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A B S T R A C T   

Presently, due to growing global energy demand and depletion of existing oil reservoirs, oil industry is focussing 
on development of novel and effective ways to enhance crude oil recovery and exploration of new oil reserves, 
which are typically found in challenging environment and require deep drilling in high temperature and high- 
pressure regime. The nanocelluloses with numerous advantages such as high temperature and pressure stabil
ity, ecofriendly nature, excellent rheology modifying ability, interfacial tension reduction capability, etc., have 
shown a huge potential in oil recovery over conventional chemicals and macro/micro sized biopolymers-based 
approach. 

In present review, an attempt has been made to thoroughly investigate the potential of nanocellulose (cellulose 
nanocrystals/nanofibers) in development of drilling fluid and in enhancement of oil recovery. The impact of 
various factors such as nanocellulose shape, charge density, inter-particle or inter-fibers interactions after surface 
functionalization, rheometer geometries, additives, post processing techniques, etc., which provides insight into 
the attributes of nanocellulose suspension and exemplify their behaviour during oil recovery have also been 
reviewed and discussed. Finally, the conclusion and challenges in utility of nanocellulose for oilfield applications 
are addressed. Knowing how to adjust/quantify nanocrystals/nanofibers shape and size; and monitor their in
teractions might promote their utility in oilfield industry.   

1. Introduction 

Traditionally, many chemical reagents have been used in the 
development of the oilfield industry, such as in oil recovery and fluid 
drilling (Bist et al., 2023; Wang et al., 2021). However, due to their 
toxicity, low environmental adaptation, non-biodegradability, and 
instability at elevated temperatures, scientists are currently looking for 
greener, highly efficient, inexpensive, and non-toxic biomaterials for the 
sustained development of oilfields (He et al., 2016; M.-C. Li et al., 2023a, 
2023b; ÜNAL KIZILIRMAK, 2023; Wang et al., 2021). The highly 
abundantly available biopolymer cellulose, in its macro as well as nano 
form, has been utilized for a long time in numerous fields, such as in the 
medical, food, composite, and energy sectors (Rana, 2023; Rana et al., 
2022c; Rana and Thakur, 2023; Trache et al., 2020) (Ates et al., 2020; 
Singha and Thakur, 2009; Thakur et al., 2013). However, its use in the 

oil industry has proliferated in the last seven to eight years. Since 
nanocellulose (NCs) satisfies technical and all other aforementioned 
requirements, and thus has been preferred over traditional chemical 
reagents by scientists in the oilfield industry. In addition, the availability 
of a wide range of sources, recyclable, hydrophilic nature, controlled 
functionalization, and less damage to the formation are some of the 
other reasons contributing to their growing popularity in the oil industry 
(Rana, 2022; Rana et al., 2024, 2022a). 

NCs extracted from biomasses, including cellulose nano crystals 
(CNCs) and cellulose nano fibres (CNFs), possess several unique prop
erties and can be manufactured on a vast scale with a wide variety of 
functional groups (Beluns et al., 2021; Neibolts et al., 2020; Platnieks 
et al., 2021; Zielińska et al., 2021). With the revolutionary works of 
Revol et al. (Revol et al., 1992) on nematic self-ordering of CNCs in 
aqueous suspension and Herrick et al. (Herrick et al., 1983) on 
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describing the shear thinning behaviour of 2% (w/w) CNFs suspension 
in water, both CNCs and CNFs have received considerable interest from 
researchers as well as engineers working in different fields. 

NCs, as advanced materials, possess high tensile strength, are 
biocompatible and biodegradable, abundant, non-toxic, have good 
thermal strength, and are economical (Dong et al., 2023; Eichhorn, 
2011; James et al., 2023). Furthermore, NC suspensions exhibit 
distinctive and attractive rheological features due to their higher aspect 
ratio and the presence of an abundance of OH groups on their surface. In 
CNCs, isotropic suspension is observed at low concentrations, followed 
by chiral nematic liquid crystalline structure within a specific concen
tration range, and gelation at higher concentrations. Moreover, CNCs 
are more effective in creating yield stress, gel strength in suspension, and 
low-shear viscosity (Li et al., 2021). Contrarily, CNFs show higher vis
cosities when their concentrations are increased, or their fibrillation 
rates are elevated (Biliuta et al., 2023a; Kim et al., 2023; Saarikoski 
et al., 2012). The fibrillation raises the surface area of CNFs, which in 
turn enhances the contacts between nanofibers, causing the fibril to 
agglomerate or form flocs and thus increase the viscosity of suspension. 
In addition to having some characteristics of soft glassy materials (such 
as colloidal gels, concentrated emulsions, and clay suspensions), CNFs 
also exhibit characteristics typical to that of non-colloidal and colloidal 
suspensions, in which the imposed strain can destabilise and reconfigure 
the material’s structure (Biliuta et al., 2023a; Carneiro Pessan et al., 
2023; Derakhshandeh et al., 2011; Martoïa et al., 2015). The CNF flocs, 
alignment, movement from solid boundaries, and considerable time 
dependence of such systems make rheological observations challenging 
(Dimic-Misic et al., 2014). 

NC, due to its interesting viscoelastic properties, has the potential to 
be exploited for rheological control in a wide range of application areas, 
including food and cosmetics products(Armstrong et al., 2022; Lee et al., 
2022), drilling fluids (S. Wang et al., 2022a,2022b), polymer industry 
(Ren et al., 2022), bio-medical field (Olmos-Juste et al., 2021), bone and 
tissue engineering (Kam et al., 2021), etc. (Fig. 1). 

In petroleum/oil industry, NC has been used as a plugging agent, 
fluid loss and rheology modifier agent in drilling fluid; and as stable 
emulsion agent, foaming agent, nano-oil displacing agent in enhanced 
oil recovery method (Hou et al., 2022; ÜNAL KIZILIRMAK, 2023; Zhu 

et al., 2021). A couple of review articles have been published high
lighting the role and capability of NCs in oil and gas production (Com
bariza et al., 2021; Isaac et al., 2022; Wang et al., 2021). But, in present 
review article we will mainly focus on recent advancement in utility of 
NCs as an additive in drilling fluid and its role as foam stabilising agents, 
emulsion stabilising, oil displacing in enhanced oil recovery technique 
for better oil productivity. Further, it is also vital to comprehend how 
interparticle/fibril forces affect the underlying nanostructure of these 
materials to optimise their capability of modulating the rheology of 
fluids in oil sector as well as in other areas. Thus, this review article will 
also provide an insight for the beginners a detailed view on how struc
ture and rheology of NC suspensions in aqueous media can be mapped as 
a function of time, temperature, zeta potential, electrolyte, inorganic 
particle addition, pH, salt, crowding factor, etc. Because of its excep
tional mechanical and rheological properties, NC is viable alternative to 
standard chemical-based and synthetic polymers based approaches for 
improved oil recovery (Wang et al., 2021) and thus may facilitate a 
transition to circular bioeconomy concept, while also providing sus
tainable solutions for waste management. 

2. Introduction to some basic terms in rheology 

Shear and stress are the two terms that make up shear stress. Shear 
refers to the relative movement of adjacent parallel layers. A movement 
across parallel layers happens when an object is dragged over a surface 
(Fig. 2a). The term stress, conversely, is defined as the force applied to a 
surface divided by the area across which the force was exerted. Shear 
stress (τ) is one type of stress. It occurs when parallel layers of a matter 
move successively in the plane of shear under the applied stress. 
Rheological measurements involve forcing a sample to move through an 
instrument utilising a measuring geometry (Goodwin and Hughes, 2008; 
Wahlkrantz, 2020). The τ can be calculated using the equation given 
below (Mezger, 2006).  

τ=F/A                                                                                                 

Here, τ = shear stress (Pa); F = applied force (N); and A = area (m2). 
Shear strain (γ) illustrates the relative in-plane movement of two 

parallel layers. It is the ratio of the deformation of a fluid in one direction 
to the length of the perpendicular axis. The length of the perpendicular 
axis is simply the distance between the plates when the material is 
positioned between two parallel plates, and only one of the plates moves 
(Fig. 2b). It is computed using the following equation (Mezger, 2006).  

γ =v/ℎ (s− 1)                                                                                         

Here, v and h are the velocity of u (m/s) and distance between plates 
(metres), respectively. 

Measuring geometry’s speed in a rheometer is regulated to get the 
required shear rate. The ratio of shear strain to time gives the shear rate 
(γ̇), which is also called the rate of shear strain. Shear viscosity, η (Pa s), 
is one of the most commonly described rheological properties and is 
defined as the ratio of τ and γ̇. In fluids, all molecules move relative to 
each other, and their relative motion due to frictional internal forces 
creates a resistance to their flow. This flow resistance is defined as the 
shear viscosity of the fluid (Mezger, 2006). 

When a fluid shows an ideally viscous flow behavior, i.e., a linear 
relationship between shear stress and shear strain, it is called a New
tonian liquid. Unlike Newtonian fluids, non-Newtonian fluids exhibit a 
nonlinear relation between the shear stress and shear rate (Fig. 2c). 
These fluids possess shear-rate-dependent rheological characteristics, i. 
e., shear-thinning or shear-thickening properties, and their viscosity 
varies with shear stress. Shear thinning means a decrease in viscosity, 
whereas shear thickening means that the viscosity of fluids increases 
with an increase in shear stress or strain. Tang et al. (Tang et al., 2018) 
reported three region shear thinning behaviour for cationically (glyci
dyltrimethylammonium chloride) modified CNCs, which include Fig. 1. Properties, factors impacting the rheology and applications of NC in 

various fields. 
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shear-thinning at a low shear rate, shear thickening at intermediate and 
shear thinning at higher shear rates. 

Most of the fluids are thixotropic by nature, which means they 
exhibit a reversible decrement in their viscosity at a particular shear 
stress. Biliuta et al. (Biliuta et al., 2023a) extracted 2,2,6,6-tetramethyl
piperidine-1-oxyl radical (TEMPO) oxidized CNFs (TO-CNFs) from 
different kinds of commercially available cellulose namely, alpha cel
lulose, microcrystalline cellulose (MCC), eucalyptus and cotton linters 
via TEMPO mediated oxidation of preactivated samples (activated using 
combined alkaline-acid treatment) and subsequently compared their 
rheological properties. TO-CNFs extracted from alpha cellulose showed 
highest viscosity, yield stress and thxiotropy followed by MCC-CNFs, 
eucalyptus-based CNFs and cotton linters-CNFs. In addition, the opti
mized sample i.e., alpha- CNFs also exhibited strong ability to recover 
after a high level of deformation. Contrary to thixotropy, in rheopexy, 
the fluid viscosity increases with an increase in shear load and upon rest 
system breakdown. Rheopexy and thixotropy are time-dependent 
rheological behaviours, and to determine them, both deterioration and 
the regeneration of the network need to be taken into consideration. 
Typical viscosity curves showing thixotropic/rheopexy behaviour are 
given in Fig. 2d. 

When the applied shear stress exceeds the fluid internal forces, the 
yield point occurs, i.e., the system deforms from an elastic to a visco
elastic form (showing both viscous and elastic behaviour) (Hackley and 
Ferraris, 2001). The elastic and viscous parts of viscoelastic materials 
are represented by storage modulus (G’) and loss modulus (G′’), 
respectively. Under constant stress, viscoelastic materials exhibit a 
viscous flow and lose some of their energy. However, when stress is 
released, a part of the stored mechanical energy results in the recovery 
of materials to their initial state because of the elastic behavior. Material 
can be categorized as a viscoelastic liquid (having loss modulus> storage 
modulus), a viscoelastic solid (having storage modulus >loss modulus) 
or a gel (loss modulus= storage modulus). 

3. Cellulose, nanocellulose and production of nanocellulose 

Cellulose is one of the most prevalent biopolymers on the planet. It is 
easily accessible, biodegradable, environmentally friendly, semi- 
crystalline and naturally hydrophilic. Cellulose is found primarily in 
plants, trees, algae, and tunicates. However, it can also be synthesised by 
bacteria (Gatenholm and Klemm, 2010; Moon et al., 2011). It is made up 
of D-glucose units linked through β − 1,4-glycosidic linkage. Because of 

the presence of hydroxyl groups on its surface, the linear cellulose chain 
possesses a higher degree of stability by forming hydrogen bonding 
between adjacent chains (Moon et al., 2011; Rana et al., 2021). Van der 
Waals forces and hydrogen bonding play a significant role in the parallel 
stacking of cellulose chains, forming elementary fibrils, which, upon 
further agglomeration, form microfibrils. There are various methods 
available in literature through which macro/micro cellulose can be 
easily converted into different nanocellulose (NCs) forms, i.e., cellulose 
nanocrystals (CNCs) and cellulose nano fibers (CNFs) (Fig. 3)(Michelin 
et al., 2020; Qing et al., 2013; Xu et al., 2013). 

The nanocellulose means cellulose having at least one dimension in 
the nano range. In addition to CNF and CNCs, as discussed above, there 
is another NC class named bacterial NC (BC), which, contrary to formers, 
is synthesised by bacteria (Rana et al., 2021c; Rana et al., 2022b; Rana 
and Thakur, 2021). Our prime interest in the present article is only on 
nanocellulose accessible from waste biomasses. The inherent charac
teristics such as tensile strength, surface geometry, dimensions and 
crystalline nature of NCs vary with source materials, NCs types and 
extraction techniques utilized (Rana et al., 2021b; Rana et al., 2021). 
Both CNCs and CNFs, because of their higher mechanical toughness, 
nano dimensions, higher thermal stability, low density, tunable surface 
characteristics, biodegradable nature, high crystallinity and ease of 
availability, have been tremendously utilised as rheology modifiers 
agents in numerous fluids for advanced applications. CNCs are 
comparatively denser (1.6 g/cm3), highly crystalline (54–88%), much 
finer (Length: 100–500 nm; Diamet: 2–20 nm), mechanically tougher 
(Tensile strength:7500–7700 MPa) and have a superior aspect ratio than 
CNFs (Density:1.5 g/cm3; crystallinity: 45–80%; Leng: 500–2000 nm & 
Diamet: 1–100 nm; and tensile strength: 357.5 MPa) (Rana et al., 2021a; 
Rana et al., 2022a). CNCs are generally synthesized by using organosolv 
treatment, enzymatic hydrolysis, inorganic acids/organic acids, deep 
eutectic solvents, ionic liquids, TEMPO-oxidation, mechanical methods, 
etc (Rana et al., 2021). The most commonly used acids are HCl, H2SO4, 
HCOOH and phosphoric acid, and the resulting CNCs in the present 
paper were abbreviated as Hcl-CNCs, Sul-CNCs, Form-CNCs and 
Pho-CNCs, respectively. The acid hydrolysis techniques remove the 
amorphous regions, resulting in highly crystalline CNCs with some 
surface active functional groups. The utility of H3PO4, H2SO4, and oxalic 
acid (C2H2O4) /TEMPO led towards the grafting of –ve charged func
tional groups phosphates, sulphate half-esters and carboxylate groups, 
respectively onto CNCs’s surface, which in turn, due to electrostatic 
repulsion, plays a crucial role defining the rheology of CNCs in aqueous 

Fig. 2. Illustrates (a) shear stress, (b) the distance (h) between plates and deformation (u) utilized to calculate shear strain, (c) the behavior of Newtonian and Non- 
Newtonian fluids, (d) thixotropic behavior and rheopxy behaviour (Mezger, 2006). (in figure d, red and green lines represent the viscosity curve when shear stress is 
applied, and the green line represents the behaviour of fluids after removal of shear load). Adapted with permission from Ref. (Mezger, 2006). 
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suspension. 
The impact of time, temperature, acid concentration, and the relative 

ratio of acids and cellulose on active groups density, percent crystallinity 
and % yield of CNCs have been evaluated by different scientists (Hafe
mann et al., 2020; Nang An et al., 2020; Sang et al., 2017; Vanderfleet 
et al., 2018; Wijaya et al., 2020). The amount of sulphate groups on Sul- 
CNCs was found to vary with H2SO4 concentration (increases with in
crease in acid concentration) as well as the reaction temperature (gives 
maximum charge density at low temperature). However, no sharp 
impact of time on sulphate group density was noted. Whereas in the case 
of Pho-CNCs, and TEMPO-CNCs (TO-CNCs), the density of phosphate 
groups and carboxyl groups, respectively, depended on time and tem
perature (Sang et al., 2017; Vanderfleet et al., 2018). CNFs are 
comparatively longer and, at comparatively low concentrations (< 1%), 
form viscous suspensions due to highly intertwined structure. CNFs have 
been extracted from biomasses using mechanical techniques like 
grinding, milling and homogenization; chemical treatments such as 
carboxymethylation, TEMPO oxidation, sulfonation, etc.; and chem
ical/enzymatic pretreatments succeeded by mechanical deterioration 
(Habibi et al., 2006; Li et al., 2021; Nechyporchuk et al., 2016a; Saito 
et al., 2007). Here, CNFs synthesized by employing the following pre
treatment, namely enzymatic, sulfonation, periodate-chlorite oxidation, 
carboxymethylation and TEMPO oxidation, before mechanical deterio
ration of cellulose have been represented as Enz-CNFs, Sul-CNFs, 
PC-CNFs, CM-CNFs and TO-CNF, respectively. 

4. The potential of nanocellulose in the oilfield industry 

Owing to NC’s intricate surface charge and shape, cellulose nano
structured materials suspensions display extremely complicated flow 
characteristics in an aqueous medium. CNCs suspension exhibited lyo
tropic phase behaviour, whereas CNFs’s aqueous showed flocculation 
characteristics. Upon increasing the shear rate, NCs displayed shear 
thinning behaviour and eventually aligned themselves along the flow 
direction. For their application in multiple fields, the lyotropic phase of 

CNCs and flocculation of CNF, and their orientation under applied shear- 
stress are crucial. The prime focus to study the role of CNCs and CNFs as 
rheology modifiers is because these cellulosic materials are biodegrad
able, bio-compatible, easily available in bulk, and contain many surface 
tailorable OH groups. 

Numerous researchers have tried to explore the potential of NC in 
oilfield chemistry, specifically in drilling research on liquid chemistry, 
oilfield contaminated water treatment and increase in oil recovery 
(Eichhorn, 2011; Li et al., 2015b; Tingaut et al., 2012). The details of 
which have been given below. 

4.1. Drilling fluids 

Rheological characteristics of NC in drilling suspension play an 
important role in the drilling process (Dai and Zhao, 2019). The incor
poration of NC, instead of improving fluid loss and rheology, also en
hances the thermal strength of drilling fluid. Li et al. (Li et al., 2015b) 
compared the potential of microcellulose and S-CNC as rheology mod
ifiers in water-based bentonite slurry. They reported that CNCs 
based-slurry possesses better rheological characteristics as well as 
improved thermal strength, thinner mud cake deposition, and lesser 
water loss. Further, on the addition of polyanionic cellulose to the 
CNC-containing bentonite mud, the rheological properties of mud, 
because of the synergistic effect, were noted to be enhanced. In addition, 
the fluid loss performance of mud was enhanced with the increase in 
S-CNC concentration. Hall et al. (Hall et al., 2017) utilized the CNFs, 
CM-CNFs, TO-CNF and cationic CNFs having quaternary amine groups 
to formulate cement slurries and studied their rheological properties. 
High-resistance water-based mud was utilized in the shale section of the 
formation to prevent the shale from collapsing into water. Cationic 
CNFs, along with quaternary ammonium salt compounds, have been 
reported to stabilise shale more effectively by preventing water from 
entering the shale layer and thus lessening the shale expansion. Zhou 
et al. (Zhou et al., 2023) evaluated the impact of three different nano
materials i.e., CM-CNFs, CM-CNCs and Sul-CNCs on rheology properties 

Fig. 3. Process of CNFs and CNCs synthesis. Adapted with permission from Ref. (Michelin et al., 2020).  
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of water/ sodium bentonite-based drilling fluid. A higher shear thinning 
and viscosity building behaviour was noted for fluids containing 
CM-CNFs, while CM-CNCs inclusion showed better filtration control and 
rheology for drilling fluid. Moreover, drilling fluid containing CM-CNCs 
also exhibited impressive gel strength, salt resistance and thermal 

strength as compared to CM-CNFs and Sul-CNCs. 

4.2. Enhancement of oil recovery 

Oil recovery has been enhanced by using NC as emulsion stabilising, 

Fig. 4. (a) The mechanistic view of different routes through which oil recovery can be enhanced and (b) illustration of enhanced oil recovery and the overall re
covery efficiency [Fig. b reprinted from Ref. (Aadland et al., 2019) under creative common CC BY 4.0 licence]. [Here in Fig. 4b the term Eb quantifies potential of 
displacing fluid to mobilize the residual oil upon contact; areal sweep (EA) signifies the horizontal area that can be swept and vertical sweep (EI) represents the 
cross-sectional area that can be invaded]. 
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oil displacing and foam stabilising agents (Fig. 4a). A schematic view of 
enhanced recovery of oil has been given in Fig. 4b. 

4.2.1. Emulsion stabilization 
The eco-friendly NC has been widely used to enhance oil recovery as 

an emulsion stabilising agent (He et al., 2021; Zhu et al., 2021). Their 
tendency to stabilise emulsions originates from their high aspect ratio 
and rod-like shape, which results in better adsorption energy (Lu et al., 
2021; Tingaut et al., 2012). NC works by adsorbing irreversibly in be
tween the oil-water interface because of its amphiphilic nature, as it 
contains both hydroxyl groups and hydrophobic C-H moieties. The sta
bilising process of NC has been categorised into two main theories: first 
is the adsorption of NC on the oil and water interface, which prevents 
droplets from aggregating, and second one includes the formation of a 
stable network (Horozov and Binks, 2006; Xhanari et al., 2011). 
The hydrophilic or hydrophobic crystal plane of NC turns itself towards 
the surrounding medium depending upon its hydrophilicity/ 
hydrophobicity. 

To improve the thermal strength as well as the salt-thickening effect 
of CNFs, a binary mixture of butyl Acrylate (BA) and N, N-dimethyla
crylamide (DMA) was graft-copolymerized onto their surface by Liu 
et al. (Liu et al., 2019). They reported an increase in salinity tolerance 
(NaCl) from 1 to 8% after surface functionalization. Further, due to 
enhancements in thermal and salt-thickening behavior, the synthesized 
CNFs composites have been promised to be a better alternative for 
petrochemicals for oil recovery applications. 

Li et al. (Li et al., 2017) studied the potential of virgin CNFs (carboxyl 
groups: 0.91 mmol/g) and surface modified [grafted with AMPS 
(2-acrylamido-2-methylpropane sulfonic acid) and hydrophobic groups] 
samples CNF-KY (carboxyl groups: 0.91 mmol/g; AMPSS:0.88 mmol/g; 
and hydrophobic groups: 0.0 mmol/g) and CNF-KYSS (0.91; 0.88; and 
0.094 mmol/g, respectively) to enhance oil recovery. CNFs-KYSS 
showed better salt-tolerance, enhanced stability, and pronounced 
salt-thickening behavior among different samples. At 0.3 wt%, 
CNF-KYSS hydrogels reduce the interfacial tension at the crude oil 
interface and deliver good emulsification. When 0.4 pore volume of 
CNFs-KYSS fluid slug was injected prior to water flooding, which is done 
by injecting 4 pore volumes of 1 wt% NaCl, an increase of 6% in original 
oil in place (OOIP) recovery (with brine, it was noticed to be 45.8%) was 
noticed. Further, with the CNF-KYSS, the differential temperature also 
increased to 0.25 MPa; the water cut notably declined from 99 to 93%. 
Like Li et al., Wen et al. (56) also modified CNFs using AMPS and re
ported an increase in the thermal stability and the colloidal stability of 
modified CNFs in sodium chloride solution. 

Gestranius et al. (Gestranius et al., 2017) evaluated the stability, 
droplet size distribution and phase behavior of oil(dodecane)-in-water 
emulsions stabilised by three different nanocellulosic materials: CNFs, 
TO-CNFs and CNCs. All samples (0.1–1.5% NC), without using surfac
tants, formed oil-in-water Pickering emulsions (O/W ratios: 20–35% 
oil), which rapidly convert into a stable creaming layer. The creaming 
layer formed by CNFs and TO-CNFs was found to be more stable towards 
coalescence and high temperature than CNCs. Further, between CNFs 
and TO-CNFs, later one forms a stable dispersion of oil droplets beneath 
the creamy layer, suggesting that high charge density plays a crucial role 
in electrostatic interactions. Recently, sodium 3-chloro-2-hydroxypro
panesulfonate functionalized CNCs along with nonionic surfactants 
(APG1214), have been used to enhance oil recovery in low permeability 
reservoirs (Z. Li et al., 2023a,2023b). The surface functionalized CNCs 
showed better dispersion than virgin CNCs because of the presence of 
hydrophilic sulfonic acid groups on their surface. Further, when blended 
with nonionic surfactant to form a flooding system, due to the syner
gistic impact of the combined system, the resultant system showed low 
(0.03 mN/m) oil - water interfacial tension, higher emulsification sta
bility and a better tendency to change the oil-wetting surface to 
water-wetting. The combined system also increased (20.2%) the oil re
covery with a low permeability of 30.13 × 10− 3 µm2. 

Parajuli et al. (Parajuli et al., 2020) enhanced the biodegradation of 
crude oil by increasing the oil/water interface area using surfactant-free 
CNCs dispersion. When studying the biodegradation of C15-C20 hydro
carbons using gram-negative bacillus, after incubation for 5 days, the 
extent of biodegradation was noted to enhance from 1–12 to 6–19%. 
Their results depicted that physico-chemical properties/concentration 
of CNCs, divalent ions and salinity play a significant role in the bio
degradability/stability of emulsions. On evaluation of impact of con
centration of CNCs (varied from 0.4 to 1.0 wt%) on stability of the crude 
oil emulsion in brine (5:95 v/v%) in synthetic water, API brine and 
sodium chloride solutions, it was noted that when CNC concentration 
was > 0.8 wt%, the degree of coalescence was higher in API brine (ionic 
strength 1.9 M); whereas it was minimum in synthetic water (0.65 M). 
Further, no coalescence was noted for NaCl solutions of different ionic 
strengths (0.32–1.9 M). Kinara and Pal (Kinra and Pal, 2023)varied the 
amount of CNC (1.03–7.41 wt%) for stabilising the emulsion of oil of 
varying concentrations 10–70 wt%. After the addition of CNCs, better 
stability of the emulsion with respect to coalescence and creaming was 
noted. The emulsion showed non-newtonian flow, and an increase in 
consistency index and a decrement in viscosity index with an increase in 
either an CNCs or oil concentration was reported (Fig. 5). 

From the above discussion, we can conclude that the charge on the 
surface of NC controls the electrostatic repulsion between the droplets, 
inhibits the droplets from coalescing, and thus enhances the emulsion 
stability. 

4.2.2. Foam stabilization 
The stability of the foam has a significant impact on its potential to 

improve oil recovery. According to reports, crude oil drops destabilise 
foam films in three ways during the oil recovery process: by inter
connecting the surfaces of two films, disrupting surfactant orientation at 
the interface, and squeezing out film liquid (Karakashev and Grozda
nova, 2012). Wei et al. (Wei et al., 2018)stabilized the surfactant foam 
by utilizing surface functionalized CNF and then used the foam system in 
the foam oil recovery process (Fig. 6a). The synergistic impact of CNFs 
and surfactant was studied by evaluating the oil/water/solid interface, 
foam decaying behaviour and its morphology, interfacial rheological 
behavior, etc. After incorporating functionalized CNFs in surfactant 
solutions, a decrement in the oil/water interfacial tension was noted; 
however, a counter impact was seen on the wettability and emulsifi
ability of the surfactant. Further, the surfactant foam’s thickness was 
remarkably enhanced and liquid drainage was hindered after the addi
tion of CNFs. It has been confirmed using a microscopic visualisation 
model that functionalized CNFs offer the foam membrane good stability 
during migration in porous media and result in a noticeable decrement 
in the residual oil saturation. Furthermore, an increase in oil recovery 
was observed because of the leftover oil from the water flooding. 

In another study, Wei et al. (Wei et al., 2019) used lignin-containing 
CNFs along with surfactant for stabilizing the interface of liquid foam 
and reported five times better stability of foams when compared to 
surfactant alone (Fig. 6b). This higher stability has been attributed to the 
development of an elastic interface for foams because of the hydro
phobic interaction between lignin-containing CNFs and surfactant, 
which hinders the probability of coalescence and drainage. The foams 
offer excellent choices for effective oil recovery processes because of 
their elastic interface, which gives them great mobility control. 

4.2.3. Oil displacing agents 
Several researchers have also utilized NC as an oil-displacing agent to 

enhance oil recovery (Aadland et al., 2019; Liu et al., 2019). Molnes 
et al. (Molnes et al., 2018) used flooded CNC, dispersed in low salinity 
(LS) brine (CNC-LS), on highly porous sandstone cores to enhance the oil 
recovery. They validated that most of the CNC particles could penetrate 
through cores at 60, 90, and 120 ◦C. Additionally, when CNC-low 
salinity brine was used in tertiary mode during oil recovery, the oil re
covery was seen to increase at both 60 ◦C (45.8% (with LS) to 51% (with 
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CNC-LS) and 90 ◦C (66 to 69.4%), indicating that CNCs-LS have a sig
nificant potential to be used for utilisation in oil recovery. A good 
injectability for CNC into sandstone has been noticed when CNC con
centration varied from 0.5 to 2 wt% and through viscosity measure
ment, it has been confirmed that CNC particles moved through the pores 
without any adsorption. Kusanagi et al. (Kusanagi et al., 2015), after 
flooding the sandstone core with API brine, carried out gel treatment by 
injecting CNFs suspension and AlCl3 cross-linkers successively to block 
the high permeability zone. The gel treatment increased oil recovery 
from 13.3% to 24.3%. 

Raza and Gates (Raza and Gates, 2021) flooded 1 and 2 wt% of CNC 
nanofluids prepared in deionized water to recover oil from a minor gap 
in the Hele-Shaw cell. Comparing the outcomes, they discovered that 
CNC nanofluids form a stable interface and significantly boost oil re
covery (up to 98%) at higher concentrations (2 wt%). Through micro
scopic investigation, it has been confirmed that nanofluid forms a 
microemulsion along the interface in the oil stream after passing 
through the oil phase. This further reduces the effective interfacial 
tension and causes the oil phase to be engulfed and mobilised. The above 
finding may be pretty helpful in enhancing oil recovery from fractured 

surfaces. Wani et al. (Wani et al., 2020) used CNCs as fluid-diverting 
agents to improve oil recovery. Fluid diverting agents are generally 
used to block the high permeable zone so that injecting fluid may come 
in contact with a less permeable oil-containing zone and enhance oil 
recovery (Fig. 7). While using this green technology, they reported that 
CNC agglomeration remains stable at high temperatures as well as at 
higher salt concentration. From above discussion, we can see that 
numerous factors such as salt concentration, surfactant or electrolytes, 
shear stress, shear strain, etc., affect the overall rheology of NC-based 
suspension. So, in this manuscript, we will focus on exploring these 
factors. 

5. Factors impacting the rheological properties of nanocellulose 
suspension 

NC gels show shear thinning characteristics and thixotropic behav
iors. Enhancement in the concentration of NC and ionic strength leads to 
the development of higher network strength. To tune the rheology of NC 
for various processing in multiple fields is of prime interest nowadays. 
The numerous factors which affect the rheological properties of an 

Fig. 5. Comparison of (a) consistency index (k) and (b) flow behavior index (n) of O/W emulsions thickened and stabilized with varying amount of CNCs. (c) 
phoyomicropgraph image of O/W emulsion stabilized by CNCs and (d) impact of oil concentration on Sauter mean diameter at fixed concentration i.e., 5.66 wt% of 
nanocrystalline cellulose. 
“Reprinted from Ref. (Kinra and Pal, 2023) under creative common CC BY 4.0 licence”. 
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aqueous suspension of NC have been explored below. The impact of 
surface functionalization of NCs and their aspect ratio on the rheology of 
NC suspensions have already been thoroughly discussed in our previous 
review article(Rana and Thakur, 2023), so here just a superfacial idea 
was given. 

5.1. Instrumental factors 

The instrumental factors like the type of rotational rheometer and 
shear rate strongly impact the rheological properties of NCs suspension. 

The commonly used geometries of rotational rheometer for 
measuring the viscosities of NC suspensions are displayed in Table 1 
(Biliuta et al., 2023b; Cainglet et al., 2023; Guo et al., 2023; Yamagata 
et al., 2022). Some suspensions showed contradictory behaviour due to 

the wall depletion effect when the gap between the parallel plates is 
reduced. Thus, some other factors, such as gap-dependent floc and 
geometrical constraint, should be considered, especially for thick fibrils 
(Hubbe et al., 2017; Li et al., 2021). Mostly, continuous shearing of 
fibrous suspension in a rheometer having smooth geometry leads to 
heterogeneous flows (e.g., shear banding and wall depletion) (Nechy
porchuk et al., 2014; Saarikoski et al., 2012; Saarinen et al., 2009; 
Schenker et al., 2018; Vadodaria et al., 2018). Wall depletion becomes a 
severe issue when one wants to quantify the rheological characteristics 
of fibrils in suspension. Since fibrils or particles become depleted at the 
flow or measurement device boundaries at a simple shear flow rate, this 
phenomenon leads to a much lower viscosity than bulk viscosity. 
Various forces such as chemical, gravitational, viscoelastic, hydrody
namic and steric have been reported to act upon dispersed phase fibrils 

Fig. 6. (a) Schematic view of the interface interactions (Adapted with permission from Ref. Wei et al., 2018) and (b) images of different foam bubbles with time: (a) 
surfactant-only, lignin containing CNFs (b) sample 1 (containing 15.5 wt% lignin), (c) sample 2 (containing 11.7 wt% lignin), (d) sample 3 (containing 8.66 wt% 
lignin), and (e) sample 4 (containing 4.79 wt% lignin). 
“Reprinted with permission from Ref. (Wei et al., 2018), Copyright 2019, ACS.” 
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adjacent to smooth boundaries (Barnes, 1995; Hubbe et al., 2017). 
The wall depletion effect may further lead to shear banding instead 

of loading under the same shear rate, resulting in the generation of the 
depleted and thickened regions in a rheometer, more specifically in a 
couette (concentric cylinder)-type viscometer apparatus (Hubbe et al., 
2017; Ovarlez et al., 2009). Such instabilities in flow may lead to false 
data while measuring the rheological characteristics. Further, depleted 
areas are not only present at the walls, but their presence may be ex
pected at other points in a sheared NC suspension. A couple of re
searchers have reported the presence of wall depletion and band 
formation in nano cellulose suspension in the gap between the wall and 
the rotating cylinder (Barnes, 1995; Hubbe et al., 2017; Lerouge and 
Olmsted, 2020, 2020; Martoïa et al., 2015; Nazari et al., 2016). 

The concentric vane or serrated plate viscometers are good options to 
reduce or minimize the wall depletion effect, as they produce authentic 
values of G′ and viscosity (Naderi and Lindström, 2016; Nechyporchuk 
et al., 2016b, 2014; Rezayati Charani et al., 2013). On the other hand, in 
a bucket vane viscometer with a wide gap, low stress at the cup edge 
prevents the fibrils from slippage, whereas high pressure near the vane 
edge results in good contact with the fibrils (Mohtaschemi et al., 2014). 
Further efforts were also made to eliminate the wall depletion effect by 
introducing the profiled surface in a concentric cylinder, leading to 
substantially better measurements of both moduli and viscosity for 2 wt 
% CM-CNF suspensions (Nechyporchuk et al., 2015). When different 
types of viscometers, such as smooth cone-plate, serrated concentric 
cylinder and serrated cone-plate, were compared for their efficiency in 
studying the rheology of TO-CNF suspension, it was found that serrated 
concentric cylinder gave the most authentic results (Mondal, 2015). 

Wall slip impacts for three different CNFs systems, namely enzy
matically pretreated, CMC grafted and CM-CNFs, were evaluated using 
smooth and serrated metal concentric cylinder (bob and cup) geome
tries. It has been noticed that the rheological characteristics of CM-CNFs 
are slightly impacted by wall milling. However, unstable Enz-CNFs and 
CMC-grafted CNFs displayed a considerable degree of ball-milling 
impact (Naderi and Lindström, 2016). Using a double wall concentric 
cylinder may be a viable way to lessen the wall slip effect. Still, it has the 
drawback of only being appropriate for small viscosity samples (Jow
karderis, 2016; Zhu and De Kee, 2008). 

Shear thinning behaviour has been observed for both CNF and CNCs 
suspensions(Li et al., 2015a; Shin and Hyun, 2021; Tang et al., 2018) 
with increase in shear rate. The viscosity of CNF’s suspension was 
evaluated as a function of the amount of carboxyl contents (varied from 
0.01 to 1.14 mmol/g) as well as wt% of CNFs (0.25 to 1.5 wt%). At 
lower carboxyl contents (0.01 mmol/g), the CNFs exhibited a decrease 
in viscosity with an increase in the shear rate in all three regions. In 
region I, viscosity decreases sharply due to the better dispersion, 
breakdown and orientation of low carboxylated CNFs (Shin and Hyun, 
2021). In region II, i.e., at the intermediate shear rates, a 

continuous/sharp decrease in viscosity was prohibited because more 
entangled CNF flocs were generated. 

Further, a sharp decrease in viscosity, i.e., severe shear thinning 
behaviour, was observed in region III. This behaviour has been related to 
the breakdown of entangled flocs and their orientation in the shear di
rection. Similar behaviour was observed for highly carboxylated CNFs 
samples (0.66–1.14 mmol/g); however, in these samples, no sharp shear 
thinning behavior has been observed at the region I, i.e., at low shear 
rate. This might be because of the poor dispersion of CNFs because of 
high carboxyl contents on CNF’s surface. 

Further, when the amount of CNFs was varied from 0.25 to 1.5 wt%, 
shear thinning behavior was observed to take place in three regions. In 
regions I and III, a continuous decrease in viscosity was observed 
because of the breakdown of CNFs flocs and their orientation and 
disintegration of highly entangled complex flocs and orientation of 
disintegrated flocs along the shear direction, respectively. However, no 
sharp decrease in viscosity was observed in region II due to the complex 
network formation between flocs. Further, in the case of UN-CNF, in 
addition to three regions, as described above for carboxylated CNFs, the 
fourth region at a much higher shear rate was also observed, where the 
viscosity was noticed to be almost independent of the shear rate because 
of the complete disintegration and orientation of entangled flocs (Li 
et al., 2015a) (Fig. 8a). 

The Sul-CNCs (Fig. 8b) exhibited the characteristic of an isotropic 
suspension at very low concentration (1 wt%), i.e., showed shear thin
ning behaviour at lower shear rates, and Newtonian plateau at inter
mediate or high shear rates (Tang et al., 2018). However, at 2 wt% 
suspension or for cationically (glycidyltrimethylammonium chloride) 
modified CNCs ( 1 and 2 wt%), a three-region shear thinning behavior 
was observed, which includes shear-thinning at a low shear rate, shear 
thickening at intermediate and shear thinning at higher shear rates. This 
behaviour has been attributed to the gel-like characteristics of the highly 
entangled networks of the rigid CNCs. Contrary to the above results, in 
another study, Sul-CNCs suspension at low concentration, i.e., dilute 
concentration (1 and 3 wt%) displayed Newtonian plateau at both low 
and high shear rates; however, at intermediate shear rates, it showed a 
shear thinning behavior (Shafiei-Sabet et al., 2014). Further, at the 
semi-dilute regime, similar to cationically modified CNCs (Fig. 8b), 
three regions were observed in viscosity vs. shear curves, i.e., 
shear-thinning region at low, a plateau at intermediate and again a 
shear-thinning region at high shear rates. At very high Sul-CNCs con
centrations (12 and 15 wt%), only a single shear-thinning region was 
noticed for CNC suspension. 

5.2. Inner factors 

The zeta potential value and crowding factors of NCs are the two 
main internal factors impacting the suspension rheology. The zeta- 

Fig. 7. Showing how CNC addition blocked the highly permeable pores. (Adapted with permission from Ref. Wani et al., 2020).”.  
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Table 1 
Showing the different rheometers, which have been utilized to measure the NC rheology, their benefits and drawbacks.  

Type of Geometry of Rotational 
Rheometers 

Benefits Drawbacks References 

Parallel plate geometry  Utilized for measuring NC small 
volume samples having 
intermediate to high viscosity 

Contradictory to the wall depletion effects, here, G′ 
increases progressively with a decrement in 
measurement gap, resulting decline in viscosity. 

(Barnes, 1995; Kim et al., 2023; Qi et al., 
2023; Saarikoski et al., 2012; Vadodaria 
et al., 2018; Xu et al., 2024; Yamagata et al., 
2022) 

Cone and plate geometry  Measure small volume samples 
having viscosity varying from 
intermediate to high 

The particle/fibril size should be < 10% of the gap height 
between the bottom plate and the truncated cone. Since 
in this kind of geometry, when particle size is more or 
when the gap near the tip of the cone is very small, then 
the mobility of CNFs is constrained more 
profoundly, and thus, it may lead to a higher G′ for UN- 
CNF 
suspensions 

(Ilyin et al., 2023; Saarinen et al., 2009) 

Concentric Cylinder geometry  

,  

Possess less sensitivity to 
particle settling 
and solvent evaporation effects. 
But one has to ensure that 
geometry of appropriate size 
and appropriate gap size has 
been maintained 

Measure the viscosities of larger sample volumes having 
low 
viscosity 

(Cainglet et al., 2023; Koppolu et al., 2022; 
Z.Li et al., 2023a,2023b;Saarinen et al., 
2009) 

(continued on next page) 
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potential measurement provides information about the type and density 
of charged groups present on the surface of the particles. It is a good 
indicator of the stability of NC suspension, which depends on the elec
trostatic repulsive forces between the charged groups present on CNCs 
or CNFs particles/fibers. The zeta-potential value of CNC/CNFs sus
pensions gave an insight into the tendency of CNCs or CNFs to 
agglomerate or form flocs. The Zeta potential value depends upon the 
type of extraction/synthesis/surface modification techniques employed 
as well as the dimensions of NCs (Beyene et al., 2018; Liang et al., 2021). 
Beyene et al. (Beyene et al., 2018) reported a zeta potential value of 
− 40.5 ± 2.5 to − 43.8 ± 0.8 mV and− 38.9 ± 2.7 to − 42.6 ± 3.5 mV 
for CNCs, extracted from filter paper and wood pulp, respectively, by 
utilizing enzymatic treatment followed by acid hydrolysis. Generally, 
any value ≥ +30 mV of ≤ - 30 mV (minimum threshold) confirms the 
electrostatic stability, i.e. better electrostatic repulsion between charged 
particles and thus better dispersion. However, it is always not so, since at 
values≥ +30 mV and ≤ − 30 mV the long-range strong van der Waals 
interactions may lead them to agglomerate, specifically in the case of 
CNFs. Further, any suspension with a value of 0 to ± 5 mV flocculates 
rapidly. 

Various researchers have studied the Zeta potential value of NCs. A 
zeta potential value of − 15 mV was reported for NCs (cellulose 

nanowhiskers) extracted from cotton fibres using microbial hydrolysis 
technique (Satyamurthy et al., 2011), ranging from − 25 to − 31 mV for 
CNFs extracted from cotton fibers utilizing sulphuric acid for hydrolysis 
(de Morais Teixeira et al., 2010), − 30 to − 82 mV for CNFs synthesized 
through mechanical grinding of carboxymethylated pulp suspension 
(Shin and Hyun, 2021),− 31 mV for CNCs synthesized from recycled 
paper using enzymatic treatment (Filson et al., 2009), in the range − 52 
to − 58 mV for CNCs synthesized from filter paper through sulphuric 
acid hydrolysis (Boluk and Danumah, 2014), − 30.70 to − 35.9 MV for 
CNCs synthesized by employing sulphuric acid treatment to kraft pulp 
followed by ultrasonication (Shafiei-Sabet et al., 2012), − 35.4 
± 2.0 mV for CNCs extracted from microfibrilled cellulose using sul
phuric acid cum homogenization treatment (Li et al., 2015b), and − 16 
to − 27 mV for CNCs extracted from microsrytalline cellulose using 
sulphuric acid hydrolysis (Prathapan et al., 2016). Fig. 9(a) shows how 
zeta potential value impacts the stability of colloidal suspension of no 
oxidated CNFs (NCNF), low oxidated CNF (LCNF) and high oxidated 
CNFs (HCNF) (Liang et al., 2021). Among various samples, HCNF 
demonstrated maximum zeta potential (>− 30 mV) values and thus 
better stability; however, other samples, i.e., NCNF and LCNF, showed 
poor stability because of Zeta potential value < − 30 mV. 

Geng et al. (2018) found an increase in viscosity of CNFs suspension 

Table 1 (continued ) 

Type of Geometry of Rotational 
Rheometers 

Benefits Drawbacks References 

Concentric vane geometry  Reduces wall effect Give more accurate values of G′ and viscosity (Beugre and Gnagne, 2022; Mohtaschemi 
et al., 2014) 

Serrated Plate geometry  Reduces wall effect Give more accurate values of G′ and viscosity (Mondal, 2015; Rissanen et al., 2021) 

Double wall concentric cylinder 
geometry  

Greatly reduces the wall slip 
impact. 
Give real yield stress results. 

Used for low viscosity samples (Jowkarderis, 2016; Zhu and De Kee, 2008)  
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(0.05 wt%) with an increase in charge density from 320 to 820 µmol/g 
because of better fibrillation of CNFs at low charge density promoted by 
the repulsion among similar charged CNFs; however beyond that a 
gradual decrease in viscosity was noticed. The decrease in viscosity has 
been attributed to lower agglomeration of fibers due to higher repulsive 
forces among CNFs. 

Lee et al. (Lee et al., 2021) reported that the zeta potential value of 
CNCs increases gradually with high pressure homogenization cycles 
because of exposure of more and more sulfate half ester group. They 
demonstrated a zeta potential value ranging from − 34.6 to − 98.7, 
− 31.0 to − 84.0 and − 37.4 to − 45.4 mV for CNCs suspension 
extracted from MCC, softwood pulp (SP) and cotton pulp (CP), respec
tively [Fig. 9(b)]. Further, a strong correlation between zeta potential 
value and turbidity was noted for CNCs samples. With an increase in zeta 
potential value, an increase in turbidity was observed. All aforemen
tioned results confirm how surface chemistry and the presence of hy
drophilic or hydrophobic groups onto CNCs/CNFs surface controls the 
zeta potential value and, thus, overall stability of NC suspension. 

The rheological properties of NCs in aqueous suspensions can be well 
studied by evaluating the crowding factor (N), which is a function of 
concentration and aspect ratio of NC in suspension. The flocculation of 
CNFs in an aqueous system depends upon the value of N. Proposed by 
Kerekes. 

and Schell (Kerekes and Schell, 1992) and further extended by Kro
pholler et al. (Kropholler and Sampson, 2001), the following equation 
can used for calculating the Ncorrected (N′) for the CNFs. 

N′ =
2
3

∅
(

l
d

)2(
1 + CV2)4  

Here l is the length of fibers; d is the diameter;∅ is the concentration of 
CNFs in the system; CV coefficient of variation is calculated as per the 
protocol given by Kropholler et al. (Kropholler and Sampson, 2001). 

Geng et al. (Geng et al., 2018) reported N’ values ranging from 20 to 
107 for CNFs, when concentration and charge density was varied from 
0.01- 0.3 wt% and 380–1360 µmol/g, respectively. The variation of 
viscosity, storage modulus, loss modulus with concentration of CNFs 
(having charge density: 380 µmol/g) is given in Fig. 10a. The observed 

behavior was beautifully described by the crowding factor. When N’ was 
< 16 (gel crowding factor), fluid-like behavior was observed (Newto
nian behavior); however, when 16 < N’ < 60, viscoelastic behavior with 
shear thinning characteristics was reported (Non-Newtonian behavior). 
During the regime 16 < N’ < 60, a slope of 2.3 (approx) was noticed by a 
couple of researchers (Naderi et al., 2014b, 2015b). Further, the above 
behavior was also affirmed through dynamic rheological study. When N’ 

value was lower than the 16, loss factor (tanδ) [which is the ratio of loss 
modulus (G’’) and storage modulus (G′)], the value lies < 1, confirming 
the fluid-like behavior at N’< 16. However, at N’= 16, the loss factor 
value was found to be 1, demonstrating the gel formation tendency of 
suspension. Beyond N’> 16, the loss factor value was found to be> 1 
(since G’>G’’), confirming the solid-like behavior of suspension. 
Further, when N > 60, CNF suspension showed truly gel characteristics, 
having G′ much higher than G′’ (Naderi et al., 2014b, 2015b). 

Wang et al. (Wang et al., 2019), contrary to the above results, re
ported slightly lower gel crowding factor values for low as well as highly 
charged TO-CNFs (N′=14). Such variation in value has been attributed 
to discrepancies in the pretreatment, which might result in CNFs of 
unequal dimensions, different crystallinity, and flexibility. Further, they 
reported a slightly higher slope (in the range 2.8 to 3.2) when the 
concentration of highly charged CNFs (3.9–39.4) was varied from 0.1 to 
1.0 mg/ml. The rheological behavior of CNFs in aqueous suspension has 
been divided into dilute (having N’<14) and semi-dilute (N′>14) 
concentrated regimes. Thus, the transformation of CNFs suspension 
from dilute to semidilute and to further network region can be best 
described by the concept of the crowding factor. In the dilute regime, 
fibers can rotate and move freely; in the dilute region fibers undergoes 
interaction and entanglement, while in the network region fibers are 
completely or partially immobilized. It can be concluded that the 
crowding factor considers the impacts of CNFs surface charge, while no 
impact of ionic strength was noted. The phase diagrams for CNCs sus
pension in aqueous medium against concentration were given by Parker 
et al. (Parker et al., 2018) and Xu et al. (Xu et al., 2019) (Fig. 10b). 
Change in CNC phase, in addition to concentration and aspect ratio, has 
been influenced by other factors such as zeta potential value, ionic 
strength and other colloid characteristics. 

Fig. 8. Impact of concentration of (a) UN-CNFs on shear thinning behavior of suspensions (Li et al., 2015a). ; and (b) cationically modified CNCs (C-CNCs) on shear 
thinning behavior (Tang et al., 2018). 
(a) Copyright {2015} American Chemical Society."]"Reprinted with permission from reference (Li et al., 2015a). (b) [Reprinted from Ref. (Tang et al., 2018) under 
creative common CC BY 4.0 licence 
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5.3. Environmental factors 

The various environmental factors that have played a crucial role in 
the overall rheology of NCs suspensions are temperature, pH, time and 
magnetic/electrical properties. The details of which have been discussed 
below. Change in the microstructure of the NC suspension with tem
perature directly impacts its rheological behavior. To evaluate the 
temperature impact, steady shear viscosity is generally measured at 
different temperatures for samples at various NC concentrations. It has 
been observed that at very low CNCs suspension (3 wt%), viscosity de
clines with an increase in temperature at all shear rates (Shafiei-Sabet 

et al., 2012) (Fig. 10c-f). This behavior has been attributed to a small 
amount of ordered domains leading to isotropic nature. However, at 
higher 5 or 7 wt% CNCs suspension, the suspension becomes predomi
nately anisotropic showing three region behavior. A decrease in vis
cosity in regions I and III at all temperatures (10–50 ◦C) has been 
observed; however, in region II, at the intermediate state, the viscosity 
was found to be almost the same. On comparing the viscosity of samples 
in region I, a sharp increase in viscosity has been noticed at 40 ◦C. 
Further, at 10 wt% CNC concentration, viscosity was found to be inde
pendent of temperature in the range of 10–40 ◦C, but beyond that, a 
sharp increase in viscosity was observed. During the analysis of change 

Fig. 9. (a) (i) Zeta potential value and particle size distribution and (ii) stability of CNF suspensions (Liang et al., 2021) (b) a comparative view of zeta potential value 
and turbidity of CNCs suspension (Lee et al., 2021) 
(a) [Reprinted from Ref. (Liang et al., 2021), Copyright 2021, RSC, under CC BY]. (b) [Reprinted from Ref. (Lee et al., 2020), Copyright 2021, MDPI, under creative 
common CC BY 4.0 licence]. 
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Fig. 10. (a) Steady shear viscosity at 100 s− 1 and dynamic rheological properties at 1.0 Hz of CNF suspensions (380 μmol/g) as a function of concentration (Geng 
et al., 2018). [Reprinted from Ref. (Geng et al., 2018), Copyright 2018, ACS, under CC BY], (b) Self-assembly of CNC with increase in concentration (Parker et al., 
2018). Copyright {2012} ACS.", and (g) Viscosity and (h) Shear stress as a function of shear rate for Sul-CNCs and C-CNCs suspensions at various pH (Tang et al., 
2018). “Reprinted from Ref. (Tang et al., 2018) Copyright 2018, MDPI, under Creative Common CC BY 4.0 license”. 
(a) Reproduced with permission from Wiley under CC-BY license, steady shear viscosity vs shear rate at different temperatures (10 to 50 ◦C) for various CNCs 
concentrated suspensions (c) 3 wt%, (d) 5 wt%, (e) 7 wt%, and (f) 10 wt% (Shafiei-Sabet et al., 2012). (b) "Reprinted with permission from reference (Shafiei-Sabet 
et al., 2012). 
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in complex viscosity with temperature for different CNC suspensions (3, 
5, 7, and 10 wt%), it has been demonstrated that at low concentration 
(3 wt%), the complex viscosity declines continuously with temperature, 
however, at higher CNCs concentrations the decrease in complex vis
cosity was observed up to certain critical value, and beyond the critical 
values, the viscosity was noticed to be increased. The critical values for 
5, 7 and 10 wt% CNC suspension was noticed to be 42, 36 and 27 ◦C, 
respectively. In addition to concentration, the shear rate also signifi
cantly impacts the microstructure of CNC or Sul-CNC suspension, 
causing different temperature-dependent flow behavior. In another 
study(Tang et al., 2018), at a very low concentration of 0.5 wt%, CNC 
and cationically modified CNCs, irrespective of temperature (varied 
from 25–45 ◦C), displayed pseudo plastics and three region behavior, 
respectively. Both samples showed decreasing trend in viscosity with 
increase in temperature; however, CNC shear thinning behavior was 
observed over the whole shear range whereas for CCNC suspensions 
mixed trend was observed (a small increase in viscosity was also 
observed at mid of curve). Further for enzymatically pretreated (Lowys 
et al., 2001; Pääkkö et al., 2007) and microfluidizer fibrillated and 
mechanically fibrillated CNFs, no significant impact of temperature on 
the dynamic moduli of CNFs was noted (tested in the range of 20–80 ◦C, 
and 25–60 ◦C, respectively). With an enhancement in temperature, a 
slight increase in CNFs network was demonstrated. 

On varying the pH values below and above pKa (i.e., the negative 
decadic logarithm of the acid dissociation constant), the rheology of NC 
suspension was noticed to be dramatically changed due to protonation 
and deprotonation of surface functional groups present on NC, as well as 
by counter ion effects. pH over pKa causes the deprotonation of surface 
functional groups, which strongly induces electrical double-layer 
repulsion and creates a weaker network. However, when pH falls 
below the pKa, protonation of functional groups occurs, which in turn 
makes the attraction forces more powerful. Thus, contrary to pH above 
pKa, it creates a tighter network. The pKa values depend upon the type 
of functional group present on the NC surface. For example, sulphate 
and carboxyl groups’ values lie in the range − 3 and 3–4, respectively. 
Further, the counter ion effect can also be noticed by using hydrochloric 
acid or sodium hydroxide to change the pH of the suspension. 

Since for sulfate groups, pKa values lies in the negative, therefore 
Sul-CNC will be in its deprotonated form in aqueous suspension. Fig. 10 
(g, h) displays the steady shear viscosity of Sul-CNC and catatonically 
(glycidyltrimethylammonium chloride) modified CNC (C-CNC) at 
various pH values maintained by using NaOH (Tang et al., 2018). The 
shear viscosity was noticed to increase with a decrease in pH from 7.9 to 
6.5 and 5.4 in the case of Sul-CNC. Such behaviour has been ascribed to 
the screening of electrical double-layer repulsion with a decrease in pH 
values. However, for catatonically modified Sul-CNC, no such variation 
was observed because of the absence of a negative charge on the surface, 
making it insensitive to pH variations. Further, for cationically modified 
CNC, the viscosity of resulted suspensions was found to be higher than 
that of Sul-CNC suspension. It clearly indicates that quaternary ammo
nium salt remains intact under the impact of varying pH. Qi et al. (Qi 
et al., 2019) reported higher viscosity for Sul-CNC suspension in acidic 
(pH: 4.78) or basic conditions (pH:9) than in neutral conditions. These 
results might be because of the extensive aggregation of Sul-CNC upon 
the addition of HCl or NaOH. This result is probably caused by the 
addition of H+ or Na+, which led to the protonation of Sul-CNC and 
extensive CNC aggregation in the system. Xu et al. (Xu et al., 2017) 
reported a continuous increase in the viscosity of Sul-CNC suspension 
when pH was varied from 2 to 6; however, a steady decrement was 
observed on a further increase in pH from 6 to 12. 

Further, when NaCl salt concentration was varied from 0.001 mol to 
0.01 mol, a decrease in viscosity was noticed, which further increases 
with an increase in salt concentration and undergoes abrupt enhance
ment at 1 mol NaCl concentration. No impact of pH change (varied from 
1–13) was observed at 0.01 mol NaCl concentration, indicating that 
viscosity becomes independent of pH. This behavior has been associated 

with the complete screening of counter-ion effects at 0.01 mol NaCl. So, 
we can conclude that pH-based rheology of Sul-CNC suspension depends 
upon only the counter ion effect. However, for carboxylated CNC, both 
counter ion effect and deprotonation/protonation should be considered 
because carboxyl groups have higher pKa values than sulphate groups. 

Further, CNF, at pH 7, exists in deprotonated form (-ve charged) 
because of low pKa-4 and forms complex network structures due to their 
abnormal behaviour(Facchine et al., 2021, 2020; Fukuzumi et al., 
2010). Since the microstructure of NC suspension depends on the aspect 
ratio and morphology of fibrils and due to the higher aspect ratio and 
flexibility of CNF, these fibrils form complex interactions in suspension, 
including hydrogen bonding, entanglement and electrostatic repulsion. 
These complex interactions are responsible for high viscous behavior for 
pH 7. Pääkkö et al. (Pääkkö et al., 2007) observed an increasing trend in 
viscosity of low-charged enzymatically pre-treated CNF (≈0.04 meq/g) 
when the pH of the suspension was decreased from 10.0 to 5.9, 3.8 and 
2.0. This behavior has been associated with the screening effect of 
electrical double layer repulsion from pH 10.0 to 3.8. In contrast, 
neutralization of the nano fibril charges caused partial coagulation and 
enhanced viscosity at very low pH: 2, while from pH 10.0 to 3.8. For a 
highly charged TEMPO-based CNF (≈0.7 meq/g), a decrement in 
intrinsic viscosity with a decrease in pH was observed (Jowkarderis and 
van de Ven, 2014). This behaviour has been related to compression of 
the electrostatic double-layer of charged CNFs; however, at very low pH, 
coagulation of fibrils occurs and leads to gel formation. 

NC suspensions show time-dependent rheological, i.e., thixotropic 
behavior. Upon shearing or shaking, cellulose suspensions become less 
viscous, and time is required to recover the lost viscosity. The recovery 
rates for TO-CNF suspension were noticed to increase with the increase 
in ultrasonication treatment time (Lee et al., 2020). Also, the time 
required for 70% recovery of the G′ decreased with increasing ultra
sonication time. The higher recovery rate of the TO-CNF suspension 
developed at 2 min of sonication time than that of suspension created 
using the high-pressure homogenizer technique has been assigned due to 
the shortening of the CNFs average length in the later one. Concentra
tion also plays a crucial role in recovery time. It has been noticed that 
upon enhancing the amount of CNFs, there are more chances for 
TO-CNFs to come in contact with each other and thus rate of recovery 
could be improved. The ionotropic characteristic of CNCs suspension 
depends on concentration and charge density on the CNC surface (Araki 
et al., 1998). The absence or lack of charge on the surface of Hcl-CNCs 
results in the aggregation of CNCs, and thus the thixotropic behavior 
appeared at a much higher concentration, i.e., greater than 0.5% (w/v). 
However, no thixotropic behavior was noticed for Sul-CNC suspension, 
even at much higher concentrations. Xu et al. (Xu et al., 2024) during the 
their study on thixotropic behaviour of both CNCs (amount varied: 4.5, 
6.0 and 7.5 wt%) and TO-CNFs (0.3, 0.8 and 1.3 wt%) suspension by 
employing hysteresis loop tests confirmed that TO-CNFs suspension 
possess stronger thixotropy and shear stress than CNCs owing to higher 
aspect ratio and stronger structural network of the former. Furthermore, 
at low concentrations, 4.5 wt% CNCs suspension exhibited no stress 
overshoot and hysteresis loop compared to 0.3 wt% TO-CNFs suspen
sion. However, when concentration was raised in both cases, a continual 
rise in the area under the hysteresis loop was seen, indicating a strong 
increase in thixotropic behaviour. Kim et al. (Kim et al., 2023) evaluated 
the impact of addition of TO-CNF (wt% varied from 0.03 to 0.20%) on 
viscoelastic properties of resulted CNCs suspension. They confirmed 
increase in viscosities of the resulted suspension with addition of 
TO-CNF because of the enhanced CNC-CNC interaction due to the 
screening of the CNC charge due to sodium cation from TO-CNFs 
(Fig. 11). Further, when TO-CNFs loading was ≤ 0.07 wt% almost all 
samples exhibited same apparent viscosity, a region called isolation 
region, however, at higher loading i.e., > 0.07 wt% (region called as 
contact region) a jump in viscosities was noted. Also, with increase in 
shear rate a higher shear thinning behavior was observed in contact 
region than isolation region. The viscosity of CNC suspensions prepared 
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by using three different techniques, namely ultrasonic treatment, me
chanical stirring and high shear homogenization, has been found to 
increase with time after the settlement of the suspensions (Peng and Via, 
2021). Further, mixing the suspension after 60 days, using a magnetic 
stirrer, a decrement in the viscosity of CNCs suspension up to different 
levels for various samples, i.e., prepared by using different techniques, 
was observed. Among different techniques, the ultrasonication and ho
mogenization techniques were found to significantly reduce the vis
cosity of the suspension over time in comparison to the magnetic stirrer 
technique. 

According to Frka-Petesic et al. (2015), Sugiyama et al. (1992), 
cellulose has anisotropic diamagnetic susceptibility. In the presence of a 
powerful magnetic field, the cellulose nanocrystals, as compared to 
CNFs because of their smaller dimensions, align preferentially with their 
long axes perpendicular to the field. In order to improve the alignment of 
CNCs in liquid crystal systems, Zhu et al. (Zhu et al., 2020) used the 
strength of electric and magnetic fields. To circumvent issues brought on 
by water’s conductivity, the redispersion of CNC in non-polar organic 
solvents is utmost necessary for their applications in electric fields 
(Casado et al., 2021; De France et al., 2016). The suspension of 
low-concentration CNCs can be positioned perpendicular to the applied 
field to produce a nematic order by exposing it to a strong magnetic 
field. However, an anisotropic phase appears, in which tactoids become 
orientated when the concentration of CNCs suspension is raised to a 
specific higher value. This causes fewer dislocations to exist and a more 
uniform alignment to be accomplished by orienting the rotating di
rectors of the CNC planes perpendicular to the magnetic field(Revol and 
Marchessault, 1993). Magnetic fields of suitable strength and CNCs of 
appropriate aspect ratio and concentration are required to orient CNCs 
samples. This behavior was confirmed by De France et al. when they 
applied magnetic fields of 0.56–1.2 T to orient 1.65 and 4.13 wt% CNC 
suspensions, but found no satisfactory results. Further, both G’ and 

viscosity of Sul-CNCs suspensions (0.1 and 0.5 wt%) were noticed to be 
enhanced with an increase in magnetic field from 0–1 T (De France 
et al., 2016). However, as the concentration of CNCs was further raised, 
it was shown that the magnetic field less impacted the rheological 
characteristics of the suspensions due to an increasing steric hindrance 
effect. Cellulosic materials have also been discovered to exhibit elec
trorheological responses as a result of water molecules adhering to NC 
surfaces (Choi et al., 2017). 

5.4. Type of additives 

Type and concentration of polyelectrolyte or inorganic additives or 
salt strongly impact the rheology of NCs suspension. Since cellulose 
binds strongly to water molecules, wet chemistry technologies that lead 
to cellulose aggregation, flocculation or coating can enhance the per
centage of solid contents in the web (Khan et al., 2020). Three different 
types of polyelectrolytes, namely cationic, anionic and non-ionic poly
electrolytes, have been used to tailor the rheology properties of nano 
cellulose. Among these, cationic polyelectrolytes, which act as floccu
lants, have been preferred by several researchers to neutralise the 
appositively charged cellulosic fibers (Hubbe, 2005; Müller, 2014; Pet
zold and Schwarz, 2013; Roberts, 2007). Their utility leads to the floc
culation of cellulosic nano fibers when the cellulose surface is 
sufficiently neutralized. Depending upon their charge density and mo
lecular weight, Cationic electrolytes adsorb differently onto cellulose 
fibers(Aarne et al., 2012; Hubbe et al., 2009; Khan et al., 2020; Roberts, 
2007). They penetrate the fibres’ pores and diminish the cellulosic fi
bers’ water adsorption tendency. The cationic electrolytes cause strong 
interactions among the suspensions either through bridging (Raj et al., 
2015) or charged patch mechanisms(Lu et al., 2014; Sandell and Luner, 
1974). Rarely, an excess of cationic polyelectrolytes may result in the 
reversal of charge and stabilization of particles in suspensions (Ashmore 

Fig. 11. Schematic view for the change in the electrostatic state and particular interaction of nanocellulose in TOCN/CNC-blended suspensions. [Here EDL and TOCN 
are electric double layer and TO-CNFs, respectively] (Kim et al., 2023). 
‘‘Reprinted with permission from Ref. (Kim et al., 2022) Copyright 2023,Elsevier’’. 
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et al., 2001). Anionic electrolytes, besides the similarity in negative 
charge with that of cellulose, showed minor adsorption onto cellulose 
and impacted the rheology of suspension to a lesser extent (Tardy et al., 
2017). Anyway, these polyelectrolytes may also result in larger flocs of 
fibers compared to cationic electrolytes. In the case of anionic electro
lytes, the rheology effects have been attributed to their behavior as a 
steric stabilizer, as a dispersant, or they may deplete flocculation (Li 
et al., 2020; Meree et al., 2016; Oguzlu et al., 2016). The last category of 
polyelectrolytes is nonionic polymer, which usually contains a sufficient 
number of hydroxyl groups and thus forms a comprehensive hydrogen 
bonding with the OH groups of cellulose, leading to a remarkable 
increment in the rheology of nano cellulose suspensions (Li et al., 2020; 
Meree et al., 2016). 

Further, oppositely charged polyelectrolytes are generally mixed to 
form polyelectrolyte complexes, which subsequently form liquid-phase 
separated coacervates or solid precipitates(Fu and Schlenoff, 2016; 
Khan and Brettmann, 2018). Kahn et al. (Khan et al., 2020) studied the 
interaction between NC and polyelectrolytes coacervates (PEC) of 
cationic (poly allyl amine hydrochloride; PAH) and anionic electrolytes 
(polyacrylic acid salt; PAA). The sequential addition of PAA and PAH to 
CNFs or the addition of preformed coacervates to CNFs has been found 
to impact the time for the complete association and the strength /extent 
of PEC association to fibers surface. When preformed coacervates were 
utilized, loose interaction between fibers and PECs occurred, and com
plete agglomeration took place in approximately three days. However, 
upon sequential addition of polyelectrolytes, a significant enhancement 
in the interaction of the coacervates with the cellulosic fibres was noted. 
Further, in this case, the complete association was noted to take place 
within 40 min, leading to faster fibres agglomeration and better water 
rejection tendency than preformed coacervates addition. Li et al.(Li 
et al., 2022) reported an increase in the viscosity of sodium alginate (SA) 
upon the addition of CNFs, while evaluating the rheology of SA/CNF, 
SA/carboxymethyl chitosan (CCT) and SA/CN/CCT samples; however, 
upon addition of CCT, an inverse behavior was observed. All three pastes 
were classified as non-Newtonian fluids, i.e., showing shear thinning 
characteristics and showed a rapid shear thinning behavior when 
compared to SA solution. The amount of lignin contents in CNFs strongly 
influences the rheological properties of suspension of lignin-containing 
CNFs (LCNFs). 

Iglesias et al. (2020) extracted LCNFs from Eucalyptus globulus chips 
containing different amounts of lignin contents (0.6%, 1.7%, 4.7% and 
10.2%) and further evaluated the impact of lignin contents on their 
rheology. All samples showed an increase in viscosity with an increment 
in lignin contents and a non-Newtonian shear-thinning behavior with an 
increase in shear rate. The shear thinning behaviour was confirmed by 
calculating the power law parameters [Power law: τ = kγn, here τ, k, γ 
and n represent shear stress (Pa), consistency coefficient, i.e. reveals the 
relationship between shear rate and shear stress (Pa sn), shear rate (s− 1) 
and flow behavior index, respectively], in which the values of n were 
found to be < 1 for all samples. Further, the value of G’ was found to be 
higher than G′’ for all samples along the entire frequency range, con
firming gel-like characteristics for these samples. Also, with an increase 
in lignin contents, enhancements in values of G′’ and G′ were reported. 
The pure anionic polyelectrolyte, CCT, when combined with different 
BC (0.01 - 0.2 wt%) suspensions, displayed shear thinning behavior 
(Zhang et al., 2022). The various suspensions showed a high and gradual 
decrease in viscosity at pH 7 than pH 9.2 because of the entanglement of 
BC and carboxymethyl cellulose (CMC) at lower pH. Further, all samples 
displayed gel-like characteristics (here G′ value dominates over G′′), and 
moduli were noted to be dependent slightly on the frequency. Shear 
thinning behavior was observed for composite hydrogels of CNFs and 
gum Arabic (Wu et al., 2022). However, the initial viscosity and extent 
of viscosity of different suspensions of CNFs and gum Arabic (CNF+Gum 
Arabic; 0.3 gm & 0.15 gm; and 0.3 & 0.3 gm, respectively) and their 
suspension (CNF+Gum Arabic; 0.3 gm each) sonicated for 30 min at 400 
and 600 w, found to depend on the sonication power and their 

composition strongly. The decrement in viscosity with an increase in 
shear rate has been attributed to the elongation and disintegration of the 
hydrogels. 

The interaction of CNCs with two different anionic electrolytes, 
namely CMC and SA, was studied using steady and dynamic rheological 
instruments with or without CaCl2 cross-linker (Cui et al., 2022). Im
provements in rheological characteristics of SA and CMC were noted 
after the addition of varying amounts of CNCs (1–7 wt% CNCs). During 
the calculation of flow curve gradients utilizing the power law model 
τ = kγn, variation from Newtonian flow behavior was confirmed (Wang 
et al., 2022a,2022b). In general, the greater the variation of ‘n′ value for 
a suspension from 1, the more will be its non-Newtonian flow behavior. 
For both solutions, i.e., CMC-CNCs and SA /CNCs, the n values were 
found to be less than one, thus indicating pseudoplastic fluids charac
teristic of the solutions (Feng et al., 2021). Further, among CMC-CNCs 
and SA /CNCs samples, greater deviation (decreasing trend; 0.8 to 0.2 
approx) in ‘n′ values from 1 and an increase in k values (from 0.1 to 5 Pa 
Sn) with an increase in the concentration of CNCs was observed in case of 
the former one, indicating higher shear thinning behavior of CMCs so
lution after addition of CNCs; however, in case of SA /CNCs, 
non-significant variation in ‘n′ value (approx. 0.64 for all samples) and a 
decreasing trend in k value (approx. 17 to 15.5 Pa Sn) was observed. 
Further k value for SA/CNCs was noticed to be higher than CMC/CNC 
indicating the need of greater shear stress to produce same shear rate 
(Vickers et al., 2015). Further, the elastic modulus and viscosities of 
CMC were positively co-related to CNCs amounts in alkali, neutral or 
acidic conditions. When the contents of CNCs content was > 5% at pH 
9.45, the acceleration in gelation of CMC was noticed. For all suspen
sions, the tan δ value decreased with an increase in the angular fre
quency values, representing more viscous characteristics for both 
CMC/CNCs and SA/CNCs at the lower frequency region and higher 
elastic characteristics at the longer frequency region. Further, between 
CMC/CNC and SA/CNCs samples, the G′ values of the former system, 
was noticed to be significantly enhanced, while the tan δ values 
decreased when the CNCs concentrations was varied from 1–7 wt% at 
low angular frequency. But at higher angular frequencies, the elastic 
modulus and damping factor converged to the CMC’s flow curve. 
However, no significant differences in G′and tan δ of the SA composite 
samples were observed after the addition of CNCs. Further, an increase 
in tan δ and a decrement in the G′ of CMC was noted when calcium salt 
concentration was increased. Such behavior has been attributed to 
characteristics of anionic CMC polyelectrolytes. However, an opposite 
trend was found in the case of the SA/CNCs system, and when calcium 
ions amounts were> 0.07%, the tan δ of the SA system was noticed to be 
< 1, which clearly indicates gel transformation of the SA system. A 
ternary mixture of gelatin, cationic CNCs and hyaluronic acid (HA) 
showed an increase in viscosity with an increase in the concentration of 
CNCs from 2 to 5 wt% (Warwar Damouny et al., 2022). However, a 
sharp decrease in viscosity was observed for 5 wt% CNCs loaded samples 
at a higher pressure, and their viscosity was found to be lesser than even 
that of 2 and 3 wt% CNC concentrated samples. Chitosan and xyloglucan 
have recently been employed by Leray et al. (2022) to regulate the 
rheology of CNCs. They first combined a specific amount of CNCs and 
xyloglucan to create the various suspensions [R 0.2, R 0.5, and R 1; 
which contained nanocrystals 1% w/w and xyloglucan at a concentra
tion 0.2% w/w, 0.8% & 0.4% w/w, and 0.6% each w/w, respectively. 
They then coated the suspensions with a 0.1% w/w solution of chitosan 
to create a film. For synthetic films (R0.2, R0.5, and R1), G′ was 
discovered to be higher than G", confirming the gel-like behaviour of the 
films. Upon increase in xyloglucan/CNC concentration, both G′ and G" 
was noted to decrease, reflecting an enhancement in the rigidity of 
suspension after addition of CNCs. 

Including inorganic nanoparticles (NPs) may effectively enhance the 
rheological properties of nano cellulose solutions. Liu et al. (Yuan et al., 
2021) studied the interaction of three NPs, namely AlOOH, SiO2, and 
ZnO, having different sizes and charges, with carboxylic-CNFs (CCNFs) 
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suspension. They concluded that at low shear rates (<0.1 s− 1), all NPs 
loaded samples, i.e., 0.4 wt% CNF+ (0.0, 0.1, 0.2, 0.3 & 0.5) wt% 
AlOOH, 0.4 wt% CNF+ (0.1, 0.2, 0.3& 0.5) wt% SiO2 and 0.4 wt% 
CNF+ (0.0, 0.1, 0.2, 0.3& 0.5) wt% ZnO systems showed the charac
teristics of Newtonian fluid. However, at the shear rate 0.1 − 1000 s− 1, 
all samples showed shear thinning behaviour, i.e., non-Newtonian 
characteristics. 

The samples’ viscosity was found to vary with the types of NPs 
added. For example, (Fig. 12 a-f) on the addition of AlOOH NPs, the 
viscosity of the CCNF system was enhanced, while for SiO2 and ZnO NPs 
loaded systems, a decrement in viscosity was noted. Further, through the 
dynamic rheology responses, it has been affirmed that for the CCNF 
sample, G′ > G″ in the relatively low-frequency region (0.01 to 1.75 Hz), 
showing typical elastic behavior (Fig. 12 a-f). However, above 1.75 Hz, 
G′ < G″ was noted, indicating the viscous behaviour of the CCNF system. 
The inclusion of AlOOH NPs in the CCNFs system results in the 
enhancement of both G′ and G″. However, a region where G′ > G″ ex
pands continuously with an increase in wt% loading of AlOOH NPs 
indicating elastic behavior for CCNF+ AlOOH systems more evidently. 
In contrast, in the case of CCNF/ZnO and CCNF/SiO2 systems, G′ < G″ 
was noticed. An increase in the difference of values of G′ and G″ was 
found with further increase in NPs contents, indicating more prominent 
viscosity in CCNF/ZnO and CCNF/SiO2 systems. Whereas, in the case of 
the CCNF/AlOOH system, with an increase in NPs concentration, 
enhancement in viscoelasticity was noticed. Different forces such as 
hydrogen bonding, electrostatic interaction, ion binding and hydro
phobic interaction in between polymers and NPs generally impact the 
rheological properties of systems(Hu et al., 2017; Xu et al., 2021). 
However, in the present case, both CCNF and NPs are hydrophilic by 
nature, thus, hydrogen bonding and hydrophobic forces have been 
ignored. It was concluded that only the size and electrical characteristics 
of CCNFs and NPs impact or control the interaction and, ultimately, the 
rheological characteristics of systems. 

Salt ionic strength greatly influences the charge-induced electric 
double layers on nano cellulose surfaces (Bertsch et al., 2017). However, 
van der Waals forces that momentarily result from fluctuating dipoles 
remain unaffected by ionic strength (Adair et al., 2001). The compres
sion of the electric double layer after the addition of salts upsets the 
equilibrium between electrical double layer repulsion and van der Waals 
attraction, directly affecting the rheological characteristics and colloidal 
stability of charged NC suspensions (Boluk et al., 2011; Shafiei-Sabet 
et al., 2014). Researchers have studied the suspensions of NC and 
their nematic phase transition behavior utilizing rheometry (Oguzlu 
et al., 2017; Shafiei-Sabet et al., 2016). High salt concentrations have 
been discovered to cause agglomeration of CNCs, which eventually form 
hydrogels. Various agglomeration processes have been postulated based 
on the use of divalent and monovalent salts (Chau et al., 2015; Lenfant 
et al., 2017). Intermolecular ionic bridges have been suggested for the 
divalent ion Ca2+. It has also been predicted that after the addition of 
salt, CNCs will aggregate due to the dominance of attractive forces 
following a decrease in electrostatic repulsion. Depletion, Van der 
Waals, and hydrophobic interaction have also been predicted to occur in 
CNCs suspensions (Dong and Gray, 1997; Tang et al., 1996). 

Bertsch et al. (Bertsch et al., 2017) investigated the effects of mono- 
(Na+ and K+) and divalent (Mg2+ and Ca2+) metal chloride salts on 
Sul-CNCs suspension gelation and nematic ordering ability. They found 
a significant relationship between G′ and the zeta-potential value of 
CNCs’ suspension. A strong decrease in zeta potential value and 
hydrogel formation was seen for divalent cation at low salt concentra
tions because of effective charge screening. However, in the case of 
mono-cation salt, the same zeta-potentials and gel strengths were 
reached at comparatively higher concentrations. They came to the 
conclusion that the charge screening effect, rather than cation valency, 
governs intermolecular interactions in CNCs aggregation. As a result, the 
zeta potential of CNCs hydrogel can be used to control its characteristics. 
During the evaluation of G′, for CNCs suspension consisting of different 

salts, it was discovered that adding a small quantity of metal chloride 
salts decreases the elastic properties of suspension. This is because the 
effective radius of suspension decreases when an electric double layer is 
compressed, a phenomenon known as the electroviscous effect (Sha
fiei-Sabet et al., 2014). As the salt concentration was raised further, it 
was discovered that G′ had improved, displaying increased interaction 
(shown as a dotted box in Fig. 12 g-j) without agglomeration of CNCs 
because of less electrostatic repulsion. A further increase in salt content 
causes CNCs to clump together, forming hydrogel with a constant G′ 
value. In another study, on varying valency, i.e. counterions from 
monovalent (Li+, Na+, and K+) to divalent (Ca2+& Mg2+) and to triva
lent (Al3+), a considerable impact on network formation tendency in 
CNCs suspension has been observed (Nyamayaro et al., 2023). CNC 
suspensions with various monovalent counterions were found to be 
anisotropic, bi-isotropic with chiral nematic structures, and form bire
fringent gels at 3, 5 and 7 wt% concentration, respectively. Monovalent 
ion-containing CNCs suspensions displayed comparable steady shear 
viscosity and linear viscoelastic characteristics. The di- and trivalent 
counterions at all concentrations encourage network development or 
gel-like properties in contrast to monovalent ions. Additionally, soni
cation of CNC samples with monovalent ions resulted in a 
two-folds-of-magnitude reduction in viscosity; however, with multiva
lent counterions, the reverse trend was seen due to the creation of a 
strong network. Additionally, it has been observed that the G′ rises over 
time with an increase in radius (i.e., Sn2+>Ca2+>Mg2+) as well as 
valency of metal cations (i.e., Al3+>Mg2+> Na+) (Dinand et al., 1999; 
Lenfant et al., 2017). Interestingly, the cation’s valence had a greater 
impact on the rheology of Sul-CNC suspensions than the radius of the 
cation, confirming that the inter - crystal’s bridging ability of multiva
lent cations is the primary cause of the gelation of Sul-CNC suspension. 

In fact, due to the lack of any charge, untreated CNFs should be 
highly tolerant to ionic strength. However, a minuscule amount of 
hemicelluloses and pectin-like impurities still remained in CNFs after 
their extraction from cellulosic wastes and further purification, which 
further contributed to the presence of certain acids more specifically 
uronic acid on the CNFs surface (Agoda-Tandjawa et al., 2010; Dinand 
et al., 1999). Since uronic acid is –ve charged and thus played a vital role 
in the salt-dependent rheology of untreated CNF solution (Lowys et al., 
2001; Sim et al., 2015). The screening effect of electrostatic repulsion 
between -ve charged CNFs causes an increase in the values of viscosity 
and G′ for untreated CNFs with an increase in salt concentration up to a 
certain threshold point, leading to fibre’s aggregation. However, beyond 
the threshold value, a decrement in CNF’s viscosity has been noticed 
(Lowys et al., 2001). A decrease in viscosity, when fibres contain 
polarizable groups like carboxymethylated or carboxylated groups, with 
a rise in ionic strength, has occasionally also been observed (Jowkar
deris and van de Ven, 2014; Naderi et al., 2014a; Tanaka et al., 2014). 
Since these groups possess a higher surface potential (carbox
ylate:75 mV; carboxymethyl: 590 leq/g) than hydroxyl groups (25 mV), 
this leads to a comparatively higher shear viscosity, electrostatic 
repulsion between CNFs and a distinct type of fibre-fibre interaction 
(Naderi et al., 2014a). Screening these forces causes the current fibre 
network to collapse, which lowers the gel’s shear strength qualities. 

The cation valency similarly influences the rheological characteris
tics of TO-CNF suspension, just like those of CNCs. According to the 
report, adding salts with different valencies (AlCl3, MgCl2, and NaCl) at 
a concentration of 40 mmol/L can each cause gelation of the TO-CNF 
suspension to a different extent; that is, the CNF suspension becomes 
increasingly non-uniform as the valency increases(Geng et al., 2017). 
The gelation of CNF suspension by cations has been linked to decreased 
Debye length and the increased electrostatic repulsion between the 
CNFs. The interfibrillar hydrogen bonding and Van der Waals forces 
merge to create two main forces that maintain the CNF linkage. 
Furthermore, different cation quantities were used to remove the effect 
of debye length from the equation. 

Nevertheless, it was observed that the viscosity of CNFs improved 
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Fig. 12. Steady rheology (a, b and c) and dynamic rheology (d, e and f) of CCNF/NPs (Yuan et al., 2021). Copyright {2021} ACS.", G′ for different CNCs suspension 
concentrations consisting of (g) NaCl, (h) KCl, (i) MgCl2, and (j) CaCl2. The dotted box shows the transition regime where nematic ordering was discovered (Bertsch 
et al., 2017). Copyright {2017} ACS]. 
(a) [Fig a-f"Reprinted with permission from reference (Yuan et al., 2021). (b) [Fig g-j “Reprinted with permission from reference (Bertsch et al., 2017). (c) Copyright {2017} 
ACS."] and Effect of the NaCl concentrations on rheology of CNF suspensions having different concentrations (k) 0.05 wt%, (l) 0.2 wt% and (m) 0.6 wt%; (n) shear viscosity of 
0.6 wt% CNF gel with various ions as a function of shear rate and their recovery behavior [Fig k-n “Reprinted with permission from reference (Geng et al., 2017). 
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as the valency of the cations increased, demonstrating the significance 
of cation valency as a strong cross-linking agent (Fig. 12 k). Further 
analysis of the effects of relative CNF concentrations (0.05, 0.2, and 
0.6 wt%) and NaCl salt concentrations (1, 3, 5, 10 and 30 mmol/l) on 
the rheological characteristics of CNF suspension revealed that at very 
low CNF concentrations (0.05 wt%), the viscosity begins to increase at 
30 mmol/L salt concentration; however, at intermediate (0.2%) and 
relatively higher (0.6 wt%) CNF suspension, the critical salt values 
drop to about 10 and 3 mmol/L, respectively (Fig. 12 l-n). In other 
words, the critical NaCl concentration falls as CNF concentration rises, 
and this is due to both an increase in the number of nanofibers at 
higher CNF concentrations as well as enhancement in the amount of 
counterions, which reduce the electrostatic repulsion forces between 
the CNFs. Reduction in the electrical double layer with an increase in 
salt concentration has been reported for TO-CNFs by Mendoza et al. 
(Mendoza et al., 2018) and is supposed to cause an imbalance in 
repulsive and attractive forces required for a stable colloid. The 
thickness of the double layer was estimated as a function of ionic 
strength using the Gouy-Chapman equation. Further, the addition of 
salt resulted in the release of water from the fibers surface and charge 
shielding because of the depletion of electrical double layers between 
CNFs. 

5.5. Postprocessing techniques 

Due to the higher association capability of NC, these materials are 
mostly generated as aqueous dissolutions at low solids content, leading 
to irrational ecological effects and high costs during their transport for 
large-scale applications in industries, thus remarkably inhibiting their 
broader utilization (Nordenström et al., 2021). To achieve large-scale 
NC creation, completely dried materials or suspensions with higher 
solids content are required (Naderi et al., 2015a). However, when NC is 
dried, its nanoscale dimensions are lost due to excessive association 
caused mainly by hydrogen bonding, hornification and attractive van 
der Waals forces (Fernandes Diniz et al., 2004; Li et al., 2021). Hence, 
aggregation should be avoided to enhance their redispersibility, as it will 
not enable the original suspension to recover its parent rheological 
characteristics. Several possible methods have been described in the 
literature to avoid this aggregation, which include the introduction of a 
sterically stabilising component by covalent grafting(Kaldéus et al., 
2018), enhancement of surface charge density(T, 1982), or utilization of 
redispersing agents (Laivins and Scallan, 1993; Nordenström et al., 
2021). Enhancing the surface charge density is quite impressive. Still, in 
this technique, one has to compromise with the particle size, molecular 
mass and dewatering characteristics of cellulose on account of its 
charge. The graft copolymerization technique is also restricted and not 
preferred since it is very difficult to carry out grafting on a large scale, 
and it also irreversibly alters the characteristics of the CNFs. To enhance 
the redispersibility, utilizing redispersing agents has been preferred 
because of its negligible impact on the overall properties of NC. Various 
types of redispersing agents utilized for NC are polyethylene glycol 
(PEG) (Cheng et al., 2015; Nordenström et al., 2021; Reid et al., 2017), 
lignin (Nordenström et al., 2021), glycerol (Moser et al., 2018), CMC 
(Butchosa and Zhou, 2014; Herrick, 1984; Naderi et al., 2015a; 
Nordenström et al., 2021)and saccharides (Abdelwahed et al., 2006). 
Several methods to utilize redispersing agents have been discussed in the 
literature (Butchosa and Zhou, 2014; Cheng et al., 2015; Herrick, 1984; 
Moser et al., 2018; Naderi et al., 2015a; Reid et al., 2017). Generally, to 
achieve the desired redispersion, the amounts of redispersing agents 
were kept at 30 to 50 wt% higher than CNFs (Missoum et al., 2012; 
Moser et al., 2018; Naderi et al., 2015a). However, desirable results 
were also found in some cases even with a small quantity of redispersing 
agents (Moser et al., 2018; Naderi et al., 2015a). Nordenström et al. 
(Nordenström et al., 2021) enhanced the redispersibility of freeze-dried 
TO-CNFs by adding three different redispersing agents, namely PEG, 
CMC or lignin. Out of which, lignin, even at a very low 5 wt% 

concentration with respect to CNFs, was found to provide better redis
persion characteristics compared to other redispersing agents. This 
behaviour has been attributed to better steric repulsion, i.e., low 
agglomeration of CNFs. The redispersing tendency of CNF nanopapers 
and freeze-dried CNF dispersions was compared, and it was demon
strated that the former, even without including redispersing agents, led 
to better redispersion of CNFs. Further, in the case of the nanopaper 
technique, preservation of mechanical toughness and a non-significant 
change in the size of CNFs were noted after redispersion. Such 
behavior has been attributed to the generation of a suitable structure 
during filtration, causing better dispersion of CNF’s. However, in the 
case of the freeze-drying process, inevitable ice crystal generation was 
found to cause agglomeration of CNFs. Further, nanopapers designed 
from the redispersed CNFs showed the same mechanical toughness as 
those prepared from never-dried CNFs. Hence, all the above discussion 
suggests that converting CNFs suspensions into nano paper is 
eco-friendly and economical and could be viable for their large-scale 
application without compromising their mechanical toughness. Redis
persing capability of sugar beet-based CNFs has been preserved by 
partial removal of hemicelluloses and pectin contents from CNFs, and it 
has been noted that CNFs containing a higher amount of hemicelluloses 
and pectin contents retain approximately 80% of the rheological char
acteristics of the original CNFs suspension (Hietala et al., 2017). Here, 
hemicelluloses and pectin minimize the hydrogen bond formation ten
dencies between CNFs because of physical blocking and electrostatic 
repulsion, promoting CNFs redispersion. Kim and colleagues (Kim et al., 
2022) discovered that adding lignin to the suspension of CNFs reduced 
the likelihood for fibres to clump together throughout the drying and 
dehydration processes and also guaranteed outstanding redispersion 
kinetics and integrity. Additionally, the unwanted lignin might be 
eliminated with an easy washing process. It was proven that the inclu
sion of lignin made it possible for the dehydration, redispersion, and 
polymer processing techniques to revert the CNFs chemical and physical 
properties comparable to that of pristine or never-dried CNFs. The po
tential of sodium chloride salt to regulate the hydrogen bonding be
tween CNFs and prevent them from adhering together during the drying 
process was also investigated and it was shown that this method may 
also improve the CNFs’ redispersibility (Ma et al., 2021). It has also been 
established that dried CNFs, produced by using lime residue, may be 
easily redispersed while preserving their original physico-chemical 
properties(Jongaroontaprangsee et al., 2018). Pectin, which is natu
rally present in citrus leftovers, has been linked to this characteristic, 
which prevents the hornification of CNFs during drying process. 

6. Current barriers and their potential solutions 

The synthesis of nanocellulose is still confronting various barriers, 
such as chemical recovery problems, high energy consumption, and 
complicated and costly purification methods, which have restricted its 
large-scale deployment. The higher energy consumption can be reduced 
by employing suction and pressing techniques instead of heat to dry 
nanocellulose. Solvent recovery can be enhanced by utilisation of car
bon adsorption process or solvent scrubbing technique. 

Further, to avoid the usage of hazardous chemicals, which require 
complex and advanced post-processing techniques, the green ap
proaches such as ball milling, enzymatic hydrolysis, deep eutectic sol
vents, etc., can be employed for bulk extraction of nanocellulose from 
raw plant wastes. Out of various techniques deep eutectic solvent 
technique gives quite promising results and is economical than ball 
milling and enzymatic hydrolysis techniques. However, still more efforts 
are needed to optimize deep eutectic solvent-based extraction process, 
especially the reusing and recycling process, in order to significantly 
reduce the economic costs of nanocellulose. Despite the fact the nano
cellulose is green, non-toxic and environment friendly but still further 
studies are required to investigate the impact of nanocellulose on human 
health. 
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Another key impediment to the inclusion of nanocellulose in the 
oilfield is the inability of work procedures to be repeated, despite the 
fact that the literature is rich with numerous strategies which can be 
employed for extraction or synthesis of CNFs and CNCs from diverse 
non-traditional sources. 

Furthermore, under severe conditions (high pressure, high temper
ature, and high salinity), nanocellulose-based fluids might show irreg
ular flow, undergo thermal deterioration, and saline-induced 
aggregation. These issues can be solved by using adequate surface 
modification techniques or by adding relevant additives, which will 
bestow nanocellulose with desired properties such as high salt tolerance, 
amphiphilicity, etc., and thus can be solely utilized as nano oil dis
placing agent either alone or along with non-ionic surfactant to enhance 
the oil recovery. Likewise, the use of solvents during surface function
alization should be limited to avoid poor redispersion of hydrophobi
cally functionalized nanocellulose in water. 

Oil recovery can be enhanced by optimization of nanocellulose 
amount, temperature, additives, etc. Further, the use of nanocellulose in 
fluid for enhanced oil recovery may result in an enormous amount of 
waste, thus efforts are needed to recycle or effectively treat the nano
cellulose from the fluid wastes, which may further boost the oil indus
try’s economical, viable, and carbon-free growth. The majority of 
investigations on nanocellulose-based fluids for increased oil recovery 
were conducted on a laboratory scale, and were carried out by studying 
the rheology of nanocellulose based fluids in artificial conditions. Thus, 
a practical oilfield investigation is critical to determine whether the 
nanocellulose is applicable in oil industry and the experimental findings 
from laboratory conditions are reliable. 

7. Conclusion, future prospectives and current challenges 

A comprehensive knowledge of the rheology of NCs in aqueous 
media is essential for its potential use in the oil field sector. Rheology of 
NCs in aqueous suspensions plays a vital role in achieving effective 
pumping and mixing of this material during production. NCs in an 
aqueous medium form interconnected networks exhibiting gel-like, 
shear thinning and thixotropic behavior. The strength of these net
works increases with enhancement in cellulose concentration and ionic 
strength. At different temperatures, the CNC suspensions at low con
centrations showed a continuous decline in viscosity with an increase in 
shear rate and viscosity was noticed to decrease with an increase in 
temperature, while upon further increase in concentration, suspension 
becomes predominately anisotropic, showing three region behavior and 
viscosity increases after a certain temperature; however, on further in
crease in concentration, all samples showed a continuous decline in 
viscosity with shear rate and viscosity was noticed to increased signifi
cantly at a higher temperature. 

The temperature showed little or no impact on the strength of CNF in 
the linear viscoelastic region; however, their viscosity increased during 
flow measurements. Further, when NCs suspension was prepared with 
chemically free techniques, a higher tendency of NC suspension to 
flocculate was noticed; however, for chemically treated NCs, the sus
pension was noticed to be comparatively stable. This behaviour has been 
associated with the development of negative/positive charge onto fiber/ 
particle surface, leading to better repulsion between fibers and thus, 
better colloidal stability. Keeping in view the agglomeration tendency of 
chemically free synthesised NCs, more specifically CNFs, their inter
pretation utilizing plateplate or cone-plate geometries should be avoi
ded, because here, the size of formed flocs may match the geometry gap. 
Thus suspensions may be prone to wall depletion and phase separation. 
Thus, in case other geometry like wide-gap couette with roughened 
surfaces might be a good option. The chemically treated CNF suspen
sions may be accepted to be less impacted by the rheometer geometry 
gap, but still wall depletion effect cannot be ignored here. Anionic and 
nonionic polyelectrolytes, as steric stabilizers/dispersants, displayed a 
strong tendency to deplete the flocculation of CNFs as well as to stabilize 

the CNCs suspension. In addition to polyelectrolyte (anionic and non- 
ionic polyelectrolyte), inorganic nanoparticles (AlOOH, SiO2, and 
ZnO) and inorganic salts, NCs aqueous suspension demonstrated non- 
Newtonian shear-thinning behavior with an increase in shear rate. The 
NCs suspension at a low percent addition of inorganic particles addition 
displayed Newtonian flow behaviour at a low shear rate, while at a 
higher shear rate non-Newtonian shear thinning behavior was observed. 
pH of suspension also plays a key role in defining the overall rheology of 
NCs suspension. When varied below or above the pKa value, it causes 
deprotonation or protonation of functional groups available onto NCs 
surface and thus may lead to stronger or weaker NCs network. Any 
material having a zeta potential value higher than ≥ ± 30 will be 
colloidally stable. But, when zeta potential values are lower than abso
lute value 30, particles may agglomerate and thus affect the rheology of 
NCs. 

NCs suspension showed thixotropic behaviour; however, concen
tration, charge density and size are the factors which must be taken 
into consideration while studying NC’s thixotropic behaviour. For 
transporting purposes, various post-processing techniques have been 
developed to reduce the chances of loss of nanoscale dimensions of NCs 
because of agglomeration. In this context, various redispersing agents 
like polyethylene glycol, lignin, glycerol, CMC and saccharides were 
tested. Efforts are still required in this field on a large scale to retain 
the rheological characteristics of NCs. It is of utmost importance to 
develop highly efficient and reliable technologies for rheological 
characterization of NC suspensions, considering NCs types, geometry, 
surface charges/roughness, etc. Endeavors should be made in devel
oping new and advanced techniques to tune the rheological charac
teristics of NC suspensions more rapidly and efficiently for the desired 
purposes. 

From the above discussion, it can be inferred that NCs have huge 
potential to be employed in the oil industry. However, there are still 
certain challenges which must be taken into consideration. In compar
ison to custom-made synthetic additives, NCs lack specified surface 
chemistry and structural uniformity. Even though industrial-level 
manufacturing of NCs is now a reality, however its cost is still quite 
high when compared to synthetic additives and surface functionaliza
tion will increase its cost even further. Furthermore, technical de
velopments are likely to lower the cost of nanocellulose manufacturing, 
enabling large-scale applications in the oil field sector feasible in the 
future. Pilot plant and field trials are necessary to determine the 
behaviour of NCs in oilfields. 

Engineers should have thorough knowledge of NCs selection criteria 
and their performance under different reservoir conditions. For effective 
utilization of NCs in electrocoalescence, a technique mostly employed to 
dehydrate emulsions, the behaviour of NCs at the interface of oil-water 
emulsions should be thoroughly studied under varied electric fields. 
Finally, researchers should strive to integrate NCs with other advanced 
additives, most likely inorganic nanoparticles, to improve oil recovery 
even further. 
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