
reinforcing particles within the mixture.[23] When such a con- 
tiguous structure exists or can be formed, increased attractions 
increase the yield stress.[134] But in systems where multi-particle 
structures are discontinuous, broken, or absent, net attraction 
between particles can reduce viscosity.[126] 

In general, the introduction of charges on the NFC surface 
enhances the degree of fibrillation, leading to the formation of 
stronger fibrous networks and higher viscosity and G′.[111,132] 

For example, G′ values of TO-NFC suspensions from Posi- 
donia oceanica (a sea grass) progressively increased when the 
carboxyl content of TO-NFC was increased from 0.25 to 0.45, 
0.55, and 0.65 mmol g−1 (Figure 8b).[132] However, as the NFC 
surface charge increases, the electrostatic repulsion force 
becomes stronger, which further diminishes the strength 
of net chemical attractions among nanofibrils, and thereby 
lowers viscosity and G′. Furthermore, chemical pretreatments 
can shorten the fibril, decreasing the f of NFC. When these 
two factors become more pronounced, the strength of a NFC 
network is weakened, thereby lowering the viscosity and G′. 
A periodate–chlorite oxidation method was used to treat wood 
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Figure 8. Rheological properties of CNM suspensions. a) Schematic illustration on surface chemistry of CNMs. b) Influence of carboxyl contents on the 
G′of TO-NFC suspensions. c) Influence of sulfur content on the viscosity of S-CNC suspensions. d) Schematic illustration on the DLVO theory applica- 
tion to CNMs. e) Proposed viscosity plot as a function of ionic strength. b) Reproduced with permission.[132] Copyright 2015, Elsevier. c) Reproduced 

 
 

pulp prior to nanofibrillation.[135] With increase in oxidation 
time from 0.25 to 0.5, 1, 2 and 3 h, the carboxyl content on the 
surface of PC-NFC increased from 0.38 to 0.69, 0.75, 1.20 and 
1.75 mmol g−1, respectively. Interestingly, PC-NFC suspension 
with the carboxyl content of 1.20 mmol g−1 had the highest vis- 
cosity due to the high degree of fibrillation. At a higher content 
(e.g., 1.75 mmol g−1), the strong electrostatic repulsion force 
and low f became dominant, leading to a reduction in viscosity. 
S-NFC[136] and CM-NFC[137] (Figure 8a) displayed similar sur- 
face chemistry-dependent rheological behaviors with TO-NFC 
and PC-NFC. 

In contrast, for CNCs, increased density of charged func- 
tional groups usually decreases viscosity and dynamic moduli 
due to the weakened chemical attraction among neighboring 
CNCs as well as the improved dispersion state of CNCs via 
electrostatic repulsion.[83,133,138,139] The rheological proper- 
ties of CNC suspensions can be further tuned through post- 
modification, e.g., cationization,[140,141] desulfonation,[142] and 
hydrophobization.[143–149] 

In comparison with H-CNC suspensions, S-CNC suspen- 
sions exhibited superior colloidal stability as well as lower 
viscosity due to the presence of negatively charged sulfate 
groups.[83,138] In addition, the content of sulfate group content 
on surface of S-CNCs affected the rheology of S-CNC sus- 
pensions significantly.[133,139] The viscosity of S-CNC suspen- 
sions gradually decreased with increase in sulfur content on 
the surface of S-CNCs from 0.27 to 0.49, and 0.57 and 0.89% 
(Figure 8c). 

Post-treatments of CNCs via chemical reaction have been 
found to influence the rheology of CNC suspensions. One post-
treatment of particular interest is the cationic func- 
tionalization of CNCs through etherification with a cationic 
reagent (2,3-epoxypropyl)trimethylammonium chloride 

(EPTMAC).[140,141] Two types of cationic CNCs (CA-CNCs, 
Figure 8a) with different degree of substitution (DS) were pre- 
pared through controlling the water content during the etheri- 
fication reaction. The suspension of CA-CNCs with a lower DS 
(dCNCs) exhibited higher viscosity than an unmodified CNC 
suspension due to the formation of aggregates arising from 
declined surface charge. Furthermore, the dCNC suspension 
exhibited a typical three-region shear-thinning behavior, indi- 
cating the presence of shear-induced liquid crystalline domains 
in suspension resulting from poor dispersion of dCNCs. 
However, for the suspension of CA-CNCs with a higher DS 
(cCNCs), the three-region shear-thinning behavior disappeared 
along with a remarkable reduction in viscosity, highlighting the 
critical role of surface charge on the dispersion state and flow 
behavior of CA-CNC suspensions. 

When surface charges are eliminated from CNCs, the attrac- 
tive chemical interactions (e.g., hydrogen bonds and van der 
Waals attraction) become more dominant between neighboring 
CNCs, generating viscoelastic gels. For example, a novel hydro- 
thermal desulfation treatment was used to prepare CNC gels 
(DS-CNCs, Figure 8a) from S-CNC suspensions.[142] Dynamic 
viscoelastic studies revealed that the transition from liquid 
to gel took place at a hydrothermal treatment temperature 
between 70 °C and 80 °C. Further increase in the hydrothermal 
treatment temperature to 90 °C significantly enhanced the 
strength of gel, as evidenced by a notable increase in G′. When 
the hydrothermal desulfation was carried out at 120 °C, most 
of sulfate groups were removed, producing a free-standing gel 
even at a low concentration of 2 wt%. 

More robust CNC gels can be achieved through the intro- 
duction of hydrophobic groups by absorption of amphiphilic 
surfactant or chemical modification with hydrophobic moie- 
ties.[143,144] The amphiphilic surfactant contains a head with a 

with permission.[133] Copyright 2018, American Chemical Society. 
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charged group and a tail with a hydrophobic group. CNCs 
with negatively charged surfaces can be attached to the posi- 
tively charged head of a cationic surfactant through electro- 
static attraction, producing hydrophobized CNCs (HP-CNCs, 
Figure 8a). The influence of cetyltrimethylammonium bromide 
(CTAB) adsorption on the rheology of S-CNC suspension was 
studied.[143] Results showed that CTAB-CNC suspensions had 
more pronounced shear-thinning behavior as well as much 
higher viscosity than neat S-CNC suspensions at the same con- 
centrations ranging from 1 to 4 wt%. The formation of strong 
hydrophobic interactions between surfactant tails of adjacent 
CTAB-CNC and the increase in volume fraction arising from 
the extended conformation of the surfactant in ethanol were 
responsible for the gelation. A two-step chemical reaction, 
i.e., periodate oxidation of S-CNCs, and reductive amination 
reaction between aldehyde groups of the oxidized S-CNCs 
and octylamine, was reported to synthesize HP-CNCs and 
mechanically robust gels.[144] The hydrophobization signifi- 
cantly enhanced both viscosity and G′of S-CNC suspensions. 
Furthermore, different thermo-responsive polymers, e.g., 
poly(N-isopropylacrylamide),[145] Jeffamine polyether- 
amine,[146] poly(N-vinylcaprolactam),[147] methylcellulose,[148] 

and poly(poly(ethylene glycol) methylacrylate)s,[149] were suc- 
cessfully grafted onto the surface of S-CNCs though surface- 
initiated atom transfer radical polymerization (SI-ATRP).[150] 

Above the LCST, the thermo-responsive polymer chains around 
the S-CNCs transitioned from hydrophilic to hydrophobic, 
leading to gelling through hydrophobic interactions as well. 

 
 

3.4.7. Ionic Strength 
 

The classical Derjaguin–Landau–Verwey–Overbeek (DLVO) 
theory states that an electrical double layer is present on the 
surface of charged particles in a colloidal system, and the inter- 
action potential energies between two charged particles are the 
sum of van der Waals attractions plus electrical double layer 
repulsion (Figure 8d).[151] One of the most important parameters 
governing the DLVO interaction energies is the ionic strength. 
Variation in ionic strength alters the electrical double layer 
repulsion greatly, whereas the London dispersion components 
of van der Waals attraction arising from temporary fluctuating 
dipoles is insensitive to the ionic strength.[152] As a result, the 
balance between van der Waals attraction and electrical double 
layer repulsion is disrupted, leading to alteration in the colloidal 
stability, dispersion state, as well as rheological properties of 
charged nanoparticle suspensions. Theoretically, at a low ionic 
strength, the electrical double layer repulsion is dominant, and 
the charged nanoparticle suspension is less viscous with stable, 
homogeneous dispersion. At a high ionic strength, on the con- 
trary, the van der Waals attraction becomes dominant due to the 
screening of electrical double layer repulsion by counter-ions. 
As a result, nanoparticles have a high tendency to collide and 
form aggregates, creating a strong network. However, a detailed 
literature review on the influence of ionic strength on the rheo- 
logical properties of CNM suspensions reveals more compli- 
cated trends, as illustrated in Figure 8e. 

Ideally, UN-NFC and E-NFC do not possess surface charge, 
and thus they should have high ionic strength tolerance. 

However, even after purification, the cellulosic pulps used for 
NFC production still contain slight impurities (e.g., hemicellu- 
lose and pectin), leading to the presence of some sugar acids, 
e.g., uronic acids on the surface of resultant NFC.[118,153] The 
negatively charged uronic groups were thought to be respon- 
sible for the ionic strength-dependent rheological behaviors 
of UN-NFC and E-NFC suspensions.[154–156] For example, Sim 
et al. prepared UN-NFC suspensions from commercial euca- 
lyptus bleached kraft pulp through mechanical grinding.[154] 

The values of viscosity, yield stress and G′ increased with an 
increase in the concentration of salts (Region II in Figure 8e). It 
was proposed that the presence of salt screened the electrostatic 
repulsion between negatively charged nanofibrils arising from 
uronic groups, leading to the formation of aggregates. How- 
ever, there was a critical point (C2 in Figure 8e) beyond which 
further increase in ionic strength caused a reduction in the 
viscosity of NFC suspensions (Region III in Figure 8e).[155,156] 

For instance, for UN-NFC suspension from Norway spruce, the 
complex viscosity reached the maximum when ≈60 × 10−3 m 
NaCl was incorporated.[155] Further adding NaCl resulted in a 
gradual decrease in the complex viscosity due to the formation 
of precipitated flocs rather than a continuous network. 

For chemically pretreated NFC, the introduction of more 
negative charges on the surface causes more significant 
electroviscous effects, i.e., a more profound increase in the 
apparent viscosity of chemically pretreated NFC suspensions 
compared with UN-NFC and E-NFC suspensions. The elec- 
troviscous effects are due to the flow-induced distortion of 
the electrical double layer (primary effect) and the overlap- 
ping of electrical double layers between neighboring nanofi- 
brils (secondary effect).[23,82] The presence of dilute salts hence 
reduced the thickness of electrical double layer (also known 
as the Debye length), leading to the suppression of the elec- 
troviscous effects, i.e., a reduction in the apparent viscosity 
(Region I in Figure 8e).[126,157–159] When the applied ionic 
strength was high enough, chemically pretreated NFC suspen- 
sions displayed an analogous trend to the UN-NFC suspen- 
sions.[120,160,161] The viscosity of 0.1 wt% TO-NFC suspension 
increased with increasing NaCl concentration from 0 × 10−3 

to 10 × 10−3, 50 × 10−3 and 100 × 10−3 m but then decreased at 
200 × 10−3 and 400 × 10−3 m.[160] Furthermore, the increase in 
cation valence induced more rigid networks.[161,162] The strength 
of cation-induced TO-NFC gels increased in the following 
order: Fe3+ > Al3+ > Cu2+ > Zn2+ > Ca2+ driven by the screening 
of electrical double-layer repulsion as well as the formation of 
metal–carboxylate complexation.[162] 

CNC suspensions have similar ionic strength-dependent 
rheological behaviors to chemically pretreated NFC suspen- 
sions (Figure 8e). Especially when a low concentration of 
ions is incorporated, the suppression of electroviscous effects 
prevails, leading to a reduction in viscosity of CNC suspen- 
sions.[82,128,163–165] When the electroviscous effects are com- 
pletely eliminated by ions, a further increase in ionic strength 
shields the electrical double layer repulsion. As a result, the van 
der Waals attractions become dominant, resulting in gelation of 
CNC suspensions.[106,166,167] A phase diagram for S-CNCs was 
proposed to correlate NaCl concentration to a dimensionless 
suspension concentration based on aspect ratio and volume 
fraction of CNCs.[168] The phase diagram suggests a range of 
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potential conditions based on ionic strength, geometry and con- 
centration of CNCs in suspension to target specific phases for 
a desired rheological response and application. G′ progressively 
increased with increases in both valence (i.e., Na+ < Mg2+ < Al3+) 
and radius (i.e., Mg2+ < Ca2+ < Sn2+) of the cation.[76,169] 

Moreover, the valence of the cation had more significant influ- 
ence on the rheology of S-CNC suspensions than radius of 
cation, suggesting that the gelation of S-CNC suspension can 
be primarily ascribed to the intermolecular bridging capacity 
of multivalent cations. However, although divalent cations 
induced gelation at lower concentrations than monovalent 
cations, both valence and radius of cations can have minimal 
impact on the maximum strength of S-CNC gels.[167] These 
phenomena demonstrated that the gelation of CNCs was inde- 
pendent on valence and radius of cation, but results can be 
attributed to net intermolecular attraction induced by charge 
screening. 

 
 

3.4.8. pH 
 

The rheology of CNM suspensions is also dependent on the 
pH value, as a result of the combined actions of deprotonation 
and protonation of surface functional groups and counter-ion 
effects.[106,117,119,164] The change in pH value above and below 
pKa (i.e., the negative decadic logarithm of the acid dissocia- 
tion constant) causes the deprotonation and protonation of 
functional groups on the surface of CNMs, respectively, which 
subsequently alters rheology. When the pH is well above the 
pKa, the surface functional groups are deprotonated, gener- 
ating strong electrical double layer repulsion, leading to the 
formation of a weaker network. When the pH is well below 
the pKa, the surface functional groups are protonated, which 
makes the attraction forces dominant, resulting in the forma- 
tion of a stronger network. It is worth noting that different 
functional groups have distinctive pKa values. For example, 
the carboxyl groups associated with cellulose have pKa values 
in the range of 3 to 4, whereas the pKa value of the sulfate 
groups is as low as –3. In addition, the incorporation of NaOH 
or HCl to change the pH value also generates counterion 
effects (i.e., the suppression of electroviscous effect and the 
screening of electrical double layer repulsion), as discussed in 
Section 3.4.7. Overall, the combined effects of these two mech- 
anisms contribute to the pH-dependent rheology of CNM 
suspensions. 

For UN-NFC suspensions, the change in pH from 4.5 to 9 
had little influence on their viscoelastic properties at 1 wt% con- 
centration, presumably due to the extremely low surface charge 
content and high solid content of UN-NFC.[118] For E-NFC sus- 
pensions, the viscosity of a 0.25 wt% NFC suspension gradually 
increased as pH decreased from 10.0 to 5.9, 3.8 and 2.0 because 
of the presence of negative charges (i.e., 44.2 µeq g−1) originated 
from hemicellulose with uronic acids.[117] Since the carboxyl 
groups have a pKa of 3 to 4, a gradual increase in viscosity with 
decrease in pH from 10.0 to 3.8 can be ascribed to the screening 
of electrical double layer repulsion. Further increase in viscosity 
with decrease in pH from 3.8 to 2.0 was then attributed to the 
protonation of carboxyl groups. A more profound change in the 
rheological behavior was observed from highly charged TO-NFC 

suspensions. When the pH of 0.1 wt% TO-NFC suspensions 
was shifted from 8 to 2, the suspension became more elastic.[119] 

Because sulfate groups have an extremely low pKa value of 
-3, S-CNCs are always deprotonated in suspensions. Therefore, 

the counter-ion effects dominate pH-dependent rheological 
behavior of S-CNC suspensions. Due to strong counter-ion 
effects, viscosity first increased with increasing pH from 2 to 
6, and then steadily decreased with further pH increase from 
6 to 12.[106] These results are consistent with the fact that the 
ionic strength increases with the addition of strong acid to 
adjust the pH, especially at the lowest values of pH consid- 
ered. Interestingly, when 100 × 10−3 m NaCl was added prior to 
a change in pH using NaOH or HCl solutions, the viscosities 
became independent of pH over a larger range from 1 to 13, 
which can be ascribed to the complete screening of counter- 
ion effects by 100 × 10−3 m NaCl. These phenomena strongly 
supported the assumption that the pH-dependent rheology of 
S-CNC suspension was primarily attributable to the counter- 
ion effects. For C-CNCs, because their carboxyl groups have 
a relatively high pKa value of 3 to 4, both the deprotonation/ 
protonation of carboxylated groups and counter-ion effects 
should be taken into account for their pH-dependent rheo- 
logical properties.[164] 

 
 

3.4.9. Temperature 
 

Temperature has a lesser influence on the rheological properties 
of CNM suspensions compared with other factors. Especially, 
NFC particles with high aspect ratio create physically entangled 
networks in aqueous suspension, and hence they show very 
stable rheology upon temperature change from 20 °C to 80 °C. 
For UN-NFC suspensions, their moduli were shown to be inde- 
pendent of temperature between 20 °C and 60 °C.[156] Further 
temperature increase (up to 80 °C) caused a slight decrease in 
moduli.[118] Additionally, a UN-NFC suspension showed supe- 
rior thermo-reversibility, i.e., moduli almost returning to the 
original value after being cooled from 80 °C to 20 °C. By con- 
trast, Herrick et al.[170] and Iotti et al.[113] observed that increasing 
temperature from 25 °C to 60 °C decreased the viscosity of 
UN-NFC suspensions, possibly due to the reduced viscosity of 
water in UN-NFC suspension as well as the deswelling of fibril. 
It should be pointed out that the dynamic moduli were exam- 
ined in the linear viscoelastic regime, where the network of 
UN-NFC was well preserved; whereas the viscosity was detected 
under continuous shearing condition, in which the network 
of UN-NFC was disrupted. Therefore, conflicting results from 
dynamic moduli and viscosity measurements further high- 
lighted the critical role of an entangled network in maintaining 
the viscoelasticity of UN-NFC suspensions upon change in 
temperature. E-NFC has a similar temperature dependence of 
rheology with UN-NFC. Their moduli displayed no depend- 
ence with increasing temperature from 20 °C to 40 °C, but 
they were slightly increased when being heated to 80 °C.[117] 

The viscosity and moduli of both E-NFC and CM-NFC suspen- 
sions were negligibly affected with a rise in temperature from 
5 to 50 °C.[171] The suspensions of CM-NFC with higher sur- 
face charge content exhibited superior thermally stable rhe- 
ology over the suspensions of E-NFC with lower surface charge 

http://www.advancedsciencenews.com/
http://www.advmat.de/


www.advancedsciencenews.com www.advmat.de 

2006052 (17 of 38) Adv. Mater. 2021, 2006052 © 2021 Wiley-VCH GmbH 

 

 

 
content, which can be ascribed to the formation of a more rigid 
network as a result of an increased degree of fibrillation. 

In contrast, CNC suspensions are more susceptible to tem- 
perature owing to the absence of physically entangled networks, 
where significant increases in viscosity of CNC suspensions 
can be achieved when aged at temperatures higher than 100 °C 
for several days. A possible explanation is progressive hydrol- 
ysis of the sulfate groups, thus decreasing the charge density. 
This aging-related viscosity change can be altered through the 
use of a small amount of radical scavengers. 

Above the critical concentration, CNCs can form tempera- 
ture-sensitive liquid crystalline phases.[100,172,173] Temperature 
increase reduced the volume fraction of the liquid crystal- 
line phase within S-CNC suspensions, resulting in a notable 
alteration in viscosity depending on the concentration of S-
CNCs.[94] In addition to the concentration, changes in shear 
rate impacted the microstructure of S-CNC suspension as well, 
generating distinctive temperature-dependent flow behavior.[100] 

At intermediate shear rates (e.g., 1 and 10 s−1), the viscosity of 
5 wt% S-CNC suspension gradually decreased as temperature 
increased from 5 to 55 °C. However, at low shear rates (e.g., 
0.1, 0.3, and 0.5 s−1), an abrupt increase in viscosity appeared in 
the temperature region between 30 °C and 40 °C. POM images 
indicated that the sudden increase in the volume fraction of iso- 
tropic domains was responsible for the abrupt upturn behavior. 
Generally, when liquid crystals orient in the flow direction, vis- 
cosity undergoes an abrupt increase at the nematic-isotropic 
transition point.[173] 

The effect of heat aging with higher temperatures and longer 
durations on the viscosity of S-CNC suspensions was also 
investigated.[174,175] Viscosity measurements with aged 2 wt% 
S-CNC suspensions showed that the aging treatment signifi- 
cantly increased the viscosity of S-CNC suspensions.[174] The 
highest viscosity was achieved when the aging temperature and 
time was 120 °C and 48 h, respectively. The aging treatment 
enhanced the delamination of the S-CNC crystallites, which 
not only increased the surface area of S-CNCs but also exposed 
more hydroxyl groups to the surrounding medium, resulting in 
a profound viscosity increase. However, extravagant prolonging 
of the aging time to 168 h caused a notable reduction in vis- 
cosity because of the degradation and hydrolysis of S-CNCs 
under the severe conditions. To overcome this bottleneck, rad- 
ical scavengers (e.g., sodium formate and cesium formate) were 
applied. The presence of radical scavengers greatly enhanced 
the aging resistance of S-CNC suspensions, yielding very close 
viscosity curves before and after aging treatment.[175] 

 

3.4.10. Magnetic and Electric Field Strength 
 

CNMs exhibit anisotropic diamagnetic susceptibility due to 
the presence and alignment of magnetic dipoles of CO, CH, 
and OH bonds in cellulose chains.[176,177] The direc- tion 
perpendicular to the polymer chain axis displays a larger 
diamagnetic susceptibility than the parallel direction.[178] With 
the presence of a magnetic field, CNMs can orient in the direc- 
tion perpendicular to magnetic field direction. Consequently, 
CNM suspensions exhibit promising magnetorheological (MR) 
behavior, i.e., the rheological properties can be well tuned as a 

function of magnetic strength. Such MR behaviors take place 
in CNC suspensions more easily due to the smaller dimension 
of CNCs than NFC.[176] For example, it was reported that both 
the viscosity and G′ of S-CNC suspensions at 0.1 and 0.5 wt% 
increased as the magnetic strength was increased from 0 to 
1 T.[179] Moreover, the S-CNC suspension at higher concentra- 
tions showed less pronounced MR behavior than that at lower 
concentrations due to the steric hindrance effect. 

Additionally, owing to the absorption of water molecules 
on the surface, CNMs show semiconducting properties and 
electrorheological (ER) responses.[180] Under an electric field, 
CNMs can construct fibrillated structures because of the dif- 
ference in dielectric constant between CNMs and a dispersing 
solvent (e.g., silicon oil), resulting in the reversible phase 
transition from liquid-like to solid-like. In comparison with 
microcrystalline cellulose (MCC), S-CNCs exhibited more pro- 
found ER responses in methyl-silicone oil.[181] In addition, the 
acid hydrolysis time affected the ER properties of S-CNC fluid 
significantly.[182] 

 

3.4.11. Polymer Interaction 
 

The combined use of CNMs and polymers leads to significant 
changes in the stability and microstructure of the suspensions, 
resulting in distinctive rheology. The surface of the added 
polymer chain plays a crucial role in such hybrid systems. 
Understanding the complex interactions among CNMs and dif- 
ferent polymers can help in formulating cost-effective fluids, 
whereas CNMs serve as the rheological modifier or as the main 
fluid additive. Generally, depending on the nature of surface 
functional groups, a water-soluble polymer can be classified as 
a cationic polyelectrolyte, an anionic polyelectrolyte or a non- 
ionic polymer. 

Effects of polymer addition on interactions between par- 
ticulates in suspension—and by extension the rheological 
behavior—tend to fall into a few main classes, depending on 
the net charge, molecular mass, and dosage of the polymer. 
Since many CNMs of interest have a negative surface charge, 
the discussion here will assume such a situation. Relatively 
low addition levels of cationic polyelectrolytes can be expected 
to adsorb onto the CNM surfaces, thereby reducing and pos- 
sibly neutralizing repulsive electrostatic forces between the sur- 
faces. If the molecular mass is large enough, a cationic poly- 
electrolyte may induce strong attachments among suspension 
particles by either a charged patch mechanism[74,134,183,184] or a 
bridging mechanism.[185,186] The distinction between these two 
mechanisms is that the charged patch mechanism assumes 
reversible behavior, for instance if a suspension is intermit- 
tently sheared to break the particles apart. By contrast, intensive 
shearing of polymer bridges is understood to break polymer 
chains.[187,188] An overdose of cationic polymer can in some 
cases lead to charge reversal and stabilization of suspended par- 
ticles.[189] Adding an anionic polyelectrolyte to the same nega- 
tively charged particle suspension also can affect rheology, often 
to a less dramatic extent; sometimes the effects can be attributed 
to the anionic polyelectrolyte acting as a dispersant, as a steric 
stabilizer, or through depletion flocculation.[190–198] Nonionic 
polymers usually  contain abundant  hydroxyl  groups on  the 
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surface, which can form extensive hydrogen bonding with the 
hydroxyl groups of CNMs. They are thus extensively attached 
to the surface of CNMs, and act as an effective “bridging” role 
to flocculate CNM suspensions, leading to notable enhance- 
ment in the rheology of CNM suspensions.[193,199] Based on the 
above analyses, the microstructures of CNMs in the presence of 
cationic polyelectrolytes, anionic polyelectrolytes, and non-ionic 
polymers are schematically illustrated in Figure 9a. 

For example, the influence of cationic polyacrylamide 
(CPAM) and anionic carboxylmethyl   cellulose   (CMC)   on 
the dispersion and viscosity of UN-NFC suspensions was 
studied.[200,201] Optical microscopy images showed that the pres- 
ence of CPAM created dense and large agglomerates through 
electrostatic attraction and polymer bridging.[200] On the con- 
trary, a notable improvement in the distribution of UN-NFC 
was achieved by adding anionic CMC. This was ascribed to 
the absorption of negatively charged CMC on the surface 
of fibrils, which dispersed the agglomerated fibrils and also 
induced steric stabilization. As a result, the presence of CPAM 
and CMC increased the viscosity of UN-NFC suspensions, and 
CPAM enhanced the viscosity of UN-NFC suspensions more 
effectively than CMC due to the formation of larger agglomer- 
ates.[201] In another example, the gelation behavior of S-CNC 

suspensions in the presence of cationic polyelectrolytes (e.g., 
high molecular weight chitosan, low molecular weight chi- 
tosan, and polydiallyldimethylammonium chloride), anionic 
polyelectrolytes (e.g., sodium carboxylmethyl cellulose, sodium 
alginate and gum arabic), and non-ionic water-soluble polymers 
(e.g., polyvinyl alcohol, polyethylene glycol and hydroxypropyl 
methylcellulose) was systematically compared (Figure 9b–d).[88] 

At the 5 wt% S-CNC concentration, the addition of the 
polymers increased the value of G′, suggesting the formation of 
more rigid network through different flocculation mechanisms, 
i.e., electrostatic attraction, entropic depletion and polymer 
bridging (Figure 9a). Particularly, the cationic polyelectro- 
lytes exhibited much stronger flocculating ability than anionic 
polyelectrolytes and non-ionic polymers, since the presence 
of only 0.1 wt% of cationic polyelectrolytes led to even higher 
G′ than the introduction of 1 wt% of anionic polyelectrolytes 
and non-ionic polymers, highlighting the effectiveness of elec- 
trostatic attraction on the flocculation of S-CNC suspensions. 
Furthermore, the anionic polyelectrolytes had a greater thick- 
ening effect than non-ionic polymers (except for hydroxypropyl 
methylcellulose), which is probably due to the predominant 
entropic depletion forces considering that those anionic poly- 
electrolytes did not absorb on the S-CNC surface. 

 

 
Figure 9. Influence of water-soluble polymer addition on the microstructure and rheology of CNM suspensions. a) Schematic illustration on micro- 
structures of CNMs in the presence of cationic polyelectrolytes, anionic polyelectrolytes, and non-ionic polymers. b–d) G′ and tan δ of S-CNC sus- 
pensions in the absence/presence of cationic polyelectrolytes, anionic polyelectrolytes, and nonionic polymers, respectively. b–d) Reproduced with 
permission.[88] Copyright 2018, Springer Nature. 

http://www.advancedsciencenews.com/
http://www.advmat.de/


www.advancedsciencenews.com www.advmat.de 

2006052 (19 of 38) Adv. Mater. 2021, 2006052 © 2021 Wiley-VCH GmbH 

 

 

 

More recently, lignin-containing CNMs (LCNMs) have 
emerged as cost and performance competitive CNMs.[202,203] 

LCNMs are directly produced from unbleached lignocellulosic 
biomass, offering advantages of less chemical usage, cost effec- 
tiveness, and environmental friendliness. The residual lignin 
either attached on the CNM surface or as free structures can 
act as a binder among CNMs through hydrophobic interac- 
tion, which affects the rheological properties of CNM suspen- 
sions.[204–206] Strong gel-like rheological behavior was observed 
for the lignin-containing NFC (LNFC) suspensions, especially 
for the finely fractioned samples. For lignin-rich samples that 
had coarser fibril morphology, dilatant behavior was found in 
the high deformation region. The deformation-induced floccu- 
lation/aggregation of the weakly surface-charged LNFC greatly 
confined the freedom of movement in the shearing direction 
because of created entanglement and hydrophobic properties of 
lignin.[204] 

 

3.4.12. Postprocessing 
 

Postprocessing (e.g., drying and redispersion) is practiced in 
industry to make CNMs more cost-effective for shipping and 
storage. The processes, however, generally have an adverse 
influence on the rheological properties of redispersed CNM 
suspensions. Current drying technologies includes oven- 
drying, freeze-drying, spray-drying, and supercritical drying.[207] 

Upon drying, CNMs form dense agglomerates, which exhibit 
poor redispersibility because of the formation of extensive and 
organized hydrogen bonding among dried CNMs. As a conse- 
quence, redispersion of the fully dried CNMs in an aqueous 
suspension does not enable a complete recovery of the rheo- 
logical properties of the original suspension. Several strategies 
have been applied to overcome this bottleneck through pre- 
venting the formation of strong hydrogen bonding, including 
freezing–defreezing, carboxymethylation, addition of water-sol- 
uble polymers, and addition of salts.[23] 

Among the published work, the viscosity of E-NFC suspen- 
sions was shown to be reduced by almost threefold after being 
oven dried and redispersed.[208] The increase in drying rate low- 
ered viscoelastic properties of redispersed CMC/UN-NFC mate- 
rials because of the formation of denser NFC agglomerates.[156] 

Freeze drying, supercritical drying and spray drying techniques 
were also applied, aiming to obtain less dense CNM agglom- 
erates with highly porous microstructures.[207,209–211] However, 
notable loss of the rheological properties of CNM suspensions 
occurred as well. For example, freeze drying led to 55% and 
72% reduction in the G′ of redispersed 0.5 and 1 wt% UN-NFC 
suspensions, respectively.[118] The freeze-defrosting method 
offers certain advantages for the storage of CNM suspensions 
in terms of maintaining their rheology. The defrosted sample 
showed very similar rheological properties as compared with 
original sample.[118] 

For more efficient and cost-effective drying and redisper- 
sion of CNMs, techniques including carboxymethylation,[212] 

addition of water-soluble polymers,[156,208,213–215] and addition of 
salts[216,217] have been developed. For example, CM-NFC were 
manufactured from refined, bleached beech pulp through car- 
boxymethylation prior to mechanical disintegration.[212] The 

obtained CM-NFC after being dried exhibited good redispers- 
ibility in an aqueous suspension. The presence of a small 
amount of water-soluble polymers before drying effectively 
enhanced the water-redispersibility of CNMs as well. Various 
water-soluble polymers, such as CMC, CPAM, sodium poly- 
acrylate (PAA),[156] PEO,[213] pectin, hemicellulose,[214] and 
tannic acid[215] have been used. The anionic CMC outperformed 
PAA and CPAM in the preparation of water-redispersible NFC 
with less loss in rheology. The coating of a layer of CMC films 
around NFC greatly weakened the hydrogen bonding between 
NFC during drying.[156] Furthermore, water-redispersibility of 
dried NFC was dependent on the amount of absorbed CMC 
on NFC, which was governed by treatment temperature and 
feeding ratio between CMC and NFC.[208] Particularly, higher 
temperature and feeding ratio yielded a higher amount of CMC 
absorbed onto NFC, leading to better water-redispersibility of 
dried NFC, which was reflected in the most effective recov- 
ering of viscosity after redispersion of the dried sample (i.e., 
NFC-CMC-HT-100). Salt was also shown to effectively act as a 
hydrogen bonding blocker, preventing the formation of CNM 
agglomerates during drying, producing fully water-redispersed 
CNMs.[216,217] 

 
 

4. Emerging Applications of CNMs as Rheology 
Modifiers 
CNMs have emerged as effective rheological modifiers with 
widely tailorable viscosity and viscoelastic properties, high vis- 
cosity at rest, profound shear-thinning behavior, good thixo- 
tropic properties, outstanding water retention capacities, and 
superior ability to stabilize emulsions. These rheological char- 
acteristics have the potential to be well suited for specific appli- 
cations, as outlined below. For example, thixotropic behavior 
can be advantageous, in principle, in applications where the 
mixture first needs to be able to flow readily at one stage, but 
then it needs to become thickened or immobilized when the 
flow ceases.[218] As another example, the water-holding tendency 
of CNMs can be an inherent advantage in paper coating for- 
mulations.[219] This is because the coating formulation needs to 
hold onto water long enough to avoid formation of crumbs on 
coating blades. Also, the strength, chemical stability, and non- 
toxic nature of most cellulosic materials may be important for 
the final product performance in various applications. Recent 
advances in establishing the influential factors on CNMs’ rhe- 
ological behaviors, including CNM inherent properties and 
suspension environment, have led to their diverse industrial 
applications. 

 
 

4.1. Inks for 3D Printing 
 

3D printing, also known as additive manufacturing (AM), is 
an advanced manufacturing technology to rapidly fabricate 
a wide range of 3D constructs in a layer-by-layer manner.[220] 

Among the 3D printing technologies,[221,222] specifically relevant 
for CNMs is a subset of material extrusion AM called direct 
ink writing (DIW). The rheological feature of inks is consid- 
ered to be the most important factor for DIW in terms of the 
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printability and shape fidelity. An ideal DIW ink should: i) pos- 
sess shear-thinning capability, enabling the ink to smoothly 
flow through small diameter deposition nozzles under shear; 
ii) have a sufficient zero-shear viscosity and high yield stress 
to maintain the structural stability of printed 3D constructs, 
thereby avoiding the deformation or collapse under their own 
weight; and iii) show superior thixotropic property, allowing a 
rapid recovery in viscoelastic properties after printing. CNM- 
based hydrogels meet the above requirements and thus have 
been emerging as novel inks or rheological modifiers in mul- 
ticomponent ink formulation for printing of 3D structural con- 
structs in biomedical and electronic applications.[223–229] Table 2 
shows a summary of recent studies on CNM-based bioinks 
for 3D printing with respect to characteristics of CNMs, ink 
composition and rheology, printers, gelation or solidification 
methods, and given biomedical and electronic applications. 

 
 

4.1.1. Biomedical Applications 
 

The applications of 3D printing technology in biomedicine 
are growing exponentially and are expected to revolutionize 
the health care industry.[264] CNM-based hydrogels can be: i) 
biocompatible, sharing many similarities to the natural extra- 
cellular matrix; ii) not cytotoxic against a series of cell lines, 
providing suitable environment for cell growth and prolifera- 
tion; iii) biodegradable, allowing the natural decomposition of 
printed constructs and subsequent formation of new extracel- 
lular matrix; and iv) mechanically robust and able to be further 
physically or chemically crosslinked using heat, UV, cations, 
and various chemical cross-linkers. These attractive features 
further allow CNM-based hydrogels to serve as perspective 
bioinks for 3D printing scaffolds in biomedical applications, 
particularly in tissue engineering and wound dressing fields. 

Among the studies, a bioink composed of E-NFC and alg- 
inate for 3D printing of living soft tissue with cells has been 
commercialized as CELLINK (CELLINK AB, Sweden) and is 
a promising bioink for 3D printing constructs together with 
diverse living cells for cartilage tissue engineering.[230–234] The 
NFC has an average width of 20 nm and negative surface charge 
of 24 µeq g−1 produced through a combined enzymatic pretreat- 
ment and HPH. The presence of E-NFC in alginate inks greatly 
increased their viscosity at low shear rates (e.g., ≈104 Pa s at 
10−2 1 s−1), but it also induced a more profound shear-thinning 
behavior (e.g., ≈105–10−1 Pa s), leading to enhancement in shape 
fidelity and printing resolution (Figure 10a,b). The printed scaf- 
folds were further ionically crosslinked by CaCl2 to prevent the 
3D structure from collapse after printing (Figure 10c), and 2D 
structures (e.g., grid) and 3D constructs (e.g., human ear and 
sheep meniscus) were successfully fabricated. 

In addition to alginate, some other natural biopolymers and 
their derivatives, such as hyaluronic acid,[235] xylan,[236] glyc- 
erin,[247] gelatin,[237] and gelatin methacrylamide,[238] were also 
used to formulate bioinks together with NFC for 3D printing 
of tissue. The addition of NFC also yielded more profound 
shear-thinning properties with improved printability and 
shape fidelity compared with pure polymer inks. Depending 
on the characteristics of the polymer matrix, different gela- 
tion or solidification strategies were reported. For example, the 

E-NFC/alginate bioinks were crosslinked using CaCl2,[230–233,247] 

whereas H2O2 was employed to crosslink the bioink composed 
of E-NFC and hyaluronic acid with 5% tyramine substitu- 
tion.[235] The minimum amounts of horseradish peroxidase 
(HRP) and H2O2 required for gelling E-NFC/tyramine-modified 
xylan bioink were found to be highly dependent on the substitu- 
tion degree of tyramine, further highlighting the critical role of 
tyramine on their gel formation.[236] To crosslink the UN-NFC/ 
gelatin bioink, genipin, a natural crosslinker derived from 
the fruit of Gardenia jasminoides, was used.[237] Alternatively, a 
chemically crosslinked UN-NFC/gelatin methacrylamide bioink 
was obtained using an ammonium persulfate/tetramethylethyl- 
enediamine (APS/TEMED) initiating system.[238] Gelation time 
was controllable by tuning the loading of initiator APS, which 
greatly facilitated the 3D printing process. 

The NFC reported in the above literature was mostly manu- 
factured through enzymatic pretreatment and mechanical dis- 
integration approaches, and therefore they have weak surface 
charge and large dimension. For highly charged NFC with 
ultrafine diameters (e.g., C-NFC),[240–242,245,247,265] their superior 
stability and high gel ability allowed the production of bioinks 
in the absence of biopolymers. For example, 3D NFC aerogels 
with highly deformable, shape recoverable, and functionaliz- 
able properties were fabricated through the DIW method fol- 
lowed by freeze-drying and crosslinking.[240] Commercial NFC 
was subjected to TEMPO oxidation and HPH treatment, pro- 
ducing C-NFC ink with a suitable viscosity (i.e., 515 cP) at a 
concentration of 2.8 wt% for 3D printing of stable constructs 
without collapsing over time. In another example, C-NFC was 
manufactured from bagasse, through multi-step treatment 
of pulping, TEMPO oxidation, and homogenization.[241] The 
resultant C-NFC was 20 nm in width with carboxylic acid group 
content of 1.15-1.67 mmol g−1 depending on the applied condi- 
tions of pulping and TEMPO oxidation. 2D grid and 3D ear and 
nose scaffolds were fabricated using 2 or 2.6 wt% C-NFC inks, 
and their shape fidelity was improved when C-NFC was more 
oxidized and nanofibrillated. A more recent study revealed that 
TO-NFC and acetylated NFC (A-NFC) yielded more dimension- 
ally stable scaffolds than UN-NFC because of the higher surface 
charge and axial aspect.[248] 

In comparison with NFC, CNCs have gained less attraction 
as bioinks for 3D printing with living cells for tissue engi- 
neering, probably because of the relatively low viscosity of 
CNCs. For instance, to obtain self-standing, 3D printed con- 
structs, the required concentrations of C-NFC and S-CNCs in 
bioinks without adding biopolymer were reported to be 2.8 and 
11.8 wt%, respectively.[240,249] However even at a concentration 
of 11.8 wt%, the CNC bioink had a low viscosity of ≈0.24 Pa s, 
which caused the printed constructs to sag within a few min- 
utes. With increase in the CNC concentration to 15, 20 and 
30 wt%, the viscosity was raised to 0.79, 1.79, and 7.68 Pa s, 
respectively. The improved viscosity effectively overcame the 
observed sagging issue, leading to fabricating constructs with 
a higher shape fidelity and smoother edges. Different cartilage 
models, such as octet cube, nose, ear and honeycomb in the 
forms of gel and aerogel were successfully fabricated using 
20 wt% CNC gel as ink through DIW. 

CNCs were also combined with polymers (e.g., alginate, 
gelatin, and PEGDA)[250,251,253,255,256] or functional additives 

http://www.advancedsciencenews.com/
http://www.advmat.de/


www.advancedsciencenews.com www.advmat.de 

2006052 (21 of 38) Adv. Mater. 2021, 2006052 © 2021 Wiley-VCH GmbH 

 

 

 
Table 2. Summary of the reported studies on CNM-based ink for 3D printing for biomedical and electric applications. 

 

Characteristics of CNMs Ink formulation and rheology Printer Gelation or applications Refs. 

Type Dimension Surface Formulation Viscosity Storage solidification 
 

Diameter 
 

Length charge [Pa s] modulus [Pa] 
method 

 

 [nm] [nm] density  

E-NFC 20 N/A 24 µeq g−1 1.50–2.25 wt% ≈105 N/A 3D Discovery Crosslinking Constructs [230–233] 
    E-NFC, @ 10−3 1 s−1  (regenHU Ltd., by CaCl2 for cartilage  
    0.25–1.00 wt%   Switzerland)  tissue growth  

    alginate       
    1.36 wt% ≈4 × 103–104 N/A 3D Discovery Crosslinking Constructs [234] 
    E-NFC, @ 10−2 1 s−1  (regenHU Ltd., by CaCl2 for cartilage  
    0.5–1.0 wt%   Switzerland)  tissue growth  
    alginate       

    or alginate       

    sulfate       
    3 wt% E-NFC, N/A N/A 3D Discovery Crosslinking Adipose tissue [235] 
    1.29 wt%   (regenHU Ltd., by H2O2 model for  
    hyaluronic   Switzerland)  metabolic  

    acid     diseases test  
    2.6–3.0 wt% N/A ≈2.5 × 103–104 3D Discovery Crosslinking Constructs [236] 
    E-NFC,  @ 1 Hz (regenHU Ltd., by horseradish proposed for  

    5.11–10.6 wt%   Switzerland) peroxidase tissue engineering  

    Xylan    and H2O2 and wound  
         dressings  

UN-NFC 24.6 ± 1.2 2.8 ± 0.1 N/A 0.15–1 wt% 4–30 2 × 103–5 × 103 Bio-Architect- Crosslinking Scaffolds for [237] 
    UN-NFC, @ 102 1 s−1; @ 1% strain Pro (Hangzhou by genipin neural tissue  
    3–7 wt% gelatin  and 1 Hz Regenovo  engineering  

       Biotechnology    

       Co., Ltd., China)    
 N/A N/A N/A 0.5–2 wt% ≈102–3 × 103 ≈10–103 Custom-built Crosslinking Constructs [238] 
    UN-NFC, @ 10−2 1 s−1 @ 1 Hz 3D printer by APS and for cartilage  
    5 wt% gelatin    TEMED tissue growth  
    methacrylamide    initiating   

        system   
 20–30 N/A N/A 1.47 wt% N/A N/A Fab@Home Crosslinked Threads [239] 
    UN-NFC   experimental by for would  

       3D printer glutaraldehyde healing  

       (Fab@Home,    

       USA)    

C-NFC N/A ≈5 × 104 0.83 2.8 wt% C-NFC, ≈300 N/A Ultimus V Freeze-drying Aerogels proposed [240] 
   mmol g−1 0.06 wt% @ 0.2 1 s−1  Dispenser and heating for cartilage tissue  
    polyamido-   (Nordson EFD, USA)  growth, oil/water  
    amine     separation, and  

    epichlorohyrin     electronics  
 <20 N/A 1.15–1.67 

mmol g−1 

2 wt% C-NFC N/A N/A Regemat3D 1.0 
(Regemat3D, Spain) 

Not 
crosslinking 

Scaffolds for tissue 
engineering and 

[241] 

         wound dressings  
 5–15 N/A 515 µeq g−1 1.6 wt% C-NFC, ≈105 ≈500 3D Discovery Not Conductive [242] 
    0.4 wt% CNTs @ 10−3 1 s−1 @ 1 Hz (regenHU Ltd., crosslinking scaffolds for  
       Switzerland)  neural tissue  

         engineering  
 N/A N/A 1.14 1 wt% C-NFC N/A ≈300@3 KIMM SPS1000 Crosslinking Scaffold for [243] 
   mmol g   rad s−1 Bioplotter by CaCl2 and wound healing,  
       (Machtronics 1,4-butanediol skin regeneration  
       4 Technology, diglycidyl and tissue  

       Korea) ether repair approaches  
 N/A N/A 1.14 1 wt% C-NFC, ≈103 ≈100–150 KIMM SPS1000 Crosslinking Scaffold for [244] 
   mmol g 0.2–1 wt% gel- @ 10−3 1 s−1  Bioplotter by CaCl2 and wound healing  
    atin methacrylate   (Machtronics 4 UV (365 nm) and soft tissue  
       Technology, Korea) irradiation regeneration  
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Characteristics of CNMs Ink formulation and rheology Printer Gelation or applications Refs. 

Type Dimension Surface Formulation Viscosity Storage solidification 
 

Diameter 
 

Length charge [Pa s] modulus [Pa] 
method 

 

[nm] [nm] density        

<20 <200 0.39 mmol 
g−1 

3.9 wt% C-NFC ≈10 
@ 10 1 s−1 

N/A 3D-Bioplotter 
(EnvisionTEC, 

Crosslinking 
by CaCl2 and 

Scaffolds for 
wound dressings 

[245] 

       Germany) freeze-drying   

 N/A N/A 1040–1128 2 wt% C-NFC, 16–18@1 RPM N/A Regemat3D Crosslinking Scaffolds for [246] 
    20 wt%   printing unit by CaCl2 and wound healing  

    alginate (based   (Granada, Spain) freeze-drying   
    on the dry       
    content of       

    C-NFC)       

 3–10 N/A 1.1 mmol g−1 0.5–1.65% ≈105 N/A Custom-built Crosslinking Constructs for cus- [247] 
    C-NFC, @ 10−4 1 s−1  microdispensing by CaCl2 tomized  

    3.3–4.5%   system  implant, wound-  
    alginate,     healing, and  

    0–50% glycerin     biosensors  

A-NFC 2–5 N/A N/A 0.5 wt% A-NFC ≈105 ≈400 BIO X Bioprinter Not Scaffold for cardiac [248] 
     @ 10−2 1 s−1 @ 0.5% strain (CELLINK, crosslinking myoblast cell  

      and 1 Hz Gothenburg,  growth  

       Sweden)    

S-CNC 30 400 0.34 11.8–30 wt% ≈0.24–7.68 N/A Ultimus V Freeze-drying Aerogels proposed [249] 
   mmol g−1 S-CNC, @ 400 1 s−1  (Nordson EFD, and heating for tissue  

    2 wt% Kymene   USA)  engineering  
    (based on dry       

    S-CNC mass)       

 10–20 200–400 0.25 1–4 wt% S-CNC, ≈30–100 ≈30–300 FlashForge Creator Crosslinking Constructs for [250] 
   mmol g−1 2 wt% alginate @ 10−1 1 s−1; @ 0.1% strain Pro (FlashForge, by CaCl2 liver-mimetic  

      and 1 Hz China)  tissue growth  

 3 ± 1 246 ± 100 N/A 0–1.2 wt% N/A N/A Form 2 SLA UV curing Constructs [251] 
    S-CNC,   (Formlabs, USA)  proposed for  
    75 wt% PEGDA,     cartilage tissue  

    0.765 wt% PI     engineering  

 23 183 0.34 5 wt% S-CNC, N/A 266 PRUSA i3 (Prusa Physical Fluorescent thread [252] 
   mmol g−1 1 wt% graphene  @ 0.1% strain Research s.r.o., crosslinking proposed for tissue  

    quantum dots  and 1 Hz Czech Republic) by interfacial engineering  

        bonding   

 5–10 150–200 0.33 3.7–13.0 wt% ≈1000–5000@10−1 1 N/A Cellink BIO X UV curing Gradient scaffolds [253] 
   mmol g−1 S-CNC s−1, ≈0.8–2 @  (Cellink, USA)  for tissue  

    71.1–20.0 wt% 102 1 s−1    engineering and  

    PEGDA     potential stem cell  
         embedment  

C-CNC 5 547 0.106 15 wt% C-CNC ≈104 ≈105 F4200N Freeze drying Porous structure [254] 
   mmol g−1  @ 10−1 1 s−1 @ 1 Hz robot (Fisnar, USA)  proposed for  

         tissue engineering  
         and flexible  

         electronics  

 <10 N/A N/A 3.76 wt% 6.92 × 104 1.98 × 104 Discovery Crosslinking Scaffolds [255] 
    C-CNC, @ 10−3 1 s−1 @ 0.1% strain Complete by CaCl2 proposed for  

    1.09 wt%  and 1 Hz (Structur3D  tissue  
    alginate,   Printing, Canada)  regeneration  
    0.55 wt% gelatin       

D-CNC N/A N/A 49.39% 2 wt% D-CNC, ≈550 90.12–5297.23 Bio-Architect- Self- Scaffolds for tissue [256] 
    4 wt% gelatin @ 0.1 1 s−1 as function Pro (Hangzhou crosslinking engineering  

      of incubation Regenovo via a Schiff   

      time @ 1% Biotechnology Co., base reaction   

      strain and 1 Hz Ltd., China)    
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Characteristics of CNMs Ink formulation and rheology Printer Gelation or applications Refs. 

Type Dimension Surface Formulation Viscosity Storage solidification 
 

Diameter 
 

Length charge [Pa s] modulus [Pa] 
method 

 

 [nm] [nm] density        

NFC 100 2000 N/A 36 wt% silver 
nanowire in 

≈105 

@ 10−3 1 s−1 

≈103 Pa 
@ shear stress 

3D printing system 
(SHOT mini 

Drying in air Ion detectable 
sensor 

[257] 

    NFC  of 1 Pa 100Sx and    

       ML-808GX,    
       Musashi    

       Engineering, Inc.).    
E-NFC N/A N/A N/A 2 wt% NFC, 

0–50 wt% LS 
≈105 

@ 10−3 1 s−1 

N/A Model 3 (Seraph 
Robotics, USA) 

Freeze-drying 
or drying in 

Porous electrodes 
for energy 

[258] 

        air, pyrolysis storage devices  
C-NFC N/A N/A N/A 5.1 wt% NFC, 

10 wt% 
≈5 × 104 

@ 10−2 1 s−1 

≈5 × 104 

@ 10 Pa shear 
F4200N robot 
(Fisnar, USA) 

Annealing Electrodes for 
lithium metal 

[259] 

    LiFePO4  stress   microbattery  
 15 300–500 N/A 1.2 wt% T3C2/ 

NFC mixture 
≈7–100 

@102 s−1 

5–30 
@ 0.1% strain 

3D printer (JDX01, 
Changsha 

Drying in air Smart fibers and 
textiles with 

[260] 

    with   Nayi Co., Ltd)  excellent  
    Ti3C2/NFC     responsiveness to  

    weight ratios     electrical/ photonic/  

    of 10/90, 30/70     mechanical stimuli  

    and 50/50       
 N/A N/A N/A 2 wt% NFC, 

0.2 wt% CNT, 
≈105 

@ 10−3 1 s−1 

N/A 3D Discovery 
(regenHU Ltd., 

Drying in air Packaging, textiles, 
biomedical devices, 

[261] 

    0.2 wt% CTAB   Switzerland)  and furniture  
         with conductive  

         parts  
 ≈20 > 1000 N/A 0.5 wt% NFC, 

0.5 wt% CNT 
≈100 

@ 0.03 1 s−1 

≈20 
@ 0.1% strain 

Benchtop robot 
F4200n (Fisnar, 

Drying in air Wearable electronic 
and energy storage 

[262] 

       USA)  devices  
 3.5–5 500–1000 600 ± 50 

µmol g−1 

NFC/alginate = 
80:20 

N/A N/A BIO X Bioprinter 
(CELLINK, 

Drying in 
air; in situ 

Energy storage 
materials, pressure, 

[263] 

       Gothenburg, polymerization and humidity  
       Sweden) of conductive sensors  

        polymers   

 
(e.g., graphene quantum dots)[252] to prepare high-performance 
bioinks. The presence of S-CNCs increased the viscosity of 
polymers, leading to better printability and shape fidelity 
(Figure 10d,e).[250] The introduction of polymers not only 
reduced the amount of CNCs required to print self-standing 
gels, but also imparted crosslinking ability to the hybrid ink. 
A UV-curable ink with S-CNCs, poly(ethylene glycol) dia- 
crylate (PEGDA), and photoinitiater (PI) was formulated for 3D 
printing using the stereolithography technique.[251] The S-CNC 
provided good printability, shape fidelity and mechanical integ- 
rity to PEGDA resin, while PEGDA was cured by UV to retain 
the 3D structure after printing. Further, a series of PEGDA/S- 
CNC/PI ink formulations with sufficient rheology for DIW 
was demonstrated with S-CNC compositions of 3.7–13.0 wt%. 
Multiple formulations with varying PEGDA/S-CNC ratios were 
extrusion printed into representative tissue scaffolds with gra- 
dient properties.[253] These formulations possessed sufficient 
yield stress and strong shear thinning response to generate 
dimensionally stable prints that were UV post-cured into the 
final form. A Schiff base reaction was reported to crosslink a 

bioink composed of dialdehyde CNCs (D-CNCs) and gelatin.[256] 

D-CNCs were prepared through oxidation of CNCs using 
sodium periodate as oxidant. The ink 4:8-DAC/GEL incubated 
for 3 h exhibited the best performance in terms of breaking 
strength, G′ and viscosity; and therefore, it was considered 
as the optimal ink formulation for 3D printing. Furthermore, 
a multifunctional gel with injectable and fluorescent features 
was developed using S-CNCs and graphene quantum dots 
(GQDs).[252] The formation of gel was ascribed to the hydrogen 
bonding and hydrophobic interactions between S-CNCs and 
GQDs. The 3D printed thread showed a precise pattern, fluo- 
rescence at 365 nm as well as birefringence, making it suitable 
for diverse biomedical applications. 

CNM-based hydrogels were also employed as bioinks to fab- 
ricate threads, films, scaffolds through 3D printing for wound 
dressing applications.[239,243–247] For example, the suitability of 
NFC-based hydrogels to fabricate 2D grids or 3D porous scaf- 
folds through DIW for potential wound dressing application 
was reported by Rees et al.[245] The NFC was produced through 
a combination of carboxymethylation and periodate oxidation, 
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Figure 10. CNMs in inks for 3D printing biomedical constructs. a) Steady-state viscosity of pure alginate solution at concentrations of 2 wt% (+), 3 wt% 
(*) and 4 wt% ( × ), 2.5 wt% Ink9010 (⚫), and 2.5% E-NFC suspension (−). b) Change in line width and resolution of 3D printed large grids after addition 
of NFC. c1–c3) Digital images of small grids printed using: c1) 3 wt% alginate solution, c2) Ink9010, and c3) Ink9010 after crosslinked by CaCl2 solution. 
Note: Ink9010 contains 90 wt% alginate and 10 wt% E-NFC. a–c) Reproduced with permission.[230] Copyright 2015, American Chemical Society. d) Steady- 
state viscosity of pure alginate solution and alginate/S-CNC ink at different concentrations. e1–e5) Digital images of 3D printed constructs using different 
ink formations (scale marker is 5 mm). e6) Enlarged image of the dashed area in (e5). d,e) Reproduced with permission.[250] Copyright 2018, Elsevier. 

 
and hence it exhibited much smaller dimensions than those 
prepared from TEMPO oxidation. This enabled NFC to be 3D 
printed at a high concentration (i.e., 3.9 wt%) with suitable 
rheological properties (i.e., 10–0.1 Pa s@10–103 s−1), creating 
a more solid 2D grid with defined tracks. A 3D scaffold was 
successfully printed using the carboxymethylated and periodate 
oxidized NFC, followed by crosslinking using CaCl2 and freeze- 
drying. These findings provide strong evidence of the suitability 
of 3D printed C-NFC scaffolds as wound dressing materials. 

 
 

4.1.2. Electronic Applications 
 

3D printing for the rapid prototyping of structural electronics 
brings forth unprecedented flexibility in design, revolutionizing 
the electronics industry.[266] In this front, the use of CNM-based 
hydrogels as inks to 3D-printed electronics has attracted con- 
siderable attention. To achieve conductive functionality, conduc- 
tive fillers are incorporated into CNM-based hydrogels, mainly 
including carbon nanoparticles, metallic nanoparticles, and 
conductive polymers.[229] In these hybrid inks, CNM additions 
serve as thickening agents for controlling printability and shape 
fidelity, and as dispersing, stabilizing or binding agents for con- 
ductive fillers, leading to superior physicochemical, thermal, 

mechanical, and electronic performance of 3D printed electric 
constructs. The pros and cons involved with the use of CNMs, 
a nonconductor, as part of a highly conductive system are well 
discussed.[267] 

Various conductive fillers, including silver nanowires 
(AgNW),[257]   LiFePO4,[259]   MXene,[260]   and CNTs,[261,262]   have 
been applied to formulate conductive inks together with CNMs 
for 3D printing of electronic devices. For instance, AgNW were 
compounded with CNMs to prepare conductive inks for 3D 
printing of disposable wireless ion sensors.[257] The AgNWs 
were randomly distributed in the printed NFC-AgNW ink, but 
they were oriented in the printed CNC-AgNW inks (Figure 11a– 
d), which can be attributed to different interactions between 
CNMs and AgNWs during the extrusion processes. The formu- 
lated NFC-AgNW ink displayed superior dynamic and steady- 
state shearing rheological properties. Under a 1 Pa shear stress, 
the G′ reached ≈103 Pa (Figure 11e), allowing good printability 
through a rapid solidification after printing. Additionally, a 
typical shear-thinning behavior was observed, i.e., the viscosity 
gradually decreased from ≈105 to ≈10−4 Pa s with increase in 
shear rate from 10−3 to 103 s−1 (Figure 11f), enabling the ink 
to smoothly flow through small diameter nozzles under shear 
without clogging. A wireless sensor system, including inductor– 
capacitor circuits and ion selective membrane electrodes 
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Figure 11. CNMs in inks for 3D printing electronic devices. a,b) Schematic illustration of printed NFC-AgNW and CNC-AgNW inks, respectively. 
c,d) Microscopy images of printed ink of 36 wt% AgNW in NFC and 30 wt% AgNW in CNC, respectively. e,f) Dynamic and steady-state rheological 
properties of NFC-AgNW ink, respectively. g) Configuration of printed IS-LC sensor. h) Change in resonant frequency (Rf) intensity of IS-LC sensor with 
NH + membrane as a function of NH + ion concentration. a–h) Reproduced with permission.[257] Copyright 2019, Wiley. 

4 4 

(Figure 11g) was 3D printed using the developed NFC-AgNW 
ink, which showed high selectivity of NH + ion (Figure 11h). In 
addition, post-treatments of 3D printed constructs, including 
carbonization[258] and in situ polymerization of conductive poly- 
mers[263] were reported to impart good electrical conductivity. 
For instance, honeycomb-like constructs based on C-NFC/algi- 
nate inks were printed and then functionalized through in situ 
polymerization of conductive poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT:PSS).[263] The functionalized 
sample showed an electrical conductivity of 5.7 S m−1, exhib- 
iting promising applications as energy storage materials, pres- 
sure and humidity sensors. 

 
 

4.2. Materials for Oilfield and Construction Services 
 

4.2.1. Drilling Fluids 
 

Drilling fluids (DFs) are viscous, shear-thinning fluids that 
are used to facilitate the drilling operations for gas and oil 
extraction. During the drilling operations, DFs perform indis- 
pensable functions, primarily including carrying cuttings out 
of the wellbore, suspending cuttings, cooling drill bits, lubri- 
cating friction surfaces between drilling assembly and forma- 
tion, maintaining wellbore stability, and minimizing formation 
damage.[268,269] Rheology and filtration are considered to be the 
two most important performance measures for water-based 
DFs (WDFs). CNMs with outstanding renewability and bio- 
degradability, profound shear-thinning behavior, strong water- 
binding ability, and superior nanopore-plugging capacity can 
serve as next-generation rheological and filtration modifiers to 
formulate environmentally-friendly smart WDFs for oil and gas 
excavation (Figure 12a). 

The presence of both UN-NFC and S-CNCs in bentonite- 
WDFs (BT-WDFs) dramatically increased the viscosity and 
yield stresses of BT-WDFs (Figure 12b,c).[77] The formulated 

S-CNC/BT-WDs had a higher viscosity compared with that of 
UN-NFC/BT-WDFs, despite the fact that the S-CNC suspen- 
sion had much lower viscosity than the UN-NFC suspension 
at the same concentration level. Fluid microstructure analysis 
showed that highly negatively charged S-CNCs were attached to 
the surface of BT platelets (Figure 12d), creating a rigid “core– 
shell” structure (Figure 12e). A similar structure was, however, 
not observed for UN-NFC/BT-WDFs. The S-CNC/BT-WDFs also 
exhibited better filtration performance compared with NFC/BT- 
WDFs, i.e., less fluid loss volume, slower filtration speed, and 
thinner filter cake. These merits make S-CNCs preferable to 
UN-NFC for use as rheological modifiers and filtration control- 
ling agents in BT-WDFs. The nature of CNCs’ surface charge 
also showed a profound influence of the fluid behavior. It was 
revealed that the negatively charged C-CNCs were absorbed to 
the edge surface of BT platelets and acted as “bridges,” con- 
necting BT platelets via “edge-to-edge” association.[271] On the 
contrary, the positively charged CA-CNCs were attached to the 
face surface of BT platelets and acted as “cross-linking agents”, 
stacking numerous layers of BT platelets through “face-to- 
face” association. As a consequence, the negatively charged C-
CNC/BT-WDFs showed superior rheological properties (e.g., 
smother shear-thinning behavior, higher viscosity, and higher 
yield stress) as well as better filtration performances (e.g., lower 
fluid loss volume and thinner, more compact, and less perme- 
able filter cake) compared with the positively charged CA-CNC/ 
BT-WDFs. 

To meet the requirements for unconventional formation 
excavation, thermo-thickening and salt-resistant CNC/BT-WDFs 
were developed through surface functionalization of CNCs. 
The thermo-thickening CNCs were manufactured by sur- 
face grafting of poly(2-acrylamido-2-methyl-1-propanesulfonic 
acid) and poly(N-isopropylacrylamide) through free-radical 
graft polymerization,[272] whereas poly(acrylamide) and poly(2- 
acrylamido-2-methyl-1-propanesulfonic acid) were coated on 
the surface of C-CNCs through in situ radical polymerization 
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Figure 12. CNMs in WDFs. a) Schematic illustration on the application of CNMs as rheological and filtration modifiers in WDFs for oil and gas pro- 
duction. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (http://creativecommons.org/licenses/ 
by/4.0/).[270] Copyright 2020, The Authors, published by American Chemical Society. b,c) Steady-state viscosity of UN-NFC/BT- and S-CNC/BT-WDFs 
at different concentrations: 0 wt% (black squares), 0.1 wt% (red circles), 0.25 wt% (blue triangles), 0.5 wt% (cyan diamonds) and 1.0 wt% (magenta 
hexagons), respectively. d) TEM image of S-CNC/BT-WDFs. e) Proposed surface interaction between S-CNCs and BT platelets. The concentration of 
BT was fixed at 3 wt%. b–e) Reproduced with permission.[77] Copyright 2015, American Chemical Society. 

 

to synthesize salt-tolerant CNCs.[270] The combined use of poly- 
aionic cellulose (PAC), a common filtration controlling agent, 
with CNMs (S-CNCs,[78] UN-NFC,[273] and LNFC,[274,275]) resulted 
in much improved rheological and filtration properties. 

The development of low-bentonite or even bentonite-free 
WDFs helps provide high drilling rates, easy fluid control and 
maintenance, low friction in drilling assembly, thin filter cakes, 
and few pipe sticking problems. CNMs, especially NFC with 
outstanding rheological properties, can be utilized to partially 
or even fully replace BT in WDFs for the formulation of low- 
solid content or even bentonite-free WDFs.[193,276–278] Song et al. 
demonstrated that about half of the amount of BT (≈2.86 wt%) 
in a commercial WDF formulation can be utilized with the 
addition of a small amount of CNMs (≈0.30 wt%) while still 
maintaining good rheological properties.[276] Hall et al. formu- 
lated the bentonite-free WDFs using four types of NFC with dif- 
ferent surface characteristics, i.e., UN-NFC, C-NFC, TO-NFC, 
and CA-NFC.[278] In comparison with the conventional rheo- 
logical modifier (e.g., xanthan gum), NFC showed higher onset 
decomposition temperature as well as more stable rheology 
upon the temperature change.[175] Furthermore, the presence 
of anionic biopolymers gradually enhanced the rheology of 
NFC-WDFs;[193] whereas the maximum viscosities of nonionic 
biopolymer/NFC-WDFs were achieved when 0.1 wt% of non- 
ionic biopolymers was incorporated. The bridging mechanism 
through adsorption of biopolymers chains on the surface of 
NFC was responsible for the enhanced rheological behaviors. 

 
 

4.2.2. Cement Pastes 
 

Concrete, made of cement and aggregates, is the most con- 
sumed material (second only to water) in the world. In oil 

fields, cementing is one of the most crucial processes in well 
construction to provide a hydraulic seal and zonal isolation, 
obtain a good cement-to-pipe bond, protect the casing from 
corrosion, and shut off water penetration into the well. A wide 
range of additives including supplementary cementitious mate- 
rials, chemical admixtures and reinforcement fibers (including 
natural fibers at both micro and nano-scales) have been used to 
enhance strength, reduce cost, and speed up setting time and 
strength gain.[279–281] 

The process of developing final concrete strength is closely 
related to the rheology of cementitious material.[282–284] In fact, 
the rheology is considered to be one of the most important fac- 
tors for the high performance concrete for proper flowability 
and workability. The yield stress for the concrete is of critical 
importance to maintaining a uniform compounding of dif- 
ferent additives, avoiding bleeding and segregation.[285] The 
rheology of concrete is influenced by many factors, e.g., water/ 
cement ratio, cement grain shape and size, cement composi- 
tion, mixing conditions, measuring instruments and experi- 
mental procedures, and the presence of additives such as water 
reducing agents, superplasticizers, and micro/nanofibers. 

High quality CNM/cement composites have been developed, 
taking advantage of high surface area, superior water reten- 
tion ability, tunable surface chemistry, outstanding rheological 
properties, and good mechanical properties of CNMs.[79,286–292] 

In the complex composite systems, CNMs interact with cement 
particles in pore solution, leading to altered rheology, setting 
time, and mechanical properties of the cementitious mixture. 
Using Type V cement with a water-cement ratio of 0.35, Cao 
et al. measured the influence of added S-CNCs on the yield 
stress of freshly mixed CNC–cement pastes (Figure 13a—black 
squares).[286] At low S-CNC loadings, the yield stresses decreased 
with the increase of S-CNC loading, which was attributable to 
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Figure 13. CNMs in cement pastes. a) Comparison on yield stress of CNM/cement pastes (black squares—S-CNC/cement pastes;[286] red circles— S-
NFC/cement pastes;[79] blue triangles—UN-NFC/cement pastes[285]). b) Photos of stabilization of cement pastes containing 0, 0.015, and 0.03 wt% UN-
NFC. c) Schematic illustration on the attachment of S-CNCs on the cement shell and improvement of hydration. b) Reproduced with permis- 

 

sion.[2  5] Copyright 2017, EXILVA. c) Reproduced with permission.[2  6] Copyright 2015, Elsevier. 
 

electrostatic stabilization and liberated entrapped water mole- 
cules. At higher S-CNC loadings, the yield stress increased lin- 
early as the S-CNC loading was increased. This was attributed 
to possible S-CNC agglomeration in the pore solution, and 
the system with agglomerated S-CNCs requires higher forces 
to break the agglomeration. Increased yield stresses can pos- 
sibly decrease cement flowability. Sun et al. studied the effect 
of S-NFC on flow, hydration, morphology, and strength of 
Type H oil well cement (OWC) with a water–cement ratio of 
0.38.[79] Rheological modelling was done to fit the data using 
the Bingham plastic, Herschel–Bulkley, Vocadlo, and Vom 
Berg models. The Vom Berg model (Table 1) showed the best 
fit because of the adjustability of the three parameters to accu- 
rately capture yield stress and shear thinning response over 
the broadest range of compositions and shear rates. The addi- 
tion of NFC at moderate levels increased the yield stress of the 
NFC-OWC slurry (Figure 13a—red circles) and degree of hydra- 
tion and flexural strength of hydrated NFC/OWC samples. In 
another study,[231] UN-NFC, manufactured by mechanical dis- 
integration with relatively large diameter and strong network, 
was shown to lead to more significant increase in yield stress 
in the cementitious system.[285] (Figure 13a—blue triangles). 
The increase in yield stress was beneficial to maintaining the 
stability of concrete and preventing segregation and bleeding 
(Figure 13b). Furthermore, the addition of S-CNCs increased 
the degree of hydration (DOH) of cement paste due to the 
combined influences of steric stabilization and short circuit dif- 
fusion.[286] S-CNCs were attached to the cement particles and 

present in the shell of the hydration product, leading to the 
formation of a path to transport water to the inner unhydrated 
cement core (Figure 13c). 

 
 

4.2.3. Enhanced Oil Recovery 
 

In recent years, nanofluid flooding has emerged as an effec- 
tive strategy to enhance oil recovery. Some appealing features 
of CNMs, including nanoscale dimension, widely tunable 
rheological properties, highly hydrophilic surface nature, and 
easy chemical modification, enable them to serve as suitable 
flooding agents for EOR application. 

Two types of TO-NFC with similar dimension but different 
surface charge densities (i.e., 0.72 and 1.51 meq g−1) were 
compared for use in EOR.[124] Highly charged TO-NFC (NC-2) 
nanofluid had better salt tolerance and rheological proper- 
ties over less charged TO-NFC (NC-1) nanofluid (Figure 14a), 
suggesting the superior sweep efficiency of NC-2. After being 
combined with oil, NC-2 not only reduced the interfacial ten- 
sion more profoundly, but it also formed more stable emul- 
sion in comparison to NC-1, indicating the better displacement 
efficiency of NC-2. With the visual EOR experiments using a 
micromodel (Figure 14b), it was shown that NC-2 nanofluid 
(Figure 14d) reached more oil saturation areas, and subse- 
quently it swept and displaced a larger amount of oil than NC-1 
nanofluid (Figure 14c). To overcome poor salt resistance, sur- 
face modification of TO-NFC through grafting of salt-resistant 

 
 

 
Figure 14. CNMs in enhanced oil recovery. a) Shear viscosity of TO-NFC nanofluids at different concentrations at a fixed shear rate of 10 s−1. 
b–d) Images of micromodel at initial oil saturation (b), and after NC-1 (c) and NC-2 (d) flooding, respectively. b) The red arrow indicates in (b) flow 
direction of flooding; and the micromodel has a heterogeneous structure with two different permeabilities K2 and K1 (K2/K1 = 5). a–d) Reproduced with 
permission.[124] Copyright 2016, American Chemical Society. 
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poly(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS) and 
hydrophobic groups (HG) was carried out.[293–295] The presence 
of PAMPS and HG induced strong steric stabilization and elec- 
trostatic repulsion among TO-NFC and thereby prevented them 
from aggregation and precipitation in the presence of salts. 
As a consequence, the PAMPS and HG modified NFC (NC- 
KYSS) nanofluid showed more stable rheology upon adding 
salts when compared to nanofluids of neat TO-NFC (NC) and 
PAMPS modified NFC (NC-KY). Furthermore, NC-KYSS was 
effective in reducing interfacial tension with oil, converting the 
wettability of rock from oil-wet to water-wet, and creating stable 
oil-in-water emulsion. The oil recovery was further optimized 
by tailoring the injected volume, media permeability and oil 
viscosity.[296] 

Foam flooding is another prospective EOR technique, which 
utilizes foam produced by a mixture of gas (e.g., hydrogen 
carbon, air, N2, O2 and CO2) and foaming agents (e.g., sur- 
factants) to sweep and displace oil from the reservoir.[297] In this 
process, the NC-KYSS helped stabilize the foam lamella gener- 
ated by a mixture of air and the anionic surfactant alkyl poly- 
glycoside (APG).[298] A 12% OOIP (original oil in place) increase 
in oil recovery was achieved using the NC-KYSS stabilized APG 
foam flooding compared with using the APG foam flooding. 
The work further revealed that: i) the NC-KYSS stabilized APG 
foam yielded larger flow resistance across the capillary than 
APG foam; and ii) the occurrence of “snap off” induced the NC- 
KYSS stabilized APG foam to generate finer bubbles, allowing 
them to reach the deep porous media.[299] 

The feasibility of using S-CNCs as flooding agents for EOR 
was also demonstrated.[165] The sandstone injectivity of S-CNCs 
in 17 × 10−3 m (≈1000 ppm) NaCl brine was studied through 
core flooding experiments at room temperature. During the 
entire flooding process, the effluent viscosity barely changed, 
indicating the good injectivity of S-CNC nanofluid. However, 
the change in pressure (∆P) steadily increased as more S-CNC 
nanofluids were injected. This was ascribed to the trapping of 
agglomerated S-CNCs inside the core or at the inlet of flooding 
setup, which was also confirmed by permeability measure- 
ments of the core. The injectivity was also dependent on the S-
CNC concentration. S-CNC nanofluids with concentration 
ranging from 0.5 to 2 wt% showed good injectivity in sandstone 
under low salinities. 

For practical application in oil wells, S-CNC nanofluids 
encounter several physical and chemical challenges, e.g., long 
retention time (>1 month), high temperature (>100 °C), fluc- 
tuating pH (5–9), and high salinity (>1000 ppm). Preliminary 
assessment showed that 0.5 wt% S-CNC in deionized water 
and in a 1000 ppm NaCl brine were stable within the pH range 
from 5 to 9 as well as within the temperature range from 50 °C 
to 90 °C.[174] Upon aging treatment at higher temperatures for 
several days (e.g., 120 °C and 7 d), both thermal oxidation and 
acid hydrolysis took place, which caused the exposure of more 
hydroxyl groups, resulting in a substantial increase in viscosity. 
This feature was advantageous for EOR application, because a 
low initial viscosity benefited injection, but subsequent thick- 
ening due to aging treatment during transportation in porous 
media promoted the oil sweep performance. The long-term 
thermal resistance of S-CNC nanofluids can be enhanced by 
adding sodium chloride, cesium formate and sodium formate 

through the complexion and radical scavenging effects of 
chloride and formate ions.[174,175] Subsequently, the sandstone 
injectivity and oil recovery performance of 0.5 wt% S-CNC in 
17 × 10−3 m (≈1000 ppm) NaCl brine were examined at tem- 
peratures ranging from 60 °C to 120 °C.[300] Rheological meas- 
urements on the effluent samples revealed that the majority 
of S-CNCs were propagated through the porous media at all 
investigated temperatures, since there was little change in the 
viscosity of CNC nanofluids before and after flooding. The 
injection of 11 PV 0.5 wt% S-CNC nanofluids at 90 °C resulted 
in a 3.4% OOIP increase in oil recovery as a result of log- 
jamming of S-CNCs in pore throats and flow diversion. Addi- 
tionally, the sandstone wettability alteration using formation 
water was crucially important to achieve superior microscopic 
sweep efficiency. The addition of S-CNCs for wettability altera- 
tion increased oil recovery from 51.0% to 69.4%. 

 
 

4.3. Food Additives 
 

Emulsions, including oil-in-water (O/W) and water-in-oil (W/O), 
are very popular in the food industry. Conventionally, emulsi- 
fiers are used to stabilize small oil or water droplets against 
coalescence. CNMs show a great potential use as suspending, 
thickening, gelling, stabilizing agents in some emulsion- 
based food products, helping maintain their structural stability 
without dripping and sagging. 

The use of UN-NFC to stabilize oils in food was first dem- 
onstrated in a large number of emulsion-based food products, 

e.g., salad dressings, cake frostings, sauces, whipped top- 
ping, and gravies.[301] More recent work indicated that plant- 
or wood-derived NFC also provided superior shape retention 
performance to the frozen dessert and ice cream in a combi- 
nation with soy protein isolate (SPI).[302–304] With increase in 
UN-NFC loading (i.e., decrease in SPI/NFC ratio from 1/0, to 
20/1, 15/1, 10/1 and 7/1), the G′ of SPI/UN-NFC mixture gradu- 
ally increased, indicating that the presence of UN-NFC in SPI 
enhanced the viscoelastic properties (Figure 15a1). The viscoe- 
lastic properties are relevant to the stabilizing ability, and sub- 
sequently the SPI/UN-NFC sample at a ratio of 7/1 was used as 
an antisagging additive in the ice cream. Melting experimental 
results demonstrated that the addition of SPI/UN-NFC slowed 
down the melting rate of ice cream due to the superior water 
holding and structural stabilizing capacity of NFC (Figure 15a2). 

The work on structural stabilizing mechanism of NFC in 
O/W emulsions revealed that UN-NFC was present as individu- 
alized fibrils or/and created stiff networks at the oil/water inter- 

face, preventing oil droplets from coalescence.[306] However, 
the degree of stabilization was strongly dependent on the oil 
type, NFC characteristics, as well as formulation and condition 
of the emulsion. The higher the contact between NFC and oil 
droplets, the higher the yield stress is, leading to superior sta- 
bilization. To obtain highly stable emulsions, NFC was further 
used in combination with biopolymers (e.g., guar gum,[307] and 

CNCs[308]), and surfactants (e.g., sorbitan monolaurate, glyc- 
erol monooleate,[309] and sodium dodecyl sulfate[310]) as costabi- 
lizers. The combined use of NFC and other stabilizers resulted 
in strong steric or electrostatic repulsion forces between oil 
droplets and hence generated more stable O/W emulsions, as 
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Figure 15. CNMs in food products. a) Stabilization of ice cream using SPI/UN-NFC mixture, where S and N are for SPI and UN-NFC, respectively—a1) 
G′of SPI/UN-NFC mixtures at different ratios (e.g., SxNy), and a2) melting phenomena of S7/N1-stabilized ice cream at different SPI/UN-NFC loadings 
from 0 to 30 wt%. Reproduced with permission.[303] Copyright 2015, Springer Nature. b) Stabilization of O/W emulsion using S-CNCs—b1) confocal 
laser scanning microscopy image of hexadecane droplets, and b2,b3) SEM image of styrene Pickering emulsion stabilized and polymerized. b) Repro- 
duced with permission.[305] Copyright 2011, American Chemical Society. 

 

indicated by increases of both viscosity and dynamic modulus. 
On the other hand, to stabilize the W/O emulsions, NFC was 
also hydrophobized through silylation with chlorodimethyl iso- 
propylsilane,[306,311] and esterification with organic aids (e.g., 

acetic acid, hexanoic acid, and dodecanoic acid).[312] Those 
hydrophobic modifications improved the dispersion state of 
NFC in the oil phase, leading to better stabilizing ability as well. 

Short, rod-shape S-CNCs have been used to stabilize O/W 
emulsions to form so-called “Pickering emulsions”.[305] S-CNCs 
were shown to accumulate at the oil/water interface to create a 
steric barrier against the coalescence of oil droplets (Figure 15b). 
As a result, the S-CNC-stabilized hexadecane/water emulsions 
exhibited monodispersed oil droplets with an average diameter 
of around 4 µm, stable for several months. The surface charge 
density and aspect ratio of S-CNCs played a vital role in the 
stability of Pickering emulsions.[313,314] S-CNCs with lower sur- 
face charge density and higher aspect ratio had the best stabi- 
lizing ability. The increase in surface charge density of S-CNCs 
resulted in enhanced electrostatic repulsion between adjacent 
S-CNCs, which destabilized the oil/water interface.[313] Desul- 
fonation treatment in alkaline solution and screening the elec- 
trostatic repulsion using counter-ions were shown to be two 
efficient methods to overcome the bottleneck of highly charged 

S-CNCs. The surfactant-free nature of Pickering emulsions 
made them very appealing for use in food, cosmetic, personal 
care, and medical products in which surfactants might have 
detrimental effects on our human body. 

CNC-stabilized Pickering emulsions have been increas- 
ingly studied recently with different types of oils and with 

costabilizers. For instance, CNCs were combined with some 
water-soluble polymers (e.g., hydroxyethyl cellulose, methyl 
cellulose[315] and tannic acid[215]), cationic surfactants (e.g., 
didecyldimethylammonium bromide, cetyltrimethylammonium 
bromide,[316] and ethyl lauroyl arginate[317]), ionic surfactants 
(e.g., sodium dodecyl sulfonate[318]) and macromolecular sur- 
factants (e.g., amine-terminated polystyrene[319]) to further 
enhance their stabilizing ability for long-term storage. The 
presence of methyl cellulose endowed temperature-responsive 
viscoelastic properties to S-CNC-stabilized emulsion. At a fre- 
quency of 0.1 Hz, the value of G′ increased by three orders of 
magnitude as the temperature was elevated above the cloud 
point by an amount in the range 50–60 °C.[315] Hydrophobic 
modification of CNCs was also carried out through grafting 
of a wide range of small molecules (e.g., lauroyl chloride,[320] 

isophorone diisocyanate,[321] n-octadecyl isocyanate,[322] alky- 
lamines,[323–325] stearyltrimethylammonium chloride,[326] stearic 
acid,[327] vinyl acetate and vinyl cinnamate,[328,329] bovine serum 
albumin,[330] octenyl succinic anhydride,[331] cinnamate,[332] and 
phenyltrimethyl ammonium chloride[333]), aiming at preparing 
highly stable emulsions with tiny droplets. The reduction in 
droplet size helped enhance the bioavailability of the encapsu- 
lated ingredients during digestion.[334] 

 

4.4. Coatings 
 

The ability of CNMs to stabilize emulsions makes them highly 
applicable in coatings. A typical coating is a viscous system, 
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comprising three components: functional filler, binder, and sol- 
vent. The processing and application of aqueous coatings neces- 
sitate a high degree of control of flow, and hence the rheological 
properties must be tuned according to the specific purpose.[335] 

 

4.4.1. Paper Coatings 
 

The suitability of NFC as rheological modifiers in the aqueous 
coating formulation for paper products has been extensively 
evaluated, for example, using TO-NFC as rheological modi- 
fiers, calcium carbonate, and kaolin as pigments, carboxylic 
butadiene–styrene latex as synthetic binders, and polyamine 
polyurea resin as water-resistant agents.[336] The presence 
of TO-NFC increased the viscosity at low shear rates, but TO-
NFC had no obvious influence on viscosity at high shear rates 
due to the superior shear-thinning behavior of TO-NFC. The 
enhanced low shear rate viscosity was advantageous for 
sagging prevention. Meanwhile, stable viscosity at high shear 
rate ensured their good flowability during the high-speed 
coating process. As a consequence, with increase in TO-NFC 
loading in the coating formulation, the coated paper exhibited 
improved surface strength, smoothness, and air barrier prop- 
erties. Combined UN-NFC and TO-NFC were used to par- 
tially replace CMC in an aqueous paper coating formulations 
with ground calcium carbonate, kaolin clay, CMC, and styrene 
acrylic latex.[218,219,337,338] In the system, NFC functioned as a 
water-binding, gel-forming component rather than as a floccu- 
lating and thickening agent, such as CMC. In comparison with 
CMC-containing coatings, the UN-NFC-containing coatings 

showed lower viscosity and elasticity, as well as slower network 
recovery after coating (Figure 16a), suggesting that the UN- 
NFC-containing coatings had a better leveling performance, 
but worse anti-sagging capacity. To balance the two, the com- 
bined use of NFC and CMC in paper coating formulation was 
studied.[338–340] CMC performed as a dispersing agent for NFC, 
leading to better water retention and stronger immobilization, 
which could notably improve the potential for high NFC con- 
tent and gloss top coating. 

The use of CNCs as rheological modifiers in the aqueous 
coating formulation for paper products has received less atten- 
tion, probably owing to the relatively low viscosity. For example, 
the addition of S-CNCs from 0.6 to 1.0 wt% was shown to have 
no obvious influence on the viscosity of paper coating formula- 
tion.[341] However, the relatively low viscosity nature of S-CNCs 
enables them to be used in the preparation of high-solids con- 
tent coatings, yielding thick layers on the surface substrates. 
A sustainable coating system based on 7.5–10 wt% S-CNCs, 1–
2.5 wt% montmorillonite or kaolin, 0–2 wt% soy protein and 0–
0.2 wt% alkyl ketene dimer was successfully formulated for 
packaging paper coating.[342] Interestingly, when S-CNCs were 
partially replaced by clay and other ingredients, the viscosity 
was lowered, which further offered the possibility of preparing 
high solid content coatings. Despite the fact that as high as 7.5–
10 wt% S-CNCs were applied, uniform distribution and 
compact packing of fillers were observed from the coated sur- 
face, leading to remarkable improvement on liquid/gas barrier 
properties, stiffness and oil/grease resistance. Liu et al. com- 
pared the rheological properties of aqueous coatings containing 
calcium carbonate, kaolin, starch, and three types of CNCs, 

 

 
Figure 16. CNMs in paper coatings. a) UN-NFC as rheological modifiers in paper coatings—a1) transient viscosity curves as a function of time, a2) 
reduced transient curves as a function of time, and a3) time required for 90% recovery in transient viscosity in the third interval low shear regime after 
high shear in the second interval, to the initial dynamic viscosity. a) Reproduced with permission.[219] Copyright 2014, Degruyter. b) CNCs as rheological 
modifiers in paper coatings—b1) viscosity of control (coating + 0.4 pph CMC), S-CNC0.1 (coating + 0.1 pph SCNCs), TO-CNC0.1 (coating + 0.1 pph 
TO-CNC) and F-CNC0.1 (coating + 0.1 pph F-CNCs), and b2) proposed surface interaction among different components in coatings without and with 
CNCs. b) Reproduced with permission.[343] Copyright 2017, American Chemical Society. 
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i.e., S-CNCs, TO-CNCs and formic acid-hydrolyzed CNCs (F-
CNCs).[343] The length of CNCs increased in the following order: 
S-CNCs<TO-CNCs<F-CNCs; whereas their surface charge 
density increased in the opposite order: F-CNCs<TO- CNCs<S-
CNCs. These differences led to distinctive rheo- logical 
properties of their suspensions and coatings. Among them, the 
S-CNC-containing coating showed the highest vis- cosity 
(Figure 16b1), which could be ascribed to the formation of 
strong surface interaction among S-CNCs, clay, and water 
molecules (Figure 16b2). This result highlights that effects of 
the surface chemistry of CNCs are predominant in the rheo- 
logical modification of coatings over the dimension of CNCs. 

 
 

4.4.2. Wood Coatings 
 

The main component in wood coatings is polymeric binder, 
e.g., acrylates, polyurethanes, alkyds (oil-modified polyester 
resins), and epoxies.[344] Considering the environmental effects, 
waterborne polymer emulsions (e.g., water-based acrylic resin 
and water-based polyurethane) are preferred. Among the pub- 
lished work, the influence of UN-NFC on the viscosity of four 
commercially available binders in form of acrylate polymer 
emulsions was studied.[104] The viscosity of UN-NFC/acrylate 
mixture was shown to be dominated by UN-NFC, and the type 
of acrylate polymer emulsions had little impact (Figure 17a). 
The resultant UN-NFC/polymer composite films showed 
higher tensile strength and Young’s modulus but lower elonga- 
tion at break than neat acrylate films.[344] However, the mecha- 
nical properties of both neat acrylate and composite films were 
deteriorated after aging through artificial weathering. To over- 

come this weathering issue, inorganic UV absorbers (ZnO nano- 
particles) were included.[345] In the developed coating system, 
UN-NFC not only functioned as rheological modifiers, but 
also acted as stabilizers, which prevented ZnO nanoparticles 
from agglomeration. Artificial weathering experimental results 
confirmed that the weathering resistance of UN-NFC/acrylate 
coating was improved as more ZnO nanoparticles were added 
(Figure 17b). The dimension and surface chemistry of CNMs 
play an important role in the rheology of aqueous coating as 
well as final performance of dried film.[107,346] TO-NFC and TO-
MCC with larger dimensions and higher aspect ratio improved 
the viscosity and dynamic properties of acrylic resin more 
effectively than S-CNCs and TO-CNCs, demonstrating the 
possibility to tune the flowability of coatings through control- 
ling the dimension and surface chemistry of CNMs.[107] Surface 
modification of UN-NFC with γ-aminopropyltriethoxysilane 
(APS) was shown to result in significant improvement in the 
G′of UN-NFC/acrylate/polyurethane copolymer emulsion, 
leading to improvement in light transmittance and mechanical 
performance of coating film.[346] 

The improved rheology of waterborne polymer coatings by 
CNMs is advantageous for the prevention of settling, syneresis 
and dripping, which usually take place in neat waterborne coat- 
ings. For example, a comparative investigation on the accel- 
erated stability of acrylic based exterior flat paints containing 
UN-NFC and HEC was performed over 2 weeks at 49 °C. In 
comparison with HEC, UN-NFC prevented settling and syner- 
esis problems more effectively, leading to more homogenous 
distribution (Figure 17c1).[285] UN-NFC additions avoided the 
dripping problems of coatings due to the high viscosity at rest 
and superior thixotropic property of UN-NFC (Figure 17c2). 

 

 
Figure 17. CNMs in wood coatings, cosmetics and personal care products. a) Viscosity of UN-NFC/acrylate emulsions as functions of UN-NFC con- 
centration and type of acrylate. Reproduced with permission.[104] Copyright 2014, Springer Nature. b) Photographs of wood specimens coated with UN-
NFC/acrylate emulsion without and with ZnO nanoparticles before and after weathering. Reproduced with permission.[345] Copyright 2015, Elsevier. 
c) UN-NFC (Exilva, Borregaard) as stabilizers in: c1) acrylic based exterior flat paint, as well as c2) anti-dripping agents in coating and c3) sprayable 
sunscreen. c) Reproduced with permission.[285] Copyright 2017, EXILVA. 
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Similar results were seen with regenerated CNMs from wood 
pulp and MCC to control the sagging phenomena of water- 
borne acrylic latex after spraying.[347] 

 

4.4.3. Polymer Coatings 
 

Functional polymer coatings are prevailing in many industrial 
sectors from packaging materials to electronics. A roll-to-roll 
manufacturing process to coat S-CNCs and S-CNC/PVA sus- 
pensions on the surface of polyester films produced superior 
gas barrier films for food packaging applications.[348,349] The 
viscosity of the coating system had a significant influence on 
the defect formation in the system. A good balance between S-
CNC concentration, roller speed and web speed is needed to 
obtain defect-free coatings. Furthermore, the alignment of S-
CNCs in dried films was dependent on the viscosity of the 
coating system. Screen printing and bar coating techniques 
were used to coat TO-NFC/silver nanowire suspension on the 
surface of polyester films, producing conductive films for elec- 
tronic devices.[350,351] TO-NFC functioned as thickening and sta- 
bilizing agents for silver nanowire suspensions. The presence 
of 1 wt% TO-NFC in 1 wt% silver nanowire suspension led to 
100-fold increase in viscosity at a low shear rate of 0.1 s−1, 
which fulfilled the rheology requirements for screen printing. 
TO-NFC also provided better stability for silver nanowire 
suspensions, preventing the nanowires from aggregation and 
reorganization and leading to superior electric conductivity. 

 
 

4.5. Cosmetics and Personal Care Products 
 

CNMs show great potential in cosmetics and personal care 
products (e.g., toothpaste, sunscreen, shampoo, lotion, con- 
ditioner, lipstick, nail polish, and mascara) for enhanced pro- 
cessabilty, performance and customer’s acceptance. CNMs with 
high viscosity at rest, high shear-thinning behavior, and strong 
thixotropic properties can be used as natural thickeners in the 
formulation of these products.[352] For instance, UN-NFC was 
successfully used as thickeners in a sprayable sunscreen for- 
mulation containing TiO2 pigment. The presence of only 0.3% 
UN-NFC in the formation not only helped spray a larger area 
more evenly, but also effectively avoided the dripping issue 
(Figure 17c3).[285] Additionally, because of its elastic fiber net- 
work, UN-NFC can provide better skin feel compared with 
conventional stabilizers, which usually give sticky texture and 
skin feel. CNMs are also good stabilizers to entrap the oil drop- 
lets from coalescence and suspend the oil droplets from sedi- 
mentation. In addition, they can function as dispersants to aid 
in wetting out the pigments, to stabilize the pigments from 
agglomerates, and to inhibit settling, leading to more economic 
use of pigments in the formulation of lipstick, nail polish and 
mascara. 

 
 

5. Conclusions and Perspectives 
CNMs have emerged as effective rheological modifiers for fluids 
and gel-based applications. CNM’s widely tailorable viscosity, 

high viscosity at rest, profound shear-thinning and thixotropic 
properties, high water retention capacity, and superior ability 
to stabilize emulsions are essential attributes for rheological 
modification. However, CNMs present a wide spectrum of par- 
ticle morphologies, properties and surface chemistries, which 
affect the rheology, colloidal behavior and self-assembly of CNMs. 
It is thus essential to have a comprehensive and accurate 
characterization of the CNMs prior to their use. 

The flocculation of NFC, the lyotropic phase of CNCs, and 
their shear-induced orientation are critically relevant for CNMs’ 
rheological behaviors. Additionally, rheological properties of 
CNMs are influenced by test protocols (e.g., rheometer geo- 
metry, shear rate, and time), their inherent properties (e.g., con- 
centration, morphology, and surface characteristics), suspension 
environments (e.g., ionic strength, pH, temperature, magnetic 
and electric strength, and water-soluble polymer interactions), 
and post processing (i.e., drying and redispersion). Recent 
advances in establishing quantitative understanding of these 
parameters have led to a variety of applications of CNMs. These 
applications include: i) multicomponent ink formulation for 3D 
printing of biomedical, electronic and other emerging devices; 
ii) fluid formation for drilling oil and gas wells as well as 
enhanced oil recovery; iii) cement formulation for stabilizing oil 
wells and construction through enhancing yield stresses, pre- 
venting segregation and bleeding phenomena without affecting 
the workability; iv) food ingredients as suspending, thickening 
and gelling agents; and v) compositions for coatings, cosmetics, 
and personal care products as thickening agents. 

Although significant developments have been made using 
CNMs as rheological modifiers, limitations still exist that tend 
to prevent their widespread use in applications. These limi- 
tations include: i) high costs for as-made suspensions (e.g., 
production, drying, shipping, and storage); ii) high material 
variability in size, shape, surface chemistry, and composition; 
iii) strong process influence of CNM’s rheology (e.g., ionic 
strength, pH, and temperature); and iv) unknown long-term 
risk to humans and ecosystems. As a consequence, the fol- 
lowing efforts should be made for future development in this 
field: i) thorough-characterization of CNMs[353] prior to their 
rheological application; ii) increased use of industrially made 
CNMs for academic research to help better understand and 
improve the quality of commercial CNMs; iii) combined use 
of CNMs with other water-soluble polymers for enhanced pro- 
cessability (i.e., drying and redispersion) and functionalities; 
iv) understanding of long-term safety and regulating issues 
to minimize potential hidden risks; and v) development and 
improvement of test standards for CNMs. Overall, the poten- 
tial of CNMs as rheological modifiers has not been completely 
explored yet, and there are still large opportunities in this 
area. We anticipate that the present review helps boost future 
research and development related to rheological modification 
using CNMs in a broader range of industrial sectors, leading to 
new fluid/material advances in the near future. 
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