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Abstract
Nanocellulose (NC), due to its sustainable nature, high aspect ratio, superior
mechanical strength, and availability of functionalizable OH groups, has
been widely utilized as reinforcement in numerous fluids/plastics. The
physico-chemical properties of NC, like surface characteristics, dimensions/
aspect ratio and their concentration, significantly impact the interparticle
interactions, such as the extent of hydrogen bonding, van der Waal forces,
hydrophobicity, electrostatic attraction/repulsion, and cellulose entanglement,
and have been found to play a critical role in regulating the overall rheological
characteristics of fluids. The functionalized NC aqueous suspension exhibited
unique shear thinning properties, thixotropic behavior, and quick steady-state
viscosity recovery and viscoelastic properties. However, upon adding functio-
nalized NC to other fluids, a different impact was noticed. For instance, it
improved the viscosity, G0 and mechanical stability of bio-ink; the setting time
and mechanical strength of cementitious fluids; increased the filtration
performance and provided a unique thermo-thickening impact in case of
water-based drilling-fluid; enhanced viscosity with time and heat in case of oil
recovery, and so forth. Keeping in view the notable dependence of the rheology
of fluids on NC additives, in the present review article, the impact of various
physico-chemical properties of NC additives on the rheological behavior of NC
aqueous suspension and its utility as a rheology modifier in multiple advanced
fields has been explored. This review article, compared to previous studies,
warrants an update on the impact of recent NC surface functionalization/
blending techniques employed and NC aspect ratio on specific properties of
multiple advanced fluids.

K E Y W O R D S

3D-bio-printing, aqueous suspension, food additives, NC, post-processing, rheology

Received: 31 December 2022 Revised: 2 April 2023 Accepted: 5 April 2023

DOI: 10.1002/vnl.22006

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Journal of Vinyl & Additive Technology published by Wiley Periodicals LLC on behalf of Society of Plastics Engineers.

J Vinyl Addit Technol. 2023;1–32. wileyonlinelibrary.com/journal/vnl 1

https://orcid.org/0000-0002-0790-2264
mailto:ranaashvinder@gmail.com
mailto:ranaashvinder2020@gmail.com
mailto:vijay.thakur@sruc.ac.uk
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/vnl
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fvnl.22006&domain=pdf&date_stamp=2023-04-18


1 | INTRODUCTION

Due to the non-biodegradable nature of petroleum-based
products, researchers have focused their attention on
developing smart, high-performance, bio-compatible, bio-
degradable, and sustainable materials.[1–4] In this context,
agricultural and forest residues are viewed as renewable
natural resources.[5,6] Their significant potential for the
creation of numerous engineered goods has been con-
firmed by the wide range of industrial activities related to
paper, polymer composites, water purifiers, forest prod-
ucts, cellophane films, dietary fibers, and so forth.[7–11]-

The plants and trees have an essential basic reinforcing
element called “cellulose,” which endow these forest-
based assets with tremendous strength and capabili-
ties.[8,12,13] Further, the discrete hierarchical cellulose
structure that spans from the macroscale to nanoscale
dimensions opens the opportunity to investigate these
plant-/trees-based materials at nanoscale dimen-
sions[7,8,14–17] (Figure 1).

Conversion of cellulose microfibrils, which are com-
posed of cellulose, lignin, and hemicelluloses, into nano cel-
lulosic form is necessary for sustainable development
involving nanotechnology in both industrial and research
fields because of its alluring characteristics unlike conven-
tional cellulosic products, including high surface area,
outstanding mechanical qualities, abundant hydroxyl
groups for surface functionalization, and bio-compatible
nature.[18–20] The source of origin and processes applied for
the extraction of nanocellulose (NC), have a significant
impact on the surface morphology and various other

properties of NC, including their percent crystalline nature,
tensile strength, elastic modulus, thermal strength, colloidal
behavior, liquid crystallinity, self-assembling properties,
optical characteristics, and impermeability. Due to the
abundance of hydroxyl groups, NC offers a simple and eas-
ily accessible platform for surface functionalization utilizing
various physical and chemical techniques.[6,13,21] These
techniques, in addition to providing solutions to many of
the issues related to their practical uses, also enable the
production of various NC-based high-value products. Over
the past decade, NC has been used as templates, fillers or
components in a wide range of emerging fields, such as in
water treatment,[19,22,23] polymer composites,[24,25] food
industry,[26,27] aerogels and hydrogels,[28] catalysis,[29]

electronic and electrical industry,[6,30] and liquid crystal
templates.[31]

Nowadays, the rheological properties of NC suspen-
sions, such as their shear thinning behavior, yield stress,
viscosity, viscoelasticity, and thixotropy, have received a
lot of attention.[32–34] At a suitable concentration, NC
produces a highly viscous aqueous suspension due to the
prevalence of percolation interconnections/networks and
chemical bonding/attractions (such as electrostatic repul-
sion and attraction, hydrogen bonding, van der Waals
and hydrophobic attraction) along with entanglement.
Continuous shearing of suspension causes NC to align
itself with the flow direction, thus showing shear thin-
ning behavior. Furthermore, NC suspension reverts at
rest to their initial/original structure (thixotropic prop-
erty), facilitating faster recovery of viscoelastic properties
and steady-state viscosity. Due to their appealing flow

F I G U R E 1 Schematic view
of top-down cellulose
hierarchical structure.
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characteristics, NC can be utilized as efficient rheological
modifiers in many applications.

Considering the huge potential of cellulose, the present
review article has been focused on the summarization of
its ability as a rheology modifier in a broad range of applica-
tions. No doubt, a couple of review articles have already
been published mentioning the potential of NC as a rheol-
ogy modifier and multiple factors such as time, tempera-
ture, shear rate, polyelectrolyte impact, and so forth,
affecting their rheological behavior.[35,36]In their review arti-
cle, Yadav et al.[28] focused on the procurement of nano cel-
lulose from plant-based sources and its use in the
biomaterial field as bio-ink for 3D bio-printing. On the
other hand, Li et al.[29] in their review article, have detailed
the cellulose nanomaterial's rheology dependence on test
protocols along with its application in the fluid field.

However, in the current review article, endeavors
have been made on a thorough examination of the effect
of physico-chemical properties of nanocellulose additives
on the rheology of NC in aqueous suspensions and its use
in a variety of cutting-edge applications in the last
2–3 years, including bio-medical, food, oil, and polymer
industries, and so forth, that have not been covered in
the previous literature.

2 | SYNTHESIS AND
COMPARATIVE VIEW OF
PHYSICO-CHEMICAL PROPERTIES
OF DIFFERENT TYPES OF
NANOCELLULOSE

Depending upon dimensions and source of origin, NC can
be categorized into three types, namely cellulose nanofi-
bers (CNF), cellulose nanocrystals (CNCs) and bacterial
NC (synthesized by bacteria)[37–39] (Figure 2). The former
two, extracted from cellulosic materials such as plants,
trees, seeds, agriculture wastes, nuts, and so forth, are of
prime interest and are also thoroughly investigated in the
present review. The intrinsic features like size, mechanical
toughness, % crystallinity, and morphology of NC vary
with the type of fibers and are also influenced by the type
of extraction techniques employed or by the source of
nanofibers.[13,19,22,40] The physico-chemical properties of
two nano cellulosic forms, that is, CNCs and CNFs, which
have been most preferably utilized as rheology modifiers
in multidimensional applications, are discussed in Table 1.
It can be inferred from the table that CNCs are denser,
more crystalline, and have a superior aspect ratio than
CNFs. Acid hydrolysis techniques generally synthesize
CNCs. Commonly utilized acids are hydrochloric, sulfuric,
phosphoric, and formic acids. The corresponding CNCs in
the present article have been abbreviated as H-CNCs,
S-CNCs, P-CNCs, and F-CNCs, respectively.

The acid hydrolysis technique removes selective
amorphous cellulose regions and thus produces highly
crystalline particles with source-dependent dimen-
sions, for example, 5–20 nm � 100–500 nm for plant
source CNCs.[13] Sulfuric acid, phosphoric acid hydro-
lysis and oxalic acid/2,2,6,6-tetramethylpiperidine-
1-oxyl radical(TEMPO) oxidation lead to the grafting of
negatively charged sulphate half-esters, phosphates
and carboxylate groups onto the surface of the CNCs,
which prevents the CNCs from aggregating in aqueous
suspensions because of electrostatic repulsion between
charged groups present on the NC. Additionally, the
rod-like form of CNCs supports liquid crystals'
concentration-dependent self-assembly activity. The
effect of various parameters like temperature, time,
acid concentration, and relative proportions of cellu-
lose and acids on % crystallinity, surface chemistry,
and % yield of CNCs have been investigated by numer-
ous researchers.[41–45]

It has been observed that the proportion of sulphate
groups on CNC surfaces increases with a rise in sulfuric
acid concentration but is rarely affected by hydrolysis
time. Additionally, low temperature promotes the exis-
tence of more sulphate groups, whereas high tempera-
ture may cause de-esterification and result in fewer
sulphate groups. In contrast to the above study, the per-
centage of phosphate groups onto P-CNCs found to
depend on temperature and hydrolysis timing only.[44]

Similarly, the number of carboxyl groups onto TO-CNCs
surface was also found to increase with the increase in
temperature and time of reactions.[45] Additionally, it
has been demonstrated that the acid hydrolysis process
employed affects CNC thermal stability of CNCs. For
instance, P-CNCs displayed better thermal stability than
S-CNCs.

CNFs, unlike CNCs, are comparatively long (micro-
meters in length) and contain both crystalline cellulose
and amorphous regions.[46] The intertwined long CNFs
produce highly viscous aqueous suspensions at compara-
tively low concentrations (<1%). Three different tech-
niques, namely mechanical treatments (such as milling,
grinding and homogenization), chemical treatments
(TEMPO oxidation, carboxymethylation, sulfonation,
etc.); and chemical/enzymatic pretreatments followed by
mechanical disintegration can be used to extract CNFs
from cellulosic materials.[36,46–48] In the present article,
CNFs synthesized through pretreatment steps of sulfona-
tion, enzymatic, TEMPO oxidation, periodate-chlorite
oxidation, and carboxymethylation prior to mechanical
deterioration have been designated as S-CNFs, E-CNFs,
TO-CNF, PC-CNFs and CM-CNFs respectively. Here,
chemical pretreatments, in addition to controlling the
CNFs morphology, also change its surface chemistry and
charges.
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3 | NANOCELLULOSE-FLUID
RHEOLOGY

NC suspensions exhibit very complex flow behaviors
because of the complex surface chemistry and morphology
of NC. Other researchers have already discussed the

detailed analysis of its flow nature,[28,29,36] so here we will
be precisely explaining its role. The aqueous suspensions
of CNCs and CNFs cellulose show lyotropic phase behav-
ior and flocculation behavior, respectively. On increasing
the shear rate, CNC and CNFs exhibit shear thinning
behavior and gradually align along the flow direction. The

F I G U R E 2 Schematic view of the formation of (i) CNCs and CNFs, and the TEM images of CNCs extracted from wood pulp using
enzymatic technique and CNFs prepared from bleached softwood sulfate pulp.[37–39] (TEM images of CNCs and CNFs reprinted from Refs.
[37,38] respectively, under creative common license CC BY license, MDPI publisher) and (ii) bacterial NC.
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